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Abstract: This study aims to accurately simulate the outfield low-temperature environment for the
key components of aircraft in the parking state, using the infield low-temperature environmental test
chamber, when there is a difference between the infield and outfield environments; and, moreover,
reveal the similarity between the influences of the infield and outfield low-temperature environments
on the elastic properties of the rubber sealing materials for aircraft. Two kinds of rubber materials
were examined in the infield and outfield—the tensile springback test and the isobaric elongation test—
and the measured data of low-temperature steady-state response (elastic property) were obtained
under the typical temperature of −40 to 10 ◦C, finding that there is difference of elastic property
between the infield and outfield environment. Three fitting methods were then used to describe the
relationship between elasticity and temperature. In view of the difference of the elastic response of the
typical rubber sealing materials to the low-temperature infield and outfield, a similarity calculation
method of infield and outfield low-temperature tests was proposed, based on the translation and
scaling transformation of the similarity curve. The outfield test data verify that the method proposed
has high goodness of fit, and it is feasible and generalizable in the low-temperature performance
testing and research of rubber materials and components.

Keywords: sealing rubber; low-temperature behavior; elasticity; infield and outfield; similarity
calculation method

1. Introduction

At present, about 20% of the world’s flight accidents are caused by meteorological
factors. In low-temperature environments, aircraft and spacecraft are prone to ice ac-
cumulation, improper sealing, hydraulic failure, and electronic equipment failure. The
performance of the sealing rubber can be easily affected by low-temperature environments,
thus affecting aircraft safety. In 1986, for example, the U.S. space shuttle “Challenger”
crashed due to sealing failure of the O-ring of the solid rocket motor in a low-temperature
environment. It is thus necessary to carry out low-temperature environmental chamber
tests, or infield tests, to understand the performance of the aircraft sealing rubber in the
design and verification stages.

In the study of the low-temperature properties of the rubber materials, the tempera-
ture volume relationship of the rubber is usually studied to obtain the low-temperature
properties of the rubber [1]. Common methods such as standardized compression set
measurement and simplified low temperature compression or tensile properties measure-
ment [2–4]. With the decrease in temperature, the toughness of the carboxyl terminated
nitrile butadiene rubber (CTBN) decreases with the glass transmission of the rubber [5]. The
mechanical properties of the silicone rubber at low-temperature are related to glass transi-
tion temperature, low-temperature crystallization, macromolecular structure and cohesive
energy, but the tensile strength and elongation at break decrease at low-temperature [6].

Appl. Sci. 2021, 11, 2148. https://doi.org/10.3390/app11052148 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app11052148
https://doi.org/10.3390/app11052148
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11052148
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/5/2148?type=check_update&version=2


Appl. Sci. 2021, 11, 2148 2 of 20

The elastic modulus of fluorosilicone rubber also decreases rapidly at low temperature [7].
Isoprene rubber will further reduce its elasticity and toughness due to crystallization under
low-temperature for a long time [8]. In a low-temperature environment, the decrease in
elasticity caused by vitrification of commonly used vulcanized rubber will occur rapidly,
which will affect the sealing performance and mechanical properties of its material prod-
ucts [9]. At low-temperature, the decrease in the stiffness of rubber products is related to the
decrease in elasticity and the increase in hardness, which will affect the shock absorption
and noise reduction effect of rubber products at low temperature [10]. At present, there are
some methods to predict and simulate rubber stiffness at low temperature, but it depends
on the known properties of rubber at low-temperature [11].

