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Title of Doctoral Dissertation:
Studies on Manufacturing of Al-Si Functionally Graded Material and

Its Optimization of Semi-Solid Forming Conditions

Name: Daisaku NARA

The doctoral dissertation deals with the possibility for practical usage of hypereutectic Al-25
mass% Si alloy which has been expected the utilization of superior properties, e.g., low density, high
wear resistance, low coefficient of thermal expansion, high strength at elevated temperature.
Hypereutectic Al-Si alloy is a kind of processing resistant material because the primary crystal of Si
is hard and the distribution of Si particles makes the machinability poor and then brings tool wear.
The inherent character prevents the practical usage up to now and semi-solid forming, i.e.,
thixoforming, to produce a near-net shape Al-Si product is examined to overcome the shortage. Thus
the formability of semi-solid Al-Si alloy is evaluated by both Al-Si composite material and Al-Si
functionally graded material (FGM) manufactured from Al-25 mass% Si master alloy. The
know-how based upon the experiment for the commercial usage of hypereutectic Al-25 mass% Si
alloy as a component and/or structural material is presented. The thesis consists of six chapters.

Chapter 1 “Introduction” provides the background and the purpose of this study.

Chapter 2 “Manufacturing and Structure of Al-Si Functionally Graded Material” gives an account
of the possibility for manufacturing Al-Si FGM tube by the vacuum centrifugal casting method,
which is applied to hypereutectic Al-25 mass% Si master alloy. The morphology and distribution of
Si grains in the thick-walled tube are examined. The fraction of Si phase in the FGM tube is varied
from over 60 mass% Si at outer surface to 15 mass% Si at inner surface. This feature contradicts with
the expectation that Si particles that are lighter than Al matrix are gathered at outside of the FGM
tube. This result is due to the higher density of Si solid particle in comparison with that of the Al-Si
eutectic melt.

Chapter 3 “Formability of FGM by Backward Extrusion” gives a description of a backward
extruding under semi-solid condition using Al-Si FGM billet for examine the possibility to utilize the
excellent properties of hypereutectic Al-Si alloy. FGM cups are obtained successfully at a semi-solid
metal and solid Si coexisting temperature range from 580 to 590 °C through a visco-plastic
deformation. The fraction of Si phase in the FGM cup is varied from over 70 mass% Si at the bottom
region to less than 15 mass% Si at the cup wall region. The optimum semi-solid forming produces a
significant interaction with both plastic flaw and viscous flaw resistances and the most preferable
temperature is inferred to be just over the eutectic melting point of around 580 °C.



Chapter 4 “Viscosity Measurement of Semi-Solid Hypereutectic Al-Si alloy in the Drop-Forge
Viscometer” deals with the rheological behavior for a semi-solid forming of hypereutectic Al-Si
alloy, using a self-made parallel-plate drop-forge viscometer. Drop-forge experiments show
individually the features that the viscosity decreased in the early increasing shear rate stage and
subsequently the viscosity turned to increase as the shear rate decreased. The summarized behavior
between the viscosity, i [Pa-s], and the shear rate, 7 [s™], can be described by a power-law model
of ©=1.78x10"7°. The convex shape curve is observed between the effective duration for
compressed specimen and the viscosity and the effective duration reaches a maximum at around pu=
30 kPa-s where 7=70 s™. From the results, the viscosity ©=30 kPa-s, which corresponds to the
transition point from plastic forming to casting, seems to be the optimum condition for semi-solid
forming.

Chapter 5 “Optimization of Thixoforming Condition by Wavelet Analysis” describes to detect an
optimum operating condition for semi-solid forming, i.e., thixoforming, that can form a fine grain
structure. It is difficult to identify the optimum semi-solid state of the Al-Si alloy for thixoforming.
Thus the possibility to apply a wavelet analysis for the detection of optimum semi-solid state is
examined. The wavelet analysis implementing system successfully detects a discontinuity of
deformation of hypereutectic Al-Si alloy with temperature increase under a constant applied load.
Billet is compressed under the point of discontinuity and is confirmed through Si fine grain
formation. Application of wavelet analysis seems to be effective against the detection of the
opetimum operating condition for thixoforming.

Chapter 6 “Conclusions” summarizes the developments and the findings, which are given an
account of Chapter 2 through 5.



