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Driven by the push towards vehicle lightweighting, aluminum alloys have increasingly
replaced traditional steel and cast iron in automotive components. Al-Si-Cu cast alloy
pistons, in particular, play a critical role for reducing weight. However, aluminum’s limited

surface strength, lubricity, and thermal insulation present challenges for alloy pistons. This

Chapter 1 Introduction :
Advantages and Disadvantages of Aluminum and Aluminum Alloys in Engine Pistons
Disadvantages
@ Lightweight
@ High machinability
@ Corrosion resistasic

© Vehitle weight &
Production cost I
@ Lifespan i

HMard anodizing -+
Thick-film anodizing *
AC coloringtechnology «
Anodic deposition *

 Rapid anodizing formation wit
nitric acid addition

+ Al-Ni-Mo(W)-P-O-based hybrid
. anodizing

Figure 1 Performance Analysis and Enhancement Strategies for Aiuminum Alloy Pistons.
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study seeks to develop technologies that address these challenges across specific piston
areas: enhancing thermal insulation at the piston top to reduce heat transfer, improving
‘Iubricity in the piston bores and skirts to minimize frictional loss, and developing ultra-high
hardness oxide coatings to boost overall wear and corrosion resistance. To achieve these
objectives, a combination of anodic oxidation, alternating current (AC) electrodeposition,
and anodic deposition techniques were utilized to form multifunctional composite coatings.
This electrochemical approach is designed not only for piston applications but also has

potential across various industrial sectors.

Chapter 2: Enhancing Thermal Insulation on the Piston Top

To improve thermal insulation on the piston top, a thick porous anodic oxide (PAA) layer, on
the order of hundreds of microns, was formed to enhance insulating performance. Given the
extended formation time for this thick oxide layer can impact production efficiency and raise
costs, accelerating growth is critical. This study introduces a novel anodizing method that
incorporates a controlled amount of nitric acid to sulfuric, oxalic, and phosphoric acid
solutions, combined with high current density anodizing, to accelerate the growth raté of the
hard PAA layer. By incorporating nitric acid, growth rates of 196 um/h in sulfuric acid-based
solutions and 166 ym/h in oxalic acid-based solutions wére achieved, while achieving
hardness values of approximately 380 and 430 HVq.1, respectively.

Chapter 4: Enhancing Lubricity on Piston Bores and Skirt Surface

Filling porous anodic oxide films with MoS; is a well-established method for enhancing
lubricity. By incorporating MoS: into the nanochannels and voids of porous alumina, a solid
lubricating layer is created, reducing friction and improving wear resistance. This study
applied this technique to Al-Si-Cu cast alloys, targeting enhanced lubricity on the piston
bores and skirt surface. Initial experiments on pure aluminum substrates demonstrated
improved lubricity in AlOs/Ni-MoS2 composite films formed via Ni electrodeposition,
however, the high hardness of Ni led to accelerated wear in the later sliding stages.
Consequently, Ni was replaced with Sn, using a combination of anodic oxidation, Sn
electrodeposition, and MoS: synthesis to create Al2O3/SnS-MoS. composite films. The

improved conductivity of Sn doubled lubricity, lowered the coefficient of friction from 0.14 to
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0.07, and enhanced wear resistance by a factor of 10, with the technology’s effectiveness
Chapter 5: Ultra-High Hardness Oxide Coatings |

To address the hardness limitations of conventional anodic oxide coatings, a novel hybrid
anodizing method was developed to create composite oxide films containing Ni and Mo ions
in a single anodizing process. Using an acidic solution of phosphates and citrates, a
two-layer NiMoPAIO«/MoAIOx composite oxide film with a rod-like porous structure was
formed. After heat treatment, the hardness of this film exceeded 1000 HV, achieving similar
hardness levels comparable to plasma electrolytic oxidation (PEO) coatings. This approach
overcomes the constrains of traditional anodizing and PEO by delivering smooth,
high-hardness surfaces without the need for complex equipment or high energy
consumption. Additionally, the incorporation of multiple metal ions within the oxide layer
opens up new opportunities for advanced surface treatment technologies across various

high-performance applications.
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Figure 2 Improved Methods and Performance Enhancements for Aluminum Alloy

Piston Surface Treatment.
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