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Abstract

High-end precision manufacturing imposes stringent requirements on the integrated
forming and dimensional accuracy of complex components. Owing to its advantages of high-
dimensional precision and superior surface quality, investment casting technology has been
widely adopted in areas such as aero-engine manufacturing and biomedical devices.
Nevertheless, the quantitative prediction and compensation of dimensional distortions in the
investment-cast complex components remains a significant challenge. The resulting
dimensional deviations often lead to issues wherein critical components become "unusable
despite being produced." To address this problem, this dissertation first investigates the
fundamental challenges associated with thermal contact behavior and the mechanical
constitutive relationship of superalloys. Building on these findings, the study further predicts
and compensates for the coupled thermomechanical distortions in complex castings,
realizing a closed-loop study on dimensional accuracy control in investment castings. The
main research achievements of this dissertation are as follows:

(1) A multi-channel measurement experimental method for the interface
temperature between ceramic shells and alloy castings was designed, and a transient
interface heat transfer coefficient inverse solution method was established, revealing
the heat transfer mechanism induced by multi-layer gaps due to cracking. By designing
a multi-channel temperature measurement casting structure and a controllable variable-
thickness shell coating process, synchronous multi-channel acquisition of temperatures on
both sides of the interface for different shell-alloy thickness combinations during a single
pouring process was achieved. Based on inverse problem solving, the evolution of the
interface heat transfer coefficient with respect to alloy temperature, shell thickness, and alloy
thickness was revealed. The inverse-calculated interface heat transfer coefficient exhibited
a significant decline during cooling, with values lower than the predicted lower limit of the
traditional "gap" model, particularly under vacuum conditions. The study demonstrated that
the multiple thermal resistances introduced by cracks in the ceramic shell were equivalent to

the total interfacial thermal resistance, resulting in values significantly higher than those
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caused solely by the gap between the alloy casting and ceramic shell. The thickness of the
shell and alloy influenced the interfacial heat transfer coefficient by affecting the detachment
of the alloy from the shell and the progression of internal shell damage. The inverse solution
results were validated on a typical ring-shaped casting with a maximum radial dimension of
274 mm, demonstrating that compared to temperatures predicted using literature-based
interface heat transfer coefficients, the prediction error for shell temperature was reduced
from 41 °C to 9 °C.

(2) A superalloy constitutive model considering the y’ phase evolution effect was
developed, revealing the deformation behavior transition of superalloys in the
extremely high-temperature range. Addressing the issue that existing constitutive models
are mostly developed for service or forging temperature ranges and are not fully applicable
to describing the y' phase evolution effect in the extremely high-temperature range (0.8
Tm~1.0 Tm), steady-state stress data for K439B superalloy were obtained through constant
strain rate and strain rate jump tests within the temperature range of 1220 °C to 950 °C and
strain rate range of 10 to 102 s™!. A constitutive model linking y’ phase evolution and stress
sensitivity was constructed, exhibiting extremely high accuracy (R? = 0.9998) within the
tested range. The study found that below the y’ solvus line, the stress exponent N and vy’
precipitate fraction f exhibited a linear relationship (N = 29.09f + 4.76), with N values
ranging from 4.76 to 11.43. No threshold stress was observed across the entire tested
temperature and strain rate range, and the y’ phase fraction solely controlled the variation in
stress sensitivity. The dislocation climb mechanism and the mechanical behavior of
overcoming obstacles through climb in the extremely high-temperature range were analyzed.

(3) A thermomechanical coupling numerical model for dimensional deformation
prediction during alloy solidification was constructed, clarifying that creep behavior is
the decisive factor affecting the accuracy of deformation simulation. To address the
challenge of precise quantitative prediction of dimensional deformation during alloy
solidification, the aforementioned thermal and mechanical models were integrated. By
coupling the interaction between the temperature field and displacement field, numerical
simulations of the solidification process of a typical thin-walled K439B superalloy casting
were performed, and the prediction accuracy of the thermomechanical coupling model was

validated through industrial experiments. The results showed that during the initial 1000-
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second cooling phase, despite the thin cermaic shell mold (~1 ¢m) and its low mechanical
properties (modulus < 5 GPa, strength < 10 MPa), the maximum radial shrinkage rate of the
alloy casting was 13% lower than the thermal shrinkage rate of the alloy material
(corresponding to a total shrinkage rate of 2.48 x 10%) due to significant creep behavior at
extremely high temperatures, resulting in geometric deformation with an average sinusoidal
amplitude of 0.1~0.2 mm. Statistical analysis revealed that plastic deformation primarily
occurred in regions where the y" phase had not precipitated. In thick-walled regions, the
deformation behavior followed a fifth-power creep law dominated by dislocation climb,
while in thin-walled regions, viscoplastic deformation characteristics with lower strain rate
sensitivity were observed. A portion of thermal strain was converted into creep strain, with
creep strain rates ranging from 6.1 x 10 to 3.1 x 1072, leading to permanent deformation
and dimensional changes. Industrial-scale validation through computed tomography and
blue-light scanning showed that for a typical ring-shaped casting with a maximum radial
dimension of 274 mm, the maximum prediction deviation was only 0.1 mm.

(4) A physics-informed deformation tracking and nonlinear geometric compensation
method was proposed, achieving dimensional control of castings that meet the ISO
8062-3:2023 standard DCTG2-level tolerance requirements. To address the need for
whole-process dimensional accuracy control for the investment casting process, the
measured point cloud was used to characterize the current deformed shape after each process
stage, with the initial mesh serving as the template mesh. Under the constraint of 3D
volumetric mesh deformation energy, the point cloud distance between the control surface
and the measured surface (described in Eulerian coordinates) was minimized. Based on the
nonlinear creep behavior discussed in previous chapters, the stress-strain relationship was
equivalently linearized within time increments, and the displacement field (described in
Lagrangian coordinates) satisfying the minimum potential energy principle of continuum
mechanics was solved, reproducing the strain and displacement caused by creep
accumulation. Subsequently, a nonlinear relationship model between the compensation field
and deviation field influenced by the deformation field was derived and established. Through
a single trial production, 3D point cloud data of the pattern die cavity, wax pattern, and
casting were collected, tracking the displacement fields from the pattern die cavity to the

wax pattern and from the wax pattern to the casting, as well as the deviation field of the
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casting relative to the design model. The nonlinear compensation method was then applied
to calculate the compensation field for the pattern die surface based on the sub-process
displacement fields and casting deviation field, and the pattern die surface was compensated
and corrected accordingly. Without altering other process parameters, the modified pattern
die was used to repeat the investment casting process, successfully producing qualified

castings that met the DCTG2-level tolerance requirements.
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