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EffEct of Growth ratE on coarsEninG of sEcondary dEndritE arm spacinGs  
in dirEctionally solidifiEd of al-8.8la-1.2ni tErnary alloy

One of the most important factors directly affecting microstructure and mechanical properties in directional solidification 
process is secondary dendrite arm spacing (sdas). it is very important to measure the sdas and examine the factors that may 
affect them. to investigate the effect of growth rate on the sdas, the alloy specimens were directional solidified upward with 
different growth rates (V = 8.3-83.0 μm/s) at a constant temperature gradient (G = 4 K/mm) in a Bridgman-type growth apparatus. 
after the specimens are directionally solidified, they were exposed to metallographic processes in order to observe the dendritic 
solidification structure on the longitudinal section of the specimens. Coarsen secondary dendrite arm spacings (λ2C) were measured 
excluding the first arms near the tip of the dendrite. local solidification times (tf) were calculated by ratio of spacings to growth 
rates. it was determined that the tf values decreased with increasing V values. the relationships between tf and λ2C were defined by 
means of the binary regression analysis. Exponent values of tf were obtained as 0.37, 0.43, 0.46 and 0.47 according to increasing 
V values, respectively. These exponent values are close to the exponent value (0.33) predicted by the Rappaz-Boettinger theoretical 
model and good agreement with the exponent values (0.33-0.50) obtained by other experimental studies.
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1. introduction

the main factor that determines the mechanical properties 
of the materials is the microstructure of the material. One of the 
most important factors directly affecting the microstructure is 
the secondary dendrite arm spacing (sdas), which depends on 
the growth rate during solidification. there are many studies 
in the literature on this subject [1-10]. in the theoretical mod-
els proposed in these studies, it was stated that sdas (λ2) is 
proportional to a power of local solidification time (tf ) [11-17]. 
during solidification, the secondary arms tend to increase their 
spacing owing to different facts, namely: re-melting of small 
secondary dendrites, melting of dendrite roots or coalescence 
between dendrites [4-8]. the first researchers in detecting this 
feature were kattamis et al. [13] and Flemings et al. [14] and 
nowadays it is believed to arise from surface stresses at the 
liquid-solid interface. dendritic array demonstrates an obvious 
branching of primary and secondary dendritic arms, in which 
the scale of λ2 is a very common microstructure parameter used 
as an indicative of casting quality [17].

aluminium-based alloys are common preferred in practice 
due to their low density and high strength [18-21]. al-la-ni 
ternary alloys are well known for their well glass forming skill 
by fast quenching from the liquid state [18] and for their skill for 
hydrogen storage within the solid state [19]. several investiga-
tions have been carried out on selected compositions in order to 
study hydrogen storage, crystal structures, some mechanic and 
thermal properties of al-la-ni alloys [20,21].these alloys have 
been found to exhibit a particularly beneficial combination of 
high strength and low density, making them promising candidates 
for technological applications.

However, very limited information is available in the litera-
ture regarding the industrially important ternary al-la-ni alloy. 
in this sense, the main purpose of this paper is to investigate the 
effects of different growth rates (V =  8.3-83.0 mm/s) on den-
dritic microstructure of directionally solidified al-8.8la-1.2ni 
(wt.%) alloy at a constant temperature gradient (G = 4 K/mm) 
in a Bridgman-type growth apparatus. In addition, it is to com-
pare the experimental sdas values, which are known to be 
quite effective on mechanical properties, with the sdas values 
calculated from the Rappaz-Boettinger theoretical model [22].
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the model proposed by kattamis et al. [13] for sdas cal-
culation of binary alloys has been expanded for multicomponent 
alloys by Rappaz and Boettinger (R-B model) [22]. The general 
expression is given as follows;
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where tf , is the local solidification time, Γ is the Gibbs-Thomson 
coeffcient, mj is the liquidus slope, cf, j is the final liquid composi-
tion at the dendrite root of the component j (generally assumed 
to be a eutectic composition), co, j is the nominal composition 
of the alloy, Dj is the diffusion coefficient in the liquid, n is the 
maximum number of solute elements (j = 1, n) and kj is the re-
distribution coefficient. the subscript j represents each alloying 
element, and the sum encompasses all the solute elements of the 
multicomponent alloy.