There are some research results on the influencing factors of low temperature rubber
properties. For example, the sensitivity of rubber to low temperature is different when
the large deformation condition and loading rate are different, and when the thermal
hyperelastic model is used for theoretical analysis of the materials, it can only achieve
better simulation of the rubber low temperature performance in a certain temperature
range [12]. The addition of cis-1,4-polybutadiene rubber as modifier can control the low-
temperature crystallization process of natural rubber, thus improving the shear modulus
and bonding properties of the rubber at low temperature [13]. Sodium bisulfate in natural
rubber can also effectively affect the crystallization of macromolecules in a low temperature
environment, so as to improve the low temperature performance of natural rubber [14].
Formulation is the most important factor affecting the low temperature properties of rubber,
especially the glass transition temperature [15]. Vulcanization systems and plasticizers
also have a high influence on the low temperature properties of rubber (such as styrene
butadiene rubber) [16]. The effect of natural rubber crystallization on the shear modulus is
approximately independent of the crosslinking density and crystallization temperature.
When the crystal is regarded as a thread network, the effect of crystallization can be
well predicted, so as to achieve the inhibition of the low-temperature crystallization of
the rubber [17]. In addition, the aging of the rubber materials and nanofillers will also
have a certain impact on its low temperature performance [18]. For Nitrite Butadiene
Rubber(NBR), the barrier effects of lubricating oil, oxygen consumption and penetration
also affect its performance [19].

In the study of the low-temperature properties of materials and the performance of
rubber components, the above researchers all used a temperature test chamber, but did not
carry out the corresponding research on the consistency of the material properties in the
outfield environment (which means the practical application environment of the materials
and components) at the corresponding temperature. Whether the influence of the external
environment on the low temperature properties of the rubber materials is consistent with
that of the internal environment has not been considered.

Rubber materials were selected in a low-temperature environmental test. In low-
temperature environments, the macromolecular chains in rubber gradually freeze, and
low-temperature hardening occurs. At this time, the typical properties of materials, such
as elasticity, are quite different from those of materials in normal working temperature.
Low-temperature hardening will lead to the sealing and hydraulic failure of typical rubber
products such as sealing strip and hydraulic seal, thus affecting the safety of the aircraft.

In this study, two kinds of rubber sealing materials (nitrile rubber and butyl rubber)
for aircraft were selected for the infield and outfield tensile springback tests and isobaric
elongation tests. The measured data of the infield and outfield low-temperature steady-
state response (elastic property) were obtained under the typical low-temperature parking
condition of −40 to 10 °C. Three fitting methods—polynomial, exponential and Fourier
fittings—were used to describe the elasticity curve of typical rubber sealing materials,
while the temperature and the goodness of fit of the curve obtained by the three fitting
methods were compared. In view of the difference of the elastic response of the rubber
sealing materials in the infield and outfield low-temperature environments, the similarity
of the elastic properties of the two rubber materials infield and outfield were studied by
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translating the internal field curve. A similarity calculation method of the infield and
outfield low-temperature tests was then proposed based on the translation and scaling
transformation of the similar curve. In this way, the outfield-derived curve is obtained
from the infield curve. Through four-point interpolation, the outfield interpolation curve
is obtained for comparison. The derived curve, interpolation curve and outfield fitting
curve were compared in terms of the goodness of fit. The results show that the similarity
calculation method has a small error of goodness of fit. The derived curve of the two
materials and the corresponding outfield fitting curve were also compared, revealing
close goodness of fit with different fitting methods. Therefore, the similarity calculation
method demonstrates feasibility and popularization, applicable to other rubber materials
and different fitting methods.

