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A mixed columnar-equiaxed solidification model was recently extended to capture the capillary-driven fragmenta-
tion phenomenon, which was considered the only mechanism for the formation of equiaxed crystals. The purpose
of the present study was to validate the model by replicating a laboratory experiment on the solidification of an
aqueous ammonium chloride solution (Gao and Wang, 1999). The experiment was performed by cooling the

Alloy solidification L . . .
Voluyme-average model solution in a vertical test cell from the top surface to allow columnar dendrites to grow. Owing to the fragmen-
Remelting tation of the downward-growing columnar dendrites, equiaxed fragments appeared, sedimented, and created a

bed of crystals at the bottom of the cell. This pile-up of crystals ultimately met the columnar-tip front coming
from the top, thereby leading to a structural transition (columnar-to-equiaxed transition). This experiment was
successfully reproduced numerically for the first time, which involved coupling between the following phenom-
ena: fragmentation, melt convection, grain transport, a pile-up of equiaxed crystals, and the potential growth of
columnar dendrites from a bed of equiaxed crystals (equiaxed-to-columnar transition). A satisfactory agreement
was achieved between the simulation and experimental results. Knowledge about capillary-driven fragmentation
was strengthened by analyzing the microstructural evolution. Alloy-dependent parameters Sy, K, and a that gov-
ern dendrite coarsening and fragmentation were proposed for an aqueous ammonium chloride solution. Finally,
the limitations of the current version of the fragmentation model were discussed.

1. Introduction

A comprehensive simulation of the structural evolution of industrial-
based castings is beyond the scope of existing numerical models owing
to an intricate coupling between all physical phenomena involved in
the solidification process. For instance, in laboratory-controlled exper-
iments conducted by Gao and Wang [1], solidification kinetics, frag-
mentation, melt flow, crystal transport, crystal pile-up, and columnar-
to-equiaxed transition (CET) were some of the phenomena observed.
However, in practical applications, the physics involved may be even
more complex.

Equiaxed crystals in metal-alloy castings can originate from het-
erogeneous nucleation or crystal fragmentation. The former can be
achieved by adding grain refiners to the melt shortly before casting;
the latter arises from the remelting of the roots of high-order dendrite
arms of the columnar structure during coarsening [2]. Fragmentation
is a potent intrinsic grain-refinement mechanism that can promote CET
[3].
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Fragmentation is an important phenomenon that has been widely
studied [4-6]. A recent microgravity experiment aboard the Interna-
tional Space Station [7] revealed that the fragmentation rate, Ny, can
be expressed in terms of the characteristic length scale of the dendrites
in a mush as follows:

Ny=——=——~ (1)

where a is an alloy-dependent constant equal to 0.5 x 10~ for a Pb-Sn
alloy; f is the volume fraction of the solid; and Sy is the interfacial area
density. For the entire casting spectrum, Sy can be calculated as follows

[8]:
3 -1/3
Sy = £ = £ ((507) + Ko, ) @

where 1, Sy, and K, are alloy-dependent fitting constants, and t, (lo-
cal solidification time) is the time from the first appearance of a local
columnar structure.
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Melt convection plays a critical role in the entire process of frag-
mentation by transporting the fragments out of the mushy zone [9] and
increasing the fragmentation potential [10,11] owing to flow-induced
variations in temperature and/or solute enrichment [12]. The melt tem-
perature also influences the evolution of the fragments ahead of the
columnar front. Under superheating conditions, remelting of the frag-
ments can occur, which shortens their lifetimes [3]. Strong flows have
been found to increase the probability of fragment survival [13] because
they increase the likelihood of the fragments to reach potential super-
cooled melt regions away from the fragmentation events.

Although the physics underlying the fragmentation mechanism is
relatively well understood, very few computational models have been
able to couple the major solidification-accompanying phenomena with
fragmentation. For instance, Neumann-Heyme et al. [14] performed 3D
phase-field simulations to capture the dynamics of the detachment of
a single dendritic-side branch from the main stem. The focus was on
the evolution of the interfacial area of the dendrites; however, the flow
effect was ignored. Wesner et al. [15] evaluated the influence of pro-
cessing conditions on dendrite fragmentation using phase-field simula-
tions. Contrary to the study by Neumann-Heyme et al. [14], the den-
dritic structure was cooled and the relationship between temperature
and fragmentation dynamics was analyzed. Zhang et al. [16] analyzed
the microstructural evolution of dendrite coarsening using a quantita-
tive cellular automaton model. The model consisted of a simplified ver-
sion of the thermodynamics and kinetics of solidification and the nu-
merical results were validated using analytical predictions. However,
coarsening dynamics have only been studied during isothermal holding.
More recently, Zheng et al. [17] designed a practical model to repli-
cate the fragmentation phenomenon in casting processes based on the
local remelting theory by Flemings [18]. According to this theory, a
flow parallel to the columnar-growth direction promotes remelting in
the mushy zone that presumably triggers fragmentation. This practical
model did not rely on the capillary-driven fragmentation theory; thus,
non-isothermal conditions and the melt flow in the columnar-growth
direction were required.

This study is a follow-up to a recent publication by the present au-
thors [19] where capillary-driven fragmentation was implemented in
a mixed columnar-equiaxed volume-average solidification model. The
effects of the multiphase transport phenomena on the outcome were
also analyzed. Some parameters of the model were verified against the
results available in the literature. However, the fragmentation imple-
mentation was not fully validated against objective experimental data.
This was addressed in the present work. Gao and Wang [1] conducted
experiments to investigate the effect of fragmentation on the CET in
an aqueous ammonium chloride solution. The experimental conditions
were varied systematically. Corresponding quantitative data were pro-
vided for each case, as well as some shadowgraphs. Here, we used our
model to reproduce these experiments, evaluate the results, and explore
the limitations of the model.

2. Model description
2.1. Mixed columnar-equiaxed solidification model

The three-phase volume-average model for mixed columnar-
equiaxed solidification has been described elsewhere [20,21]. A general
outline of the proposed model is presented in this section.

The three phases are liquid, solid columnar, and solid equiaxed, and
the sum of their volume fractions (f,, f., and f,) is unity. For diffusion-
governed solidification kinetics, the columnar dendrites were simpli-
fied as cylinders growing unidirectionally along the temperature gra-
dient. The position of the columnar-primary-dendrite tip was tracked
by considering the dendrite-growth kinetics according to the Lipton—
Glicksman-Kurz model [22]. The equiaxed grains were assumed to be
spherical. The growth of the equiaxed phase was governed by solute
diffusion in the interdendritic melt and the concentration difference
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(c,* — c,) acted as the driving force for solidification. Thermodynamic
equilibrium was assumed at the solid-liquid interface, which determined
the species concentration c,* at this location. The back diffusion in the
solid and solidification shrinkage were neglected.

