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Abstract

A one-dimensional inverse calculation model for the interfacial heat transfer co-
efficient (h) at the Ti6Al4V alloy casting/mold interface was established. The
effects of shell thermophysical parameters and thermocouple positioning on h
calculation were investigated from mathematical and numerical simulation per-
spectives, and the distinct characteristics of these parameter influences were
analyzed. Based on this, the shell thermophysical parameters and thermocou-
ple positions were corrected, improving the accuracy of the inverse calculation
of h. The inverse calculation results after parameter correction show that under
Ti6Al4V alloy investment casting conditions, the variation of h can be divided
into four stages: (1) when the casting is liquid, h remains at approximately 440
W/(m? « K); (2) a complete solidified layer forms on the casting surface, during
which h decreases by nearly 60%; (3) the solidified layer continuously thickens
until the casting is fully solidified, during which h decreases to approximately
20% of the peak value; (4) after solidification, h decreases slowly with temper-
ature. The inverse-calculated h was verified in a three-dimensional model, and
the simulated temperatures obtained were in good agreement with the measured
temperatures, indicating that the inverse-calculated h is relatively accurate and
can be applied to numerical simulations of the Ti6Al4V alloy investment casting
process.
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Abstract

A one-dimensional inverse calculation model for the interfacial heat transfer
coefficient (h) between Ti6Al4V alloy casting and ceramic shell in investment
casting was established. The influence of shell thermophysical parameters and
thermocouple positioning on the calculated h was investigated from mathemati-
cal and numerical simulation perspectives. The distinct characteristics of differ-
ent parameter effects were analyzed, and corrections were applied to the shell
thermophysical parameters and thermocouple positions, thereby improving the
inverse calculation accuracy. The corrected results indicate that under invest-
ment casting conditions for Ti6Al4V alloy, the variation of h can be divided
into four stages: (1) When the casting is liquid, h remains at approximately
440 W/(m? - K); (2) Upon formation of a complete solidified layer on the cast-
ing surface, h decreases by nearly 60%; (3) As the solidified layer continues to
thicken until complete solidification, h decreases by approximately 20% of its
peak value; (4) After solidification, h decreases slowly with temperature. The
inverse-calculated h was validated using a three-dimensional model, and the
simulated temperatures agreed well with measured values, demonstrating that
the obtained h is accurate and applicable to numerical simulation of Ti6Al14V
alloy investment casting.

Keywords: titanium alloy, investment casting, interfacial heat transfer coeffi-
cient

Introduction

Titanium alloys are widely used in aerospace, medical, and chemical industries
due to their high specific strength, good heat resistance, excellent corrosion
resistance, and biocompatibility. However, titanium alloy components often
have complex geometries that are difficult to machine, necessitating the use of
investment casting. Numerical simulation has become increasingly popular in
investment casting process development because it can predict defect formation
and reduce development time and costs [1~3].

The accuracy of numerical simulation is directly affected by the precision of rel-
evant simulation parameters, such as thermophysical properties of casting and
mold, and the interfacial heat transfer coefficient between casting and mold.
Generally, the former can be obtained with reasonable accuracy from literature
or experimental measurements, while the latter is often estimated and frequently
treated as a constant [1,2], raising questions about its reliability and accuracy.
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Therefore, dedicated research on the interfacial heat transfer coefficient between
titanium alloy castings and molds under investment casting conditions is par-
ticularly necessary.

