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The conversion to RoHS-compliant lead-free assembly has been a considerable challenge to the electron-
ics industry. Among several alternative solder alloys, Bi–Ag alloys have been highlighted as a potential
candidate to replace high Pb solder alloys for applications in oil and gas, automotive and avionics indus-
tries. The typical melting temperatures of Bi–Ag near-eutectic alloys are considered acceptable and excel-
lent mechanical properties may be achieved with appropriate microstructures. Such promising alloys for
high temperature soldering remain barely understood especially regarding non-equilibrium solidification
features. In this study, a directional solidification experiment was carried out with the Bi–2.5 wt%Ag
eutectic so that a large range of cooling rates ( _T) could be obtained under unsteady-state conditions.
The experimental investigation include: thermal solidification parameters (growth rate, v and cooling
rate, _T), microstructure parameters (eutectic/dendritic spacing, interphase spacings) and phases mor-
phologies analyzed by optical microscopy, scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDS), and hardness. Experimental interrelations between hardness and microstructure
(scale and morphology) of the eutectic Bi–Ag are reported. Solidification parameters are also associated
with each configuration observed along the casting, i.e., coexistence of dendrites and eutectic cells for
regions very close to the cooled casting surface, eutectic cells prevailing and eutectic cells together with
b-Bi primary phase. The cell spacing, kc, is correlated with hardness by Hall–Petch type equations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the last years it is noted an increase in the number of restric-
tions proposed with a view to minimizing the use of Pb in the elec-
tronics industry, which justify the need for alternative Pb-free
solder alloys. According to a survey conducted by Normann [1]
interviewing application engineers, the temperature range in
which electronics devices have to operate reliably is 150–250 �C.
The temperature of solder joints in service are only appropriate if
lower than the solidus or eutectic temperatures. Bi–Ag is a eutectic
system in which the eutectic reaction occurs at about 2.5 wt%Ag
and 262.5 �C. In this case, near eutectic Bi–Ag alloys become very
promising solder alternatives when considering the melting point.
Indeed, the temperature criterion is obviously not enough to guar-
antee soundness for a candidate alloy for replacing high Pb-alloy
solders. However, Bi is the least toxic of the heavy metals, which
allows its application as a substitute for Pb becoming a step toward
an environmentally friendly soldering technique.
Some of the promising candidates on replacing of high Pb
solders derive from the Au–Sn, Au–Ge, Zn–Al, Zn–Sn, Bi–Ag
and Sn–Sb alloy systems [2]. The Bi–2.5Ag alloy is considered
an interesting option due to compatible melting point and
hardness if compared with Pb-based traditional solder alloys,
with an actual possibility of having ductility increased. As a
consequence, a Bi–Ag alloy has already been developed as a
die attach solder for power devices and light-emitting diodes
(LEDs) [2]. Au–Ge-based alloys have also been proposed as
possible high-temperature lead- free solder materials for highly
loaded components such as high-power microelectromechanical
systems (MEMS) devices [3]. Nowadays, few candidates have
been proposed for high-temperature lead-free solder application,
such as Au-(Sn, Si, Ge), Bi–Ag, and Zn-based alloys. Au- and
Bi-based alloys face several serious problems such as high
costs and massive intermetallic compound (IMC), which are
naturally brittle [4–6]. In solder alloys application, the ability
of a liquid alloy to flow or spread on the substrate is crucial
for the formation of a metallic bond driven by the physico-
chemical properties of the liquid solder/solid substrate system
[6].
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Two fundamental aspects deserve attention considering the
development of Bi–Ag alloys for soldering processes, which are
the effects of the cooling rate variation on the final solder fillet
microstructure and the possibility of improving properties by both
adding Ag and controlling the final configuration of Bi-rich and Ag-
rich phases looking for an optimized arrangement. None of these
aspects is completely understood for alloys of interest on the Bi–
Ag system. In this context, unidirectional solidification systems
can be very useful for investigating the evolution of microstruc-
tures in solder alloys.

