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ABSTRACT: The casting production titanium alloy is usually subjected to a series of thermal processing, titanium
alloy is very sensitive to crystal structure and process parameters. In this paper, it establishes the mathematical
model related to finite element based on the three-dimensional temperature field and the stress field, and uses
ProCAST finite element analysis software to carry out the numerical simulation of TC4 alloy casting, thermal stress
in casting process and residual stress in the process to explore the stress distribution under different conditions in the
titanium alloy casting process and compare with experimental result. In this paper, the calculation of casting thermal
stress and strain field three-dimensional finite element shows the concentration area of casting and casting mold
thermal stress, stress cushion has the slowing effect on the casting system thermal stress. By controlling the
appropriate heat treatment process parameters to achieve the improvement of mechanical properties and process
properties.
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INTRODUCTION

Titanium alloy has the characteristics of high strength, high hardness, low elastic modulus, good high temperature
performance, good low temperature performance, corrosion resistance and others [1, 2]. Its stable mechanical
properties can resist the interference of the external environment very well. And the heat resistance of titanium alloy
is much better than other alloys, and titanium alloys have broader temperature range which can adapt to the
production with different temperatures [3]. The new titanium alloy can work normally under the conditions of
500-600℃ , and it is still able to maintain good mechanical properties under the conditions of -253℃ , and at low
temperatures, the titanium alloy strength is better than that under normal temperature. In the actual production and
life, the corrosion resistance of Titanium alloy is much better than others [4, 5].

As traditional casting requires human experience, so it consumes the massive manpower and material resources.
Now with the popularity of computers, more and more simulation analysis softwares are generated, which can
simulate the problems in production and casting process in advance [6].

The Chinese, Pang Shengyong, Zhang Mingyuan, used the method of finite element analysis to study two-phase
flow of alloy castings in the production and casting process, and got the conclusion which was consistent with the
experimental result [7-9].

The Japanese, Y. Otssuka and other people used FEM to simulate casting residual stress of gray cast iron cylinder
block, based on the value of the actual measurement, they used computer software to analyze, and the obtained
result was consistent with the actual measurement result [10-14].

This paper takes advantage of ProCAST to carry out the computer simulation for the thermal stress in titanium alloy
casting process, to further optimize the titanium alloy reality casting process.

FINITE ELEMENT ANALYSIS OF TITANIUM ALLOY THERMAL STRESS

Casting Process

In the actual production, by controlling the casting quality influencing factors in the production process to complete
high-quality casting production. In the formation of the casting, generally it goes through two necessary processes:
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filling and solidification cooling. In the traditional process of casting production, computer technology has not
universal yet, there is no better simulation software, which can only carry out the rough analysis through the casting
formation process and the analysis of human experience, only make the necessary controls in the general theory,
greatly limit the production of high-quality casting products. And in traditional casting production, to determine the
production process by people's experience and actual trial-error method, which not only can produce error, but also
increase capital investment and reduce production efficiency.

With the popularity and development of computers, the human cannot accurately analyze the changes of various
fields and the influencing factors in the casting process, however the computer can carry out very accurate value
simulation. The application of computer simulation technology is to get the most reasonable control parameters in
the casting forming process.

Thermal Stress Analysis of the Casting Process

The calculation of thermal stress in casting process is a complex process, because in the stress field calculation, the
CPU, time and storage space are large, in the filling and solidification process, the temperature field got by
calculation is much smaller than this. Therefore, in the calculation of stress field, generally, the coupled calculation
of temperature field and stress field is adopted, this calculation is to calculate the temperature field of filling and
solidification process firstly, then load temperature field load in a certain time to stress field to calculate. This is due
to in the casting process, the metal of liquid filling stage has not yet solidified, the casting stress generated by
solidified shell thermal contraction is small, so the thermal stress in the casting process is mainly formed after the
casting solidifies the crust, and therefore, the calculation of stress seems unnecessary in the metal filling stage. That
is to say, while carrying out stress field calculation, reading the temperature field result, so as to fully save time and
improve efficiency. This chapter combines two pouring experiments that in different conditions and carry out
corresponding simulation experiment with ProCAST.

In the titanium alloy casting process, the stress generated in the casting process can not only affect the quality of the
casting itself, but also affects the casting mold. The following is the prototype of experiment. The casting prototype
in experiment is shown as Figure 1.

Figure 1. The casting prototype in experiment.

Comparative Calculation of Effective Stress

Experiments without stress cushion pad castings and with stress cushion pad castings. By ProCAST software to
carry out finite element analysis, and obtain the following results:

Figure 2 and Figure 3 are the effective stress calculation results with and without stress cushion pad castings. The
colors in the figures represent the range 0-100MPa. Obviously, the casting mold without stress cushion pad is bigger
than that with stress cushion pad. The two calculation results show that the part that stress concentrate on casting
and casting mold is consistent with the damage part of casting mold in the experiment. And the comparison of
calculation results shows the damage is stronger without stress cushion pad than with stress cushion pad. At the
same time, the calculation and experimental results show that in the study, applying the stress cushion to mitigate
the thermal stress of TC4 titanium alloy castings, and to the stress damage degree measures of graphite mold is very
effective.
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Figure 2. The effective stress calculation result without stress cushion pad castings.

Figure 3. The effective stress calculation result with stress cushion pad castings.

The of Coarse and Thin Grids Subdivision

In order to investigate the effect of the coarse and thin grids on the calculation result, carry out different sizes finite
element subdivision respectively to the real casting systems without stress cushion pad. By the grid Statistics, it get
that the total number of units of coarse grid is 459, 880, the total number of node is 958, 483, and the total number
of units of thin grid is 934, 875, the total number of node is 183,764.

