Materials Research. 2019; 22(4): €20190259
DOT: http://dx.doi.org/10.1590/1980-5373-MR-2019-0259

(oo

Investigation of Thermal Parameters Effects on the Microstructure, Microhardness and
Microsegregation of Cu-Sn alloy Directionally Solidified under Transient Heat Flow
Conditions

Késsia Gomes Paradela’, Luis Antonio de Souza Baptista’, Roberto Carlos Sales‘, Paulo Felipe Junior*,

Alexandre Furtado Ferreira®™

@ Programa de Pos-Graduagdo em Engenharia Metalurgica, Universidade Federal Fluminense, Volta
Redonda, RJ, Brasil

Received: March 21, 2019; Revised: April 16, 2019; Accepted: June 26, 2019

The microstructure and mechanical properties of cast materials are strongly dependent on the
thermal history during solidification process. The global casting industry has faced major challenges,
i.e., customers increasingly demand completely finished cast parts as well as complexity of casting
alloys are rising. Therefore, the previous knowledge the solidification conditions effects on the as-
cast ingot microstructure and mechanical properties resulting is very useful in the casting industry
in order to improve the casting quality. In this present paper, the thermal parameters effects on the
microstructure, microhardness and microsegregation of a Cu- 20 wt.% Sn alloy under transient heat
flow conditions were experimentally investigated. The experimental observations indicate that the
tertiary dendritic arm spacing (4,), microsegregation and microhardness are affected by the thermal
parameters (solidification speed and cooling rate). Solidification speed (S,) associated with increasing
cooling rate (R ) are found to contribute to the decreasing tertiary dendritic arm spacing (4,). However,
cooling rates from 11.36 °C/s to 0.65 °C/s were not found to affect significantly the microhardness
along the ingot length. The solute concentration (Sn) in solid region were calculated by Scheil and
Clyne-Kurz equation, and used in the predictions of microsegregation profiles. The results calculated
by equations, have shown deviations from the experimental data. It is well known that it is very
difficult to calculate these concentration profiles using the equilibrium partition coefficient, since
frequently castings solidify under non-equilibrium conditions and the solidification process is known
as non-equilibrium solidification. For this reason, effect of solidification speed (S) was considered
into equations through effective partition coefficient (kq/) that has been determined for the range of
solidification speed experimentally examined between 0.19 and 0.89 mm/s. However, results calculated
by Scheil and Clyne-Kurz equation using the effective partition coefficient (k,), yielded discrepancies
from the experimental results. Because of its deviations between calculated and experimental data, an
experimental equation with effective partition coefficient (k e/), is considered in present work, showing
an excellent agreement with the experimental data.
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Introduction

The Cu-Sn alloys are well known and frequently used
in industries automotive and electronics due to their good
thermal conductivity, high strength, good weldability
and excellent wear resistance'=. The Cu-Sn alloys have a
wide solidification interval, which make them susceptible
to segregation during the solidification process. The
effect of microsegregation on casting quality has been
investigated over the decades by theoretical and experimental
models*'¢. Ferreira et al.* used a numerical model to the
prediction of microsegregation and dendritic arm spacing
during solidification of hypoeutectic Al-Cu alloys. It is
shown by performing comparisons between experimental
microsegregation results and theoretical models with equilibrium
partition coefficient, a reasonable agreement between them.