To address the hydrodynamic interaction between the phases,
equiaxed crystals were represented as grain envelopes that included
solid dendrites and interdendritic melts. The ratio of the volume of the
solid dendrites to that of the equiaxed-grain envelope, f;;, was set to a
constant value of 0.16. The volume fraction of the grain envelopes, f.*"",
was represented by the following relationship: f.*"Y = f, / f;. When f.**V
surpassed the packing limit, f, packing, Of 0.637, the equiaxed phase be-
came a rigid body. The momentum-conservation equations were solved
for the equiaxed and liquid phases, whereas the columnar phase was as-
sumed to be rigid and stationary. The species and enthalpy conservation
equations were solved for all three phases, and an additional transport
equation for the equiaxed phase was solved to account for the evolu-
tion of the number of grains created by fragmentation. The thermoso-
lutal convection of the melt and crystal sedimentation were modeled
using the Boussinesq approximation. Heterogeneous nucleation was ne-
glected, which assumed that equiaxed crystals can only originate from
fragmentation. A linearized binary phase diagram was used with a con-
stant solute redistribution coefficient, k, and liquidus slope, m.

Under superheating conditions, the remelting of the equiaxed grains
was considered. The remelting process included two steps: reduction in
the grain size, and destruction of the grain. The reduction of the grain
size was modeled according to the diffusion-governed kinetics, and the
driving force was the constitutional superheating: when the concentra-
tion difference (c,* — c,) was negative, remelting occurred. Once the
grain became smaller than a minimum critical diameter (set to 30 xm),
the grain was eliminated from the domain. The remelting model was
described in detail in [23].

2.2. Fragmentation model

Details of the fragmentation model have been previously reported
[19]. The fragmentation model comprises four main equations (Table 1).
Ny is the frequency at which the fragments detached from the columnar
structure. This was calculated using the time derivative of the prod-
uct of a and the cube of Sy [7]. Sy was determined by the coarsen-
ing law (Eq. (2)) and comprises the interfacial evolution during the
solidification-dominant stage (1st term in the equation) and coarsening-
dominant stage (2nd term in the equation).

Referring to Fig. 1, a large Sy implies that the columnar structure
has grown numerous high-order arms. Based on Eq. (3), a large Sy also
indicates that the potential for fragmentation increases owing to the low
energy requirements needed to remelt the roots of the smaller high-order
dendrite arms. Following this understanding, the sizes of the detached
fragments are assumed to decrease with the increase in Sy, according to
Eq. (5). The corresponding mass of each created fragment is transferred
from the columnar phase to the equiaxed phase. This is captured by Eq.

4.
2.3. Experiment and model configuration
In [1], experiments were conducted to systematically investigate the

fragmentation and effect of the fragment (grain) transport on the CET.
A transparent aqueous ammonium chloride solution (NH4CI-H,0) was

Table 1
Main equations of the fragmentation model.

Interfacial area density Sy = f(1— fc)’((ss[f')3 + K1) (@)

Fragmentation rate Ny = % ()]
Columnar-to-equiaxed mass transfer ~ M, = Nv(pgf(d:’ ‘)3) @
Size of the created fragments d =f, % 5)
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Fig. 1. Schematic diagram of the fragmentation process and the parameters of
interest.

used, and the experiments were performed in a vertical test cell (di-
mensions 4.2 x 2.8 x 1.27 cm?) that was cooled from the top. Remov-
able covers were used on the front and back walls for optical access to
the interior. The remaining walls were isolated. Six thermocouples were
mounted on the side panel of the test cell to monitor the temperature.
The probe tips were positioned in the midplane. A shadowgraph visual-
ization system and a normal camera were used to capture the images of
the solidification front, flow structures, and bed of fragments. Fig. 2(a)
shows a schematic of the test cell and specifies the relative positions of
the probes.

Five experiments were conducted at various temperatures of the
cold-top surface, T%™P, the initial temperature of the melt, T%, and the
initial concentration of the alloy, cy. The results are summarized in
Table 2. Depending on the test case, the melt began at different lev-
els of superheating ranging from 1 K (test cases 1 and 2) to 13 K (test
case 4). Additionally, the nominal composition of the model alloy var-
ied from 68.0 wt.% to 66.0 wt.% H,O in test case 2, and the cold plate
temperature changed from 254.15 K to 259.15 K in test case 5.

The key phenomena observed in the experiments are summarized
as follows. Fragmentation occurred after the formation of the colum-
nar dendrites on the top wall. The created fragments were assumed to
be the only source of the equiaxed crystals, i.e., the formation of the
equiaxed crystals by heterogeneous nucleation was negligible. The frag-
ments sedimented because they were heavier than the liquid. Some of
these survived the superheat in the bulk-melt region and piled up at the
bottom of the cell, thereby creating a bed of fragments. Finally, the con-
tinuous growth of the equiaxed-sediment bed resulted in a CET when
the interface of the bed contacted the columnar-tip front coming from
the top.

For the simulations, a similar test-cell configuration was adopted, as
shown in Fig. 2(b). The 3D domains were divided into 3 x 10* cells. The
flow boundary conditions were no-slip for the liquid and solid phases.
Adiabatic boundary conditions were used for the insulated walls. A con-
vective heat transfer boundary condition for the front and back wall with
a small heat transfer coefficient (HTC) (20 W/(m?2K)) and room temper-
ature (T, = 300 K) were used to replicate the periodic optical access

Table 2
Initial conditions for the five test cases.

Test case co [wt.% H,0] T° [K] TOtop [K] Tiiquidus [K]
1 68.0 316.15 254.15 315.15
2 66.0 325.48 254.15 324.48
3 68.0 320.15 254.15 315.15
4 68.0 328.15 254.15 315.15
5 68.0 320.15 259.15 315.15
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required during the experiments. A convective heat transfer boundary
condition for the top surface with a large HTC (2000 W/(m?K)) was
used to replicate the imposed intense-cooling conditions. For numeri-
cal reasons, the initial equiaxed-solid fraction f,° was set to a negligible
value (1 x 107%). The complete list of the material properties for the
model alloy (NH4CI-H,0) is presented in Table 3. Although NH,CI-H,0
has been extensively studied, the fragmentation parameters, K, Sy, and
a (Egs. (2) and (3)), of the model alloys are still unknown. These pa-
rameters were deduced in the subsequent section based on the results
presented in [1].

