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ABSTRACT

The high-pressure turbine stands as one of the three essential components of an aero-engine,
functioning under extreme conditions of high temperature and pressure, and is subjected to thermal,
centrifugal, and aerodynamic forces. For high-pressure turbine blades, besides using high-melting-point,
high-strength materials like Ni-based single crystal superalloys, film cooling technology is also crucial
to ensure smooth blade operation. Hundreds of tiny film cooling holes are distributed on the surface of
the blade. High-pressure turbine blades can be mass-produced through casting, but the film cooling
holes must be manufactured using subsequent machining methods. These film cooling holes have small
diameters, are numerous in quantity, and have high quality requirements, with no tolerance for defects
like micro-cracks or recast layers on the surface. Currently, the efficient and high-quality manufacturing
of such film cooling holes has become a significant bottleneck in the development of aero-engine.

Currently, the primary methods for machining film cooling holes comprise electrical discharge
machining (EDM), laser machining (LM), and electrochemical machining (ECM). Nevertheless, these
techniques encounter challenges in effectively balancing the removal of recast layers while maintaining
high efficiency. The industry has an urgent need for high-quality and efficient manufacturing methods
for film cooling holes, necessitating research into innovative machining approaches. Previously, our
school innovatively proposed electrochemical discharge machining (ECDM), combining the high
efficiency of EDM with the zero recast layer characteristics of ECM. The study identifies distinct spatial
regions of discharge and electrochemical dissolution, providing a basis for realizing no recast layer
machining, and initially confirms the feasibility and effectiveness of the method. This technology
exhibits significant promise for enhancing the manufacturing of intricate components with high
performance. However, there are problems in the previous research, such as the spark discharge
mechanism is not clear, and the surface integrity of hole machining needs to be improved. This study
aims to improve the theoretical foundation of ECDM, further solve the problems of residual recast
layer and surface stray corrosion, enhance the surface integrity of small holes, and find ways to
improve the machining efficiency. Develop high-precision machine equipment and finalize the
manufacture of typical components, enabling the realization of high-efficiency and quality
machining of film cooling holes. These advancements will offer vital support for hole manufacturing in

aero-engines.

The research consists of the following sections:

(1) The mechanism of spark discharge in low conductivity solutions is elucidated. The coupled
111
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process of spark discharge and electrochemical dissolution is deeply analyzed. A molding simulation
prediction model for composite machining is established for the first time. Initially, analysis through
high-speed photography indicates that under high-speed internal flushing conditions, there are no
discernible residual bubbles between the electrodes, and no visible air film coats the tool electrode
surface. In low-conductivity solutions, the discharge process is closer to liquid-phase discharge in pure
EDM rather than film discharge. Waveform analysis reveals the typical characteristics of ECDM,
quantifies the proportion of EDM and ECM, and statistically analyzes the impedance at various
conductivities, suggesting that discharge and electrolysis occur alternately at a microscopic scale.
Drawing insights from the mechanism analysis, discrete spark discharge is integrated with continuous
electrochemical dissolution for the first time, leading to the formulation of an ECDM simulation model.
This model accurately predicts recast layer distribution and hole diameters, aiding in determining the
optimal bottom-holding time.

(2) The electrochemical dissolution characteristics and forming rules of the Ni-based single crystal
superalloy matrix and its recast layer are studied for the first time. The evolution of the dissolution
morphology of the recast layer is clarified. Initially, the structure of the Ni-based single crystal matrix
and the recast layer is revealed. The Ni-based single crystal matrix contains y/y’ phases, whereas only
the y phase remains in the recast layer. The recast layer surface is uneven, and the distribution of
elements is non-uniform, with protruding droplets mainly comprising metal oxides. The passivation
film on the recast layer surface is more stable and provides stronger material protection compared to
the matrix surface. Ultimately, the material removal process of the Ni-based single crystal superalloy
matrix and its recast layer is elucidated. For the recast layer, electrochemical dissolution predominantly
takes place in the discharge craters, while the protruding oxide droplets are primarily eliminated through
mechanical detachment. For the matrix, the y phase is preferentially eradicated before the y' phase

(3) A capacitance-enhanced discharge-electrolysis composite machining method is proposed to
improve the machining efficiency of the film cooling holes by connecting capacitors in parallel at both
ends of the machining gap. First, an equivalent circuit model is developed to theoretically analyze the
impact of capacitance on spark discharge and electrochemical dissolution processes. Then, a one-factor
experiment based on varying capacitance values is conducted to analyze peak discharge current,
machining efficiency, electrode wear, hole size, and recast layer removal at different capacitances. The
optimal capacitance is determined to be 680 nF, achieving a processing efficiency of 321 um/s. With
this setup, a small hole with a 2 mm thickness and 0.4 mm diameter can be drilled in under 7 seconds.

(4) A penetration detection system is established, and the machining feed mode is optimized, to
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improve the stability of ECDM perforations and ensure the effective removal of recast layers. Initially,
a penetration detection method based on the variance of average voltage is proposed, with key
parameters of the detection system carefully selected. The stability of the detection system is verified
under different pulse width and interval combinations. Subsequently, based on feedback from
penetration detection, an additional overfeeding stage is introduced between the drilling and bottom-
holding stages. Processing parameters for the overfeeding stage are optimized at different hole angles.
Utilizing this penetration detection system, small hole machining experiments are carried out on a
double-wall structure, demonstrating no recast layer and no corrosion traces on the backside.

(5) A low-temperature external airflow-assisted ECDM machining method is proposed to reduce
stray corrosion in the orifice by the introduction of coaxial low-temperature airflow. First, the study of
low-temperature electrochemical dissolution characteristics shows that the solution conductivity has a
nonlinear relationship with the ambient temperature. Materials exhibit lower passivation current and
decomposition potential in low-temperature environments, with the charge transfer process in
electrochemical reactions being restricted, achieving the goal of protecting the surface. Then, through
multi-physics field coupling simulation analysis, the distribution of gas/liquid, temperature, and current
density under low-temperature external airflow assistance is obtained. The external low-temperature
airflow disperses the electrolyte covering the workpiece surface, reducing the surface temperature near
the entrance, and ultimately lowering the current density of the workpiece surface. Experimental studies
on low-temperature airflow-assisted machining exhibit a 35% decrease in taper and a 23% reduction in
stray corrosion area compared to ordinary temperature airflow.

(6) Combined with the characteristics of ECDM and the processing requirements of film cooling
holes, a composite processing equipment is developed. Building upon the key technology research from
the preceding sections, film cooling holes are manufactured by ECDM on turbine blades. Test results
indicate that specifications meet technical requirements, with a single 5 mm depth hole completed in
25 s, the through-hole diameter within a 0.05 mm tolerance, no burrs or stray corrosion, a smooth orifice,
and automatic chamfer formation, absence of wall damage or pitting corrosion inside the blade and no
recast layer or cracks on the hole wall. This achievement realizes high-quality and efficient

manufacturing of film cooling holes on Ni-based single crystal superalloys for turbine blades.

Keywords: Electrochemical discharge machining (ECDM), Film cooling hole, Ni-based single crystal
superalloy, Turbine blade, Electrochemical Discharge Machining (EDM),
Electrochemical Machining (ECM)