Recent studies on casting/mold interfacial heat transfer coefficients have covered
various processes including die casting [4~8], investment casting [9~15], squeeze
casting [16~18], sand casting [19,20], and continuous casting [21,22], involving
aluminum alloys, magnesium alloys, superalloys, and steel, with promising re-
sults. Guo et al. [4~7] conducted extensive research on interfacial heat transfer
behavior in aluminum alloy die casting, establishing a comprehensive numeri-
cal model and analyzing the effects of casting thickness, die casting pressure,
mold temperature, and measurement location on the interfacial heat transfer
coefficient. Konrad et al. [11] investigated interfacial heat transfer behavior in
investment casting of IN738L.C superalloy, measuring the specific heat capacity
and thermal diffusivity of ceramic shell, studying the influence of shell preheat-
ing temperature and thickness on grain size and secondary dendrite arm spac-
ing, and inverse-calculating the variation of interfacial heat transfer coefficient
with casting temperature during solidification under different process parame-
ters. Sun et al. [16] studied interfacial heat transfer behavior between AM60
magnesium alloy and metallic mold in squeeze casting, comparing polynomial
fitting methods with inverse algorithms, with results showing higher accuracy
of the inverse algorithm. Xu et al. [19] investigated the interfacial heat trans-
fer coefficient between ZL104 alloy and mold in sand casting, presenting its
variation with time. Wang et al. [22] measured steel surface temperatures at
different distances from the meniscus in continuous casting, inverse-calculated
the interfacial heat transfer coefficient during continuous casting, and predicted
solidified shell thickness at different locations, with predictions matching well
with measured results.

Titanium alloys have high melting points and high chemical reactivity, typically
requiring investment casting with ceramic molds in vacuum furnaces [23,24],
which significantly increases experimental design and data processing difficulty.
Currently, few studies have examined the casting/mold interfacial heat transfer
coefficient in titanium alloy casting processes, limiting production assistance.
Therefore, this work employs inverse heat conduction calculation to determine
the casting/shell interfacial heat transfer coefficient for Ti6Al4V alloy invest-
ment casting, aiming to provide accurate parameters for numerical simulation.

1. Mathematical Model
1.1 Physical Model of Casting/Mold Interfacial Heat Transfer

This work employs a plate-shaped casting with temperature measurement at
the central region of the plate. Considering that the casting height and width
are much greater than its thickness, the temperature field in the central region
of the plate shell can be approximated as a one-dimensional temperature field
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varying with distance from the casting/shell interface, as shown in [Figure 1:
see original paper].

In the shell, the temperature distribution T satisfies: [MATH_ 1]. In [Figure 1:
see original paper] and equations (1)~(3), T represents temperature at different
positions and times in the shell, x is the distance from the casting/shell interface,
T is time, q; is the interfacial heat flux between casting and shell, and q, is the
heat flux across the shell outer surface.

1.2 Mathematical Model for Mold Temperature Distribution

In the simplified one-dimensional heat transfer model, the temperature distribu-
tion within the mold satisfies the following conditions: [MATH_ 2]. In equations
(4)~(7), , ¢, and X represent the density, specific heat capacity, and thermal
conductivity of shell material, respectively; T, is the initial temperature of the
shell.

Experimental measurements of ceramic shell thermophysical properties indicate
that both ¢ and A\ vary only slightly with temperature. Ignoring temperature
effects on shell thermophysical properties and treating ¢ and A\ as constants,
equation (4) can be simplified to: [MATH_3].

Assuming g, = 0 and considering only the influence of q; on T, we have:
[MATH_ 4]. The T in equation (9) satisfies conditions (6), (8), (10), and (11).

Assuming for a specific heat flux q, T is the solution satisfying (6), (8), (10),
and (11). Decomposing q* into two heat fluxes q;* and q,, and assuming T,
and Ty* are solutions when q* equals q;* and q,* respectively, satisfying (6),
(8), (10), and (11), let T* = T,* + T,. Then T satisfies (6), while (13) and
(14) are identical to (10) and (11), meaning T* is the solution when q* satisfies
(6), (8), (10), and (11). By solution uniqueness, T* = T, * 4+ T,, indicating the
effect of q on the temperature field is equivalent to the superposition of effects
from q;* and q,*.

