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Abstract: To quantify the influence of temperature uncertainty on thermal fatigue life prediction of a
shot sleeve in an injection mechanism, an uncertainty analysis method based on a Kriging surrogate
model and Monte Carlo simulation (MCS) was proposed. The training samples of the surrogate
model were obtained by a finite element simulation, and the response relationships between input
variables, such as pouring and preheating temperature, and target variables, such as strain and
stress, were constructed by the Kriging surrogate model. The input variables were sampled by the
MCS, and the predicted stress and strain parameters were combined with the modified universal
slope equation to predict the thermal fatigue life of the shot sleeve. The statistical characteristics of
the predicted life were obtained. The comparative analysis results indicate that the predicted life

check for considering temperature uncertainty is more accurate than the deterministically predicted value.
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met11071126 Squeeze casting is a technology with high efficiency, high yield, and precise forming

that is widely used in machinery, automobiles, household appliances, and aerospace
industries [1,2]. The injection mechanism is a key component of a squeeze casting machine,
and its reliable operation directly affects the forming quality and production efficiency
of products [3,4]. During the injection process, the shot sleeve comes into contact with
the high-temperature molten metal at the pouring stage, resulting in strong compression
stresses on the surface, while during the injecting and cooling stages, tension stresses are
generated on the surface of the shot sleeve. These repeated cycles lead to the appearance
of surface thermal fatigue cracks, and thermal fatigue becomes one of the most important
factors affecting the service life of the injection mechanism [5]. Little research has been
conducted to predict the life of the shot sleeve; however, the shot sleeve and the die-casting
die experience similar thermal cyclic loading processes, and both of them are made of H13
steel, so the thermal fatigue life of both can be predicted similarly [6,7]. For example, for
the shot sleeve, Shi [8] used the universal slope equation to predict the thermal fatigue life
of a horizontal shot sleeve. The strain range of the dangerous position of the shot sleeve
was obtained by finite element (FE) simulation, and the predicted results were close to
the actual production. For die-casting dies, Lu et al. [9] established a thermal fatigue life
prediction model of H13 steel reflected by temperature differences based on the modified
conditions of the Creative Commons _ Universal slope equation. The reliability of the model was verified by FE simulation and
Attribution (CC BY) license (https:;//  [atigue tests for samples; however, the equation is limited because it needs to be modified in
creativecommons.org/licenses /by / practical application. Long et al. [10] proposed a method of directly measuring the surface
40/). temperature of a high-pressure die-casting die with an insert. Based on the temperature
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data collected by this method, an FE model was developed to obtain the stress fluctuation
range of the die surface. The number of cycles needed for cracking to start was predicted by
using the equation obtained by Long et al. [11] based on visual observation. The predicted
results showed a good correlation with the actual observed results.

The above life prediction work was mainly based on FE simulations to obtain stress
and strain. Accurate modeling of the injection process is the first step for short-term failure
or fatigue analysis [12-15]. However, FE simulation is generally based on deterministic
parameters in an ideal state, so there are always errors compared with the actual situation.
These errors and uncertainties are very important reasons explaining the fluctuation in the
injection process. For thermal fatigue analysis of a shot sleeve, temperature plays a direct
role [16], which includes the pouring temperature and the preheating temperature of the
shot sleeve. When molten metal is poured from a crucible into a shot sleeve, there will be
temperature loss. There are also many uncertain factors such as inaccurate temperature
measurement and uneven preheating temperature in the preheating process of a shot
sleeve. However, in an FE simulation, these parameters are assumed to be definite values,
which will inevitably lead to errors between the simulation and the experiment. Therefore,
life prediction based on a deterministic simulation will inevitably have errors, which
will directly determine the accuracy of the life prediction, and it is necessary to analyze
these uncertain factors in order to achieve thermal fatigue life prediction with higher
reliability [17]. Monte Carlo simulation (MCS) is one of the most commonly used methods
in uncertainty analysis [18,19]. Its basic principle is to draw (pseudo-) random numbers
from a set of input parameters with known distribution functions to obtain a sampled
distribution of the output parameter. However, MCS requires a large number of sample
points for simulation, and it is inefficient to obtain data only by FE simulation. Therefore,
a Kriging surrogate model is used to approximate the FE model. The surrogate model
usually refers to an approximate mathematical model that can be used to replace complex
and time-consuming numerical models (e.g., FE models) in analysis and optimization
design. Here, the term “surrogate model” has the same meaning as “response surface
model”, “metamodel”, “approximation model”, “emulator”, etc. [20]. The Kriging model
is an optimal unbiased estimation model that uses the known information of sample points
near an unknown point to estimate the unknown point by linear weighting [21,22]. The
Kriging model has been widely used in uncertainty modeling and parameter optimization
because of its good approximation ability to nonlinear responses and useful estimation
of error. For example, Gao et al. [23] utilized an MCS to generate random samples and a
Kriging surrogate model to approximate a high-order flow field calculation model and
successfully analyzed the influence of a blade machining error on compressor performance.
Ma et al. [24] proposed an optimization method to obtain optimal electrical discharge
machining (EDM) parameters. In their study, a Kriging model was built to approximate
the relationship between the EDM parameters and the machining accuracy. The constraint
function was the probability that the aperture gap calculated by MCS was lower than
the given value. Sun et al. [25] proposed a prediction method of mechanism dynamic
wear with aleatory and epistemic uncertainty. The Kriging model was applied to replace
the simulated model of wear prediction, and the Improved Double-Loop Monte Carlo
Sampling Approach was used to propagate the influence of parameter uncertainty on the
system response in the whole time domain. You et al. [26] established a spatiotemporal
Kriging model to substitute the complicated computer model, which could accurately
predict the temperature at different positions of the shot sleeve, but their research did not
involve parameter uncertainty.