2. Infield and Outfield Environmental Tests of Rubber Materials
2.1. Effect of Temperature on Rubber Materials

Rubber is a nonlinear elastic material, characterized by material nonlinearity and
geometric nonlinearity. Its elastic modulus varies with strain. With the change of the
temperature and the strain rate, rubber materials can take on three states: viscous flow,
rubber, and glass states. From low temperature to high temperature, the states of rubber
are glass state, glass transition state, elastic state, viscous flow transition state and viscous
flow state. For the low temperature range we studied, the main states of rubber include
the glass state, the glass transition state and the elastic state. When the rubber material
is in the glass state, the macromolecular chain is frozen and can hardly move; only the
bond length and bond angle of the atoms in the chain change, as well as the movement
of some side bases, branches and small chain segments; the relaxation time of the chain
segment movement is almost infinite. In this state, rubber can hardly deform under stress.
Rubber exhibits Hooker elastic behavior with a high modulus. In the glass transition state
the, molecular chains begin to thaw, the macromolecular chains become active, the chain
segments begin to move, and the rubber materials begin to exhibit damping properties.
Because of the large amount of friction between the molecules, mechanical energy can be
transformed into heat energy through friction, so the chain motion is irreversible. In this
state, rubber can deform a little, but the deformation cannot be the same as in the normal
environment, showing viscous behaviors. With the increase in temperature, the movement
of the molecular chain becomes more flexible, and its conformation changes from the
curling state to the stretching state. However, the movement of the molecular chain is still
dominated by segment motion, not by the movement of the whole molecular chain. There
is no slip of the molecular chain, and the deformation is reversible.

2.2. Test Scheme

This study designed two kinds of tests to examine the low-temperature properties of
rubber materials according to their low-temperature hardening and viscous properties in
the glass transition zone, based on the national standard of static mechanical tests [20,21],
the low-temperature performance of the rubber, and the test conditions of outfield test. The
two tests are the low-temperature tensile springback test and the low-temperature isobaric
elongation test.

In the tensile springback test, the specimen is stretched to a certain length for 10 min,
at room temperature (25 ◦C), then moved to a windless, no direct sunlight, low-temperature
environment for 15 min. After the specimen is hardened in the low-temperature environ-
ment, the clamp is loosened to make the hardened specimen rebound naturally for 15 min,
and the length after hardening and rebounding at different temperatures is measured.
In the isobaric elongation test, after the specimen is hardened in the windless, no direct
sunlight, low-temperature environment, the specimen is subjected to the same load by
hanging the weight, and the length of the specimen after hardening (15 min) and loading
(15 min) under different temperatures is measured. The parameters, such as tensile length,
loading and experimental time, are determined by the pre-experiment. The tensile length
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and loading weight the specimen under tension to facilitate measurement and reduce the
excessive crystallization caused by loading [12,17]. The shorter time after the specimen is
frozen and hardened is selected as the experimental time to capture the short temperature
stability period of the external temperature. After stretching, the length of the measuring
section is 80 mm, which is twice the original length, and the loading weight is 1.5 kg.

2.3. Test Equipment and Specimens

In order to test the elastic properties of the rubber in infield and outfield tests, an
experimental framework was used to measure the elongation and retraction properties
of the elastic materials in both the natural high and low-temperature environments and
the environmental test chamber, as shown in Figure 1. The frame size is 250 × 400 × 600
(depth×width× height). In the tests, 3 specimens in one group were loaded and stretched
by the clamp mounted on the experimental frame, and a few parts were replaced for the
stretching springback and isobaric stretching tests under different internal and external
environments. The clamp is a stainless steel jaw clamp controlled by hexagon screw (the
size is 18 mm × 38 mm × 41 mm, the maximum opening is 3.5 mm, the upper limit load is
500 N, and the weight is about 75 g).
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elongation test device.

The infield test used the high and low temperature environmental test chamber,
as shown in Figure 2. The no-load cooling rate of the test chamber is ≥2 ◦C/min, the
temperature uniformity is ≤±0.5 ◦C, and the temperature deviation is ≤±0.4 ◦C.
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The materials selected in this test were a kind of nitrile rubber 5860 (material A)
used in helicopters and a kind of butyl rubber (material B) vulcanized from a cenway 552
compound, with the size being 100 mm × 5 mm × 3 mm, as shown in Figure 3.
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2.4. Test Process and Results

The typical low-temperature parking temperature range of the aircraft is −40 to 10 ◦C.
In the infield and outfield environments for this temperature range, the tensile springback
tests and isobaric elongation tests are carried out on the two kinds of specimens. The
pretest was carried out before the test to compare the elongation and springback of the
specimens at different low-temperature environment times. When the experimental scheme
is freezing for 15 min (or more) plus loading for 15 min (or more), the experimental data is
basically stable. The appropriate test time is determined to ensure the stability of loading
and unloading state and reduce the fluctuation range of field temperature. In the outfield
experiment, we should grasp the required environmental temperature range to carry out
the experiment, and there are a small number of temperature points greater than 10 ◦C
after the average—these data are also adopted.