3. Simulation results
3.1. Solidification sequence

The solidification sequence at t = 10 s, t = 100 s, t = 500 s, and
t = 1000s for test case 1 is shown in Fig. 3. To interpret the results, a
schematic representation of the main mechanisms during the sequence
is shown in Fig. 3(a). The growth of the columnar dendrites, fragmen-
tation events, grain transport, and growth of the bed of fragments (pile-
up) are depicted in the figure. Fig. 3(b)-(e) represent the corresponding
simulation results for f,, Ny, f., and ¢, (liquid solute concentration), re-
spectively. The f, and f, contours are overlaid with u, and u, vectors,
respectively. The ¢, contour is overlaid with temperature (T) isolines.
A quarter of the domain on the right was removed for the visualization
of the internal fields. The following fragmentation parameters were as-
sumed in the simulations: a = 100, (S,,)~! = 100 ym, and K, = 2350
um3/s. This selection was explained later in a subsequent section.

At t = 10 s (Fig. 3(al))-(el)), a columnar structure developed from
the top surface (f,, Fig. 3(b1)) owing to the cooling of this surface (T
isolines in Fig. 3(el)). With the local solidification at the top, the melt
became enriched in solute ¢, (Fig. 3(el)). Fragments also appeared in
the columnar-mushy zone near the top of the cell (N,, Fig. 3(c1)) as the
source of equiaxed crystals. Because the fragments were heavier than
the melt, they started to sediment (downward Ee arrows in Fig. 3(d1)),
but they did not reach the bottom surface. As a result, melt was forced
to travel upward (u arrows in Fig. 3(b1)) to give space for the sinking
grains. Notably, when interacting with the first fragments, the melt flow
was disturbed and created a local counter-clockwise motion in the center
of the domain.

At t = 100 s (Fig. 3(a2)-(e2)), a pile-up of the fragments was ob-
served at the bottom surface (f,, Fig. 3(d2)). This means that the first
fragments already reached the bottom surface and the temperature in
the bulk melt is below Tj;qyiqys (isolines in Fig. 3(e2)). At the same time,

more fragments were created (N, Fig. 3(c2)) and sedimented (Ee arrows
in Fig. 3(d2)). At this particular moment, besides the upward melt flow
closer the wall, another strong upward melt flow appeared in the center
of the domain (Efarrows in Fig. 3(b2)). The central upward flow was
due to the circumstantial low f, values found in the center of the domain
in the earlier stages of the simulation, which reduced the drag in that
region and facilitated the local melt flow. A unidirectional temperature
field continued to develop downward (isolines in Fig. 3(e2)), which ex-
tended the columnar mushy zone (f,, Fig. 3(b2)) as well as the region
of potential fragmentation (N, Fig. 3(c2)). Also, in Fig. 3(c2), N, in-
creased towards the top surface because t; increased towards the roots
of the dendrites, which increased Sy and NV locally (see Egs. (2) and
(3.

As the solidification progressed, the fragmentation rate decreased,
which slowed down the pile-up of the bed of fragments. Note that a
columnar structure can develop from the packed equiaxed bed if it is
locally undercooled and no sufficient equiaxed fragments continue to
pile up. This phenomenon, also referred to as an equiaxed-to-columnar
transition (ECT) event, can be observed at t = 500 s where the columnar
structure (f,, Fig. 3(b)) started to grow faster than the existing bed of
fragments (f,, Fig. 3(d3)). This is particularly evident closer to the front



C.M.G. Rodrigues, M. Wu, H. Zhang et al.

Materialia 23 (2022) 101462

Fig. 2. (a) Schematic of the test cell (image

g Coolant Coolant replicated from [24] - Copyright © 1998 by The
,COOlmg Stainless Steel Minerals, Metals & Materials Society. Used with
JaCk L Cold Plate permission.) and (b) the geometry and bound-
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Table 3
Material properties and parameters.
Symbol Units NH,CI-H,0 Sources
Thermodynamic properties (local linearized phase diagram)
Nominal composition N wt.% H,0 varied according to the experiment (Table 2) [1]
Liquidus temperature Tiiquidus K varied with composition (Table 2) [11
Melting point of the solvent at ¢, = 0 T; K 638.15 extrapolation
Eutectic composition Ceut wt.% 80.3 [1]
Eutectic temperature Teut K 257.75 [1]
Liquidus slope M K (wt.%)! —4.75 [25]
Partition coefficient K - 0 [25]
Gibbs-Thomson coefficient T meK 4.0 x 1078 [26]
Thermo-physical properties
Reference density Pes Ps kgem—3 1073.0 [27]
Specific heat [ Jekg1eK! 3249.0 [28]
Thermal conductivity of liquid k, Wem~1.K1 0.468 [28]
Thermal conductivity of solid ks Wem~1eK~! 2.7 [28]
Latent heat of fusion Ahg Jekg! 3.18 x 10° [28]
Viscosity of liquid Uy kgemles7! 1.3x 1073 [28]
Diffusion coefficient in liquid D, m2es! 4.8 x107° [28]
Boussinesq properties
Liquid thermal expansion coefficient Pr K1 3.9x10°* [28]
Density difference Ap kgem~3 572.0 [1]
Liquid solutal expansion coefficient B wt.%! 2.87 x 1073 [28]
Other parameters
Primary dendritic-arm spacing A m 6.0 x 10~* [29]
Packing limit (grain envelope) fe packing 0.637 [28]
Solid-to-envelope ratio in equiaxed fd 0.16 [30]
Constant in the fragmentation model R 0.4 [8]

wall (left side of Fig. 3(b3) and (d3)) because the equiaxed crystals tend
to accumulate less near the surface owing to the no-slip boundary con-
dition. With time, the melt developed an anti-clockwise flow (ﬁfarrows
in Fig. 3(b3)): grain sedimentation favored the central region of the do-
main (due to non-slip boundary condition) which forced the melt to
move also downward in the center due to the coupling between the
two phases (via the drag force); after the sedimentation of the grains,
melt escaped the bottom region by flowing upward closer to the walls.
Although the global solidification sequence was mostly unidirectional,
the temperature field became clearly perturbed by the melt flow outside
the columnar mushy zone (isolines in Fig. 3(e1)—(e3)).