In this study, after developing a Kriging model and MCS-based method to obtain a
large number of sample points’ data, the modified universal slope equation was employed
to predict the thermal fatigue life of a shot sleeve. Following statistical analysis of the
predicted results, the statistical values of thermal fatigue life were obtained. Compared
with the deterministic fatigue life prediction values, the statistical values should achieve
higher reliability of shot sleeve.
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2. Methodology
The process of uncertainty analysis was as follows:

(1) Selection of uncertain parameters;

(2) Sample acquisition by experiment or FE simulation;

(3) Establishment of the surrogate model;

(4)  Accuracy testing and improvement of the surrogate model;

(5) Calculation of the thermal fatigue life;

(6) Statistical characteristics analysis and verification of the thermal fatigue life.

The flow chart is shown in Figure 1.
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Figure 1. Flow chart of uncertainty analysis of thermal fatigue life prediction.

2.1. Kriging Surrogate Model

The Kriging model is essentially an interpolation model, and the interpolation result
is a linear weighting of known samples, which can be expressed as follows:

n . .
y(x) = Yy M)
i=1
where y® represents the sample points and # is the number of sample points. The esti-
mated values of the points to be measured could be calculated since the values of weight
D w®, ...

coefficients w = |w! , w(")] were obtained. Therefore, the statistical hypothesis

was introduced, and the unknown function was regarded as the realization of a Gaussian
static random process [21]. This static random process is defined as follows:

Y(x) = Bo + Z(x) 2)

where B is used to globally approach the design space and represents the mathematical
expectation of Y (x); a static random process Z (x) with a mean value of zero and a variance
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of 02 is localization deviation. The correlation of sample points at different positions in the
design space is expressed by the covariance:

Cov[Z(x),Z(x')] = o*R(x,%) (3)

where R (x, x’) is the correlation function, which is only related to spatial distance. When
the distance is zero, the value is 1, and when the distance is infinite, the value is 0. The
correlation decreases with the increase in distance. Based on the above assumptions, the
unbiased condition of the Kriging model is

E [i w<i>y(x<i>)] = E[Y(x)], @)
i=1

and the optimality condition of the minimum mean square error is

MSE[j()] = £| (', - Y() ©

Using the Lagrange multiplier method, after derivation and solution, the Kriging
prediction model was finally obtained as follows:

Y(x) = Bo+ r (x)R"'(y, — BoF) (©)

where R is the correlation matrix composed of correlation functions, r is the correlation
matrix composed of correlation functions between unknown points and given points,
and F=[11--- 1]T. The accuracy of the Kriging model was tested by the root mean
square error (RMSE) and goodness of fit (R?) between the predicted values and the FE
simulation values.