The specimens were pretreated: heated for 45 min at 50 ◦C and held for 24 h to ensure
that they were in the same state. The sample test shows that the properties of the sample
have no change after pretreatment.

In the outfield tests, the thermometer was used for temperature measurement, and
this outfield thermometer was calibrated and checked by the calibrated temperature test
chamber before. When the ambient temperature measured by the thermometer is close to
the temperature to be tested (<0.5 ◦C), the experiment is started. Considering the instability
of the external temperature in the outfield test, the temperature of the tests was measured
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three times, and the average value was taken as the test temperature when the temperature
fluctuation was no more than 1 ◦C.

The process of infield and outfield tests is shown in Figure 4.
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When the specimen is subjected to constant pressure tensile test, a small change in
the cross-sectional area may lead to a large range of tensile length. In order to solve the
experimental error caused by the cross-sectional area error, the tensile test was carried out
at room temperature (25 ◦C) with the same loading weight before the low-temperature test.
The results of the low-temperature tensile test and the normal temperature tensile test were
compared to eliminate the error caused by the cross-sectional area. In the data processing of
the tensile test, the concept of low temperature elongation is adopted. The low-temperature
elongation is the ratio of the low-temperature tensile test length to the room temperature
tensile test length of a specimen. The processing method of the tensile test data is shown
in the Figure 5. Because the measured value of the rebound test specimen is the rebound
length, which has nothing to do with the cross-sectional area of the specimen, only the
tensile test data are equivalently processed.
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Through the test, the steady-state response data of the elastic properties of the two
typical sealing rubber materials at the low-temperature infield and outfield were obtained.
The results are shown in Figure 6. The test results show that material A and material
B harden at low temperatures in both the infield and outfield environments; that is, the
elasticity of the material becomes worse at low temperatures, and both rubbers are in the
glass transition region at −40 ◦C, but they do not reach their glass transition temperature.
For material A, there is a difference between the infield and outfield elasticity, and the
elasticity is worse in the infield low-temperature environment. For material B, there is no
significant difference between the infield and outfield low-temperature elasticity.
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From the relationship between rubber properties and low temperature properties,
it can be inferred that when the temperature continues to decrease, the springback and
tensile length of the material will continue to decrease until the temperature reaches the
glass transition temperature of the material, and the material will no longer rebound and
stretch. When the temperature is higher than the experimental temperature, the material
will continue to show complete rebound and similar tensile load at room temperature.

Moreover, the elastic changes in the glass transition zone at low temperature are
different due to the different degrees of the immobilization and thawing of the molecular
chains of rubber materials under the influence of low temperature. The reason is as follows.
During the low temperature test, the low temperature environment in the test chamber is
relatively stable, but the outdoor temperature test is carried out according to the outdoor
low temperature environment. The outdoor test will be carried out in the daytime or at
night, so the sunshine, wind speed, air convection and other factors may affect the elastic
properties of rubber. The sensitivity of the two rubber materials to these factors in the
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outfield is also different, resulting in different elastic properties in the infield and outfield
low temperature environment.

In the infield test, due to the sensitivity of the material A rubber to outfield factors
such as sunshine and wind speed, the temperature of the material may be higher than that
measured in the environment. At this time, the glass transition of the rubber material is
lower than that of the material infield at the same temperature, the rubber macromolecular
chain is more active, and the friction between the molecules is smaller. Compared with the
infield test, the deformation degree of material A is larger under stress, and the rebound
condition is better. However, material B is relatively insensitive to the influence of outfield
factors, so the difference between the infield and outfield tests is inconspicuous.

