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ABSTRACT 

Aluminum and its alloys, compared to steel, have a 

higher strength/weight ratio, good electrical and 

thermal conductivity, and better corrosion 

resistance. Among the various aluminum alloys 

registered today, we can highlight those that make 

use of copper, the third most consumed metal in the 

world. In this context, niobium stands out, which 

plays an important role in the production of metallic 

alloys due to its high melting point, resistance to 

acid attack, and superconductivity at high 

temperatures. In recent decades, several studies 

have been carried out to establish the relationship 

between the thermal solidification parameters and 

typical as-cast structure in macrostructural and 

microstructural scales in aluminum alloys, aiming 

to optimize the properties of these alloys. In this 

sense, the main objective of this work was to 

investigate the effects of heat flow parameters, such 

as growth and cooling rates (VL and TR), on primary 

interphase dendritic growth (1α) in equiaxed 

dendrites in Al-3Cu-0.5Nb (wt.%) alloy (wt.%), 

which was horizontally solidified in a recent study. 

The 1α variation with  VL and TR has been 

characterized by mathematical equations given by 

the general expressions 1α =Constant.(VL)-1.1  and 

1α =Constant. (TR)-0.55, which represents the 

interphase dendritic growth laws, where the 

exponents -0.55 and -1.1 are in absolute agreement 

with the primary spacing growth laws in columnar 

dendrites. 

 

Keywords: Unsteady-state horizontal 

solidification, Thermal parameters, Primary 

interphase dendritic growth, Al-Cu-Nb alloys. 

 

1 INTRODUCTION 

It is known that Brazil stands out for its significant participation in the world production of 

aluminum and its alloys. It is the fifteenth-largest producer of primary aluminum and the fourth-largest 

producer of bauxite, with the state of Pará representing about 89.5% of this product [1]. China and 

Australia are also countries that stand out. In the Brazilian domestic market, aluminum is mainly used 

by the transport industries, such as automobile and aeronautics, and packaging, which are followed by 

the electricity, civil construction, consumer goods, and machinery segments, among others [1-3]. 
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Another metal, niobium (Nb), on which Brazil practically has a monopoly, which still does not 

have perfect substitutes. Almost all world reserves of this metal, 98.2%, are in Brazil, which is also 

the largest producer of the element, representing more than 90% of the world's total, according to data 

from the National Mining Association [4]. The main application of niobium is in the formation of 

micro-alloyed steels, finding applications in civil construction, mechanical industry, aerospace, naval, 

automotive, oil and gas pipes, and oil platforms, among others, and it is evident, therefore, how 

significant it would be for the country to discover new applications that could increase the demand for 

the metal and increase its added value. Hence, the importance of scientific research for the development 

of new materials with potential possibilities for future applications in the transformation industries is 

urgent [4]. 

Relative to steel, aluminum alloys have a higher strength-to-weight ratio, good electrical and 

thermal conductivity, and better corrosion resistance. Its disadvantages include a low mechanical 

strength, especially at high temperatures, as well as a low tensile strength, ranging between 90 and 180 

MPa, which ends up restricting its application as a structural material and generally limits it to 

components of thermal and electrical systems, where it is possible to benefit from its high 

conductivities without a great requirement about mechanical properties [5-7]. Therefore, it is necessary 

to improve some of its properties to have better performance and applicability in the industry [6-13] 

Among the hundreds of registered aluminum alloys, those of the Al-Cu and Al-Si systems stand 

out, which are the most used by the automotive and aerospace industries. In the case of Al-Cu alloys, 

those of greatest industrial interest are the thermally treated ones, in which Cu contents are in the range 

of 2 to 5% [9,10]. These alloys are known as dura-aluminum and belong to the 2XXX (wrought) and 

2XX.X (cast) series in the Aluminum Association classification [2] and are among the oldest 

aluminum-based alloys. They are widely used in the manufacture of components in the aeronautical 

and automotive industries, such as aircraft leading edges, structural parts, cylinders, pistons, and engine 

blocks [9,10,12]. 