2.2. Monte Carlo Simulation

The basic principle of MCS is to randomly select a certain number of samples and
calculate the response values of the response function at these sample points, so as to
obtain the statistical characteristics of the response function. Because MCS requires a large
number of sample points, if the sample points are substituted into the FE model to calculate
the corresponding response values, it is time-consuming and inefficient. Therefore, it was
necessary to establish a Kriging surrogate model to approximate the functional relationship
between sample points and response values that can calculate thermal fatigue life without
losing accuracy and can greatly improve calculation efficiency.

2.3. Prediction Method of Thermal Fatigue Life

In the elastic—plastic strain range, the cycle times Ny of material failure and total strain
Ae conform to the Manson—Coffin (Equation (7)) [27,28]:

Ae  Ae,  Ae ol b c
T2t o (@) () 9
where Ae is the total strain range; Ae, and Ag, are the elastic strain range and plastic strain
range, respectively; ¢’ is the fatigue strength coefficient; E is the elastic modulus; b is
the fatigue strength exponent; s is the fatigue ductility coefficient; and c is the fatigue
ductility exponent.

The modified universal slope equation proposed by Muralidharan and Manson [29] based
on the fatigue properties of 50 materials was employed to obtain the above fatigue parameters.

0.832 —0.53
Ae=117(2) NP 40.026DM% (L) TN0% ®)
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where 0y, is the tensile strength and D = In (ﬁ) , Where Z is the reduction in area.

Although the modified universal slope equation is mostly based on materials mechan-
ically tested at room temperature, it is still applicable at high temperatures. For example,
Shi [8] directly used the universal slope equation to predict the thermal fatigue life of a
shot sleeve; Lu et al. [9] put forward a temperature difference model based on the modi-
fied universal slope equation to predict the thermal fatigue life of high-pressure casting
dies, and Hu et al. [30] realized the thermal fatigue life prediction of hot rolling work
rolls based on the universal slope equation. Their predicted objects were all operating at
high temperature.

As the strain-life curve is generally obtained by cyclic symmetrical loading in a
laboratory, the influence of mean stress is not considered. However, the mean stress
significantly impacts the fatigue life, so the Morrow method was used to modify the
strain-life curve [31,32]. The universal slope equation modified by the Morrow method is:

_ _m ) (95\%82 009 0155 ( 76\ "2, 056
A£—1.17<1 Ub)(E) N;~%% 4 0.026D (E) Ny )

where 0, is the mean stress.

2.4. Statistical Characteristic Analysis

After obtaining the thermal fatigue life predicted by a large number of MCS sample
points, the statistical characteristics of the predicted life can be analyzed. According to the
central limit theorem, when the number of samples 7 is large enough, the output response
mean Y approximately satisfies the normal distribution, and the confidence interval of the
overall mean can be given by the following formula:

— s — s
B~ (Y_th/Z\/ﬁ/Y"i'zuc/Z\/ﬁ) (10)

where z is the quantile of standard normal distribution, « is the standard deviation of
samples, and the confidence level is expressed as 100 (1 — ). Usually, x is 0.1 or 0.05.

3. Prediction of Thermal Fatigue Life of a Shot Sleeve Considering
Temperature Uncertainty

3.1. Experiment of Injection Mechanism

An experimental device was set up for a 2500 kN vertical squeeze casting machine to
simulate the pouring and filling processes of the injection mechanism. An FE model was
constructed and validated based on the experimental data. By strictly controlling the rele-
vant parameters and operation process of the experimental device, it could be considered
that the experimental device represented the actual injection mechanism. Figure 2 shows a
photo and the structure of the squeeze casting machine.

The experimental device consisted of a shot sleeve, a punch, a push rod, a preheating
ring, and a base, as shown in Figure 3. The punch was 63 mm in diameter and 110 mm in
height. The outer diameter, inner diameter, and height of the shot sleeve were 95, 63, and
360 mm, respectively. The measuring components included thermocouples, micrometer
rangefinders, and strain gauges. The materials of the punch, the shot sleeve, and the base
were ductile iron, H13 steel, and 45# steel, respectively. The wall thickness of the shot
sleeve was 16 mm, and the initial fit clearance was 0.1 mm. The injection mechanism was
preheated to 130 °C in advance. After pouring the molten metal into the shot sleeve, the
pushing rod drove the punch to move in the shot sleeve for melt filling. The whole process
lasted about 140 s. Measurements were taken at different cross-sections, as shown in
Figure 3a. Measurement points were selected on the shot sleeve (three temperature points—
T1, T2, and T3—and three deformation points—D1, D2, and D3) and the punch (two
temperature points—T4 and T5—and one deformation point, D4). The vertical distance
between each measuring point on the shot sleeve was 30 mm, and the distance between
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the micrometer at the bottom of the shot sleeve and the lower-end face of the shot sleeve
was 150 mm.