In the Bi–Ag system, the equilibrium eutectic mixture is formed
by a solid solution of Bi in Ag on the Ag-rich side and the almost
pure Bi-phase on the Bi-rich side. However, non-equilibrium solid-
ification structural features for Bi–Ag alloys have been identified by
Song et al. [7,8]. The eutectic Bi–2.5 wt%Ag sample was obtained by
a gravity-casting technique without any monitoring of tempera-
ture evolution during solidification [7]. Eutectic cells comprising
extremely fine Ag-rich nodules have been reported with some lar-
ger Ag particles located close to the eutectic cell boundaries. Some
regions characterized by Bi grains and few primary Ag particles
have also been reported. In the case of rapidly solidified Bi–
2.5 wt%Ag solder pellets by arc melting, Song et al. [8] identified
a microstructure consisting of coarse Bi and fine Bi–Ag eutectics.

Mechanical properties play an important role on the final charac-
teristics of solder alloys. For instance, it is desirable a combination of
low yield strength and high ductility with a view to ensuring that the
solder could be extruded in wires, which are commonly used in
automated soldering processes [9]. If a dendritic solder fillet micro-
structure is developed, properties like mechanical strength and duc-
tility may be directly influenced by the scale and continuity of the
dendritic primary branches, while the spacing between secondary
arms can effectively serve to isolate a complex dispersion of second
phases having a significant contribution to the mechanical proper-
ties. It is well known that the scale of the microstructural patterns,
characterized by cellular, dendritic or interphase spacings, can sig-
nificantly affect the properties of as-cast, heat treated and mechan-
ically worked metallic components [10–14].

The tensile behavior of Bi–Ag alloys is reported in the literature
for two distinct chemistries, i.e., Bi-2.5 and 11.0 wt%Ag [8]. The in-
crease in the alloy Ag content is reported to increase both the yield
and ultimate tensile strengths. In the case of the eutectic Bi–
2.5 wt%Ag alloy the average ultimate tensile strength remained
around 30 MPa with some variation depending on the adopted
strain rate. The ductility is also reported to increase with the in-
crease in Ag content with the elongation-to-fracture increasing
remarkably from 4% to 38%, for 2.5 and 11%Ag, respectively. Con-
sidering that Ag hardness is lower than Bi hardness [15], the mas-
sive presence of Ag-rich particles may explain such behavior
according to the authors, who state that the ductile Ag phase can
accommodate the stress intensity retarding strain localization,
and as a consequence improving ductility. The results shown by
Masayoshi and co-authors [16] corroborate the aforementioned re-
sults with gradual increase in the tensile strength with the increase
in the alloy Ag content. In this study, the dispersed Ag phase with
average size of 18 lm is reported to act as an effective arrester
against propagating cracks. Further, it is stated that the microstruc-
ture of the Bi–2.5wt%Ag solder alloy do not depend on the cooling
rate since the microstructure of a quenched sample was considered
quite similar to that of a air-cooled one [16].

According to Kim et al. [17], although the Vickers microhard-
nesses of Bi-2.5 and 5.0 wt%Ag alloys are fairly similar to that of
a Pb–5 wt%Sn alloy, these Bi–Ag alloys exhibited a brittle behavior
when compared with that of the high-Pb solder. The reported
hardness values were 8.9 (±0.17) HV, 15.0 (±0.99) HV and 15.2
(±2.5) HV for the Pb–5 wt%Sn, Bi–2.5 wt%Ag and Bi–5.0 wt%Ag al-
loys, respectively.
The present article focuses on the monitoring and characteriza-
tion of a Bi–2.5 wt%Ag alloy casting directionally solidified under a
wide range of cooling rates. The aim is to correlate the microstruc-
tural pattern with the experimentally determined solidification
thermal parameters such as the growth rate and the cooling rate.
Experimental growth laws interrelating cell spacing, interphase
spacing and Ag-rich spheroid diameter with thermal parameters
are also envisaged. Finally, complementary results such as the seg-
regation profile of silver and hardness indentations are intended to
be correlated with the scale and morphology of the phases forming
the Bi–2.5 wt%Ag solder microstructure.
2. Experimental procedure

In order to promote growth of solidification microstructures un-
der a wide range of cooling rates, heat was directionally extracted
only through a water-cooled bottom made of low carbon steel.
Further details about the solidification system used in the present
research have been described in a previous study [12]. The Bi–
2.5 wt%Ag alloy was melted in situ by controlling the power of the
radial electrical wiring. The electric heaters were disabled so that
solidification could be initiated, and at the same time the controlled
water flow was initiated. Continuous temperature measurements in
the casting were performed during solidification by fine type J ther-
mocouples (0.2 mm diameter wire sheathed in 1.0 mm outside
diameter stainless steel tubes) placed along the casting length. The
eutectic temperature of the Bi–2.5 wt%Ag alloy is 262.5 �C.

