ISSN 1392-7320 MATERIALS SCIENCE (MEDZIAGOTYRA). Vol. 23, No.2. 2017

Interrelation of Solidification Processing Variables and Microstructure of a
Horizontally Solidified Al-based 319.1 Alloy

Marlo COSTA, Fabricio SOUZA?!, Igor MAGNO!, Cristhian LOAYZA?,
Jacson NASCIMENTO?, André BARROS?, Otavio ROCHA%.2*

! Federal Institute of Education, Science and Technology of Para, IFPA, 66093-020, Belém, PA, Brazil
2 Institute of Technology, Federal University of Para, UFPA, 66075-110, Belém, PA, Brazil

crossref http://dx.doi.org/10.5755/j01.ms.23.2.15768

Received 21 July 2016; accepted 03 October 2016

In this paper, primary (A1) and tertiary (43) dendritic arm spacings of a ternary Al —7wt.% Si — 3 wt.% Cu alloy casting
were characterized and correlated with solidification processing variables: growth rates (VL), cooling rates (Tc) as well
as local solidification times (ts.). Horizontal directional solidification experiments were carried out under transient heat
extraction undergoing cooling rates varying from 0.9 °C/s to 22 °C/s to be associated with samples having quite different
microstructural length parameters. Techniques of metallography and optical microscopy were applied in order to have A1
and A3 measured. The obtained as-cast microstructures consisted of dendritic a-Al, with Si particles in the aluminum-rich
matrix as well distributed along the interdendritic regions in the eutectic mixture interlinked with 8 (Al>Cu) intermetallic
phase developing the microstructure a-Al + 8 + Si. The results showed that power laws — 1.1, — 0 .55 and 0.55 express
the variations of both A1 and As with Vi, Tc and tsL, respectively, for investigated alloy. A comparative study with the
Al —3wt.% Cu alloy from literature was also performed and the results show that the growth law of 11 as a function of
Tc is represented, for both the investigated alloys, by the mathematical expression given by 41 = constant (Tc)55.
Keywords: directional solidification, microstructure, Al-based multicomponent alloy.

1. INTRODUCTION

Al-based alloys castings of the ANSI series 319.1 and
333.1 (in which compositions lie mostly within the ranges
55-10Si and 3.0-4.0% Cu) have a wide range of
applications in engineering components due to its good
castability and strength at relatively high temperatures, low
coefficient of thermal expansion and good wear resistance
[1,2]. In automotive industry, these alloys have been
applied mainly for engine blocks and cylinder heads.

In order to improve mechanical properties, the control
of solidification thermal parameters, such as transient
metal-mould heat transfer coefficient (h;), tip growth rate
(Vu), temperature gradient (G.) ahead of the liquidus front
and tip cooling rate (T¢c), may be a powerful tool in the
pre-programming of final properties in Al-based alloys
since as-cast microstructures, including dendritic arm
spacings, size and distribution of porosity and intermetallic
phases, which directly affect mechanical behavior, are
strongly dependent on these cooling parameters [3, 4].

As a consequence, solidification processing variables-
microstructure correlations have been intensively analyzed
for Al-based alloys in a number of studies for upward and
downward vertical directional solidification [5—7]. The
literature, however, is scarce on studies dealing the
interesting effects of solutal induced convection on
dendritic  growth  during  horizontal  directional
solidification, particularly for multicomponent alloys [8].

This work aimed at investigating correlations between
primary (1) and tertiary (1s) dendritic arm spacings and

* Corresponding author. Tel./fax: +5591-33479097.
E-mail address: otvrocha@oi.com.br (O. Rocha)

124

thermal parameters during transient horizontal direction
solidification of Al—7 wt.% Si—3 wt.% Cu alloy.

2. EXPERIMENTAL PROCEDURE

The casting assembly used in the experiment is shown
in Fig. 1. It was designed in such way the heat was
extracted only through the water-cooled bottom placed in
the lateral mold wall, promoting horizontal directional
solidification. A stainless steel mold used was 150 mm
long, 60 mm wide, 60 mm high and 3 mm thick. The
experiments were performed under a thermal contact
condition at the metal/mold interface, corresponding to the
heat-extracting surface being polished. When the water
flow was initiated the electric heaters were disconnected.

Measurements of temperatures during solidification
were made at 5, 10, 15, 20, 30, 50, 70 and 90 mm from
cooling interface in the casting via the output of a bank of
fine type K thermocouples sheathed in 1.6 mm diameter
steel tubes, positioned with regard to the heat extracting
surface. The thermocouples were calibrated at the melting
point of aluminum exhibiting fluctuations of about 1.0 °C,
all of were connected by a data acquisition system
interfaced with a computer. Experiments were carried out
with Al-7 wt.% Si—3 wt.% Cu alloy, with superheats of
10 % above the liquidus temperature. The ingots were
sectioned in specimen’s transverse to the solidification
direction at 4, 6, 10, 15, 20, 25, 30, 40 and 50 mm from the
metal/mold interface. Afterward, they were electropolished
and etched with and acid solution composed of 5 mL H,0,
60 mL HCI, 30 mL HNO3z and 5 mL HF for micrograph
examination. Image processing systems Olympus BX51
and Image Tool (IT) software were used to measure
dendrite spacings and their distribution range.