* e-mail: alexandrefurtado@jid.uff.br

In said work, because of the increase in copper concentration,
the dendrite becomes narrower and the secondary arms are
not well developed, and that was caused by solute enrichment
at the growth interface and reduction in solidification speed.
Baptista et al.'®, in order to study the changes in the dendritic
arm spacing and microsegregation, used a unidirectional
vertical cooling apparatus. It was shown that the increase in
the copper content induces a decreasing in the solidification
speed (S;) and thickening effect on the tertiary dendritic arm
spacing (4,). The microsegregation profiles between adjacent
tertiary dendritic arms (4,) revealed that both solutes profiles
increase gradually from the center of an arm toward the
center of the interdendritic region. The profiles of copper
microsegregation were shown to move upwards with the
solidification speed (S,). Despite the commercial importance
of Cu-Sn alloys, few studies have been conducted on the
effects of solidification thermal parameters concerning the
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microsegregation, dendritic arm spacing and mechanical
properties of the solidified material. Kumoto et al.'> have
carried out solidification experiments with a Cu- 4.7 wt.% Sn
alloy using a two-phase zone continuous casting apparatus.
The results have shown a fifteen-fold corrosion resistance
improvement and a 12.2% better conductivity when compared
with a conventional casting procedure, authors also observed
a significant tensile strength and ductility improvements.
Kohler et al.'"” examined the transition between different
geometrical arrangements in the lamellar structures at low
grown rate of peritectic Cu-Sn alloys. They found growth
competition mechanisms (o + B band), which are similar
to those involved in the formation of islands. Rettenmayr
and Stier'® analyzed the evolution of the microstructure of
the Cu-Sn alloy near the metatectic, they found that the
effects of anisotropy play no role during the microstructural
evolution. However, metatectic reaction was observed
primarily between the thick structures. There is a need to
improve the understanding of the combination of solidification
conditions and microsegregation during alloys solidification.
Non-equilibrium solidification conditions lead to significant
variations in solidification speed and microsegregation profiles
at different positions in the casting, which in turn can lead
to significant modifications in the mechanical properties
resulting from solidification process. The main reason of
microsegregation is the thermodynamics of solidification,
and hence, the partition coefficient (k(,q). In most cases for
keq <1, the solutes tend to remain in the liquid phase during
solidification, thus, the solute concentration increase in the
liquid during solidification process. Theoretical models
for analysis of microsegregation are based on equilibrium
and non-equilibrium conditions. These models are widely
considered in the literature to compared with experimental
results. However, inaccuracies from these models were
presented and discussed by Ferreira et al.!! and Baptista et
al."” and some corrections were implemented to achieve a
better prediction with experimental data. The main correction
included the consideration of solidification speed in calculations
of partition coefficient. Though the efforts have been devoted
to this aim, some discrepancies remain between theorical
models and experimental data thus, experimental equations
based on a best-fit curve to the experimental solute profiles,
have been proposed, which showed to adjust well to the
experimental data, as discussed by Baptista et al.'®. The
present work analyses the thermal variables effect on the
Cu- 20 wt.% Sn alloy during unidirectional solidification
process. The cooling rate (R ) and solidification speed (S,)
are experimentally determined for each measurement point
along the casting, at the moment when material reaches
the liquidus temperature, as a general rule, assume that
solidification begins in liquidus temperature and ends when
it reaches the solidus temperature. The tertiary dendritic
spacing (4,) and Vickers microhardness ( M) have been
measured and correlated with the thermal parameters. The
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microsegregation phenomenon during the solidification
process has been studied based on the well-known Scheil
and Clyne-Kurz equation. However, the numerical results
were not satisfactory in any case investigated. In order to
improving predictions, an empirical equation with effective
partition coefficient (ke/), was adopted in present work.