Similarly, treating q* as the superposition of M heat fluxes (M being any positive
integer), if T * is the solution when q* = q , satisfying (6), (8), (10), and (11),
then: [MATH_5]. This demonstrates that if q is treated as the superposition of
M heat fluxes, these heat fluxes affect the temperature field independently, with
the total effect being the simple superposition of individual effects. Likewise,
for q, if treated as the superposition of several heat fluxes, their effects on
the temperature field also superimpose simply, and the effect of q; on the shell
temperature field is equivalent to the simple superposition of effects from q; and
d, on the temperature field.

1.3 Solution Method for Interfacial Heat Transfer Coefficient

The interfacial heat transfer coefficient is calculated using the nonlinear estima-
tion method proposed by Beck et al. [25]. The fundamental principle is: at time
t, the interfacial heat transfer coefficient has been calculated (known); assuming
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h remains constant at value h for the next N time steps Ndt, the temperature
field evolution during these N steps is calculated based on previous h values,
temperature field, and current h*. The objective function is: [MATH 6].

In equation (18), q represents radiative heat flux: [MATH_ 7], where ¢ and

are effective emissivity and blackbody radiation constant; T {bg} is back-
ground temperature (vacuum furnace inner wall temperature). Equation (19)
represents the difference between calculated and measured temperature fields
when h remains h* after t. A smaller f indicates the estimated h is closer to
reality. Therefore, the calculation aims to minimize f, and the h* at minimum
f is the sought interfacial heat transfer coefficient at t*.

2. Experimental Design

This work employed two symmetric plate-shaped castings to obtain more exper-
imental data. The model and thermocouple arrangement are shown in [Figure
2: see original paper|. The plate dimensions were 170 mm X 170 mm x 25 mm.
Different thermocouples were embedded in the casting or shell. Casting thermo-
couples, numbered TC_ {casting} 1, 2, 3, and 4 from top to bottom, were located
in the riser, plate center, ingate, and sprue, respectively. TC_ {casting} 1, 2,
and 4 used tungsten-rhenium thermocouples for casting temperature measure-
ment, while TC_{casting} 3 was a K-type thermocouple for measuring metal
arrival time. Shell thermocouples at the same horizontal level with 10 mm lateral
spacing were placed near the plate center, with distances from the casting/shell
interface of 3, 6, and 9 mm, numbered TC_ {mold} 1, 2, and 3 (K-type). Due
to symmetric casting geometry, identical thermocouples placed on the opposite
side allowed obtaining two datasets from one pour.

Shell material thermophysical properties were measured experimentally. The
specific heat capacity variation with temperature is shown in [Figure 3: see
original paper|, with an abrupt increase around 900 °C related to mullitiza-
tion of kaolin components. Thermal conductivity was minimally temperature-
dependent, remaining around 1.4 W/(m + K), and density was 2170 kg/m?3.

The Ti6Al4V alloy nominal composition (mass fraction) was Al 6%, V 4%,
balance Ti. Its specific heat capacity and thermal conductivity variations with
temperature are shown in [Figure 4: see original paper|. The abrupt changes
in Ti6Al4V specific heat capacity and thermal conductivity at 1620~1650 °C
correspond to melting/solidification, while those at 980~1000 °C correspond to
solid-state phase transformation.
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3. Results and Discussion

3.1 Experimental Temperature Measurement and Inverse Calculation
Results

[Figure 5: see original paper| shows measured temperatures from thermocou-
ples on one side. Based on multiple measurements, unprotected thermocouples
reached ~1700 °C within seconds after pouring, while protected ones heated
slower, maintaining ~1570 °C for extended periods. The Ti6Al4V alloy two-
phase region is 1620~1650 °C; using the median 1635 °C, the temperature mea-
sured by thermocouple 2 was estimated ~4% lower than actual. Shell thermo-
couples, sintered with the shell, had good contact, so measured temperatures
were considered actual shell temperatures.

[Figure 6: see original paper] shows the h-t relationship inverse-calculated from
TC_ {casting} 2 and TC_{mold} 1~3 temperatures, with an inset detailing
0~200 s.