The data acquisition system employed allows accurate determi-
nation of the slope of the experimental cooling curves. Hence, the
cooling rate of the eutectic front has been determined by consider-
ing the thermal data recorded immediately after the passage of the
eutectic front by each thermocouple.

An etching solution of 96% (vol.) C2H5OH and 4% (vol.) HNO3 ap-
plied during 30 s was used to reveal the microstructures. Deep etch-
ing procedures were performed up to 2 min which was enough to
partially dissolve the b-Bi matrix and the b-Bi phase of the eutectic
mixture, preparing adequate sample for SEM. The primary dendrite
arm spacing and the cell spacing (k1) were measured on transverse
sections of the casting. The triangle method was used in order to per-
form such measurements [18]. Further, the intercept method was
adopted (also on transverse specimens) in order to determine the
interphase spacing (k), which is in brief the distance between two
adjacent Ag spheroids positioned side by side inside the eutectic
mixture. Image processing systems were used to measure the cited
spacings and their distribution ranges. At least 30 measurements
were performed for each selected position. Microstructural charac-
terization was completed using a Field Emission Gun (FEG) – Scan-
ning Electron Microscope (SEM–EDS) Philips (XL30 FEG).

Before hardness tests the specimen surfaces were polished with
fine sandpaper to remove any machining marks. Vickers microhard-
ness tests were performed on the cross sections of the samples by
using a test load of 500 g and a dwell time of 15 s. Other hardness
measurements were carried out using a Brinell hardness tester,
applying a steel ball of 2.5 mm diameter and a load of 5 kg for 30 s.
The adopted hardness value of a representative position was the
average of at least 10 measurements on each sample and on each
hardness test. Samples for segregation analysis underwent a fluores-
cence spectrometer (FRX), model Shimadzu EDX-720 to estimate lo-
cal average concentration through an area of 100 mm2 probe.
3. Results and discussion

Fig. 1 shows the macrograph that resulted after chemical etch-
ing performed on the entire longitudinal section of the direction-
ally solidified Bi–2.5 wt%Ag alloy casting. Fine columnar grains
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grew from the bottom towards the top of the casting, with coarser
grains observed in the final third part of the mentioned casting.
Well-aligned grains along the heat flow path, as can be seen in
Fig. 1, allow a very comprehensive determination of microstruc-
tural parameters to be done. In the present study the parameters
to be determined are the cellular spacing or the primary dendritic
spacing (k1), and the interphase spacing (k).

The evolution of temperature along the casting length, as a
function of time, was acquired during growth of the aforemen-
tioned casting, as shown in Fig. 2. The experimental cooling curves
refer to thermocouples located at specific distances from the
cooled surface. The eutectic temperature is also indicated in
Fig. 2a. The thermal readings have been used to provide a plot of
position from the metal/mold interface and the corresponding time
of the eutectic front passing by each thermocouple. The derivative
of this function with respect to time gave values for the growth
rate (v), as shown in Fig. 2b. The experimental tip cooling rate
( _T) along the casting length is shown in Fig. 2c. The experimental
tendencies inserted in Fig. 2b and c allow sustaining that a limited
range of growth rate values was attained while a large spectrum of
cooling rates can be seen. For instance, the growth rate associated
with the relative distances from the cooled surface 10 mm and
Fig. 1. Columnar growth developed during the upward directional solidification of
the eutectic Bi–2.5 wt%Ag solder alloy.
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Fig. 2. (a) Cooling curves acquired for the Bi–2.5 wt%Ag alloy at different positions
from the cooled bottom of the casting; (b) experimental growth rate as a function of
position; and (c) cooling rate against position.
73 mm are 0.32 mm/s and 0.06 mm/s, respectively. On the other
hand, the experimental cooling rates corresponding to the same
mentioned positions are 7.0 K/s and 0.03 K/s.

