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Abstract

:

The microstructure of the Si phase in Al-20Si alloys solidified under high pressure was investigated. The results demonstrate that the morphology of Si phase transformed (bulk→short rod→long needle) with the increase of superheat temperature under high pressure. At a pressure of 3 GPa and a superheat temperature of 100 K, a microstructure with a uniform distribution of fine Si phases on the α-Al matrix was obtained in the Al-20Si alloy. In addition, a mathematical model was developed to analyze the spacing variation of the lamellar Al-Si eutectics under the effect of pressure. The lamellar Al-Si eutectics appeared at 2 GPa and superheat temperatures of 70–150 K, and at 3 GPa and superheat temperatures of 140–200 K. With the increase of pressure from 2 GPa to 3 GPa, the average spacing of lamellar Al-Si eutectics decreased from 1.2–1.6 μm to 0.9–1.1 μm. In binary alloys, the effect of pressure on the eutectic spacing is related to the volume change of the solute phase from liquid to solid. When the volume change of the solute phase from liquid to solid is negative, the lamellar eutectic spacing decreases with increasing pressure. When it is positive, the eutectic spacing increases with increasing pressure.
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1. Introduction


The study of the influence of compression in the properties of metallic alloys, including morphology and microstructure, is extremely relevant for multiple technological applications [1,2,3]. At present, solidification phenomena are mainly described by nucleation [4,5,6], constitutional undercooling [7], interface stability [8,9,10,11,12,13], eutectic growth [14], dendritic growth [15,16], etc. These theories mainly consider the effects of temperature and concentration but ignore that of pressure on the solidification process. The high pressure at the GPa-level causes the microstructure of the material to be greatly refined [17,18,19], while at the same time, the solubility of the solute in the melt increases [20,21,22]. Therefore, the solidification process must take into account the effect of GPa-level pressure.



Similarly, the morphology and spacing of the eutectic can be affected by the GPa-level pressure. Temperature, pressure and composition are important variables in the study of microstructure evolution. While considering the effect of GPa-level pressure on the microstructure, the effect of temperature on the microstructure cannot be ignored. Under the combined effect of pressure and temperature, higher pressure enables the Al-20Si alloy to maintain stable interfacial morphology at higher temperatures [23]. The increase in pressure from 1 atm to 3 GPa leads to an increase in the tensile strength of the Al-20Si alloy and the refinement of the eutectic [24]. The pressure has a significant effect on the eutectics. It is necessary to study the eutectic spacing of binary alloys under the effect of high pressure.



In this paper, the Si phase in Al-20Si alloy solidified under high pressure was investigated. Then, based on the classical eutectic growth model, the mathematical model of eutectic spacing under the effect of pressure was developed. Finally, the eutectic spacing was investigated by this mathematical model.




2. Materials and Methods


Al-20Si (wt%) powders (Tian Jiu Technology, purity 99.9 %, 9–11 μm, Changsha, China) were used as the raw materials. The powders were cold-pressed under 300 MPa to obtain Φ20 × 18 mm cylinders. Figure 1 shows the HTDS-032F high-pressure equipment. The pressure was calibrated by the I-II phase transition of Bi (at 2.55 GPa) in our previous works [25]. The temperature was calibrated by a thermocouple (B-type). The details of the cell assembly can be found in [26]. The samples were pressurized to the target pressure (2 GPa and 3 GPa), then a current was applied to the graphite heater to heat the samples to the target temperature for 5 min, and finally, the current was disconnected and cooled to room temperature at a rate of 20 K/S. The specimens were etched with 0.5 vol% hydrofluoric acid solution for 10 s or 20 min (deep-etched). The microstructure was analyzed using a scanning electron microscope (Merlin Compact, ZEISS, Germany) operated at 20 kV.




3. Results


3.1. Microstructure of Al-Si Alloys under High Pressure


Figure 2 and Figure 3 show the microstructure morphologies of the lamellar Al-Si eutectics and anomalous Si phases under high pressure, respectively. The dark phases are the α-Al phases, while the bright phases are the Si phases. In our previous study [23], the microstructure morphologies of the α-Al phases in the high-pressure solidified Al-20Si alloy underwent a process of change from dendritic to cellular, spherical and planar as the melt superheat temperature decreased. It is clearly observed in Figure 2 that the Al-Si eutectics have lamellar microstructure morphologies when the α-Al phases grow in dendritic and cellular forms. As can be clearly observed in Figure 3, anomalous Si phases appear when the α-Al phases grow in planar and spherical forms, and the Si phases have bulk morphologies. Under high-pressure solidification conditions, changes in the superheat temperature of the melt had an effect not only on the microstructures of the α-Al phases but also on that of the Si phases. With an increase in the superheat temperature of the melt, the microstructures of the Si phases in the high-pressure solidified Al-20Si alloy changed from bulk to short rods and then to long needles.