Experimental Procedure

Directional solidification has been widely used to
produce uniform structures and to allow better control of the
solidification”'*?*2!, In this present paper, a unidirectional
solidification apparatus is adopted, which heat is extracted
from bottom of mold by water cooling system. The apparatus
is detailed in previous articles”!”. The upward solidification
system gives more stability in liquid region since it does not
induce convection currents during solidification process. In
the upward vertical solidification, the solute concentration
in the mushy zone and in the overlying melt ahead of the
dendritic array is expected to be stable because solute
enrichment causes an increase in the melt density?. The
alloy studied was produced from copper (99.80% Cu) and tin
(99.85% Sn) in a muffle furnace. The chemical composition
of the alloy has been measured using fluorescence x-ray
spectrometry technique. The temperature mapping during
solidification of the Cu- 20 wt.% Sn alloy, was made using
thermocouples positioned at seven different points located at
5,10, 15, 20, 35, 45 and 60 mm from the refrigerated base.
The thermocouples are of the "K" type, with stainless steel
jacket, 1.3 mm in diameter and protected by two layers of
refractory paint. These thermocouples were connected to a
high-speed data logger and, therefore, able to generate the
required real time thermal profiles. The casting with height
of 100 mm, was cut for the macro and microstructural
analysis. After the solidification experiment, casting was
sectioned along its vertical axis, and mechanically polished
with abrasive papers and subsequently etched with an acid
solution (Ethanol, Ferric chloride and Hydrochloric acid)
during 15 s? in order to reveal the macrostructure. After the
macrostructural analysis, selected transverse sections of the
solidified specimens at 5, 10, 20, 35, 45 and 60 mm from
the mold bottom were polished and etched with a solution
of ammonium hydroxide and hydrogen peroxide during
5 s and then etched with an acid solution (Ethanol, Ferric
chloride and Hydrochloric acid) during 3 s for micrograph
examination. The tertiary dendritic spacing (4,) were measured
on the transverse section by averaging the distance between
adjacent side branches”?. Dendritic spacing usually refers to
the spacing the secondary arms of the dendrites. However, if
tertiary arms are present, the spacing will be referred to this
one once its smaller dimensions become more significant for
the properties of the material, according to Baptista et al.'s.
The microhardness was measured in each sample using a
diamond pyramidal indenter and a Shimatzu HMV-G20S
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microhardness tester. About 10 measurements of microhardness
have carried out with a load of 19.614 N during 20 s, for
each selected position at the cylinder central region. The
microsegregation measurement initiates at the center of a
dendritic arm and ends at the midpoint of the interdendritic
region between adjacent arms, defining the microsegregation
path (Kattamis and Flemings®, as shown in Fig. 1.

Figure 1. Typical track adopted for measurements of solute
microsegregation of the Cu - 20 wt.% Sn alloy.

About 40 concentration measurements were performed
for each examined position along the casting, using a JEOL
scanning electron microscope model JSM5800LV with a
Noran EDS. Analytic equation were used to predict the
microsegregation profiles for comparison with the experimental
results. The well-known Scheil equation'4, here adopted,
considers no diffusion in the solid, infinite diffusion in the
liquid region and thermodynamic equilibrium at the interface,
is described by eq. (1):

C.=k,Co(1—£)" 0]

where, C s the solute concentration in the solid region,
keqis equilibrium partition coefficient, C, is the initial solute
concentration in the alloy and f's corresponds to the fraction
solidified. Clyne and Kurz proposed a microsegregation
equation which takes into account back-diffusion in the
solid region?:

ke
C.=k,Co[1—(1—2a%, ) 7™ @
o' is defined by eq. (3):

d=all-dF|-+dm @

where @ = 4%;” )

D _is the solute diffusion coefficient in the solid region,
t,, is local solidification time and 4 is the dendritic arm
spacing. In addition to solid back-diffusion, there is another
phenomenon denominated: solidification kinetics must
be considered, as far as it can influence microsegregation
profiles. Although the influence of thermal variables, such
as temperature gradient and cooling rate on the dendritic
arm spacings has been studied, the literature still is scarce
on research about the effects of solidification speed on the
microsegregation profiles, Ferreira et al.*, Baptista et al.'é
and Baptista et al.'. An equation for effective partition
coefficient (k ef) as a function of the solidification speed (S,),
was proposed by Burton et al.”’, eq. (5). The equilibrium
partition coefficient (keq) in the Scheil and Clyne and Kurz
equation, can be replaced by this effective distribution
coefficient (kq,).

ky= by )
T k(1= )el )

where 4 diffusion layer thickness of the segregated solute
ahead the solid/liquid interface, D is the liquid solute diffusivity
and S represents the solidification speed. Diffusion length
scale (1) depends on the solidification speed, the viscosity
of the liquid region and the stirring conditions ahead the
solid/liquid interface, and can vary between 10 to 10~ m,
as discussed by Meza et al.?®. As proposed by Ferreira et
al.”, the value of this parameter must be represented as a
function of solidification speed (8 = f(S,)) for each position
along the ingot, these results are showed in Table 1.