Typical longitudinal and transverse microstructures shown in
Fig. 3 aid to elucidate the changes that occurred on both the mor-
phology and the scale of the microstructure along the casting
length. From Fig. 3a–d the relative position associated with speci-
mens subjected to optical microscopy becomes increasingly farther
from the cooled surface of the Bi–2.5 wt%Ag alloy casting, i.e.,



Fig. 3. Representative longitudinal (left images) and transverse (right side) microstructures of the directionally solidified Bi–2.5 wt%Ag alloy casting (a) P = 5 mm,
v = 0.50 mm/s, k1 = 54 lm; (b) P = 10 mm, v = 0.30 mm/s, k1 = 113 lm; (c) P = 30 mm, v = 0.11 mm/s, k1 = 255 lm and (d) P = 50 mm, v = 0.07 mm/s, k1 = 289 lm. P is the
position from the metal/mold interface, v is the growth rate and k1 is the average cell spacing or the average primary dendritic spacing.
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P = 5 mm (Fig. 3a); P = 10 mm (Fig. 3b); P = 30 mm (Fig. 3c) and
P = 50 (Fig. 3d). The distinct microstructural length scales are
mainly connected with the experimental cooling rates, which are
high close to the bottom of the casting, decreasing toward the
top (see Fig. 2c).

Other transverse microstructures observed along the casting
length are shown in Fig. 4 so that the morphological transitions
could be emphasized. An abrupt cellular to dendritic transition oc-
curred. Dendrites have prevailed for experimental growth rates
higher than 0.50 mm/s. The same ‘‘v’’ value was recently reported
concerning the same kind of transition observed during directional
solidification of the eutectic Sn–0.7 wt%Cu solder [19].
After the region with prevalence of dendrites, the eutectic Bi–
2.5 wt%Ag alloy grows with a cellular pattern, as shown in Figs. 3
and 4. These eutectic two-phase cells are also known as eutectic
colonies. This kind of structure is hardly seen in the equilibrium
solidification of binary eutectic alloys, however, solute impurities
and non-equilibrium solidification conditions can promote insta-
bility at the planar eutectic interface resulting in the formation of
two-phase eutectic colonies [20]. After the growth of cells is estab-
lished, the presence of a small number of particles covering the
microstructures can be noted either on longitudinal or on trans-
verse samples. This starts to happen around the position
P = 30 mm from the metal/mold interface, which corresponds to



Fig. 4. Transverse sections of samples detailing the different morphologies found for the Bi–2.5 wt%Ag alloy: (A) Faceted dendrites; (B) eutectic colonies and (C) eutectic
colonies together with the faceted Bi-rich precipitates (signalized with the arrows). P is the position from the metal/mold interface.
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an experimental growth rate of 0.11 mm/s. Further, lower growth
rates have induced considerable increase in the number of small
particles disseminated throughout the microstructure (see Fig. 4).
The elemental maps provided by the SEM–EDS proved that such
particles are Bi-rich ones as can be seen in detail in Fig. 5.

According to Song et al. [21] Bi–Ag alloys exhibit a non-equilib-
rium eutectic solidification feature, which denotes that the investi-
gation and the characterization of such eutectic system may
become very important due to its anomalous broken appearance.
Such authors argue that a longer solidification period involving
temperatures just above the eutectic point contributes to a more
faceted character of the primary Ag. However, the microstructures
of the eutectic Bi–2.5 wt%Ag alloy samples solidified under very
slow cooling rates (in the range 0.017–0.25 K/s) are characterized
practically by absence of faceted Ag with some large primary Ag
plates originated by heterogeneous nucleation, since the solidifica-
tion of very small pellets (diameter < 3.0 mm) was carried out con-
sidering the mentioned thermal processing conditions. In general,
eutectic cells comprising extremely fine Ag-rich nodules can be ob-
served with a small number of Bi grains appearing occasionally.

The observed features by Song et al. [21] seem to encompass the
directionally solidified microstructures observed in the present
investigation especially regarding to the slow-cooled regions of
the directionally solidified Bi–Ag casting, which means cooling
rates lower than 0.20 K/s corresponding to P > 30 mm (Figs. 3c
and d and 4c). A fully dendritic arrangement can be observed in
Fig. 3a with light regions constituted by the primary solid formed,
which is a Bi-rich b phase and a eutectic mixture represented by
the dark interdendritic regions.

Bi-rich phases present in both regions, i.e., very close to the
cooled surface as dendrites and farther from such region as isolated
particles, seem to grow with a faceted interface as can be seen in
the inlet image of Fig. 4a. The primary Bi particles showed internal
branching and faceted contours (v < 0.11 mm/s). This means that Bi
is growing in a faceted manner, which is in disagreement with pre-
vious studies and calculations [22,23]. Such studies were carried
out following quasi-stationary heat flow regimes of solidification,
with samples being maintained during long periods through a tem-
perature region above the liquidus temperature or the eutectic
point. It seems that the transitory heat flow conditions provided
in our experiment associated with high cooling rates allowed that
Bi may develop a tendency to become faceted.