At a later stage, as the upper part (columnar structure) and lower
part (pile-up of the equiaxed fragments or columnar structure after the
ECT event) approached each other, the melt convection weakened. Nev-
ertheless, both the upper and lower parts of the solid structures contin-
ued to grow, and fragmentation events continued to occur at t = 1000s
(Fig. 3(a4)-(e4)). Finally, the two opposing solid structures met at the

center, thereby forming a microstructural transition. This was further
discussed in the subsequent section.

3.2. Comparison between the simulation and experimental results

The temperature evolutions from the experimental and simulation
results at six probe locations in test case 1 are shown in Fig. 4. The
top surface was cooled; therefore, the temperature in probe 1 (P1) re-
duced sharply towards the specified temperature of the cold plate (i.e.,
254.15 K). For the other probes (P2-P6), the temperature also decreased
gradually with time. All the cooling curves show a good agreement be-
tween the experimental and simulation results. The only exception is
the curve for P2 where the calculated temperature is higher than the ex-
perimental one. Note that no experimentally-determined cooling curves
have been reported in [1] for test cases 2 to 5.

The evolution of the as-calculated solid structures is compared with
the experimental results in [1] in Fig. 5(a)-(e). Results for the five test
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Fig. 3. Solidification sequence for test case 1 at (1) t=10s, (2) t=100s, (3) t = 500 s, and (4) t = 1000s (top to bottom). (a) Schematic representation of the main
mechanisms, (b) f, contour overlaid with ﬁf vectors, (c) N, contour, (d) f, contour overlaid with Be vectors, and (e) ¢, contour overlaid with T isolines. The results
are shown in 3D; however, a quarter of the domain is removed for the visualization of the internal fields.

cases (Table 2) were obtained. The curves represent the relative posi-
tions of the columnar-tip front coming from the top and pile-up of the
equiaxed fragments (or the columnar-structure front growing from the
packed equiaxed bed after ECT) at the bottom. The relative position was
represented by the ratio of the location of the tip of the solid structure to
the total height of the domain (i.e., dimensionless height). For reference,
shadowgraphs at t = 15 s and t = 120 s for test case 1 are illustrated in
Fig. 5(f) and (g), respectively.

The top surface was cooled to allow the columnar-dendritic struc-
ture to grow downward. This structure corresponds to the upper-black
shadow from Fig. 5(f) and (g). The evolution of the columnar tip is
shown in the top curve of each plot in Fig. 5(a)-(e). The columnar tip

position starts with a dimensionless height of 1 and grows downward as
the solidification progresses.

Meanwhile, equiaxed crystals originated from the fragmentation of
the columnar dendrites. Because the fragments were heavier than the
surrounding melt, they sedimented and piled up at the bottom of the
test cell, as illustrated in Fig. 5(f) and (g). The dimensionless height
of the bed of the fragments is presented in the bottom curve of each
plot in Fig. 5(a)-(e). The height of the bed of fragments was observed to
vary depending on the cooling conditions, alloy composition, and initial
temperature of the melt.

In test case 1 (Fig. 5(a)), the agreement was quite good during the en-
tire experiment and for both curves. After an initial high-fragmentation
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Fig. 4. Temperature evolution from the experimental and simulation results at
six probe locations for test case 1.

rate, where the equiaxed bed piled up rapidly, the slope of the curve
gradually flattened with time.

In test case 2 (Fig. 5(b)), the alloy composition changed from 68%
(test case 1) to 66%. Although this meant that the fragmentation param-
eters (Ky, Sso, and a) may be slightly different for this new alloy, the
same fragmentation parameters were used owing to the lack of avail-
able data. The results showed that the fragmentation rate was higher
than those of other test cases at the beginning of the experiment. This
led to rapid sedimentation and piling up of fragments at the bottom
of the test cell. The simulation captured this behavior, and the agree-
ment between the experimental and simulation results was satisfactory.
Although the magnitude of the piling up was slightly underestimated
during the first stage of the simulation, the agreement improved with
time. The two solid structures merged at the center of the domain later
during the solidification process.

In test case 3 (Fig. 5(c)), the initial temperature of the melt was 4 K
higher (the superheating temperature was 5 K) than that of test case 1.
The profile of the bottom curve suggests that the growth evolution of the
packed bed of the crystal fragments was more moderate than that of test
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case 1. Interestingly, in the simulations, the lower curve continued to
rise with time because of the prevalent undercooling conditions existing
in the domain at this point. This did not agree with the experimental
results after approximately t = 500 s when the slope of the bottom curve
became approximately flat. Before this point, and generally in the upper
part of the solid structure, the agreement between the experimental data
and the simulation results was good.

In test case 4 (Fig. 5(d)), the experimental conditions determined
that the melt started at 13 K of superheating. Therefore, the fragments
were subjected to a considerable amount of remelting that could lead to
their disappearance when they passed through the largely superheated
bulk melt. Although the remelting of the equiaxed crystals in the bulk-
melt region was implemented here, replicating the experimental results
was difficult for this test case. These results were discussed in detail in
the subsequent section.

In test case 5 (Fig. 5(e)), similar to test case 1, the initial temperature
of the melt increased by 4 K (the superheating temperature was 5 K) and
the temperature of the cooling system was increased from 254.15 K to
259.15 K. The experimental and simulation results were in agreement
during the gradual growth of the bottom and upper solid structures.
This observation becomes particularly interesting given the fact that, in
test case 3, which had stronger cooling conditions imposed on the top
wall, the results indicated that the bottom solid-structure front stopped
growing after a certain period.

3.3. Determination and validation of the fragmentation parameters

The parameters K, Sy, and a must be determined to accurately repli-
cate the capillary-driven fragmentation phenomenon. However, they
have not yet been determined in the literature; therefore, here we at-
tempted to estimate each of these parameters based on the experimental
data provided in [1] (Fig. 5) and other currently available evidence in
the literature. We assumed that the evolution of the bottom-crystal bed
can indirectly reflect the equiaxed production rate via the fragmenta-
tion mechanism. Here, fragmentation was considered the only source of
the equiaxed phase.