Results and Discussion

Fig. 2 shows the phase diagram of the alloy system
investigated, calculated by thermodynamics software.
For Cu- 20 wt.% Sn alloy, during cooling the solidification
begins at liquidus temperature of 8§74.3 °C, as indicated in
Fig. 2, emphasizing the liquid-solid transformation region.

Generally, solidification leads to two types of grain
morphologies, i.e., columnar and equiaxed grains. During
nucleation in an undercooled melt, growth is generally
equiaxed, i.e., it proceeds equally in all directions and so
does the heat flux. In this way, dendritic morphologies form
a polycrystalline solid with randomly oriented grains. On the
other hand, the macrostructure is known as columnar if the
heat flux is unidirectionally oriented, at least locally. In the
first case, heat flows from the crystal into the undercooled
melt, while that the second case of directional growth the
heat flows from the superheated melt into the cooler solid. In
equiaxed growth the solid/liquid interface is morphologically
unstable, favoring dendritic grains, while in columnar
growth, depending on the local growth conditions, one
may grow planar, cellular or dendritic morphologies. The
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Table 1. Diffusion layer thickness (J) for different positions (P) in ingot.

P(mm) 5 10 15 20 35 45 60
o(m) 4.5x10° 5.7x10¢ 6.5x10¢ 7.2x10 8.7x10° 9.5x10¢ 1.1x10°
Table 2. Physical properties''2. o ¢
- £
Solute D, [m?/s] D [m?/s] °
Sn 3.23x10° 4.74x10 =
o
(&}
transition from columnar to equiaxed (CET) takes place o direction of
. . . . .. ® i
when nucleation of equiaxed grains occurs in the liquid heat extraction
ahead of the columnar zone. Fig. 3 shows the unidirectionally R
solidified macrostructure of Cu- 20 wt.% Sn alloy, indicating o
the predominance of elongated columnar grains, aligned ©
approximately parallel to the direction of the heat flow. One 3
can see that approximately eighty-five percent of the ingot S
is composed of a columnar dendritic macrostructure, after .
which it is observed a small region of equiaxed dendritic 2
grains close to the its top.
&
=
1050
o
-~ Figure 3. As-cast grain macrostructure of the Cu- 20 wt.% Sn alloy.
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Figure 2. Phase diagram of Cu-Sn system calculated by Thermo- - 1 ): :;::
Calc Software’'. 0 50 100 150 200 250 300 350

The cooling curves experimentally measured by the
thermocouples placed along the longitudinal axis of the
casting are given in Fig. 4.

One of the thermocouples was placed 5 mm from mold
base (0 mm) and the others were positioned at 10, 15, 20,
35, 45 and 60 mm away from mold base. These cooling
curves are very similar to those presented by Baptista et al.'®
and Sales et al.’!, showing small plateaux close to liquidus
temperature. The pouring temperature was setup about 1000
°C, one can see that temperature profiles decrease faster
at regions closer to the water-cooled bottom. The cooling
curves then gradually dwindles toward completion of local
solidification. The thermal parameters were calculated from
the cooling curves experimentally measured, i.e., solidification
speed (S) and cooling rate (C,). The solidification speed
(8, is experimentally calculated as S, = dP/ dt, as suggested
by Baptista et al."”, while the cooling rate (C,) at each

time - t (s)

Figure 4. Temperature profiles for each position of the thermocouples.

thermocouples position is calculated as C,, = d7/dt, as showed
in the literature by Baptista et al.'® and Sales et al.’’. With
the cooling curves, the solidification front position curve
was determined as a function of time by regression of the
experimental data, as shown in Figure 5. For each of the
seven measurement points, the moment at which the material
started to solidify was determined by the threshold observed
in the corresponding temperature x time curve. From this
function the solidification speed (S,) was determined as a
function of time by calculating the derivative of the same
in relation to the time. Figure 5 also shows these results.
Regrouping both equations, an equation of the solidification
speed as a function of the distance from the base, can be
obtained, as shown in Figure 6. The solidification speed (S;)
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Figure 5. Position of liquidus temperature (P) and Solidification
Speed (S,) versus time.

decrease very fast in the regions close to the cooling base
and becomes almost constant with the increase in distance
from its base. This can be explained by the increase in layer
thickness of solidified material as the solidification proceeds.