3. Data Analysis of Similarity Calculation Method for Infield and Outfield
Environmental Tests
3.1. Data Analysis and Fitting of Environmental Tests

From the test data shown in Figure 6, it can be seen that the hardening degree of
the two kinds of rubber in the vitrification transformation zone is significantly related
to temperature. That is, the lower the temperature, the more obvious the hardening.
The difference between the infield tests and the outfield tests is also demonstrated. At the
same temperature, the springback and elongation of the infield tests are different from
those of the outfield test, with the springback and elongation of the infield tests being
smaller. In addition, at the same temperature, the hardening of the two materials is more
obvious in the infield test environment. Based on a genetic algorithm [22], three curve
fitting models were then used to fit the data of the outfield environmental tests: namely,
the polynomial, exponential, and Fourier fitting models.

The polynomial models for the curves are given by,

y =
n+1

∑
i=1

pixn+1−i (1)

where n + 1 is the order of the polynomial, n is the degree of the polynomial, and 1 ≤ n ≤ 9.
The order gives the number of coefficients to be fit, and the degree gives the highest power
of the predictor variable. The main advantages of the polynomial fits include reasonable
flexibility for data that is not too complicated, and they are linear, which means the fitting
process is simple [23].

The one-term and two-term exponential model as given by,

y = aebx + cedx (2)

Exponential fits are often used when the rate of change of a quantity is proportional
to the initial amount of the quantity [20,21].

The Fourier series is a sum of sine and cosine functions that describes a periodic signal.
It is represented in either the trigonometric form or the exponential form [21].

y = a0 +
n

∑
i=1

aicos(iwx) + bisin(iwx) (3)

where a0 models a constant (intercept) term in the data and is associated with the i = 0 cosine
term, w is the fundamental frequency of the signal, n is the number of terms (harmonics) in
the series, and 1 ≤ n ≤ 8.

These three models are commonly used in curve fitting, and can balance the smooth-
ness of the curve and the accuracy of the data fitting.

The goodness of fit R2 was used to evaluate the fitting error of the constitutive model,
which is defined as

R2 = 1− SSerr/SStot (4)
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SStot =
N

∑
i=1

(
Pi − P

)2 (5)

SSerr =
N

∑
i=1

(
P̂i − Pi

)2 (6)

where SSerr denotes the residual error, SStot deviation, Pi test value, P average value of
Pi, P̂i model fitting value, and N the number of test data points participating in the fitting.
The larger the R2, the higher the goodness of fit and the smaller the error.

The form of polynomial fitting is

f1(T) = p1T3 + p2T2 + p3T + p4 (7)

The form of exponential fitting is

f2(T) = ae(−bT) + c (8)

The form of Fourier fitting is

f3(T) = a0 + a1cos(Tw) + b1sin(Tw) (9)

The fitting curve parameters of the three fitting methods for the infield and outfield
test data are shown in Tables 1–3, and the goodness of fit is shown in Table 4 and Figure 7.
The fitting curves of the springback and elongation tests of the two materials based on the
three fitting methods are shown in Figure 8.

Table 1. Polynomial fitting coefficient.

Coefficients p1 p2 p3 p4

Outfield springback −0.0001176 0.005580 0.06518 40.92

Outfield elongation −2.011 × 10−7 −6.544 × 10−5 9.171 × 10−5 0.9945

Infield springback −0.0002816 −0.003121 −0.1933 42.79

Infield elongation 1.094 × 10−8 −4.374 × 10−5 0.002189 0.979

Table 2. Exponential fitting coefficient.

Coefficients a b c

Outfield springback 2.461 0.05436 38.28

Outfield elongation −0.02057 0.0435 1.016

Infield springback 2.562 0.05555 39.90

Infield elongation −0.09687 0.02415 1.075

Table 3. Fourier fitting coefficient.