In the first attempt, K, was set at 23.5 ym3/s according to the K,
for the Pb-Sn alloy [7]. A parametric study was then performed by
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Fig. 5. Evolution of the dendritic-structure (columnar and equiaxed) fronts for all the five test cases (Table 2): (a) test case 1, (b) test case 2, (c) test case 3, (d) test
case 4, and (e) test case 5. Shadowgraphs for test case 1 at (f) t = 15 s, and (g) t = 120 s (images replicated from [24] - Copyright © 1998 by The Minerals, Metals &

Materials Society. Used with permission.).



C.M.G. Rodrigues, M. Wu, H. Zhang et al.

1.0 ¢

t A K,=23.5 um¥s
- t » ® K,=235um¥s
@0.8 T *® ® K,=2350 pm’/s
3) e,
= e, ¢
206 + oo,
ks ! LY
g ]
=04 + Y LA
g | ]
: o
--Q— 02 + ] h
F ¢
00 # : . :
0.0 500.0 1000.0 1500.0

t [s]

Fig. 6. Effect of K, on the evolution of the dendritic-structural (columnar and
equiaxed) fronts. This parametric study was performed based on test case 1.
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Fig. 7. Effect of K, on the Sy — t; curves for the top probe (P1). This parametric
study was performed based on test case 1.

increasing K, by one and two orders of magnitude. The evolution re-
sults of the columnar and equiaxed-structural fronts for test case 1 are
shown in Fig. 6. Interestingly, the evolution of the structural fronts
was not sensitive to K,. This was because K, influenced the dendrite
coarsening that occurred in the deep columnar-mushy zone (i.e., the
late coarsening-dominant stage), whereas the evolution of the colum-
nar and equiaxed-structure fronts depended mainly on the fragmenta-
tion events that occurred near the front of the columnar-mushy zone
(i.e., the early solidification-dominant stage). The fragments created in
the deep columnar-mushy zone during the coarsening-dominant stage
could not be transported out of this zone, and they played no role in the
evolution of the structural fronts.

Owing to its negligible impact on the evolution of the solid-structural
fronts, K, was estimated by examining the evolution of Sy. In Fig. 7,
the Sy — t, curves are plotted for the reference point (P1 probe)
for test case 1. Sy increased sharply to a maximum value in the
early solidification-dominant stage and gradually decreased during the
coarsening-dominant stage. This decrease depended on K. For small
values of Ky, Sy became nearly constant after reaching a peak value
during the coarsening-dominant stage, thereby indicating that dendrite
coarsening was almost negligible. For large values of K, the Sy profile
started to develop a negative slope as the coarsening progressed: the
larger the K, the steeper the slope and the larger the reduction in Sy,
with time (during the coarsening stage). Many studies have been con-
ducted on the coarsening mechanism (e.g., [8,31-33]). In the present
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Table 4
Summary of the relevant simulation results obtained from the parametric
study conducted with different values of (Sy)~!.

(Sg)7* [um] dj‘ ~ [pm] Voo [mm/s] Pileupatt=15s
50 82 1.8 No
100 163 3.4 Yes
150 254 6.1 yes

study, a K, of 2350 um?3/s was recommended for NH,Cl-68 wt.% H,0
alloy because the corresponding Sy - t; curve shown in Fig. 7 revealed
features similar to those of the general Sy, evolution of dendrites reported
by Neumann-Heyme et al. [8].

In contrast to Ky, Sy, influences the initial size of the fragments. A
small value of S, results in a small Sy (Eq. (2)), thereby leading to a
large initial fragment size (Eq. (5)). This relationship was used to assess
the possible value of Sy, from the average fragment size at a particular
instant by analyzing the shadowgraphs reported in [1] (Fig. 5(f) and
(g)). For example, at t = 15 s, the estimated size of the fragments near the
columnar-structure front ranged from 100 to 300 um. The upper limit
of 300 ym was directly measured from the sizes of the largest fragments
observed in the shadowgraph in Fig. 5(f). The lower limit of 100 ym
was derived from the settling velocity of the fragments. For an average
fragment diameter smaller than 100 um, the settling velocity was such
that the fragments created at the columnar-tip front could not reach the
bottom of the test cell in 15 s. In the shadowgraphs in [1], a bed of
fragments was clearly observed at t = 15 s. A parametric study was then
conducted to replicate test case 1 with different values of (Sso)‘1 that
corresponded to the initial fragment sizes within the interval defined
above. The results are summarized in Table 4.

At t=15s, an (Sso)’1 of 100 um resulted in an average fragment
size of 163 um at the top of the domain (i.e., close to the detachment
event) and a settling velocity of 3.4 mm/s. Increasing (Sso)‘1 to 150 ym
led to a fragment size of 254 ym and a settling velocity of 6.1 mm/s.
This average fragment size was close to the maximum average-initial-
fragment size suggested above. In this scenario, Sy was relatively small,
which meant that the columnar structure was coarse and had only a few
high-order arms. This was unlikely to occur because of the large frag-
mentation rate observed in the experiments. On the other hand, for an
(Sso)~! of 50 um, the average fragment size was 82 ym and the settling
velocity was 1.8 mm/s. This initial fragment size was below the realistic
range defined above, i.e., the settling velocity was too small to reach the
bottom cell in 15 s and no pile-up was observed. Therefore, an (Sso)’1
of 100 ym is recommended for this alloy.

To determine a (Eq. 3), a new parametric study was conducted by
varying it from 1 x 10~* (a of the Pb-Sn alloy [7]) to 200. Because a
was used directly in Eq. (3), its effect can be directly observed on the
number of fragments created from the columnar structure, which in turn
affects the evolution of the tip front of the packed equiaxed structure.
The results are shown in Fig. 8. Clearly, an a of 100 shows the best
agreement with the experimental data. For a low value of a (e.g., a = 50),
the fragmentation rate was low, and thus, too few created fragments
sedimented and piled up at the bottom of the domain. This led to an
underestimation of the bottom-solid structure. For an excessively large
a(e.g., a=200), the opposite scenario occurred. The present a is several
orders of magnitude larger than that of the Pb-Sn alloy. This indicates
that the fragmentation potential for a similar dendritic structure (i.e.,
with a similar Sy) is much larger for the NH,CI-H,0 alloy than for the
Pb-Sn alloy.