Schematic representation of the horizontal experimental solidification setup

View inside of the solidification device

Description:

(1) Thermocouples

(2) Fieldlogger

(3) Computer and data acquisition software
(4) Feed water

(5) Water container

(6) Water pump

(7) Rotameter

(8) Water inlet

(9) Water outlet

(10) Directional solidification device

(11) Temperature controller

(12) Insulating ceramic shielding

(13) Electric heaters

(14) Rectangular mold (stainless steel mold - inner wall)

Fig. 1. Schematic view of experimental horizontal directional solidification furnace

The method used for measuring A1 values on the
transverse section was the triangle method [9, 10]. The 73
values were measured on the transverse section by
averaging the distance between adjacent side branches
[11].

3. RESULTS AND DISCUSSION

Cooling curves for the eigth thermocouples
inserted into the casting during solidification of
Al-7wt.% Si—3wt.% Cu alloy are shown in Fig. 2. In
Fig. 3 can be seen a plot of position from the metal-mold
interface as a function of time corresponding to the
liquidus front passing by each thermocouple.
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Fig. 2. Thermal profiles obtained for studied Al —Si—Cu alloy
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Fig. 3. Experimental position of liquidus isotherm from the
metal-mold interface as function of time
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The derivative of this function with respect to time has
yielded values for Vi, shown in Fig. 4. It can be seen that
V. values decrease with distance from the metal-mold
interface, as expected. Tc profile, also indicated in Fig. 4,
was calculated by considering the thermal data recorded
immediately after the passing of the liquidus front by each
thermocouple [9, 12]. It was found that the water-cooled
mold imposes higher values of growth rate and cooling rate
near the metal-mold interface and a decreasing profile
along the casting due to the increasing thermal resistance
of the solidified shell with distance from the cooled
surface, as expected. The ts_ values are presented in Fig. 5,
which was determined by difference between the time of
passage of the solidus isotherm and the time of passage of
the liquidus isotherm for a given point in the casting.
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Fig. 4. VL and Tc as functions of position from the cooling
interface
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Fig. 5. ts. as a function of position from the cooling interface



In Fig. 6 the macrographs of solidification structure
obtained in this study are presented, for the investigated
alloy, solidified under superheat of 10 % above liquidus
temperature (608 °C). It is observed that the columnar to
equiaxed transition (CET) is not sharp, i.e., CET occurs in
a zone rather than in a plane parallel to the chill wall,
where both columnar and equiaxed grains coexist.

S 3
&

O

Fig. 6. As-cast solidification macrostructure

The behavior of the solidification thermal variables
affects directly the observed experimental values of 4; and
Az as shown in Fig. 7, where microstructures of transverse
section of samples at 4, 25 and 50 mm from metal-mold
interface are presented.

P =4 mm

VL =1.1mm/s
Tc=22°Cls
tsL = 27.7S

A1=90 pm
A3=17.8 pm
MlAz =5.05

P=25mm
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J1=501 pm
J3=136.8um
Jalis=13.6
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VL =0.9 mm/s
Tc=1.22°Cls
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A1 =672 um
A3 =45 pm
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Fig. 7. Solidification microstructures of transverse section

These microstructures of transverse sections can be
characterized by a-Al phase of dendritic morphology, with
Si particles in the aluminum-rich matrix as well distributed
along the interdendritic regions in the eutectic mixture
interlinked with Al,Cu intermetallic phase developing the
microstructure a-Al + Al,Cu + Si. It can be observed in the
as-cast microstructures that Si particles in the interdendritic
regions have a plate-like morphology. It can be also
observed that the dendrite arm spacings (41 and A3 values)
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were sufficiently distinct to make reasonably accurate
measurements along the casting length.

As 4 and A3 values are strongly dependent on V., Tc
and ts, which vary with time and position during
solidification, 41 and A3 averages were plotted as a function
of these thermal variables in Fig. 8, Fig. 9 and Fig. 10.
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Fig. 8. A1 and A3 values as a function of VL
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Fig. 10. A1 and A3 values as a function of ts.