Coefficients a0 a1 b1 w

Outfield springback 1.672 × 109 −1.672 × 109 6494 3.861 × 10−6

Outfield elongation −0.7670 0.2274 0.004408 0.02331

Infield springback 3.451 × 108 −3.451 × 108 −1.204 × 104 7.918 × 10−6

Infield elongation −2.538 × 105 2.538 × 105 −117.0 −1.868 × 10−5
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Table 4. The goodness of fit.

Fitting Type A Springback B Springback A Elongation B Elongation

Polynomial fitting
outfield R2 0.9497 0.9823 0.9255 0.9348

Polynomial fitting
infield R2 0.9965 0.988 0.9823 0.9669

Exponential fitting
outfield R2 0.9471 0.9840 0.9157 0.9331

Exponential fitting
infield R2 0.9956 0.9889 0.9782 0.9667

Fourier fitting
outfield R2 0.9533 0.9855 0.928 0.9418

Fourier fitting
infield R2 0.9966 0.9944 0.9823 0.9684
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It can be seen from Table 4 and Figure 7 that all the methods are almost equivalent,
with the exception of the elongation outfield test for material A, where the exponential
fitting is the worst.

3.2. Similarity Analysis of Infield and Outfield Tests

Comparing the measured data of the infield and outfield low-temperature steady-
state response of the two materials, this study found that differences existed in the low-
temperature hardening. In view of the different elastic responses of the two rubber sealing
materials to the low-temperature infield and outfield, three fitting curves were then used
to translate the infield test curves to study the similarity of the infield and outfield curves
based on the existing outfield curves. The translation takes the translation dT as the
transformation parameter, and the goodness of fit of the curve derived from the infield and
the data from the outfield as the transformation parameter. The similar transformation
parameters of the translation transformation of the three fitting methods are shown in
Table 5. The goodness of fit is shown in Table 6.
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Table 5. Fitting parameter of infield and outfield similarity transformation dT.

Fitting Type A Springback B Springback A Elongation B Elongation

Polynomial fitting 6.5365 1.273 3.927 0.57

Exponential fitting 6.4853 1.3771 3.7818 0.4719

Fourier fitting 6.5585 0.89 3.906 0.04976

Table 6. Goodness of fit of infield and outfield similarity transformation R2..

Fitting Type A Springback B Springback A Elongation B Elongation

Polynomial fitting 0.947 0.9746 0.92481 0.93142

Exponential fitting 0.9378 0.9803 0.91336 0.9297

Fourier fitting 0.94579 0.97416 0.92499 0.93074

The infield and outfield translation transformation show desirable fitting results. Thus,
the similarity of the infield and outfield curves can be considered good. Comparing the
results of the infield and outfield transformations with the three fitting methods, this study
found that polynomial fitting is equivalent to Fourier fitting in curve fitting, but that the
goodness of fit of the outfield points is higher for the poor translation transformation of
the infield test curve, and has poor goodness of fit and transformation of the exponential
fitting.

A comparison of the two materials shows that the similarity of their infield and
outfield curves is obvious, because the change of the material properties in the infield
and outfield tests of the samples from the same material obeys the same change law (i.e.,
it hardens gradually as the temperature decreases), the points on the infield curve and the
outfield curve correspond one by one.

3.3. Similarity Calculation Method of Infield and Outfield Tests

The test data of the infield and outfield low-temperature steady-state response show
high elastic similarity of the infield and outfield specimens.

In order to make the derived curve keep the curve characteristics of the infield curve,
the method of scaling translation, i.e., linear transformation, is selected to transform the
curve when deriving the outfield-derived curve based on the infield curve. During the
linear transformation, the new curve will not change the function relationship with the
original curve or the function properties of the original curve.