It should be noted that what appears on Figure 2 as needles and rods in fact is a section view of plates (lamella). The “aspect ratio” was defined as the ratio between the longest and shortest lines joining two points of the Si phase contour and passing through the centroid. The aspect ratios of the Si phases at different pressures and superheat temperatures are shown in Figure 4. The aspect ratios of the Si phases increased with increasing superheat temperature, corresponding to the transformation of the Si phases (bulk→short rod→long needle).



The spacing of lamellar Al-Si eutectics was measured by the random intercepts, as shown in Figure 5. Only the eutectic spacings when the Al-Si eutectics were lamellar were counted and averaged in the figure. The average eutectic spacings of the lamellar Al-Si eutectics decreased with increasing pressure.



It is worth mentioning that the effect of pressure on eutectic spacing should include the condition of temperature, and the two variables of pressure and temperature could not be considered independently. Based on the evolution of microstructures of Al-20Si alloy in Figure 2 and Figure 3, it could be inferred that when the superheat temperature was 100 K, it was lamellar eutectic at 2 GPa, while it was fine Si phases at 3 GPa. It was not possible to compare the average spacings between the two.



The lamellar Al-Si eutectics appeared at 2 GPa and superheat temperatures of 70–150 K, and at 3 GPa and superheat temperatures of 140–200 K. When the Al-Si eutectics were lamellar, the spacings of the two could be compared. In the above superheat temperature range, the effect of temperature on the average eutectic spacing was small. With the increase of pressure from 2 GPa to 3 GPa, the average spacing of lamellar Al-Si eutectics decreased from 1.2–1.6 μm to 0.9–1.1 μm. The following discussions of eutectic spacing were based on the foundation that the Al-Si eutectics were lamellar.




3.2. Morphological Evolution of the Si Phase


The increase in pressure not only increases the eutectic temperature of the Al-Si alloy, but also increases the Si content corresponding to the eutectic point [27,28]. Al-20Si alloy was actually in the hypoeutectic zone at pressures of 2 GPa and 3 GPa. The α-Al phases precipitated first, and the growth and distribution of the Si phases were influenced by the solute diffusion. The solute diffusion coefficient under high pressures can be calculated by Ref. [29]:


   D P  = D exp  (  −   P  V 0    R T    )   



(1)




where P (Pa) is the pressure, V0 (m3/mol) is the original volume of the liquid phase, R = 8.314 (J/(mol·K)) is the gas constant, T (K) is the temperature, D (m2/s) is the solute diffusion coefficient in liquid. It can be seen from Equation (1) that the increase in pressure caused an exponential decrease in the solute diffusion coefficient.



When the superheat temperatures were lower, the α-Al phase grew in planar and spherical forms, while the temperature of the solid-liquid interface front increased due to the release of latent heat. Due to the lower melt temperature and exponential decrease of solute diffusion coefficient, Si atomic clusters were enriched at the solid-liquid interface front and did not have time to diffuse. When the compositional supercooling at the solid-liquid interface front reached the nucleation supercooling of the Si phase, the Si phases nucleated and grew into bulk crystals. The Si phase in the α-Al matrix was precipitated in bulk form, resulting in the disappearing of the typical lamellar eutectic and turning into an anomalous Si phase.



When the superheat temperatures were higher, the α-Al phases grew in cellular and dendritic forms. Due to the higher temperature of the melt, the Si atoms were enriched at the front of the solid-liquid interface had a certain amount of time to diffuse laterally, leading to the formation of lamellar Al-Si eutectics. The increase in pressure led to an exponential decrease in the solute diffusion coefficient, resulting in the diffusion distance of Si atoms under a pressure of 3 GPa being smaller than that of Si atoms under a pressure of 2 GPa, and thus the eutectic spacing became progressively smaller with the increase in pressure. Analyzed from the aspect of solute diffusion coefficient, the pressure had an effect on the solute diffusion coefficient, which in turn had an effect on the eutectic spacing. In addition, the increase in melt temperature led to a longer solidification time, so the morphology of the Si phase changed from bulk→short rod→long needle, making the aspect ratio of the Si phase increase. In fact, the lamellae of Al-Si eutectics became thinner and longer.




3.3. Effect of Pressure on Eutectic Spacing


For the lamellar eutectic growth problem, Jackson and Hunt developed a J-H mathematical model to calculate and analyze the eutectic growth process [30]. Kurz extended and simplified the theoretical expressions to predict the eutectic spacing for both the high Péclet number and the low Péclet number [13]:


   λ 2  V =    K r     K c     



(2)






   K c  =    |   m α   |   |   m β   |     |   m α   |  +  |   m β   |    ⋅   1 − k   2 π D   ⋅     2 π  /   P c         [  1 +    (    2 π  /   P c     )   2   ]    1 / 2   − 1 + 2 k    



(3)






   K r  =   2  (  1 − f  )   |   m β   |   Γ α  sin  θ α  + 2 f  |   m α   |   Γ β  sin  θ β    f  (  1 − f  )   (   |   m α   |  +  |   m β   |   )     



(4)




where λ (m) is the lamellar eutectic spacing, mα is the liquidus slope of α phase, mβ is the liquidus slope of β phase, V (m/s) is the growth rate, Pc is the solute Péclet number, f is the volume fraction of α phase, θ (°) is wetting angle, k is the solute distribution coefficient, Γ is the Gibbs-Thomson coefficient.