The average eutectic cell spacing was found to vary between
113 lm and 351 lm and the average interphase spacing associated
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Fig. 5. Elemental SEM–EDS mappings obtained along the transverse specimen at the position P = 50 mm from the metal/mold interface of the vertically solidified Bi–
2.5 wt%Ag solder alloy casting: (a) Magnification 1000� and (b) magnification 5000�. The digital images were acquired by SEM, using the backscattering-mode.
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with the presence of Ag-rich spheroids in the eutectic colonies
were in the range 0.4–1.7 lm.

Dotted regions observed in Fig. 5 reveal the arrangement of the
eutectic mixture, which is quite regular along the entire Bi–
2.5 wt%Ag alloy casting. On the other hand, the smooth areas cor-
respond to the Bi-rich particles. The eutectic is formed by solid
solution of Bi in Ag on the Ag-rich side and by an almost pure Bi-
phase on the Bi-rich side. Although the eutectic arrangement (size,
morphology and distribution) is considered a key factor controlling
soundness of a solder fillet, studies dealing with such features on
Bi–Ag alloys are scarce in the literature. Hence, there is a clear need
for establishing the influence of the solidification thermal parame-
ters such as the cooling rate and the tip growth rate on the final Bi–
Ag solder microstructure. This is due to the fact that the resulting
microstructure totally depends on the thermal processing variables
imposed during the soldering process or thermal cycling.

Contrasting with single-phase cells and dendrites, there is lim-
ited examination of the dependence of growth rate of eutectic cells
and dendrites on the spacing, morphology, and spatial distribution
of phases forming the eutectic mixture. Different interrelations be-
tween eutectic cells/dendrites and growth rates are affirmed by Te-
wari et al. [20], with lower exponents characterizing power growth
laws if compared with those generally adopted for the growth of
single-phase cells and dendrites. The exponents �1.1 and �0.55
have been found to apply for power growth laws concerning the
growth rate (k1 = A (v)�1.1) and the cooling rate (k1 ¼ Bð _TÞ�0:55

),
respectively, and are the same employed with good consistency
in previous studies devoted to the growth of microstructures of
single-phase alloys [24].

The cell spacing and primary dendrite arm spacing have been
measured along the casting length. In order to permit a correlation
between these microstructural spacings and solidification thermal
parameters to be established, their average, minimum and maxi-
mum values are plotted as a function of both tip cooling rate and
growth rate in Fig. 6. Following the bases adopted by Tewari
et al. [20], the power-function exponents traditionally used for
single-phase growth cannot be applied to the growth of a
directionally solidified eutectic Bi–2.5 wt%Ag solder alloy under
unsteady-state heat flow conditions. The adopted exponents are
�1/2 and �1/4 for the growth rate and the cooling rate, which
are not able to encompass both cellular and dendritic regions.
For a specific cooling rate, the corresponding experimental point
associated with the eutectic dendritic growth is reasonable far
from the implemented tendency (Fig. 6b).
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The experimental setup used in the present study is designed
for transient solidification under a range of relatively high cooling
rates and growth rates. On the other hand, lower range of growth
rates could be typically obtained during Bridgman-type steady
state solidification tests. In steady-state growth experiments,
solidification is highly controlled and the significant controllable
thermal variables, the thermal gradient (G) and the growth rate
(v), are maintained constant and are practically independent of
each other. In transient solidification experiments (present study),
these variables are interdependent, cannot be controlled and vary
freely with time. The tip cooling rate synthesizes these two vari-
ables, since _T ¼ G:v . In a recent study on the cellular growth of
Zn–Cu alloys in the same experimental set-up used in the present
study, it has been shown that an equation relating the cellular
spacing to the cooling rate, derived for transient solidification,
has been shown also to be able to represent the cellular experi-
mental scatter of steady-state experiments, i.e., even under a lower
range of growth rates at a relatively high constant thermal gradient
of 15 K/mm. So, our expectation is that the equation proposed in
Fig. 6a will also encompass cases of lower growth rates.