Studies have been carried out with alloys of the duralumin series, which are binary, ternary, or 

quaternary multicomponent alloys, which have in their composition copper with the addition of silicon, 

magnesium, titanium, nickel, and others that provide aluminum with excellent mechanical resistance 

at high temperatures, especially with heat-treated alloys. Niobium, for example, has been one of those 

elements that, in recent studies, has been investigated as an added element in Al alloys [14-22]. 

Considering the aforementioned highlights of aluminum-based alloys and observing the 

continuous development of research related to niobium and its importance for Brazil, as well as due to 

the scarcity of relevant information on the effects of Nb composition, as well as of solidification path 

of these alloys, this work as main goal to investigate the effects of thermal solidification parameters, 
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such as the growth and cooling rates (VL and TR) on the primary dendritic microstructural scale length 

of the Al-3Cu-0.5Nb alloy (wt.%). 

 

2 EXPERIMENTAL PROCEDURE 

The studied alloy, the horizontal solidification experiment, and thermal analyzes to determine 

the desired thermal parameters (VL and TR) were obtained in works recently published by our research 

group [15,16]. During the preparation of the alloy, because Nb has a very high melting point (~ 2468 

°C), which is much higher than that of the other constituent elements of the alloy, Al and Cu, its 

insertion into the liquid metal occurred last, given the diffusion mechanism under high temperatures 

for its integration as the second solute in the liquid matrix of the solvent (Al) [16]. 

The thermal data acquisition system used during the solidification process consisted of a 

temperature recorder (FieldLogger) connected to a computer and data recording software that receives 

these values and converts them into a notepad in the form of ordered pairs (T, t). This notepad was 

imported into another data processing software (OriginPro), where the thermal solidification profiles 

were plotted, and from the same, the experimental VL and TR values were determined [6-10,15,16,23]. 

Cross-sectional as-cast samples from the solidified ingot resulting from the work of [15,16] 

were prepared, considering positions from the heat transfer surface of the ingot mold of the water-

cooled solidification device, aiming to evaluate the effects of VL and TR on the evolution of the 

dendritic microstructure, which was quantified by the interphase spacing of the primary dendritic arms 

(1α) of the Al-rich phase. The measurement of 1α, shown schematically in Figure 1, according to 

References [24,25], was based on the neighborhood criterion. That is, the primary spacing value is 

equal to the average distance between the centers of the primary dendritic arms. This method is known 

as the "triangle method ."The assumed 1α values were the averages among 20 measurements 

performed for each sample from the cooled mold plate. 
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Figure 1. The technique used to measure interphase spacing ((1α) 

 

 

3 RESULTS AND DISCUSSIONS 

The effects of the cooling system promoted by the horizontal solidification device were 

evaluated on the evolution of the dendritic microstructure along the length of the as-cast ingot, as 

shown in Figure 2. As can be seen, the macrostructure consisted of fine equiaxed grains along the 

length of the ingot, and finer and coarser dendritic microstructures was obtained for positions closer 

and farther from the heat transfer interface (cooling base) as growth and cooling rates became higher 

and lower, respectively.  

 

Figure 2. Typical solidification structures of Al-3Cu-0.5Nb alloy (wt.%) solidification in scales: (a) macrostructural, 

obtained by Dillon [15,16], and (b) microstructural showing the primary interphase dendrites. 
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Dillon et al. [15,16] carried out thermal analyzes resulting from the horizontal solidification 

process under the same conditions assumed in this work and proposed mathematical expressions to 

correlate the thermal solidification parameters (VL and TR) as a function of the position in the as-cast 

ingot, given by VL=2.17(P)-0.3 and TR=82.8(P)=0.7. It could be noticed that the VL and TR values 

gradually decrease with the advance of solidification due to the increasing formation of the solid layer 

that promotes resistance by thermal conduction, thus influencing the dendritic microstructures shown 

in Figure 2b. The interphase spacing measurements (1α), as shown in Figure 2, as well as the 

aforementioned functions VL=f(P) and TR=f(P), were used in this study to establish a relationship of 

1α  as a function of the position in as-cast ingot (P), VL and TR, whose results are shown in Figure 3. 