According to Kurz’s theoretical derivation [13], inserting Equations (3) and (4) into Equation (2) and separating the terms related to Pc, the Equation (2) is obtained as:


   λ 2  V = D Θ      (   P c    2  + 4  π 2   )    1 / 2   −  P c  + 2 k  P c    2 π ( 1 − k )    



(5)




where Θ is a constant which is a combination of all fixed parameters in Equations (2)–(4).



The solute Péclet number can be expressed as [13]:


   P c  =   λ V   2 D    



(6)







As the pressure increased, the solute diffusion coefficient decreased exponentially, so the solute Péclet number increased, Pc >> 2π under high pressure. Equation (5) is simplified as follows:


  λ = Θ  k  2 π  (  1 − k  )     



(7)







The effect of pressure on the solute distribution coefficient can be calculated by Refs. [31,32,33]:


   k P  = k  (  1 +   Δ  V m B  Δ P   R  T m     )   



(8)




where subscript m represents melting, ΔVBm (m3/mol) is the volume change of component B, ΔP (Pa) is the change in pressure.



By inserting Equation (8) into Equation (7), Equation (7) is obtained as:


  λ = Θ   k  (  1 +   Δ  V m B  Δ P   R  T m     )    2 π  [  1 − k  (  1 +   Δ  V m B  Δ P   R  T m     )   ]     



(9)







Equation (9) reflected the relationship between pressure and eutectic spacing. According to Equation (9), the result of calculation for Al-20Si alloy is shown in Figure 6. The calculated results were consistent with the variation pattern of eutectic spacing of the Al-20Si alloy observed in Figure 2. The increase in solidification pressure decreased the eutectic spacing. It can be seen from Figure 6 that the calculated results agree with the results for atmospheric pressure and 1 GPa [28].



It can be seen from Equation (9) that the eutectic spacing under the effect of high pressure depended on the change of the molar volume of the solute phase in the binary alloy during the liquid-solid phase transition. For the Al-20Si alloy, the molar volume of the Si phase becomes larger during the transition from liquid to solid (∆VSim = –1.122 cm3/mol [34]). The kP and λ decreased with increasing pressure. When the volume of the solute phase in the alloy decreased during the transition from liquid to solid, the variation of kP and λ with pressure was opposite to the above trend. Therefore, once the trend of the molar volume of the solute phase in the alloy during the transition from liquid to solid was determined, the trend of the effect of pressure on the average eutectic spacing could be predicted. This equation was applicable to the condition that the eutectic phase grew in lamellar form.





4. Conclusions


The microstructure of the Si phase of the Al-20Si alloy under high pressure was investigated. Then, a mathematical model was developed to analyze the trend of eutectic spacing of Al-Si alloy under the effect of pressure. The results are obtained as follows:



(1) The morphology of Si phase transformed (bulk→short rod→long needle) with the increase of superheat temperature under high pressure. At a pressure of 3 GPa and a superheating temperature of 100 K, a microstructure with a uniform distribution of fine Si phases on the α-Al matrix was obtained in the Al-20Si alloy.



(2) The lamellar Al-Si eutectics appeared at 2 GPa and superheat temperatures of 70–150 K, and at 3 GPa and superheat temperatures of 140–200 K. With the increase of pressure from 2 GPa to 3 GPa, the average spacing of lamellar Al-Si eutectics decreased from 1.2–1.6 μm to 0.9–1.1 μm.



(3) In binary alloys, the effect of pressure on the eutectic spacing is related to the volume change of the solute phase from liquid to solid. When the volume change of the solute phase from liquid to solid is negative, the lamellar eutectic spacing decreases with increasing pressure. When it is positive, the eutectic spacing increases with increasing pressure.
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Figure 1. High-pressure experiment. 
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Figure 2. Microstructures of lamellar Al-Si eutectics at different pressures and superheat temperatures: (a1,a2) 2 GPa; (b1,b2) 3 GPa; (a1) 150 K; (a2) 70 K; (b1) 200 K; (b2) 140 K. 
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Figure 3. Microstructures of anomalous Si phases at different pressures and superheat temperatures: (a1–a4) 2 GPa; (b1–b4) 3 GPa; (a1,a2) 60 K; (a3,a4) 50 K; (b1,b2) 110 K; (b3,b4) 100 K. 
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Figure 4. Aspect ratios of Si phases. 
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Figure 5. Average eutectic spacings of lamellar Al-Si eutectics: (a) random intercepts; (b) statistics. 
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Figure 6. Relationship between pressure and eutectic spacing in Al-20Si alloys solidified under different pressures. 
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