Figure 4 is the calculation result of thin grid system, Figure 5 the calculation result of coarse grid system. Through
the two similar temperature fields (due to the reasons of calculating step length setting, often can take the similar
time’s results to compare) results, it can be seen that the two temperature distribution are basically coincident. But
when examine the temperature on a small part or a point of the casting, the thin grid’s result would be more accurate.
However, when calculating the thin grid, the spending time and storage space is much larger than the coarse grid, so
it should choose the reasonable coarse and thin grid for the study object and purpose.

The results contrast of medium temperature field, the effective stress and post first principal stress obtained through
coarse and fine grid show that at least for the current two grids’ size, the results of coarse and fine grid are basically
the same. According to the concept of finite element, it can be seen that the calculation result of thin grid is more
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accurate than the coarse grid, but the calculation time is longer and the CPU occupied is larger. So stress calculation
should take into comprehensive consideration and choose the appropriate grid size.

Figure 4. The computing grid of thin grid system’s first principal stress.

Figure 5. The computing grid of coarse grid system’s first principal stress.

The results contrast shows that overall casting mold and parting casting mold have a great influence on the casting
stress. The casting stress of overall casting mold is significantly larger than the parting casting mold. Which shows
that the structure of casting also is the factor that influence the casting stress.
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ANALYSIS OF RESIDUAL STRESS IN TITANIUM ALLOY CASTING PROCESS

The residual stress is generated in the casting solidification and cooling process, due to the cooling rate of various
parts and contraction difference. When the casting is influenced by external force and generates plastically
deformation, their own deformation are not identical, deformation is relatively large in some places by the great
force, oppositely, the deformation in some places is small, by they are not independent existence, they link with each
other and form a whole, thereby generate elastically stress in different deformation places. So the residual stress is
formed in this way. Due to the transient stress detection greatly increases the capital investment, and the technical
limitation cannot make the measurement well. Residual stress is the optimal way to judge the quality of casting in
the actual production. In the present, in the production, it generally uses mechanical method and physical method to
determine the presence of residual stresses. Mechanical method is to remove the residual stress on the surface of a
part of the casting artificially, so that the casting produces a stress-free zone, due to the casting need to keep balance,
it can reproduce the strain, so the residual stress can be obtained; physical method is based on sound waves can be
passed under stress conditions, uses ultrasound wave, diffraction or magnetic with similar nature to detect stress.
Mechanical method is the convenient method to measure the stress, its simple operation is widely used in the
production, but this method will produce new stress in the casting, which make the original pieces deform and
generate error, so the measurement accuracy will be reduced. Using ultrasound wave and X-ray, physical method
will not produce additional stress, and physical method can get the exact position of the stress distribution, but due
to itself nature of the titanium, ultrasound wave cannot penetrate the inside of alloy, and when the result is relatively
small, it will produce error and sometimes it cannot accurately measure the position of residual stress.

Simulation Study of Residual Stresses

The size of casting is 40 40mm mm  . The Experiment uses neutron beam diffraction to measure the residual
stress from three directions of Figure 6, the measurement results are shown in Figure 7. The three curves in Figure 7
represent the results obtained from the measurement of three directions’ several same points. From the measurement
results it can be seen that residual stresses remain nearly the same trend in three directions, and it can be seen that at
the center and both ends, the cylindrical casting has a relatively large stress, and the short transition period.

Figure 6. Cylinder physical map.

The distribution of the measured residual stresses are shown as following:

Figure 7. Test result of residual stresses.
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Stress results of cylindrical member simulation field

Using ProCAST software to carry out computer simulation analysis, through Figure 8 and Figure 9, it can get the
numerical simulation results figure before and after cast cooling. From the Figure, it can be seen that from the early
cooling, the casting skin color and the central region form a significant contrast and the cooling speed of the surface
is faster than the center, the tensile stress distributes in the surface of the casting, and the compression stress
distributes in the center of the casting, in the later cooling, the figure occurs significant change, the central region
with different colors is hampered, which appears as significant shrinkage situation, the central region is affected by
tensile stress, before the temperature of the casting surface recovers to the normal temperature, the central region
maintain the state of suffering the tensile stress, the cooling ends.

Figure 8. Early cooling.

Figure 9. Later cooling.
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Using the Bragg equation and Hooke's law, combined the above figure obtained from the ProCAST to cylindrical
member, it can be known that within the allowable error range, the change trend got by measurement is basically
consistent with computer simulation, at the beginning and end of the casting cooling, the stresses it suffers is on the
contrary in the surface and the central region, finally when the temperature of the surface downs to the same with
the normal temperature, the cooling ends. Finally it get that: at the beginning of solidification of the casting, the thin
rod of stress frame shows bend inward, and the cross at both ends of the pressure frame bend outward, in the late
stage of solidification, the cross beam occurs opposite result to the initial, the simulation result is consistent with the
theoretical analysis.

CONCLUSIONS

This paper regards TC4 alloy as the research object, through appropriate simulation to calculate assume, considering
the characteristics that material properties change with temperature. The theoretical predictions in this paper about
casting thermal stress and strain field three-dimensional finite element calculation shows the concentration area of
casting mold and thermal stress, the mitigation action of stress cushion pad to casting system thermal stress, as well
as the size dimensional shrinkage rate of TC4 casting system are consistent with the experimental results.
Comparing the calculation results with stress cushion pad and without stress cushion pad, it is clear that the casting
and casting mold stress without the stress cushion pad is much bigger than the casting and casting mold stress with
the stress cushion pad. The calculation and experimental results show that in the study of this paper, the measures
that adding stress cushion pad to mitigate the thermal stress of TC4 titanium alloy castings and the damage degree to
the graphite mold are very effective.
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