As noted, equiaxed primary dendrite growth laws represented by power-type mathematical expressions 

were proposed, which allowed experimentally predicting the dependence of interphase dendritic 

spacing as a function of the thermal solidification parameters. It can be highlighted in this work that 

the exponents obtained equal to -1.1 and -0.55 agree with the theoretical and experimental growth laws 

proposed in the literature for primary dendritic spacing measured in columnar dendrites [6-10,24,25], 

confirmed by the comparative analysis carried out with the study by Barros et al. [9,10] for a 

horizontally solidified Al-3wt.%Cu alloy, as shown in Figures 3b and 3c. 

 

Figure 3. Primary dendritic interphase spacings as a function of (a) Position in the as-cast ingot, (b) and (c) growth and 

cooling rates. 
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4 CONCLUSIONS 

In this study, the effects of thermal solidification parameters were investigated on primary 

dendritic interphase spacings during horizontal solidification of the Al-3Cu-0.5Nb alloy (wt.%); the 

following conclusions can be drawn: 

“The dependence of primary interphase dendritic arm spacings on thermal parameters VL and 

TR for the Al-3wt.%Cu-0.5wt.%Nb alloy was investigated, and the relationships among them have 

been obtained. Mathematical expressions given by 1α=139.5(VL)-1.1 and 1α=600.8(TR)-0.55 have been 

proposed to experimentally predict the growth laws of 1α  as a function of VL and TR. It was observed 

that the exponents -1.1 and -0.55 obtained, suggested for columnar dendrites, can also be applied to 

characterize the experimental variation of 1α  with VL and TR values for equiaxed interphase dendrites, 

respectively”. 

 

ACKNOWLEDGMENTS 

The authors acknowledge the financial support provided by IFPA-Federal Institute of Education, 

Science, and Technology of Pará (EDITAL n. 05/2022 – PIBICTI/PROPPG/IFPA/CNPq), 

Postgraduate Program in Materials Engineering (PPGEMat/IFPA), UFPA-Federal University of Pará, 

and CNPq-National Council for Scientific and Technological Development (Grant 304924/2020-2), 

CAPES - Coordination of 

Superior Level Staff Improvement, Brazil. 

 

 

  



 

 
 

A look at development  

Primary interphase dendritic growth via unsteady-state horizontal solidification of an Al-Cu-Nb alloy 

REFERENCES 

 

1. ABAL - Associação Brasileira de Alumínio. Perfil da Indústria Brasileira de Alumínio. 2020. 

Disponível em: <http://abal.org.br/estatisticas/nacionais/perfil-da-industria/>. Acesso em: 01 jun. 

2023. 

 

2. ALUMINUM ASSOCIATION. Aluminum standards and data. The Aluminum Association, 

Inc., 2013. 

 

3. ASM HANDBOOK COMMITTEE (Org.). Properties and Selection: Nonferrous Alloys and 

Special-Purpose Materials. Materials park, Ohio: ASM International, 1990. 

 

4. ANM - Associação Nacional de Mineração. Sumário Mineral 2017. 2017. Disponível em: 

<https://www.gov.br/anm/pt-br/centrais-de-conteudo/publicacoes/serie-estatisticas-e-economia-

mineral/sumario-mineral/sumariomineral_2017/>. Acesso em: 01 jun. 2023. 

 

5. RODRIGUES, Jean Robert Pereira. Efeito da composição nos parâmetros térmicos e estruturais 

de ligas Al-Mg solidificadas unidirecionalmente. 161p. Tese (Doutorado em Engenharia Mecânica) – 

Faculdade de Engenharia Mecânica, Universidade Estadual de Campinas, Campinas, SP, 2007. 