(a) )

Figure 2. Squeeze casting machine (a) picture and (b) structure. Note: 1—punch; 2—shot sleeve;
3—pushing rod; 4—pushing cylinder; 5—horizontal displacement cylinder.

5

(@) (b)

Figure 3. Experimental device: (a) Measuring points” positions; (b) testing photo. Note: 1—shot
sleeve; 2—preheating ring; 3—micrometer rangefinder; 4—pushing rod; 5—base.

3.2. FE Simulation of Injection Mechanism

The heat transfer model of the injection mechanism is referred to in [26]. Due to the
symmetry of the injection mechanism, a quarter model was used for analysis. The FE
model contained 9364 nodes and 6986 hexahedron elements, as shown in Figure 4. The
material of molten metal was aluminum alloy A356. The material of each part of the finite
element model was consistent with that of the corresponding part in the experimental
device. The material parameters of each part are listed in Table 1 [33,34].

Table 1. Material parameters of the parts in the FE (finite element) model.

Material Properties Punch Shot Sleeve Casting
Density (kg/ md) 7060 7800 2700
Young’s modulus (GPa) 169 210 -
Poisson’s ratio 0.257 0.3 -
Thermal conductivity (W/m-K) 24.5-32.2 25.0-34.2 60-160
Specific heat (J/kg-K) 560-856 460-520 963-1082

Expansion coefficient (1073 /K) 1.29 1.15 -
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Shot sleeve
Casting

Punch

Figure 4. FE (finite element) model of experimental device.

The interface heat transfer coefficient between the punch and shot sleeve was 500 W/ (m2 K),
that between the casting and shot sleeve was 1600 W/ (m? K), and that between the casting
and punch was 450 W/ (m? K) [35,36]. Here, we took the constant values of heat trans-
fer coefficients without considering their temperature dependence, inducing additional
uncertainties. The working environment temperature was 30 °C, and the heat transfer
coefficient between each component and the surrounding air was 10 W/(m? K). Since this
study aimed to predict the fatigue life of the shot sleeve, only comparisons between the
experimental data and the simulation data on the shot sleeve were extracted, as shown in
Figure 5. Experimental temperature points Expl-Exp3 in Figure 5a correspond to T1-T3 in
Figure 3a, respectively, and experimental deformation points Exp1-Exp3 in Figure 5b cor-
respond to D1-D3 in Figure 3a, respectively. The positions of the corresponding simulation
and experimental points are the same. The pouring temperature of the experiment and
simulation was 720 °C, and the preheating temperature was 130 °C.

260 T T T T T T 0.1 T T T T T T
240
—_ 1 /gﬂ.[)S 3 b
O 20} ] g
e e
5 200 g 0061 !
'é' -0- Exp-1 g
& 180 —&— Simu-1 |4 é 0.04+
=] Exp-2 & -
ﬁ 160 —— Simu-2 | 4 D -0- Exp-1 = Simu-2
—4= Exp-3 S o0} ~- Simu-1 —4- Exp-3 |4
140F —=— Simu-3 | 7 Exp-2 == Simu-3
120 , . . . . , o 8 . i F ,
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Time(s) Time(s)
(a) (b)

Figure 5. Comparisons between experiment and simulation of shot sleeve: (a) temperature; (b) deformation.