3.2 Error Analysis and Correction

3.2.1 Effects of Shell Material Specific Heat, Thermal Diffusivity, and
Thermocouple Positioning In a one-dimensional heat transfer model, if the
h variation is known, casting/mold thermophysical parameters are accurate, ini-
tial conditions are known, and thermocouple positions are exact with error-free
temperature measurements, then temperature evolution at each thermocouple
can be obtained through simulation. Using these simulated temperatures with
accurate parameters and positions, h can be precisely inverse-calculated. How-
ever, actual shell thermophysical parameters and thermocouple positions are not
always accurate, and O’ Mahoney et al. [9] noted these errors significantly affect
inverse calculation results, necessitating error assessment and minimization.

[Figure 7: see original paper|~[Figure 9: see original paper] show relationships
between calculated h and preset h when shell material c, thermal diffusivity a,
and actual thermocouple positions deviate from intended positions, plus temper-
ature comparisons under conditions A, C, and E. Conditions A~F are: assumed
¢ 20% low/high, assumed a 20% low /high, and actual thermocouple positions
at 2.5, 5.5, 8.5 mm and 3.5, 6.5, 9.5 mm.

Comparison of [Figure 7: see original paper|~[Figure 9: see original paper]
reveals distinct error characteristics: ¢ error significantly affects casting temper-
ature and temperature differences among shell points, causing large h calcula-
tion errors; a error has minimal effect on casting temperature but noticeably
affects shell point temperature differences, with limited impact on h calculation
accuracy; thermocouple positioning error affects casting temperature and h cal-
culation accuracy primarily within ~50 s after pouring, with subsequent effects
inherited from this initial period, while having negligible effect on temperature
differences within the shell.
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3.2.2 Error Assessment and Correction DBased on measured shell material
specific heat capacity and thermal conductivity, ¢ was considered [MATH_ 8]
J/(kg-K), A = 1.4 W/(m-K), a = 5.08x107{-7}$ m?/s. The average shell
thickness was ~18 mm, the effective minimum distance between thermocouples
and interface was 3.5 mm, and pouring temperature was ~1720 °C (consider-
ing Ti6Al4V alloy contact with mold in gating system before entering cavity
and slow gravity pouring, the average temperature after entering cavity was
considered ~1680 °C).

[Figure 10: see original paper| compares calculated and measured temperatures
at thermocouples during 0~750 s h inverse calculation. The simulated maxi-
mum shell temperature was ~840 °C, suggesting minimal mullitization effect.
Using original shell thermophysical parameters, calculated temperature differ-
ences among shell thermocouples were significantly smaller than measured dif-
ferences, and casting temperature decrease rate was lower than actual. From
previous assessment, the assumed shell a was higher than actual while ¢ was
lower. Additionally, the simulated time for casting temperature to begin de-
creasing was earlier than actual, indicating the minimum effective distance from
thermocouples to interface was smaller than actual.

Addressing these issues, ¢ was appropriately increased, a decreased, and the
effective thermocouple-to-interface distance was fine-tuned to ensure inverse-
calculated casting temperatures matched measurements and shell temperature
differences matched measured differences. After multiple adjustments, when
c = [MATH 9] J/(kg*K), a = 4.09$x107{-7}$ m?/s, and minimum effective
thermocouple-to-interface distance was 3.6 mm, inverse-calculated casting and
shell temperatures matched well with measurements. [Figure 11: see original
paper] shows the corrected h and temperatures.

[Figure 11: see original paper] demonstrates good agreement between calculated
and measured casting/shell temperatures after correcting shell thermophysical
parameters and thermocouple positions. The inverse-calculated h shows dra-
matic changes within ~20 s after pouring, rising from 0 to ~440 W/(m? - K)
then quickly dropping to ~184 W/(m? « K), corresponding to initial metal-mold
contact and surface shell formation. Subsequently, h slowly decreased to ~110
W/(m? - K) as solidification progressed. During this stage, contact conditions
deteriorated with increasing shell thickness and casting contraction, with h de-
creasing by ~20% of its peak value. After complete solidification, h decreased
with casting cooling at a slower rate than previous stages.