 

6. AZEVEDO, H. M. et al. Microstructural Development of an AlNiBi Alloy and Influence of the 

Transient Horizontal Solidification Parameters on Microhardness. Metallurgical and Materials 

Transactions A, v. 49, n. 10, p. 4722–4734, out. 2018. DOI: https://doi.org/10.1007/s11661-018-4747-

4. Disponível em: https://link.springer.com/article/10.1007/s11661-018-4747-4. Acesso em: 01 jun. 

2023. 

 

7. BARBOSA, C. R. et al. Relationship Between Aluminum-Rich/Intermetallic Phases and 

Microhardness of a Horizontally Solidified AlSiMgFe Alloy. Materials Research, v. 22, n. 1, out. 2018. 

DOI: http://dx.doi.org/10.1590/1980-5373-mr-2018-0365.  Disponível em: 

https://www.researchgate.net/publication/329174021_Relationship_Between_Aluminum-

RichIntermetallic_Phases_and_Microhardness_of_a_Horizontally_Solidified_AlSiMgFe_Alloy. 

Acesso em: 01 jun. 2023.    

 

8. BARBOSA, C. R. et al. Tailoring of Processing Parameters, Dendritic Microstructure, 

Si/Intermetallic Particles and Microhardness in As-cast and Heat-Treated Samples of Al7Si0.3Mg 

Alloy. Metals and Materials International, v. 26, p. 370–383, jun. 2019. DOI: 

https://doi.org/10.1007/s12540-019-00334-y. Disponível em: 

https://link.springer.com/article/10.1007/s12540-019-00334-y#citeas. Acesso em: 01 jun. 2023. 

 

9. BARROS, A. S et al. 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, v. 21, p. 429-439, 2015. DOI: 

https://doi.org/10.1007/s12540-015-4499-2. Disponível em: 

https://link.springer.com/article/10.1007/s12540-015-4499-2. Acesso em: 01 jun. 2023. 

 

10. BARROS, André dos Santos. Solidificação horizontal das ligas Al-3%Cu e Al-3%Cu-0,5%Mg: 

estrutura dendrítica, microdureza, resistência à corrosão e aplicação do tratamento térmico T6 na liga 

ternária. Dissertação (Mestrado em Engenharia Mecânica) – Faculdade de Engenharia Mecânica, 

Universidade Federal do Pará, Belém, Pará, 2018. 

 

http://abal.org.br/estatisticas/nacionais/perfil-da-industria/
https://www.gov.br/anm/pt-br/centrais-de-conteudo/publicacoes/serie-estatisticas-e-economia-mineral/sumario-mineral/sumariomineral_2017/
https://www.gov.br/anm/pt-br/centrais-de-conteudo/publicacoes/serie-estatisticas-e-economia-mineral/sumario-mineral/sumariomineral_2017/
https://doi.org/10.1007/s11661-018-4747-4
https://doi.org/10.1007/s11661-018-4747-4
https://link.springer.com/article/10.1007/s11661-018-4747-4
http://dx.doi.org/10.1590/1980-5373-mr-2018-0365
https://www.researchgate.net/publication/329174021_Relationship_Between_Aluminum-RichIntermetallic_Phases_and_Microhardness_of_a_Horizontally_Solidified_AlSiMgFe_Alloy
https://www.researchgate.net/publication/329174021_Relationship_Between_Aluminum-RichIntermetallic_Phases_and_Microhardness_of_a_Horizontally_Solidified_AlSiMgFe_Alloy
https://doi.org/10.1007/s12540-019-00334-y
https://link.springer.com/article/10.1007/s12540-019-00334-y#citeas
https://link.springer.com/article/10.1007/s12540-019-00334-y#citeas
https://doi.org/10.1007/s12540-015-4499-2
https://link.springer.com/article/10.1007/s12540-015-4499-2


 

 
 

A look at development  

Primary interphase dendritic growth via unsteady-state horizontal solidification of an Al-Cu-Nb alloy 

11. ÇADIRLI, E. Effect of Solidification Parameters on Mechanical Properties of Directionally 

Solidified Al-Rich Al-Cu Alloys. Metals Materials International, v. 19, p. 411-422, 2013. DOI: 

https://doi.org/10.1007/s12540-013-3006-x.b Disponível em: 

https://link.springer.com/article/10.1007/s12540-013-3006-x. Acesso em: 01 jun. 2023. 