08
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Figure 6. Solidification speed (S,) versus Position (P).
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Figure 7. Cooling rate (R ) versus Position (P).

From the cooling curves of Figure 4, the cooling rate
(R,) was also determined, approaching the derivative of the
temperature with respect to the time at the moment of the
beginning of the solidification at each measurement point.
The results are shown in Figure 7. It can be observed a
similar behavior for the cooling rate (R) as compared with
the solidification speed (S,), (Figure 6).

Figure 8 shows the typical dendrites visualized at positions
5, 15, 45 and 60 mm with a 50X magnification. At position
5 mm, which is closer to the cooled plate and therefore has
a higher cooling rate (estimated in Figure 7 at 11.36 °C/s),
it has a finer dendritic structure than at position 60 mm, the
furthest from the cooling plate, and therefore with the lowest
cooling rate (estimated in Figure 7 at 0.66 °C/s) where the
dendritic structure is coarser.

Tertiary dendrite spacing (A,) were measured at all monitored
points and correlated with the cooling rate (R ). Figure 9 shows
the effect of cooling rate (R ) on dendrite spacing.

b\

.gt\"*”; P=15mm
LAY Ss=0.34 movs
1 Q‘\'}é‘ti’; Rc=4.0°C/s
' q%?% s=1547 pm

A N 4
D PR ror
e L .;’»N 100 um _*
-~
S

P =60mm
S5=0.19 mm/s
Rc=0.66°C/s
A3=31.05 um

Figure 8. Photomicrographs of samples taken from transverse sections along the casting.
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Figure 9. Tertiary dendritic spacing (4,) versus cooling rate (R ).

The resulting curve is in agreement with the literature
data'®?* and shows the strong influence of the cooling
rate on the dendritic spacing. This effect translates to the
microstructure growth, i.e., high values of R . near the mold
bottom, favors a more refined microstructure and low values
of said thermal variable close to the top of the castings,
contribute effectively to a coarser microstructure. The Vickers
microhardness was also measured at all monitored points.
The microhardness profile along the casting is showed in
Figure 10, one can see a difference on Vickers microhardness
values with the position of casting. As expected, in regions
close to the cooling plate, an improvement in microhardness
is observed, it is due to higher cooling rates in that regions.
The said mechanical property increases from 157 to 165 HV,
which confirms an increase of about 5% in microhardness.

168

Cu- 20 wt.% Sn alloy

Md Experimental
Md Medium

164 4
z
:3. 7.8 O
=
-
$ 1e0
|
T 18
2
. }
156 4
14 T T T T T T ]
5 10 15 2 H 45 [s0}
Position - P (mm)

Figure 10. Microhardness (M) versus Position (P).

It can be noted in Fig. 11, that microhardness is influenced
by the cooling rate, which is evidenced by the experimental
law (M, = 160R ). High cooling rates were responsible
for an improvement in microhardness at regions close to
the cooling plate.
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Figure 11. Microhardness (M) versus Cooling rate (R ).

Figure 12 shows the microsegregation profiles from the
central part of the dendritic arm to the limit of the interdendritic
regions, which were experimentally determined for different
positions along the ingot. In that Figure, microsegregation
profiles calculated by Scheil's analytical equation are plotted
for comparison purposes.

20

5mm

odvadpono

—— Scheil

<D

Concentration - C ( wt % Sn)

T T Y
0 02 0.4 06 08 10
Solid fraction - f; (%)

Figure 12. Concentration (C) versus Solid fraction (f).