In Figure 5, for both the temperature and deformation data, the trends between the
experimental and simulated results are nearly consistent, and the errors are within a
reasonable range, indicating the accuracy of the FE model. Simultaneously, the errors
between the simulation and experimental data reflect the uncertainty of the injection
process. It should be noted that the experimental and simulated temperature values at the
measuring points do not show a sudden change. As the measuring points are not in direct
contact with the molten metal but are located in the middle of the wall thickness of the
shot sleeve, the measured temperature values rise slowly. Figure 6 shows the temperature
and stress curve at the dangerous position of the shot sleeve. The dangerous position
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280

mentioned here refers to the position where thermal fatigue was most likely to occur
on the shot sleeve, as shown in Figure 7. In fact, for the surface of the shot sleeve that
comes into contact with the molten metal first, the temperature will rise rapidly, so there
will be a large temperature gradient and strong stress, as shown in Figure 6a. Therefore,
the inner surface of the shot sleeve in contact with molten metal is a dangerous surface,
and the point with the maximum Von Mises stress is a dangerous position, as shown in
Figure 6b. After quenching and tempering, the yield strength of H13 should not be less
than 800 MPa considering the temperature of the shot sleeve inner surface [8]. It was
observed that the maximum stress did not exceed 500 MPa, which is lower than the yield
strength of H13 steel, indicating elastic strain. By presetting different pouring temperatures
and preheating temperatures, the response values of the dangerous position of the shot
sleeve were obtained by FE simulation, which could be used to build the Kriging model.

emperature(°C)
[ L SR S T Y
o0 < [ . [
= (=} =] = (=3

I

= 160

140F

500

400

300

%}
[=1
=

Von Mises Stress(MPa)

20

40

60 80 100 120 140 0 20 40 60 80 100 120 140
Time(s) Time(s)

(a) (b)

Figure 6. Temperature and stress curve of dangerous position of shot sleeve: (a) temperature; (b) Von Mises stress.

Dangerous position

Figure 7. Dangerous position of shot sleeve.

3.3. Data Acquisition and Kriging Model Building

Considering the working condition of the injection mechanism, the pouring temper-
ature range of molten metal was set from 660 to 720 °C, and the preheating temperature
range was set from 100 to 200 °C. The input variables of the Kriging model were two-
dimensional inputs (T, T;;), and the corresponding responses were the strain range and
mean stress of the corresponding dangerous positions. The maximum principal value of
total strain was adopted for strain, and the strain range was obtained by calculating the
difference between the maximum value and the minimum value. Thirty sampling points
obtained by an improved Latin hypercube sampling were divided into two sets, 10 of
which were used as the training set and 20 as the test set. The corresponding strain range
and mean stress were calculated by FE simulation, as shown in Table 2.
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Table 2. Sample points and corresponding response values of training set.

Pouring Preheating .

Temperature (°C) Temperature (°C) Strain Range Mean Stress (MPa)
690 150 3.35 x 1073 205.7
684 180 264 x 1073 156.3
696 120 4,04 x1073 257.4
678 130 3.74 x 1073 235.7
672 140 351 x 1073 218.6
708 160 3.19 x 1073 193.4
702 190 253 x 1073 146.8
666 170 2.79 x 1073 167.6
714 110 433 x 1073 271.2
720 200 246 x 1073 146.7

An ordinary Kriging model was established for the strain range and mean stress based
on the data in Table 2, which was developed using the MATLAB DACE toolbox [37], and
the correlation function adopted the Gaussian kernel function. The test set was added
into the Kriging model to test the accuracy of the model. Figure 8 shows the comparisons
between the FE simulation values and the predicted values obtained by the Kriging model.

<10 300
»* Predicted + Predicted 9
[} O Simulated Q 1 —_ ® @ o] Simulated
. 6 4 §' 250 ® e ® 4
o] " 1 @
(o] 5 ®
" ® ® B ® ®
®0 ° | g 200} ® () 4
-] § e Sq (=]
@ @ ]
@
. . 150 ey ] B . 1
0 10 15 20 0 5 10 15 20
Sample point Sample point
(a) (b)

Figure 8. Comparison between predicted values and simulation values: (a) strain range; (b) mean stress.

According to the calculation of the simulation and prediction data, the RMSE value of
the strain range was 3.86 x 107> and the R? value was 0.9601, and the RMSE value of the
average stress was 1.96 and the R? value is 0.9629, which show that the Kriging model has
a high prediction accuracy and can be used to replace the FE model. Regarding calculation
time, each FE simulation took about 30 min, while the total prediction time of the Kriging
model for these 20 sample points was about 0.04 s, which was greatly reduced compared
to the FE simulation.