 

12. LI, S. et al. Influence of Mg Contents on Aging Precipitation Behavior of Al–3.5Cu–xMg 

Alloy. Acta Metallurgica Sinica, v. 27, p. 107- 114, fev. 2014. DOI: https://doi.org/10.1007/s40195-

014-0033-7. Disponível em: https://link.springer.com/article/10.1007/s40195-014-0033-7. Acesso 

em: 01 jun. 2023. 

 

13. GARCIA, A. Solidificação: fundamentos e aplicações. Campinas: Editora da Unicamp, 2007. 

 

14. COUTINHO, M. M. et al. Upward Unsteady-State Solidification of Dilute Al–Nb Alloys: 

Microstructure Characterization, Microhardness, Dynamic Modulus of Elasticity, Damping, and XRD 

Analyses. Metals, v. 9, n. 6, p. 713, jun. 2019. DOI: https://doi.org/10.3390/met9060713 Disponível 

em: https://www.mdpi.com/2075-4701/9/6/713. Acesso em: 01 jun. 2023. 

 

15. DILLON, Thiago Maues Oliveira. Desenvolvimento e Caracterização Térmica, 

Microestrutural e Mecânica de uma Liga Al-3%Cu-0,5%Nb Solidificada Horizontalmente e 

Endurecida por Precipitação. Dissertação (Mestrado em Engenharia de Materiais) – Instituto Federal 

do Pará, Belém, 2021. 

 

16. DILLON, T. et al. Effects of Growth and Cooling Rates Via Horizontal Solidification of an 

AlCuNb Alloy: A Thermal, Microstructural and Mechanical Analysis. Transactions of the Indian 

Institute of Metals, v. 75, n. 6, p. 1429–1439, jan. 2022. DOI: https://doi.org/10.1007/s12666-021-

02501-5 Disponível em: https://link.springer.com/article/10.1007/s12666-021-02501-5. Acesso em: 

01 jun. 2023. 

 

17. JESUS, Emerson de Sousa de. Influência da Granulometria de Nióbio e Tempo de Moagem na 

Obtenção da Liga Al1,2%Nb via Metalurgia do Pó. Dissertação (Mestrado em Ciências Mecânicas) – 

Faculdade de Tecnologia, Universidade de Brasília, Brasília, 2018. 

 

18. MAHDOUK, K.; GACHON, J-C.; BOUIRDEN, L. Enthalpies of formation of the Al–Nb 

intermetallic compounds. Journal of Alloys and Compounds, v. 268, n. 1, p. 118–121, fev. 1998. DOI: 

https://doi.org/10.1016/S0925-8388(97)00554-9. Disponível 

em:https://www.sciencedirect.com/science/article/abs/pii/S0925838897005549. Acesso em: 01 jun. 

2023. 

 

19. MUNITZ, A.; GOKHALE, A. B.; ABBASCHIAN, R. The effect of supercooling on the 

microstructure of Al-Nb alloys. Journal of Materials Science, v. 35, n. 9, p. 2263–2271, mai. 2000. 

DOI: https://doi.org/10.1023/A:1004783011253. Disponível em: 

https://link.springer.com/article/10.1023/A:1004783011253. Acesso em: 01 jun. 2023. 

 

20. NANDI, P. et al. Solid state synthesis of Al-based amorphous and nanocrystalline Al–Cu–Nb 

alloys. Materials Science and Engineering: A, v. 359, n. 1–2, p. 11–17, jun. 2003. DOI: 

https://doi.org/10.1016/S0921-5093(03)00338-1. Disponível em: 

https://www.sciencedirect.com/science/article/abs/pii/S0921509303003381?via%3Dihub. Acesso 

em: 01 jun. 2023. 