In a previous study [19], we suggested that fragmentation should
only occur once the solid fraction of the columnar phase had surpassed
a specific threshold (f,,) based on the assumption that the columnar
structure had to be sufficiently developed before fragmentation can oc-
cur. A fg,g of 0.1 for an Al-Cu alloy was suggested. In the present study,
owing to the extreme cooling conditions and strong fragmentation rate,
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Fig. 8. Effect of a on the evolution of the tip front of the packed bed of crystal
fragments. This parametric study was performed based on test case 1.

a firag Of 0.1 was no longer appropriate. This value was also found to
affect the evolution of the solid fraction of the primary-columnar struc-
ture. An excessively large ff,, can impede fragmentation, thereby lead-
ing to an overestimation of the local solid fraction of the columnar struc-
ture. The fg,, was set to 0.01 to avoid any effect of this parameter on
the modeling outcome for the NH,CI-H,0 alloy.

4. Discussion
4.1. Temperature evolution

The temperature evolution governs the solidification kinetics; there-
fore, the simulation should be based on the correct thermal field, i.e.,
the calculated thermal fields should agree with the experimental ones.
The thermal boundary conditions were not reported in [1]; however,
the study provided cooling curves for test case 1 (Table 2). Therefore,
the thermal boundary conditions were estimated by fitting the cooling
curves obtained from the simulation to those obtained from the exper-
iment. The comparison between the simulation results and experimen-
tal data for the temperature profiles are shown in Fig. 4. A very good
agreement in almost all probe locations can be observed except for P2.
The exact reason for this small discrepancy in P2 is not clear. However,
this small discrepancy should not significantly affect the outcomes. In
general, the comparison provided acceptable results despite the strong-
cooling conditions in this experiment. Additionally, the uncertainty as-
sociated with the probe locations due to the scale resolution (which can
significantly alter the curves), and with the approximations assumed in
the cooling conditions at the top wall (constant and high HTC) and front
and back surfaces (to replicate the heat transfer when the covers were
removed for optical access) could explain the discrepancy in P2.

It should also be noted that only the cooling curves of test case 1
(Table 2) were provided in [1]. The thermal boundary conditions es-
timated based on the experiment in this test case were assumed to be
valid for other test cases.

4.2. Remelting of the fragments

The current experimental configuration leads to very complex so-
lidification phenomena, such as fragmentation, melt convection, grain
transport, and the pile-up of equiaxed crystals [1]. As shown in Fig. 3,
these phenomena can be reproduced by the numerical model. Addition-
ally, several phenomena that were not discussed in detail in [1] were
identified numerically: the potential growth of the columnar dendrites
from the bed of equiaxed crystals (ECT), and the remelting of frag-
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ments in the bulk-melt region. According to Fig. 5, the experimentally-
determined front positions of the solid structures from the upper and
lower parts match the numerically calculated front positions. Among the
five test cases, four showed good agreement between the simulations
and experiments. In only one case (test case 4), the pile-up of crystal
fragments was underestimated by the numerical model.

The main feature of test case 4 was that a high-melt superheat (13 K)
was imposed as an initial condition. Consequently, in this experiment,
the bed of fragments nearly disappeared in the first 200 s (Fig. 5(d)). This
was in contrast with the simulation results where the bed of fragments,
despite being smaller than those in the other test cases, was still clearly
visible from the beginning (Fig. 5(d)). We assumed that this discrepancy
was related to the remelting process that may not have been properly
considered by the numerical model. This is discussed further below.

Fig. 9 shows the simulation results of the evolution of f, and liquid-
to-equiaxed mass transfer (M) during the initial stage of solidification.
The vectors represent the equiaxed velocity, and the black lines corre-
spond to the columnar-tip front. At t = 6 s (Fig. 9(a)), a relatively large
amount of f, developed near the top of the domain where the columnar
structure was growing downward: the fragmentation of the columnar
dendrites had already occurred. Simultaneously, owing to the super-
heated melt, the fragments started to remelt, as confirmed by the nega-
tive M, in this region in Fig. 9(a). Because the fragments were heavier
than the melt, they began to sediment, as observed in Fig. 9(b) and (c)
where the region with the equiaxed phase (f,) appears progressively
closer to the bottom surface. As they moved downward, the fragments
continued to remelt (M, was negative), and the local value of f, and
the region with fragments (gray area) reduced drastically. As shown in
Fig. 9(d), a small bed of fragments appeared on the bottom surface.
However, the absolute value of the solid fraction continued to be nearly
negligible, and the M, distribution indicated that the fragments con-
tinued to remelt. This description seems to agree with the experimen-
tal evidence shown in Fig. 5(d) where the dimensionless height of the
fragmented structure is almost negligible during the first 200 s of the
experiment.

However, as the simulation proceeded, the temperature gradually
decreased and the superheat in the domain vanished owing to the strong
cooling on the top surface. This is where the experimental and simula-
tion results appeared to diverge at this point. The experimental results
from Fig. 5(d) suggested that the bulk melt was probably superheated
for almost 200 s. By contrast, in the simulation, the melt rapidly became
undercooled, which indicated that the fragments began to solidify and
grow while settling towards the bottom surface. This is demonstrated in
Fig. 10(a), which shows the simulation results of the temperature evo-
lution for test case 4 at the same probe positions as those defined in
Fig. 2(b). After approximately 40 s, the temperatures of all the probes
inside the domain were below the liquidus, which indicated that the
fragments were expected to grow instead of remelt.

In Fig. 10(b), a detailed view of the simulation results of the evo-
lution of the packed bed of equiaxed fragments in the first 100 s is
presented. At t = 10 s, the height in the computational results is zero,
which indicates that complete remelting of the fragments occurred, as
suggested by Fig. 9(a)-(c). However, as the superheat gradually de-
creased, the remelting of the fragments became weaker and some frag-
ments started to reach the bottom surface. At t = 20 s, a very small bed
of fragments is observed, which supports the results shown in Fig. 9(d).
Until t = 50 s, the total height was equal to the cell size used in the sim-
ulations. Notably, owing to the volume-average nature of the model,
once the fragments sediments in a computational cell, the entire cell be-
comes nonzero. After t = 50 s, the undercooling conditions ensued (as
confirmed by Fig. 10(a)), and the dimensionless height began to increase
rapidly.