some researchers [23,24] examined the effects of liquid 
flow on λ2 for different alloys and showed that the exponent 
value of the local solidification time (tf) deviated from 1/3 value, 
close to 1/2. easton et al. [25] compared the experimental λ2 
values of six different multi-component al alloys with the values 
calculated from the Rappaz and Boettinger [22] model. These 
researchers reported that the values overlapped by up to 70%. 
during the coarsening, the dendrites minimize the free energy 
of the solid-liquid system and which over time cause the solid-
liquid interface area [3] to decrease are subjected to diffusion 
mass transfer [1] controlled by the local interface curvature [2]. 
this situation leads to significant morphological changes in 
the dendritic microstructure, including the re-melting of small 
branches [4,5], multiplication [6] and coalescence [7,8]. Coarsen-
ing is particularly important after dendrite coherency, when free 
growth stops and the feeding shifts from mass to interdendritic 
[9]. then, the eutectic reaction takes place in the interdendritic 
regions [10] and solidification is completed.

the coarsening mechanisms have been proposed either 
based on the observations of solidification of transparent materi-
als (case i) or observations of the microstructures of alloys after 
solidification were interrupted by quenching (case ii) [12,13]. 
there are hardly any studies on how growth rate affects the 
exponent of tf for the studied alloy.

2. Experimental method

2.1. specimen preparation, solidification  
and metallographic process

directional solidification experiments were carried out with 
al-8.8la-1.2ni (wt %) ternary alloy, prepared from the weighing 
of its high purity al metal and la-12wt.%ni alloy rod (alloys 
attributed in this study were given by weight percent unless 

otherwise stated). during the specimen preparation, metal and 
master la-12ni alloy with a purity of more than 99.9% were 
used to minimize impurities that may occur on the interface 
and structural defects caused by this situation. vacuum melting 
furnace and casting furnace were used in the melting and pouring 
processes, respectively. the vacuum melting furnace provides 
a process temperature of 1100°C under an atmosphere of approxi-
mately 10–3 torr. Using this furnace, up to approximately 2 kg of 
material can be melted at one time. First, aluminium was melted 
in a graphite crucible placed inside the vacuum melting furnace, 
and then la-12ni master alloy was added into this al melt and 
completely melted. For the studied alloy, the starting (Tonset) and 
ending (Tpeak) temperatures of the melting were determined as 
914 and 939 k, respectively. during this melting process, the 
alloy was mixed several times to make it homogeneous. then 
this homogeneous melt alloy poured into the graphite crucibles 
(6.35 mm Od, 4 mm id, and 250 mm in length) placed inside 
the casting furnace without any air bubbles. in this way, a large 
number of alloy specimens with the same composition were 
prepared. Each of these prepared specimens was placed inside 
the Bridgman-type growth apparatus [26] for controlled direc-
tional solidification. then each specimen was drawn from the hot 
zone to the cold zone with different growth rates (8.3-83.0 μm/s) 
via synchronous motors at a constant temperature gradient 
(4 K/mm). These specimens were quenched in water at 10°c 
after solidifying about 10 cm. to obtain the image analysis and 
microstructure of the specimens, each specimen was subjected to 
metallographic processes such as grinding, polishing, and etching 
with a suitable reagent, respectively. dendritic microstructures 
of the specimens were revealed after metallographic processes. 
the dendritic microstructures of specimens were photographed 
with olympus BX-51 optical microscope.

2.2. measurement of the G and V

during the solidification of the specimen in the Bridgman-
type apparatus, the temperature gradient and growth rates in the 
specimen were determined by three k-type thermocouples that 
previously placed in the specimen at 5 mm spacing. the tem-
perature gradient (G = ΔT/ΔX) of the liquid phase and the growth 
rate of the solid-liquid interface (V = ΔX/Δt) were calculated by 
determining the values of ΔT, ΔX, and Δt for each specimen. 
Where ΔT is the temperature difference between the liquid and 
solid-liquid interface, ΔX is the distance between the thermo-
couples (5 mm), and Δt is the time required for the solid-liquid 
interface to travel the distance between the two thermocouples. 

the growth rates are provided by four synchronous motors 
with different rpm (1, 2, 5 and 10 rpm). While 1 rpm provides 
a growth rate of 8.3 μm/s, 10 rpm provides a growth rate of 
83 mm/s. Bridgman-type apparatus provided cooling rate in the 
range of 0.033-0.33 K/s depending on the solidification param-
eters (G, v) in this study. Besides, a cooling rate of 25 K/s is 
reached in industrial scale Bridgman-type furnaces depending 
on the solidification parameters [27].
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2.3. measurements of λ2C and tf in the process 
of coarsening

