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ABSTRACT

Al-Si alloys are widely used in the industry for manufacturing components that are exposed to
critical wear conditions, as they provide better mechanical properties and greater resistance
to corrosion and propagation of defects. Machining is one of the most used manufacturing
processes in the industry. However, Al-Si alloys are very difficult to machine, especially the
ones with over 12.0wt% of solute content. This motivates extremely relevant research that can
predict microstructural conditions and solidification parameters that ease the machinability of
these materials. Thus, an experimental study was carried out with the eutectic Al-12.6wt.% Si
alloy, solidified in a water-cooled vertical directional device to establish correlations between
the obtained microstructure and the average cutting temperature by analyzing the heating rate
during necking processes on a bench lathe. From the experimental results, a power-type
function was obtained which relates the heating rate as a function of the dendrite arm spacing
from the base to the top of the ingot, showing a reduction in the average heating rate as one
moves away from the metal/mold interface.
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INTRODUCTION

The Al-Si system is the most important non-ferrous alloy system because of the attractive
combination of some mechanical and manufacturing properties that represent a determining
factor for its wide use. For Si contents between 5% and 12.6%, for example, these alloys have
good mechanical and corrosion resistance, easy abrasion, and good weldability®*. For
processing materials through solidification, the gross structure obtained defines the final
properties of the product®. The microstructure, in 12.6% Si, for example, when solidified
outside the equilibrium conditions, can reveal multiphase structures, such as Halo-type
dendrites (a-Al), massive Si crystals, and the eutectic mixture (o + Si), and this mixture is
responsible for the properties of this alloy. Thus, the control of the parameters involved in
solidification kinetics is crucial for the industry since the understanding of the mechanisms that



control the liquid/solid phase change provides better efficiency and operational performance to
the process as the improvement of the desired properties and, therefore, products got®. On
the other hand, most castings, at some point in the manufacturing chain, go through the
machining process. Understanding the facility or difficulty in machining a material, defined as
machinability, is therefore fundamental to the manufacture of final products”). Machinability
comprises a comparative analysis, which can be a set of machining properties of a material
concerning another taken as standard®. Cutting temperature, surface finish, chip control, and
cutting force can be considered parameters of machinability®. Cutting temperature is an
important parameter that directly affects tool life, surface quality, and dimensional accuracy®?.
In dry machining processes, very high temperatures are encountered due to the large thermal
load generated by friction and increased adhesion of the workpiece to the tool, thus causing
greater wear®3'®, This process in aluminum alloys is very difficult because of the great
tendency that these alloys have of adhering to the cutting tools*”). However, there are many
advantages of dry machining such as lower cost, healthier environment, better worker safety,
no need for storage, and others*®), but the main advantage is the absence of thermal shocks,
which compromise the tool life promoted by temperature gradients induced by the use of cutting
fluids*¥). Therefore, to efficiently control the dry machining process, it is essential to analyze
the machinability of the material to be used, through the Cutting Temperature criterion. This,
therefore, has interrelation with various factors, including the thermal and microstructural
parameters*”), such as displacement velocity of the liquidus isotherm, VL and cooling rate, TR
and the microstructure, such as dendritic, for example®7189) However, there is a lack of
research on the interrelationships of solidification thermal parameters, dendritic spacing,
mechanical properties, and machinability of the Al-Si system. In this sense, this work performed
an experimental study with a eutectic Al-12.6%Si alloy, directionally solidified through a
water-cooled device, to establish correlations between microstructure and cutting temperature
(analyzing the heating rate) during necking processes on a bench lathe.

MATERIALS AND METHODS

The investigated alloy was solidified in a vertical upward solidification device. This device
promotes only one direction of heat extraction due to the drive of the cooling system located at
the base of the ingot, thus providing solidification in the opposite direction of the gravity vector.
More details on the preparation method of the studied alloy and the directional solidification
device can be found in recently published papers®?. After complete solidification, the
resulting ingot was demolded and prepared for metallographic analysis to measure the
secondary dendritic spacings (Az2), according to the technique developed by McCartney and
Hunt®?, and to perform the process on a bench lathe. The part of the ingot used for the necking
tests had a prismatic geometry, with a cross-sectional area of 144 mm?. There was no change
to a circular section to avoid possible changes in the alloy's structure. Thus, six neckings were
performed along and across the length of the ingot, as shown in Figure 1. As a cutting tool,
conventional HSS T6 %" fast steel chisels coupled to chisel support were used, and the cutting
temperature measurement was performed with an infrared pyrometer, coupled to a computer
with a data acquisition system. The cutting parameters adopted were: feed of 0.1 mm/rev, the
average cutting speed of 35.28 m/min, variable cutting depth, according to the part section, and
rotation of 710 rpm. The collected cutting temperatures allowed the calculation of the heating
rate, through the derivative of the cutting temperature as a function of time (7' = dT/dt), but as
in the initial and final instants of the process the contacts are irregular, these are disregarded
and the derivative is performed only in the linear region of the graph ®® as shown in Figure 1.
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Figure 1. Schematic of the bench lathe showing the necking positions, the thermal chamber,
and the high-speed steel chisels.
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Figure 2. The technique used to calculate the heating rate.

RESULTS AND DISCUSSION

Figure 3 shows the evolution of A, versus position in the solidified ingot, thus confirming the
thickening or increase of the secondary dendritic arms for positions further away from the base
of the ingot. Figure 4 shows the behavior of the heating rate as a function of position from the
metal/mold interface and the secondary dendritic spacing. It can be seen that the multiphase
behavior of the alloy directly influences the heat generated during the machining process. The
influence of the pro-eutectic phases (Al-a and massive Si crystals) on the cutting temperature
behavior was observed, for positions above 10 mm (where halo dendrites and dense primary Si
particles coexist), there was a significant reduction of the heating rate from 0.40 °C/s to 0.26



°C/s. In contrast, after 10 mm, with the emergence of this phase and with 2 ranging between 8
and 15.5 um, there was a significant increase in the rate values from 0.26 °C/s to 0.47 °Cl/s,
which decreases again with the presence of a pro-eutectic soft phase.
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Figure 3. Variation of secondary dendritic arms with position on the ingot: (a) typical
solidification macrostructure and (b) A2 = f(P).
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Figure 5. (a) Heating rate in the machining process as a function of position and (b) secondary
dendritic spacing.

CONCLUSIONS

The experimental results obtained showed that the Al-12.6wt.% Si alloy, even difficult to
machine, still presents relevant aspects of machinability, since the heating rate value varied
significantly with both dendritic spacing and phase transition. Rather complex behavior of the
machining heat that can be generated in these eutectic alloys was observed, with refined halo
dendrites dominating the heat generated in the process until the emergence of the other phases,
which vary with the increase or decrease in size or distribution of these phases in the
interdendritic regions.
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