Even though the simulation results start with a good agreement with
the experimental results during the first 50 s, after that, the pile-up of
the packed bed of fragments was overestimated (Figs. 10(b) and 5(d)).
No further information was provided in [1] for test case 4. However,
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Fig. 9. Contours of f, overlaid with u, vectors (left) and M, overlaid with the columnar-tip front (black line: right) at (a) t =6's, (b) t =105, (¢) t = 14 s, and (d)
t = 20 s in test case 4. For M., a positive value (dark gray) indicates solidification; a negative value (bright gray) indicates re-melting.
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Fig. 10. (a) Detailed analysis of the cooling curves and (b) the evolution of the packed bed of equiaxed fragments, for test case 4.

the preparation of the experiment for a large superheat (13 K) could
also explain this discrepancy. If the test cell was filled with a highly
superheated melt for a long duration before commencing the experi-
ment, the mold may begin to absorb some amount of heat. Thus, the
adiabatic boundary conditions on the side and bottom walls assumed
in the simulation would not be an accurate representation of the ex-
perimental case with a large superheat. We attempted a series of new
simulations for test case 4 with heat flux boundary conditions applied
to the walls (i.e., all the walls had the same constant heat flux value
except for the cooled top surface). Although some improvements were
achieved, the results continued to be unsatisfactory. Furthermore, for
a sufficiently large heat flux that would ensure re-melting of the frag-
ments before settling on the bottom surface, the superheated conditions
propagated to higher parts of the domain and hindered the growth of
the top columnar. Naturally, this could be improved with more accurate
heat flux values or time-dependent functions; however, more informa-
tion would be needed to perform such a study. Another possible source
of error was the remelting model used in this study. However, owing to
the lack of comprehensive understanding of the underlying physics of
remelting, not much can be done here, apart from highlighting the need
for further research on this topic.

Although the other test cases (1, 2, 3, and 5) began with some degree
of superheating, the values were small and, combined with the intense
cooling at the top surface, resulted in a rapid temperature decrease un-
der the liquidus. As a result, most of the simulation time was spent under
growth conditions that were well-described using the present model.

4.3. Microstructure evolution: CET vs. ECT

The crystal structure growing upward from the bottom surface
stemmed from the pile-up of the fragments that were previously de-

tached from the columnar dendrites on the top surface. After the initial
fragmentation-heavy stage, the rate at which the fragments detached
from the columnar dendrites gradually diminished with time. Mean-
while, a temperature gradient developed throughout the domain and the
undercooled conditions reached the packed bed of fragments. Therefore,
it is possible that, with the establishment of unidirectionally-oriented
heat flux, the growth of the columnar structures may have been trig-
gered in front of the packed crystal fragment bed.

Although no ECT has been mentioned in [1], this transition would
be difficult to identify in the shadowgraphs. In contrast, our simula-
tion model provides a complete time-dependent description of the mi-
crostructures. Fig. 11(a) shows the evolution of the bottom solid struc-
ture in test case 1 and identifies the leading morphology.

Once the local f,*" in the packed bed of crystal fragments ex-
ceeds the packing limit (f; packing = 0-637), the equiaxed phase builds
a rigid network that becomes stationary on encountering a stationary
wall (such as the bottom surface). Numerically, this rigid and station-
ary equiaxed phase region is marked, and the primary-columnar den-
drite is allowed to grow from the front of the marked region. At this
point, the solidification of the columnar structure region competes with
that of the equiaxed phase. The dominant phase is determined by the
rate at which the primary-columnar dendrite grows in relation to the
blocking capacity of the equiaxed phase. This means that the numerical
model evaluates the volume fraction of the equiaxed phase (which can
increase either because of the pile-up of new fragments or the solidifica-
tion and growth of existing ones) and assesses the ability of the primary
columnar-dendrite-tip front to move to neighboring cells before or after
the f. " reaches the blocking limit f, cgr [34]. If the columnar-dendrite-
tip front reaches a new cell while f,*" < f, cgr, the columnar structure
becomes the dominant morphology and equiaxed growth is suppressed.
However, fragments can still sediment and interact with (and poten-
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Fig. 11. (a) Evolution of the bottom solid structure in test case 1 and the specification of the dominant microstructure. (b) The volume fraction of the equiaxed
phase when the bottom solid structure meets the top solid structure (t = 1300 s).

tially be captured by) the columnar structure. A blocking limit of 0.49
was originally suggested [35] but was later updated to 0.2 [36].

In test case 1, the rate at which the fragments detached from
the columnar dendrite gradually diminished with time. This reduced
the local-evolution rate of the packed bed of crystal fragments. From
Fig. 11(a), at approximately t = 480 s, the primary columnar-dendrite-
tip front grew to neighboring cells while f.*V < f cgr. Therefore,
the columnar morphology became dominant, and an ECT event oc-
curred, i.e., solidification continued as a columnar structure, and the
equiaxed growth was suppressed. The final ECT position was identified
in Fig. 11(a). The microstructure transition is also visible in the inset
of Fig. 11(a) where the equiaxed-dominant morphology is displayed in
black and the columnar-dominant morphology is displayed in gray.

Subsequently, during the casting process, the new columnar struc-
ture growing from the bottom met the one growing from the top. This
is suggested in Fig. 5(b) and is now illustrated in Fig. 11(b) for test case
2 at t = 1300s.

4.4. Validity of the flow-driven fragmentation

We previously presented a flow-driven fragmentation model [17,34].
The formulation assumed that the transport of the solute-enriched melt
through the interdendritic flow in the columnar-growth direction led
to remelting and was the main cause of fragmentation [18,37]. Conse-
quently, the melt flowing parallel to the columnar-growth direction was
a necessary condition to trigger fragmentation, and the fragmentation
rate was calculated as follows:

M _J/<§f - ;c) - Veg pe
ce
v=—pF = 3 (6)
peVe z (40 .
Peg frag

where u, and u, correspond to the liquid and columnar velocities, re-
spectively, and y is a fitting coefficient that includes all the unknown
contributing factors not considered by the model, such as the curva-
ture effect of the dendrites, latent heat-induced thermal fluctuation, and
solute diffusion in the interdendritic melt. y was estimated in [17] by
curve-fitting the experimental results. d?mg in Eq. (6) for the flow-driven
fragmentation model was calculated as f,A, [17] (instead of Eq. (5)
used in the capillary-driven fragmentation model), with 1, being the
secondary dendrite arm spacing and equal to 1.0 x 10~* m. The con-
centration gradient, Vc,, in the interdendritic melt typically increases
against the columnar growth direction. Therefore, from Eq. (6), the in-
terdendritic melt flowing in the same direction as the columnar growth
results in —(u, — u.) - Ve, > 0. This promotes remelting that results in
fragmentation. This model was termed the flow-driven fragmentation

10

model, which is different from the capillary-driven fragmentation model
used in this study.