With the adobe photoshop cs3 program, the coarsen sec-
ondary dendrite arm spacings (λ2C) on the longitudinal section 
images of the specimen were measured as a function of time by 
excluding the first few arms close to the dendrite tip. Because it 
is known that there is no coarsening in the region near the tip of 
the dendrite. By dividing these measurements into the growth 

rate, local solidification times (tf ) were calculated for each sdas 
(Fig. 1a). as can be seen from Fig. 1a, the fine arms close to 
the dendrite tip and the coarse arms near the root are shown as 
a and B, respectively. Typical images of growth morphologies 
(dendritic form) of directionally solidified al-8.8la-1.2ni alloy 
at the lowest and highest growth rates are shown in Figs. (1b, c). 
these measurement processes were repeated for the statistical 
reliability of the results for about 30-35 dendrite trunks at each 
growth rate.

Fig. 1. typical optical micrographs of the directionally solidified al-8.8la-1.2ni alloy at a constant G (4 K/mm); (a) measurements of λ2 and tf , 
(b) V = 8.3 μm/s, (c) V = 83.0 μm/s
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3. results and discussion

3.1. coarsening mechanisms

during coarsening, the larger arms grow, while the smaller 
ones shrink or re-melting by transport of material from the smaller 
arms to the larger ones. to explain this situation (coarsening 
of the sdas), four coarsening mechanisms, i.e. radial melting 
(mechanism i), axial melting (mechanism ii), arm fragmenta-
tion (mechanism III), and coalescence (mechanism Iv) were 
proposed [11,13,28,29] as shown in Fig. 2. these mechanisms 
involve mass transport driven by the Gibbs-Thomson effect (also 
known as the capillary force). that is, the difference in local cur-
vatures at the liquid-solid interface causes the surfaces with high 
curvature to melt due to the depression in liquidus temperature, 
and those surfaces with low curvature tend to grow coarser by 
diffusion. depending on the growth kinetics of the secondary 
arms, it can be said to depend on the competitive growth of 
the arms during solidification. during this competitive growth, 
one or more of previously mentioned coarsening mechanisms 
are considered to have a dominant effect on this process. the 
phenomenon observed in this study was determined to be more 
compatible with mechanism iii (arm fragmentation). in the 
mechanism iii a neck forms at the root of an arm [28]. With in-
creasing time (1-2 minutes) further re-melting occurs at the neck 
with freezing at areas of lower curvature until the arm becomes 
disconnected from the dendrite trunk and gradually spheroidized. 
the final step of mechanism iii is shown with C in Fig. 1a.

3.2. Effect of growth rate on the λ2C

From the micrographs in Figs. (1b, c) and as can be seen 
from the values obtained by us in Fig. 3, it was seen that the 
sdas, which became coarse with increasing solidification rate 
(V ), decreased. possible effects of different growth rates on 
coarsen secondary arm spacing (λ2C) were investigated. in Fig. 3, 
the experimental values obtained by us are compared with the 
experimental values obtained by some researchers [30-34] and 
the values predicted from the Rappaz-Boettinger model [22]. 
From the micrographs in Figs. (1b, c) and as can be seen from 
the experimental values obtained by us in Fig. 3, it was seen that 
the sdas, which became coarse with increasing growth rate 
(V ), decreased. therefore, local solidification time (tf ) values 
decreased with increasing V. in a study by Chen and kattamis 
[33], a similar behavior was reported for the al-3.75Cu-1.5mn 
alloy using almost the same growth rates. the relationships 

between these parameters were found using linear regression 
analysis. the relationships between λ2C and local solidification 
time (tf ) for each V (8.3-83.0 mm/s) are given in TaBle 1. 
Rappaz-Boettinger model (R-B model) is represented in fig. 3 

Fig. 2. Four mechanisms for isothermal dendrite coarsening; (a) radial 
re-melting, (b) axial re-melting, (c) arm fragmentation, (d) coalescence 
of two dendrite arms