Typical cooling rates during reflow procedures in industrial
practice remain between 3.0 and 10.0 K/s. Part of the present
experimental results is associated with the same order of magni-
tude of cooling rates since our experimental cooling rate range is
from 0.05 to 37.0 K/s. This indicates that results from the direc-
tional solidification setup have a correspondence with the indus-
trial procedures.
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Fig. 7a shows the evolution of the eutectic interphase spacing
along the Bi–Ag alloy casting encompassing both cellular and den-
dritic regions. The experimental average values are plotted along
with the standard deviations. Finer Ag spheroids are associated
with regions close to the casting cooled surface as shown in terms
of the particle diameter in Fig. 7b. A single experimental eutectic
growth law encompasses both regions experimentally examined.
The eutectic growth complied with the classical relationship for
lamellar eutectic growth proposed by Jackson and Hunt, with a
power function exponent of �1/2 [25].

Fig 7 depicts detailed SEM images, which can elucidate some
microstructural features observed and discussed up to now.
Fig. 7(a) shows some formation of strings of Ag spheroids, which
occurred preferentially for lower growth rates.

Fig. 8 shows the results of hardness tests as a function of the
cell/dendritic spacing separated in two hardness types. Vickers
microhardness may represent a local measurement while the Bri-
nell test allows bigger impressions to be formed on the surface of
a specimen which can be more representative of the ensemble of
microstructural features found along the Bi–2.5 wt%Ag alloy cast-
ing. Both procedures are considered complementary. Classical
Hall–Petch relationships are able to represent the hardness behav-
ior for both Brinell and Vickers procedures. The coefficients of
determination, R2, have been inserted in order to indicate the
strength of the linear relationships between the two variables.
The alloy hardness increases with the decrease in the primary den-
dritic arm spacing or cell spacing. On the other hand, it can be seen
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wth rate for the eutectic Bi–2.5 wt%Ag solder (magnification in both SEM images of
age with the corresponding growth rate. The digital images were acquired by SEM,
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Fig. 8. (a) Vickers microhardness and (b) Brinell hardness as a function of k�1=2
1;c for

the Bi–2.5 wt%Ag alloy. R2 is the coefficient of determination.
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that for higher k1 values (k�1=2
1 < 0:08) the hardness stabilizes

around 16HV or 10HB. The presence of coarser and worse distrib-
uted Bi particles associated with very coarse eutectic cells may ex-
plain such steady stage in hardness.

The eutectic growth depends on the solidification conditions
and for high cooling rates, small intercellular/interdendritic spac-
ings are expected to occur as can be seen in Fig. 7. Lower spacings
allow a more extensive distribution of the Ag-rich spheroids. If
these soft particles are better distributed throughout the eutectic
mixture, higher hardness can be expected since the eutectic Bi-rich
phase will be better distributed either. The prevalence of fine Bi-
rich dendrites filled with an extremely fine eutectic mixture in
the very first regions of the solidified Bi–Ag casting resulted in
the highest hardness values of about 21HV and 15HB.

4. Conclusions

The following conclusions can be drawn from the present
experimental study:

� The non-equilibrium microstructure of the Bi–2.5 wt%Ag alloy
casting is shown to be characterized by dendrites for regions
close to the bottom of the casting, i.e., for growth rates (v)
higher than 0.50 mm/s, followed by an abrupt cellular to den-
dritic transition and prevalence of eutectic colonies up to the
top of the casting. For v < 0.11 mm/s, small Bi-rich particles
occur disseminated along the cells boundaries throughout the
microstructure. These Bi particles show internal branching
and faceted contours, i.e., characteristics of a faceted growth
from the melt, which is in disagreement with some studies
reported in the literature.
� The average eutectic cell spacing is found to vary between

113 lm and 351 lm and the average interphase spacing, asso-
ciated with the presence of Ag-rich spheroids in the eutectic
colonies, occurred in the range 0.4–1.7 lm. The cell spacing
and primary dendrite arm spacing have been correlated with
the cooling rate and the growth rate by experimental power
laws characterized by �0.55 and �1.1 exponents, respectively.
The eutectic interphase spacing is shown to grow following
the classical eutectic growth law proposed by Jackson and Hunt,
with a power function exponent of �1/2.
� Hall–Petch type equations are proposed relating both Vickers

microhardness and Brinell hardness to the cellular/dendritic
spacings. The alloy hardness is shown to increase with the
decrease in the primary dendritic arm spacing or cell spacing,
tending to stabilize for coarser cell spacings (>150 lm).
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