The average spacings along with the standard variation
are presented in these figures, with the lines representing
experimental power function laws fit with the experimental
points. It can be seen that — 1.1, —0.55 and 0.55 power
laws characterize the A1 and Az variations with the Vi, T¢
and ts, respectively. This is in agreement with
observations reported by S4 et al. [13], Rocha et al. [9] and
Rosa et al. [11] that exponential relationships
J13=constant (Tc)*>° best generate the experimental
variation of tertiary and primary dendritic arms with the
cooling rate during upward and downward vertical



transient directional solidification of binary Al-Cu alloys,
respectively, as well as the experimental results obtained
by Aradgjo et al. [14] to Al-3% Cu-5.5% Si alloy
solidified under the same conditions of this work. The
multiplier obtained in this work can be associated with the
convective effect of solute-rich liquid flow, as well as the
influence of the direction of the gravity vector which is
perpendicular to the direction of advance of solidification
interface.

With a view to analyzing the effect of Si element in
binary Al-3wt.% Cu alloy on the length scale of the
dendritic microstructure (A1) the average, maximum and
minimum values of the correlation between A; and Tc¢ of
this work are plotted in Fig. 11 and compared with the
experimental equations obtained by Barros et al. [15],
which works have been developed to horizontal directional
solidification. When comparing the mean values of A3
obtained in the present study with those reported recently
by Barros et al. [15] (see Fig. 11) similar growth laws can
be observed, i.e., the addition of Si in the Al -3 wt.% Cu
alloy seems to have no noticeable effects on reduction in
the length scale of the A; values during horizontal
directional solidification, since the average of A; values
observed in Al-3wt.% Cu alloy are between the A3
minimum values obtained in investigated alloy of this
work.
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Fig. 11. A comparison among the results obtained in this work
with those obtained by Barros et al. [15]

4. CONCLUSIONS

The following major conclusions can be drawn from
this study, in which Al—7 wt.% Si— 3 wt.% Cu alloy has
been directionally solidified under transient conditions:

1. Under transient horizontal solidification conditions,
the primary dendritic spacing was observed to
decrease when tip growth rate and cooling rate are
increased.

Power law functions characterize the experimental
variation of 1; and 4s with V_ with an index of — 1.1,
—0.55 power law functions characterize the
experimental values of 1; and A3 with Tc¢, as well as an
index of 0.55 characterize the experimental values of
dendritic spacings with ts_ in systems with different
configurations.

The presence of Si  element in the
Al -7 wt% Si—3wt% Cu alloy did not affect the
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index of power law function of J; obtained for the
Al — 3 wt.% Cu binary alloy.

Acknowledgments

The authors acknowledge the financial support
provided by IFPA - Federal Institute of Education, Science
and Technology of Par4, UFPA - Federal University of
Pard, and CNPq — The Brazilian Research Council (grants
472745/2013-1 and 308784/2014-6), FAPESPA - Amazon
Foundation of Support to Study and Research (grants
ICAAF 064/2016) and CAPES - Coordination of Superior
Level Staff Improvement, Brazil.

REFERENCES

1. Moutinho, D.J., Gomes, L.G., Rocha, O.L., Ferreira, I.L.,
Garcia, A. Thermal Parameters, Microstructure and Porosity
During Transient Solidification of Ternary Al-Cu-Si Alloys
Materials Science Forum 730-732 2013: pp. 883 —888.

Costa, T.A.,, DIAS, M., Gomes, L.G.,, Rocha, O.L.,
Garcia, A. Effect of Solution Time in T6 Heat Treatment on
Microstructure and Hardness of a Directionally Solidified
Al-Si-Cu alloy Journal of Alloys and Compounds 683
2016: pp. 485494,
https://doi.org/10.1016/j.jallcom.2016.05.099

Dobrzanski, L.A., Borek, W., Maniara, R. Influence of the
Crystallization Condition on Al-Si-Cu Casting Alloys
Structure Journal of Achievements in Materials
and  Manufacturing  Engineering 18 (1-2)
2006: pp. 211-214.

Bouchard, D., Kirkaldy, S. Prediction of Dendrite Arm
Spacings in Unsteady and Steady-State Heat Flow of
Unidirectionally Solidified Binary  Alloys Metallurgical
and Materials Transactions B 28 1997: pp. 651—663.

Cruz, K.S., Meza, E.S., Fernandes, F.P., Quaresma, J.V.,
Casteletti, L.C., Garcia, A. Dendritic Arm Spacing
Affecting Mechanical Properties and Wear Behavior of Al-
Sn and AI-Si Alloys Directionally Solidified Under
Unsteady-State Conditions  Metallurgical and Materials
Transactions A 41 2010: pp. 972 -984.
https://doi.org/10.1007/s11661-009-0161-2

Myung-Jin, S., Young-Min, P., Young-Do, K. Dendrite
Spacing and  Microstructure  Evolution  Dependent
on Specimen History Scripta Materialia 57
2007: pp. 985-987.