TaBle 1

the experimental relationships between sdas (λ2C) and local solidification time (tf ) 

motors G (K/mm) V (μm/s) relationships constants (k) Correlation coefficients (r)
1 rpm 4 8.3 λ2C = k1tf 0.37 k1 = 11.38 (μm s–0.37) r1 =  0.984
2 rpm 4 16.6 λ2C = k2tf 0.43 k2 = 8.97 (μm s–0.43) r1 =  0.984
5 rpm 4 41.5 λ2C = k3tf 0.46 k3 = 9.41 (μm s–0.46) r1 =  0.983
10 rpm 4 83.0 λ2C = k4tf 0.47 k4 = 9.77 (μm s–0.47) r1 =  0.990

fig. 3. variation of secondary dendrite arm spacing as a function of 
lacal solidification time
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by the dashed line. some physical constants required for the 
studied alloy for the R-B model (eq. (1)) are given in TaBle 2. 
substituting these physical constants into Eq. (1) for the studied 
alloy, the λ2C values predicted by the R-B model were obtained. 
the λ2C values predicted by the R-B model [22] for the studied 
alloy nearly overlap with the experimental λ2C values obtained 
by us. as can be seen from TaBle 1, the exponential values 
of tf were obtained as 0.37, 0.43, 0.46 and 0.47 according to 
increasing V values (8.3-83.0 μm/s). 

TaBle 2

physical constants used in calculations for the Rappaz-Boettinger 
model [22]

al-ni [35] al-la [36]
G (k m) 7.4×10–7 3.5×10–8

mα (K/wt.%) –3.12 –10
k 0.00789 0.00514 

CE (wt.%) 5.7 19.6 
Co (wt.%) 1.2 8.8 
DL (m2/s) 1.34×10–9 1.15×10–9 

the experimental relationships compiled from some pre-
vious studies [26,30-34,37-44] are given in TaBle 3. In this 
table, the solidification parameters used by various research-

ers [31,32,40-44] are both lower and higher the solidification 
parameter ranges we use, such as V (8.3-83 μm/s), and cooling 
rate (0.033-0.33 K/s). In TaBle 3, the experimental relation-
ships obtained under different solidification conditions (G, V or 
cooling rate) for various alloys are shown. also TaBle 3 has 
been contains some as cast [30] and numerical simulation studies 
[34]. the exponent values (0.37, 0.43, 0.46 and 0.47) obtained in 
this work are good agreement with the values of 0.47, 0.40, 0.33, 
0.37, 0.34 and 0.47 reported by Tiryakioğlu [30] for al-4.5si-1Cu 
and al-4.5si-4Cu, by Ferreira et al. [31] for al-4.5Cu, by Fer-
reira et al. [32] for al-3Cu-0.5mg, by donadoni et al. [34] for 
al-9si-3cu and by matache et al. [37] for cmsX-4, respectively. 
Besides, the exponent values of 0.23, 0.27, 0.26, and 0.26 report-
ed by Chen and kattamis [33] for al-3.75Cu-1.5mn, by ronto 
and roosz [40] for al-3.7Cu-0.47si and al-3.85Cu-0.95si, and 
by ronto and roosz [41] for al-1.24mg-0.45si are smaller than 
both the our experimental exponent values and the theoretical 
value suggested by the Rappaz-Boettinger [22] theoretical model, 
respectively. In TaBle 3, the exponent values of tf are in the 
range of 0.23-0.54, while the k constants are in the range of 
3.16-101.3. in this study, the values of the experimental exponent 
(0.36-0.47) and k constants (8.97-11.38) fall within these ranges. 
While exponent values show the degree of dependence on local 
solidification time (tf ), experimental k values vary depending 

TaBle 3
the experimental relationships and constants between λ2C and tf under certain solidification conditions  

(G, V and cooling rate) compiled from previous works

alloys G
(K/mm)

V
(mm/s)

cooling rate 
(K/s) relationships constants (k)

al-0.2si-0.3Fe [25] — — 0.3-15 λ2C = k1tf 0.40 k1 = 91.30 (μm s–0.40)
al-0.5si-0.3mg [25] — — 0.3-15 λ2C = k2 tf 0.50 k2 = 101.30 (μm s–0.50)

al-4.5si-1Cu [30]*** — — — λ2C = k3tf 0.47 k3 = 3.16 (μm s–0.47)*
al-4.5si-4Cu [30]*** — — — λ2C = k4tf 0.40 k4 = 4.74 (μm s–0.40)*

al-4.5Cu [31] — — 5-45 λ2C = k5tf 0.33 k5 = 12.10 (μm s–0.33)
al-3Cu-0.5mg [32] 1-16 (**) 0.6-1.5 (**) 0.6-24 λ2C = k6tf 0.37 k6 = 10.09 (μm s–0.37)