3.3 Relationship Between Interfacial Heat Transfer Coefficient and
Casting State

3.3.1 h vs. Solidified Layer Thickness and Temperature As described
above, after pouring the casting state progresses through: fully liquid, surface
shell formation, increasing shell thickness, and complete solidification. Inverse
calculation yields not only h variation with time but also casting internal tem-
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perature and solid fraction distribution. Before complete solidification, treating
the region below Ti6Al4V liquidus temperature as solidified layer yields the
solidified layer thickness § variation with time.

Based on h and § variations, their relationship is obtained, shown in [Figure 12:
see original paper|. [Figure 12: see original paper] indicates h remains near its
peak before solidified layer formation, but drops sharply once formed. When §
0.8 mm, h decreases to ~184 W/(m? - K), then slowly decreases with increasing
0. When 9§ reaches 11 mm, h differs little from the fully solidified value.

Therefore, for simplicity, the relationship between h and solid fraction before
complete solidification can be divided into three stages: [MATH_{10}], where
Stage 1: metal is liquid with minor h fluctuations; Stage 2: shell forms on metal
surface with mushy zone advancing inward—h decreases sharply by nearly 60%
as complete shell forms and contact changes; Stage 3: complete surface shell
forms with fixed contact condition—h decreases slowly by ~20% of peak value.
Afterward, the casting is essentially solid and cools rapidly, with h depending
mainly on interface temperatures and emissivity.

After solidification, based on h and casting surface temperature T variations,
their relationship is obtained, shown in [Figure 13: see original paper]. [Figure
13: see original paper] shows that after solidification, h decreases with casting
temperature, with minor fluctuations. The relationship can be simplified as:
[MATH_ {11}].

3.3.2 Validation of Interfacial Heat Transfer Coefficient Substituting
equations (20) and (21) into the three-dimensional model shown in [Figure 2:
see original paper|, where h at each casting surface location is determined by
local solidification state or surface temperature, with other thermophysical pa-
rameters identical to the 1D inverse model, yields temperature variations at
three thermocouple locations in casting and mold. Comparing these calculated
temperatures with measured values produces [Figure 14: see original paper].

[Figure 14: see original paper] shows calculated shell and casting temperatures
based on inverse-calculated h match measured temperatures well, confirming
good accuracy of the obtained h and validating the selected parameters. Some
discrepancies remain, attributed to: (1) non-ideal 1D casting-mold system caus-
ing systematic errors; (2) imprecise shell/mold geometry and thermocouple ef-
fects on temperature field; (3) deviations in experimental parameters including
thermophysical properties and thermocouple positions.

Conclusions

1. A one-dimensional heat transfer mathematical model for investment cast-
ing casting/shell heat transfer was established. The relationship between
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mold internal temperature field and mold inner surface heat flux was dis-
cussed under constant thermal conductivity and specific heat capacity,
mathematically analyzing the different effects of specific heat capacity,
thermal diffusivity, thermocouple positioning, and temperature measure-
ment errors on interfacial heat flux and interfacial heat transfer coefficient
inverse calculation.

2. From numerical simulation perspective, the effects of specific heat capacity,
thermal diffusivity, and thermocouple positioning errors on temperatures
at various casting and mold locations were evaluated, and corrections were
made based on preliminary inverse calculation results.

3. An accurate interfacial heat transfer coefficient was obtained, and its rela-
tionship with casting state (solidified layer thickness, temperature) was an-
alyzed. Analysis shows: during solidified layer formation, h drops sharply
by ~60%; during layer growth, h decreases slowly by ~20% of peak value;
after solidification, h decreases with casting temperature at a much slower
rate than previous stages.

4. This relationship was validated in a three-dimensional casting/mold
model. Results demonstrate that corrected parameters are accurate and
the inverse-calculated h relationship with casting state is reliable.
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