Dobrzanski, L.A., Maniara, R., Sokolowski, J.,
Kasprzak, W. Effect of Cooling Rate on the Solidification
Behavior of AC AISi7Cu2 Alloy Journal of Materials
Processing Technology 191 2007: pp. 317 —320.
https://doi.org/10.1016/j.jmatprotec.2007.03.099

Costa, T.A., Moreira, A.L., Moutinho, D.J., Dias, M.,
Ferreira, I.L., Spinelli, J.E., Rocha, O.L., Garcia, A.
Growth Direction and Si Alloying Affecting Directionally
Solidified Structures of Al-Cu-Si alloys Materials Science
and Technology 31 2015: pp. 1103-1112.
https://doi.org/10.1179/1743284714Y.0000000678

Rocha, O.L., Siqueira, C.A., Garcia, A. Heat Flow
Parameters Affecting Dendrite Spacings During Unsteady-
State Solidification of Sn-Pb and AI-Cu Alloys
Metallurgical and Materials Transactions A 34
2003: pp. 995-1006.
https://doi.org/10.1007/s11661-003-0229-3


http://lattes.cnpq.br/5956394362169556
http://lattes.cnpq.br/5907468972539239
http://lattes.cnpq.br/0702326922309672
http://lattes.cnpq.br/4486030422416831
http://lattes.cnpq.br/1721691084829002
https://doi.org/10.1016/j.jallcom.2016.05.099
http://lattes.cnpq.br/6058170625835918
http://lattes.cnpq.br/9965999318230647
http://lattes.cnpq.br/6367276746184081
http://lattes.cnpq.br/7443111804471290
https://doi.org/10.1007/s11661-009-0161-2
https://www.infona.pl/contributor/2@bwmeta1.element.elsevier-2a50f15a-0829-3228-be8c-fafb49cca87b/tab/publications
https://www.infona.pl/contributor/3@bwmeta1.element.elsevier-2a50f15a-0829-3228-be8c-fafb49cca87b/tab/publications
https://doi.org/10.1016/j.jmatprotec.2007.03.099
http://lattes.cnpq.br/5956394362169556
http://lattes.cnpq.br/4486030422416831
http://lattes.cnpq.br/8882038118634925
http://lattes.cnpq.br/0702326922309672
https://doi.org/10.1179/1743284714Y.0000000678
https://doi.org/10.1007/s11661-003-0229-3

10.

11.

12.

13.

Solidification of
Science and

Gundiz, M., Cardili, E. Directional

Aluminium-Copper  Alloys  Materials
Engineering A 327 2002: pp. 167 —185.
https://doi.org/10.1016/S0921-5093(01)01649-5

Rosa, D.M., Spinelli, J.E., Garcia, A. Tertiary Dendrite
Arm Spacing During Downward Transient Solidification of
Al-Cu and AI-Si Alloys Materials Letters 60
2006: pp. 1871-1874.
https://doi.org/10.1016/j.matlet.2005.12.040

Carvalho, D.B., Guimaraes, E.C., Moreira, A.L.,
Moutinho, D.J., Dias Filho, J.M., Rocha, O.L.
Characterization of the Al -3 wt.% Si Alloy in Unsteady-
State Horizontal Directional Solidification Materials
Research 16 2013: pp. 874—-883.

S4, F., Rocha, O.L., Siqueira, C.A., Garcia, A. The Effect
of Solidification Variables on Tertiary Dendrite Arm
Spacing in Unsteady-State Directional Solidification of Sn-

128

14.

15.

Pb and Al-Cu alloys Materials Science & Engineering A
373 2004: pp. 131-138.
https://doi.org/10.1016/j.msea.2004.02.010

Araujo, R.M., Kikuchi, R.L., Barros, A.S., Gomes, L.G.,
Moutinho, D.C., Goncalves, F.A., Moreira, A.S.,
Rocha, O.L. Influence of Upward and Horizontal Growth
Direction on Microstructure and Microhardness of an
Unsteady-State Directionally Solidified AI-Cu-Si Alloy
Matéria 21 2016: pp. 260—269.

Barros, A.S., Magno, lLA., Souza, F.A., Mota, C.A,
Moreira, A.L., Silva, M.S., Rocha, O.L. Measurements of
Microhardness During Transient Horizontal Directional
Solidification of Al-rich Al-Cu Alloys: Effect of Thermal
Parameters, Primary Dendrite Arm Spacing and Al2Cu
Intermetallic Phase Metals and Materials International 21
2015: pp. 429-439.
https://doi.org/10.1007/s12540-015-4499-2


https://doi.org/10.1016/S0921-5093(01)01649-5
https://doi.org/10.1016/j.matlet.2005.12.040
https://doi.org/10.1016/j.msea.2004.02.010
http://lattes.cnpq.br/0667768010106721
http://lattes.cnpq.br/0702326922309672
http://lattes.cnpq.br/2041034504642740
https://doi.org/10.1007/s12540-015-4499-2