 

21. NOVAKOVIC, R. Thermodynamics, surface properties and microscopic functions of liquid 

Al–Nb and Nb–Ti alloys. Journal of Non-Crystalline Solids, v. 356, n. 31, p. 1593–1598, abr. 2010. 

https://doi.org/10.1007/s12540-013-3006-x
https://link.springer.com/article/10.1007/s12540-013-3006-x
https://doi.org/10.1007/s40195-014-0033-7
https://doi.org/10.1007/s40195-014-0033-7
https://link.springer.com/article/10.1007/s40195-014-0033-7
https://doi.org/10.3390/met9060713
https://www.mdpi.com/2075-4701/9/6/713
https://doi.org/10.1007/s12666-021-02501-5
https://doi.org/10.1007/s12666-021-02501-5
https://link.springer.com/article/10.1007/s12666-021-02501-5
https://doi.org/10.1016/S0925-8388(97)00554-9
https://www.sciencedirect.com/science/article/abs/pii/S0925838897005549
https://doi.org/10.1023/A:1004783011253
https://link.springer.com/article/10.1023/A:1004783011253
https://doi.org/10.1016/S0921-5093(03)00338-1
https://www.sciencedirect.com/science/article/abs/pii/S0921509303003381?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0921509303003381?via%3Dihub


 

 
 

A look at development  

Primary interphase dendritic growth via unsteady-state horizontal solidification of an Al-Cu-Nb alloy 

DOI: https://doi.org/10.1016/j.jnoncrysol.2010.05.055. Disponível em: 

https://www.sciencedirect.com/science/article/abs/pii/S0022309310002942?via%3Dihub. Acesso 

em: 01 jun. 2023. 

 

22. SOUSA, Thiago Primo. Evolução da microestrutura bruta de fusão de ligas Al-Cu-Nb 

solidificadas unidirecionalmente. Dissertação (Mestrado em Integridade de Materiais da Engenharia) 

– Faculdade UnB Gama, Universidade de Brasília, DF, 2019. 

 

23. LIMA, J. O. et al. Microstructural evolution during unsteady-state horizontal solidification of 

Al-Si-Mg (356) alloy. Transactions of Nonferrous Metals Society of China, v. 28, n. 6, p. 1073–1083, 

jun. 2018. DOI: https://doi.org/10.1016/S1003-6326(18)64751-X. Disponível em: 

https://www.sciencedirect.com/science/article/abs/pii/S100363261864751X?via%3Dihub. Acesso 

em: 01 jun. 2023. 

 

24. MCCARTNEY, D. G.; HUNT, J. D. Measurements of cell and primary dendrite arm spacings 

in directionally solidified aluminium alloys. Acta Metallurgica, v. 29, n. 11, p. 1851–1863, nov. 1981. 

DOI: https://doi.org/10.1016/0001-6160(81)90111-5. Disponível em: 

https://www.sciencedirect.com/science/article/abs/pii/0001616081901115?via%3Dihub. Acesso em: 

01 jun. 2023. 

 

25. GÜNDÜZ, M.; ÇADIRLI, E. Directional solidification of aluminium-copper alloys. Materials 

Science and Engineering A, v. 327, n. 2, p. 167-185, fev. 2002. DOI: https://doi.org/10.1016/S0921-

5093(01)01649-5. Disponível em: 

https://www.sciencedirect.com/science/article/abs/pii/S0921509301016495. Acesso em: 01 jun. 2023. 

 

https://doi.org/10.1016/j.jnoncrysol.2010.05.055
https://www.sciencedirect.com/science/article/abs/pii/S0022309310002942?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0022309310002942?via%3Dihub
https://doi.org/10.1016/S1003-6326(18)64751-X
https://www.sciencedirect.com/science/article/abs/pii/S100363261864751X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S100363261864751X?via%3Dihub
https://doi.org/10.1016/0001-6160(81)90111-5
https://www.sciencedirect.com/science/article/abs/pii/0001616081901115?via%3Dihub
https://doi.org/10.1016/S0921-5093(01)01649-5
https://doi.org/10.1016/S0921-5093(01)01649-5
https://www.sciencedirect.com/science/article/abs/pii/S0921509301016495