al-3.75Cu-1.5mn [33] 6.8 0.002-0.083 0.14-0.56 λ2C = k7tf 0.23 k7 = 17.98 (μm s–0.23)*
al-9si-3Cu [34] data from the thermo-Calc software λ2C = k8tf 0.34 k8 = 9.53 (μm s–0.34)*

cmsX-4 super alloy [37] 3 3 9 λ2C = k9tf 0.47 k9 = 6.70 (μm s–0.47)
cmsX-4 super alloy [38] 3 0.05 0.15 λ2C = k10tf 0.54 k10 = 4.58 (μm s–0.54)

al-7si-0.5mg [39] 0.3-1.9 0.037-0.256 0.01-0.48 λ2C = k11tf 0.30 k11 = 10.70 (μm s–0.30)
al-3.7Cu-0.47si [40] — — 0.08-0.29 λ2C = k12tf 0.27 k12 = 14.87 (μm s–0.27)

al-3.85Cu-0.95si [40] — — 0.08-0.29 λ2C = k13tf 0.26 k13 = 16.39 (μm s–0.26)
al-2.41Cu-0.75si [40] — — 0.08-0.29 λ2C = k14tf 0.31 k14 = 13.08 (μm s–0.31)

al-0.63mg-1.377si [41] — — 0.08-0.29 λ2C = k15tf 0.33 k15 = 11.81 (μm s–0.33)
al-1.24mg-0.45si [41] — — 0.08-0.29 λ2C = k16tf 0.26 k16 = 21.53 (μm s–0.26)
al-1.55mg-0.374si [41] — — 0.08-0.29 λ2C = k17tf 0.35 k17 = 11.17 (μm s–0.35)

a357 alloy [42] — — 0.3-12.8 λ2C = k18tf 0.30 k18 = 20.80 (μm s–0.30)
al-4.5si-1Cu-0.5Fe [43] — — 0.4-6 λ2C = k19tf 0.39 k19 = 7.94 (μm s–0.39)
al-4.5si-4Cu-0.5Fe [43] — — 0.4-10 λ2C = k20tf 0.35 k20 = 7.63 (μm s–0.35)
al-9si-4Cu-0.5Fe [43] — — 0.2-1.8 λ2C = k21tf 0.40 k21 = 4.98 (μm s–0.40)

al-7si-0.3mg-0.15Fe [44] — — 0.19-6.25 λ2C = k22tf 0.33 k22 = 13.30 (μm s–0.33)

* k value obtained by estimating on the graph
** cooling rate, V and G values obtained by estimating on the graph
*** as-cast
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on the alloy components, the composition of these components, 
solute diffusion and thermal diffusion caused by fluid flow. this 
k value is a constant that indicates whether sdas is greater or 
lesser. the larger the experimental k value, the larger the sdas 
value is expected to be.

3.3. solute and phase distribution  
in the coarsening process

due to the different widths of secondary dendritic arms 
during the growth process, the composition nearby the dendritic 
surface varies from place to place, and diffuses from the high 
solubility area (coarse secondary dendritic arms area) to the low-
solubility area (fine secondary dendritic arms area), resulting in 
dissolution of the fine dendritic arms and coarsening of coarse 

dendritic arms. this situation is confirmed by liao et al. [45]. 
dendrite coarsening involves the elimination of small dendritic 
arms and the simultaneous growth of larger dendritic arms lo-
cated in close proximity to the smaller ones. this phenomenon 
causes an increase of the length scale of the microstructure with 
increasing time [46,47]. When the growth rate increases, there 
is not enough time for this process, thus refining sdas [45]. 
as can be seen from our experimental data in Fig. 3, the largest 
sdas at low growth rate (8.3 μm/s) was about 60 mm, while 
the largest sdas at high growth rate (83.0 μm/s) was 25 mm. 
a 58% reduction in sdas is observed by increasing the growth 
rate from 8.3 to 83.0 μm/s. 