One can see a deviation between the curves shown
in Figure 12. The Scheil's equation using equilibrium
partition coefficient (k, ), does not adequately describe the
experimental behavior for microsegregation profiles. This is
due to the fact that high solidification speeds favor deviation
from the equilibrium conditions during the solidification
process. In order of improving the prediction capability of
microsegregation profiles, the effective partition coefficient
(K,)) is considered in present work. The eq. (5) has been used
to create a plot of effective partition coefficient (S;) versus
solidification speed (S,). In order to found an experimental
equation of the effective partition coefficient (k ef) as a function
of solidification speed (S), a curve fitting technique have
been adopted on points shown in Fig. 13.
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Figure 13. Effective Partition Coefficient (k, ) versus Solidification
speed (Sy).

It is important to highlight that the experimental equation
shown in Fig. 13 have been derived for a solidification speed
range from 0.19 to 0.89 mm/s and that for higher solidification
speed (S,) a tendency to approach k,=1 will exist, since
Egs.1 and 2 are operative between equilibrium partition
coefficient (keq) and 1. Despite the tremendous importance
of the experimental laws representing microhardness (Md)
as a function of cooling rate (R) or effective partition
coefficient (k,) as a function of solidification speed (S)
for Cu-Sn alloys, there is still is no available in the open
literature, experimental laws similar to the ones showed in
this present work. The microsegregation profiles of Sn using
the Scheil and Clyne-Kurz equation are shown in Fig. 14a
and 14b, respectively. The profiles were obtained using the
effective partition coefficient (kef) as a function of solidification
speed (S). However, results shown in Fig. 14a-b display
weak agreement between the numerical and experimental
data, considerable discrepancies can be observed at higher
solid fraction (f>0.4).

The calculated results by both equations overestimate the
experimental data for f> 0.4. These discrepancies between
results, can arise from micro-scale phenomena as solid back-
diffusion and interdiffusion during cooling and coarsening,
Baptista et al.””. In order of improving the prediction capability
of concentration profiles of Sn, an experimental equation
is considered in present work®®, which is based on a best-fit
curve to the experimental data, and is given by:

C= C()kef + ae”™ (6)

where a and b are experimental constants. The Fig. 15
shows empirical equation here considered, with effective
partition coefficient (k,) as a function of solidification speed
(8,). The results shown in Fig. 15 display excellent agreement
between the calculated and experimental data.

The calculated microsegregation from the center of
dendritic arm to the midpoint of the interdendritic region
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Figure 14. Estimated microsegregation using: a) Scheil and b)
Clyne-Kurz equation.
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Figure 15. Comparison between measured microsegregation profiles
and predictions by the experimental equation.

between adjacent arms, adjusted well to the experimental
data. It seems that the experimental constant a depends of
alloy system and it was found to be 0.8, while the constant
b is associated to the solidification speed (S,), i.e., for an
alloy its value increases with the increase in solidification
speed (S,).
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Conclusions

The effects of solidification speed (S) and cooling rate
(R_) on the microstructure features and Sn microsegregation
has been experimentally investigated on Cu - 20 wt.%
Sn alloy. It was shown that a quite complex dendritic
arrangement along the entire length of casting, giving rise
to well-defined tertiary dendritic arm spacings (4,). The
increase in the solidification speed (S) and cooling rate (R )
induce the decrease on the tertiary dendrite arm spacing. As
expected, cooling rate is responsible for an improvement in
microhardness (M), i.e., the mechanical property improves
from 157 to 165 HV, which confirms an increase of about 5%.
The microsegregation profiles experimentally determined
between adjacent tertiary dendritic arm spacing revealed that
said profiles increase gradually from center of dendritic arm
toward the center of the interdendritic region. The effect of
solidification speed on the microsegregation profiles of Sn
has been investigated via Scheil and Clyne-Kurz equation
with incorporation of solidification speed (S) into effective
partition coefficient, which has been calculated for the range
of solidification speed (S,) from 0.19 to 0.89 mm/s. However,
results obtained by Scheil and Clyne-Kurz equation yielded
discrepancies from the experimental data. For this reason, an
experimental equation is considered here, which is based on a
best-fit curve to the experimental data. The microsegregation
profiles calculated by the experimental equation was shown
an excellent agreement to the experimental data. The results
obtained here confirm the effect of solidification speed (S)
on the Sn rejected from the solid to liquid region during
solidification process.
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