In Fig. 12, the experimental results of the evolution of the structural
fronts in test case 1 are compared with the simulation results that em-
ployed the flow-driven fragmentation model. No data are available for
y for the current alloy; therefore, a parametric study was conducted by
varying this parameter. The simulation results for the coarsening-driven
fragmentation model are not shown in this figure to avoid overcrowd-
ing; however, they can be observed in Fig. 5(a). For y = 1, the under-
estimated bed of fragments and excessive columnar growth suggested
that the fragmentation rate was too low. On increasing y by one order
of magnitude (i.e., y = 10), the fragmentation rate increased such that
the evolution of the bed of fragments surpassed that measured exper-
imentally. However, columnar growth was also overestimated, which
can be a sign that insufficient fragments detached from the columnar
structure. On increasing y by another order of magnitude (i.e., y = 100),
good agreement between the experimental and numerical results was
obtained for the columnar evolution from the top surface. However, the
growth of the fragment bed was greatly overestimated.

These results indicate that the flow-driven fragmentation model can-
not appropriately account for the fragmentation mechanism observed
in the experiments reported in [1]. However, we also applied both frag-
mentation models to different solidification conditions for a metal alloy
(Al-7 wt.% Si). The conditions involved unidirectional solidification un-
der forced flow conditions (strong rotational magnetic stirring). Interest-
ingly, in this study, the experimental results were in better agreement
with the flow-driven fragmentation model than with the coarsening-
driven fragmentation model. This on-going study will be published in
the future.

This difficulty in finding a general formulation to accurately repli-
cate the fragmentation process can indicate that different mechanisms
may be involved depending on the conditions of the experiment. For
instance, the dendrite morphology can change considerably with differ-
ent alloys. In ammonium chloride, f;; (0.16) (see Table 3) is generally
much smaller than those for metal alloys (e.g., in Pb-Sn alloys f; = 0.5
[34] and Al-Cu alloys f; = 0.5 [17]). This indicates that the dendritic
structure is more fragile in ammonium chloride than in metal alloys.
Similarly, the Sy values for the dendrites of ammonium chloride seem
to be much larger than those of metal alloys. In the present study, Sy
surpassed 300 um~! (see Fig. 7), whereas Sy only reached 0.1 um~!
under intense cooling in our previous study on the fragmentation in a
Pb-Sn alloy [19]. Although the setup and cooling conditions were dis-
tinct in the two examples, they should not account for the difference
of several orders of magnitude. Both of the above observations imply
that ammonium chloride dendrites have thin high-order arms that can
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be easily remelted via coarsening. This is also supported by the values
proposed for a in the coarsening-driven model; for ammonium chloride,
we proposed an a of 100, whereas Cool and Voorhees [7] proposed an
a of 0.5 x 10~ for a Pb-Sn alloy. A large a for ammonium chloride im-
plies a high fragmentation rate from coarsening. This can explain the
validation of the coarsening-driven fragmentation model in the present
study through experiments involving ammonium chloride.

In contrast, for metal alloys, thick high-order arms weaken the role of
coarsening-driven fragmentation and strengthen the role of melt flow-
driven fragmentation. Although Cool and Voorhees [7] still observed
fragments in a Pb-Sn alloy originating from coarsening, the experiments
were conducted under microgravity conditions (i.e., a complete absence
of flow), the total number of fragments was smaller, and a larger time-
frame was considered than in the experiments conducted in [1]. There-
fore, in general, if a strong flow (forced flow condition) is considered
for metal alloys, the flow-driven fragmentation mechanism seems to be
more important than the coarsening-driven fragmentation mechanism.
Further experimental studies are needed to analyze ammonium chlo-
ride and metal alloys under forced flow conditions and different levels
of cooling to validate the above statement.

5. Conclusions

A capillary-driven fragmentation model was implemented in a
volume-average mixed columnar-equiaxed solidification model and val-
idated against a solidification experiment with NH,CI-68 wt.% H,0 al-
loy. In the experiment, crystal fragmentation and multiphase transport
phenomena, such as melt convection and grain transport, were observed
to play a critical role in the outcome. Five experimental cases with vari-
ations in the initial nominal composition of the alloy, initial melt tem-
perature, and cooling intensity were analyzed.

Numerical parametric studies and experimental data analyzes were
combined to determine the alloy-dependent constants that were essen-
tial to the fragmentation model. For the NH,Cl-68 wt.% H,0 alloy, the
following parameters were suggested: (Sy;)~' = 100 ym and a = 100.
The parameter K, was approximated as 2350 ym?3/s according to the
profile of the coarsening-dominant stage and by taking the Sy, — t; curves
proposed by Neumann-Heyme et al. [8] as a reference.

The comparison of the structural evolution between the simulation
results and experimental data provided an excellent quantitative agree-
ment in four of the five experimental cases. This agreement proved
the reliability of the capillary-induced fragmentation model and its
implementation in the mixed columnar-equiaxed solidification model.
The reason for the quantitative mismatch in one of the experimental
cases, where high-initial superheating (13 K) was considered, was also
discussed. In this case, the evolution speed of the bottom pile-up of
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Fig. 12. Evolution of the solid dendrite-structure
fronts in test case 1 from the experimental and simula-
tion results using the flow-driven fragmentation model
with different y values.
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equiaxed crystals was overestimated by the numerical simulation. Dur-
ing the early stage of the process, the fragments that were transported
through the superheated bulk-melt region were remelted. Although the
current solidification model considered the remelting phenomenon, the
remelting rate was not calculated precisely. The remelting part of the
model may require further improvement.

Another interesting phenomenon, i.e., ECT, was predicted by the
simulations. This was not mentioned in [1]. During the late stage of
solidification, the number of fragments decreased and the pile-up of the
bottom crystal fragments (i.e., equiaxed crystals) slowed down. Owing
to the undercooled-bulk melt, a columnar structure developed and grew
upward, thereby leading to ECT. Finally, this columnar structure (after
the ECT event) growing from the bottom met that growing from the top.

For comparison, a flow-driven fragmentation formulation that was
previously proposed and used by the authors for other metal alloys
such as Sn-10 wt.% Pb [17], has been considered in the solidification
model in lieu of the coarsening-driven fragmentation formulation. How-
ever, there was no proper agreement between the results obtained from
the flow-driven fragmentation model and the experimental results in
this study (NH,Cl-68 wt.% H,0). This emphasized that the coarsening-
driven fragmentation model provided a good description of the frag-
mentation phenomenon observed in this study with NH,Cl-68 wt.% H,0
alloy [1].
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