tang et al.[48] observed about 58% reduction in sdas 
using a cooling rate in the range of about 2.3-24.1 K/s for the 
al-5.0mg-3.0Zn-1.0Cu alloy. this determination coincides 
with our results. thus, since more time is required at low 

fig. 4. eds/elemental mapping images showing the distribution of chemical elements in the phases formed in the al-8.8la-1.2Ni alloy sample; 
(a) dendrite tip growing at low growth rate (8.3 μm/s), (b) secondary dendrite arms growing at low growth rate (8.3 μm/s), (c) secondary dendrite 
arms growing at high growth rate (8.3 μm/s)
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growth rate, the region between dendrites enriched in terms of 
la and ni. this situation is apparent in the energy dispersive 
spectroscopy (eds)/mapping analysis in fig. 4. as seen from 
Fig. 4a, the dark area (yellow square) selected on the dendrite 
tip is completely the a-al phase. While the amounts of la and 
ni were 27.31 wt.% and 3.61 wt.% in specimen which solidified 
at low growth rate (8.3 mm/s) (fig. 4b, red rectangle), it was 
determined as 10.08 wt.% and 1.07 wt.% in the specimen 
which solidified at high growth rate (83 mm/s) (fig. 4c, blue 
square). these values obtained for the specimen solidifying at 
high growth rate are very close to the nominal composition of 
the studied alloy (al-8.8la-1.2ni). thus, there was not enough 
time for solute microsegregation to occur. as well as the pres-
ence of α-al dendritic phase, for the sample that solidified at 
low growth rate, al11la3 and al3ni intermetallics were observed 
in the inter dendritic region. this situation has been reported in 
a previous study by the same authors [26]. in the mentioned study 
[26], both edX analysis and XRd pattern strongly indicate that 
only three phases (α-al, al11la3 and al3ni) are present in the 
microstructure of the cast sample. these imC phases show an 
almost homogeneous distribution in the interdendritic region. 
one interesting feature is that the mixed al/al11la3 and al/al3ni 
eutectics found interdendritically as the last regions to freeze in 
studied alloy do not seem to exhibit the close coupling between 
the al11la3 and al3ni phases that prevails in the fully eutectic 
microstructures. a possible explanation is that the prior formation 
of a primary phase nucleates one of the binary eutectics prior to 
the other one. al-al3ni would probably nucleate first because 
its eutectic temperature (640°C) appears to be higher than that 
for al-al11la3 (636°C) [36].

in the mapping analysis given in the spectrum on the right 
part of the same figure, the distribution of each al, la and ni 
elements within the measurement regions was obtained with 
different colors. the variation of la and ni solute distributions 
in the region between dendrites in low and high growth rate 
solidified specimens was also supported by mapping analysis. 

similar behaviors were reported in a study by Ferreira et al 
[32] for al-3Cu-0.5mg alloy, and this confirms our experimental 
results. the coarsening behavior affects the distribution of length 
scales, microsegregation and other microstructural characteristics 
of the materials, all of which determine the physical and chemi-
cal properties of the materials in terms of microhardness, tensile 
strength, ductility, electrical conductivity and corrosion resist-
ance [49]. therefore, a complete understanding of the coarsening 
process would improve the selection of process parameters such 
as G, V and Co (composition) and the overall control of the final 
microstructures.

4. conclusions

in this study, the effect of growth rate on the coarsening 
of the secondary dendrite arm spacing was investigated in the 
directionally solidified ternary al-8.8la-1.2ni alloy. the control 
of studied alloy microstructures, by manipulating directional so-

lidification processing variables such as the cooling rate and the 
growth rate can be used as an alternative way to design desired 
properties. the main findings of the study are summarized below:
1. the mechanism iii (arm fragmentation) among the exist-

ing coarsening mechanisms played an important role in the 
coarsening process in this study. in this coarsening mecha-
nism, a neck was formed at the root of some second arms 
and continued until this arm separated from the dendrite 
trunk and gradually became spherical with increasing time 
(1-2 minutes).

2. the secondary dendritic arm spacing is very sensitive 
to growth rate and an increase of growth rate from 8.3 
to 83 μm/s decreases sdas from 60 to 25 μm.

3. it was also determined that tf values decreased for increas-
ing V values. While the growth rate increased from 8.3 to 
83 μm/s, the local solidification time value for the coarsest 
λ2 values decreased from 82 to 7s.

4. Experimental relationships between λ2C and tf were ob-
tained as λ2C = 11.38 tf 0.37, λ2C = 8.97 tf 0.43, λ2C = 9.41 tf 0.46, 
and λ2C = 9.77 tf

0.47 for each growth rates (8.3, 16.6, 
41.5 and 83.0 mm/s, respectively. These experimental 
relationships obtained can be used at industrial scales.

5. the exponential values (0.37, 0.43, 0.46 and 0.47) obtained 
by us are good agreement with the 0.33 exponential value 
proposed by the R-B model and the range of exponential 
values (0.33-0.47) obtained by other researchers.
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