3.4. MCS and Thermal Fatigue Life Calculation

The distribution of uncertain parameters was determined for MCS. According to the
operation characteristics of the injection mechanism, both the pouring temperature and
the preheating temperature were assumed to follow normal distributions. The pouring
temperature of the molten metal ranged from 660 to 720 °C, the preheating temperature
ranged from 100 to 200 °C, and the median values were taken as the mean values. Based on
the 3¢ principle of normal distribution, the respective variances were calculated, and then,
T. ~ N (790,100), T}, ~ (150, 2500/9), were obtained. Monte Carlo sampling was adopted
50,000 times based on their distributions, and the obtained samples were substituted into
the Kriging model to calculate the response values of the strain range and mean stress.
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Figure 9 shows the frequency distribution histogram of the two responses. According to
the figure, the strain range and mean stress showed approximately normal distribution.
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Figure 9. Frequency distribution of response values.

As the deformation of the shot sleeve under thermal stress loading was elastic defor-
mation, the final life prediction model was as follows:

_ _Om ) (95\%82 009
Ae = 1.17<1 . ) ( E) Ny (11)

The shot sleeve was made of H13 steel, and the maximum temperature was about
300 °C. The corresponding parameters were set as E = 203.35 Gpa and oy, = 759.9 Mpa [8].

The obtained strain range and mean stress were substituted into Equation (11) to
determine the thermal fatigue life of the shot sleeve. Figure 10 shows the frequency
distribution histogram of the predicted life.

7000 T T T T T T T

1=10.74
0=1.05

6000
5000

N
o
o
(=}

Frequency
W
o
o
(=)

2000
1000

8 9 0 1 12 13 14
In(N)

Figure 10. Frequency distribution of predicted life.

4. Results and Discussion

According to Table 2, the smaller the temperature difference between the pouring
temperature and the preheating temperature was, the smaller the strain and stress of the
corresponding dangerous parts were, and the longer the corresponding fatigue life was.
As the variation range of the pouring temperature was small, appropriately increasing
the preheating temperature of the shot sleeve was beneficial to prolong its service life.
The statistical characteristics of the predicted thermal fatigue life were further analyzed.
According to Equation (10), the In (N) confidence interval at a 95% confidence level ranged
from 10.518 to 10.5482, and the corresponding fatigue life was 36,975 to 38,109 cycles.
The cumulative probability diagram of In (Nj) is shown in Figure 11. The confidence
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interval at a 90% confidence level ranged from 7.6927 to 13.3735. Therefore, the average
predicted fatigue life was about 36,975 to 38,109 cycles. The worst-case fatigue life was
about 2192 cycles, which explains the significant influence of temperature uncertainty
on the life of the shot sleeve. In the worst case, the shot sleeve was under the highest
pouring temperature and the lowest preheating temperature, so it is necessary to reduce the
temperature difference between the pouring and preheating temperatures in the injection
process. In an actual production process, the service life of commercial shot sleeves
investigated by [8] was generally between 20,000 and 50,000, and the fatigue life of a
horizontal shot sleeve as predicted by [8] was 34,292 cycles, which is close to the average
life predicted in this study.

IS N %
T T T
L L L

Cumulative probability

8 9 10 11 12 13 14 15
]n(Nf)

Figure 11. Cumulative probability distribution of predicted life.

5. Conclusions

An uncertainty analysis method was proposed to quantify the influence of temperature
uncertainty on the thermal fatigue life of shot sleeves. The main conclusions can be drawn
as follows:

1. Temperature uncertainty has an important influence on the prediction of the thermal
fatigue life of shot sleeves, and considering temperature uncertainty can allow for
realizing a more accurate and reliable life prediction for shot sleeves.

2. When the pouring temperature ranges from 660 to 720 °C and the preheating temper-
ature ranges from 100 to 200 °C, the predicted average thermal fatigue life of a shot
sleeve is 36,975 to 38,109 cycles. The predicted results are close to those of others and
are also consistent with the service life of commercial shot sleeves. In addition, reduc-
ing the difference between the pouring temperature and the preheating temperature
is helpful to prolong the service life of the shot sleeve.

In this research, only temperature uncertainty is considered, but in the actual squeeze
casting process, there are many uncertain factors, such as the wall thickness of the shot
sleeve, the initial clearance, the injecting speed, etc. In the future, we will study how to
comprehensively consider the influence of these uncertain factors on the life of the shot
sleeve and the deep learning surrogate model.
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