When similar transformation is made to the curve of the infield test,

T1 = kT + dT′ (10)

where T is the temperature of the infield test, T1 is the temperature of outfield transfor-
mation from the infield test, k is the scaling ratio of the curve, and dT′ is the translation
parameter.

To obtain the derived outfield curve, the following procedures were conducted. First,
select a low-temperature (−25 ◦C) outfield data sampling point A(Ta, La) and a high-
temperature (−5 ◦C) outfield data sampling point B(Tb, Lb). Then, transform the infield
fitting curve in the way of translation and scaling transformation to make the transformed
curve pass through the sampling points. Suppose that the temperature dependence of the
tensile value of the infield is

L = F(T) (11)

For A and B,
La = F

(
T′a
)

(12)

Lb = F
(
T′b
)

(13)
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When La and Lb are known, T′a and T′b of the infield temperature in the corresponding
range can be obtained, which are the infield temperature when the length of the test piece
is La and Lb in the infield test, as shown in Figure 9.
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Substituting Equations (12) and (13) into Equation (10) yields

Ta = kT′a + dT′ (14)

Tb = kT′b + dT′ (15)

The scaling ratio k and the translation parameter dT′ are obtained by simultaneous
solution.

By changing the temperature of the infield curve according to Equation (10), the de-
rived curve of the low-temperature elastic properties of the rubber material in the outfield
can be obtained, which leads to the similarity calculation method of the infield and outfield
low-temperature test based on the translation and scaling transformation of the similar
curve.

3.4. Verification of Similarity Calculation Method for Infield and Outfield Tests

In order to verify whether the outfield curve obtained by the similarity calculation
method can fit the outfield test data well, the outfield curve obtained by the two-point
translation and scaling transformation is verified by the test data obtained from the out-
field sampling. The curve derived from the outfield is compared with the four-point
interpolation curve and the polynomial fitting curve.

Among the data of the outfield test, the points with temperature of 0, −15, −25, and
−35 ◦C were selected to directly interpolate and fit the curve of material A. The interpola-
tion curve of material A in the springback tests is as follows:

L1(T) = −0.00038049T3 − 0.00815475T2 − 0.09873783T + 40.80853008 (16)

The interpolation curve of material A in the elongation tests is as follows:

L2(T) = −0.00000159T3 − 0.00002311T2 − 0.00057873T + 0.99521616 (17)

In the outfield test data, the points with temperature of 10, −5, −20, and −35 ◦C
were selected to directly interpolate and fit the curve of material B. The sampling point of
material B is different from that of material A, because material B also has low temperature
hardening when it is higher than 0 ◦C, while material A has no hardening when it is higher
than 0 ◦C. When comparing with four point interpolation and transformation, the sampling
points with better fitting are selected according to the distribution interval and density
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of the sampling points. The interpolation curve of material A in the springback tests is
as follows:

L1(T) = −0.00002860T3+0.00581235T2 − 0.17353707T + 41.96555913 (18)

The interpolation curve of material B in the elongation test is as follows:

L2(T) = −0.00000213T3 − 0.00014557T2 − 0.00142622T + 0.98835368 (19)

The outfield interpolation curve and outfield scatter are shown in Figure 10, and the
goodness of fit is shown in Table 7.
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Table 7. Goodness of fit of four-point sampling interpolation.

Fitting Type A Springback B Springback A Elongation B Elongation

Goodness of fit R2 0.9351 0.8764 0.8934 0.9242

The similarity calculation method of the low-temperature tests based on the translation
and scaling transformation of the similar curve was adopted, and the infield tests curve
obtained by polynomial fitting method was used. Substituting formula (7) into formula
(11) yields the transformation parameters and the outfield curve based on the polynomial
infield fitting curve and outfield sampling point. The scaling ratio, translation parameter
dT′ and the goodness of fit R2 are shown in Table 8, and the derived outfield curve is shown
in Figure 11.

Table 8. Scaling translation transformation coefficient and goodness of fit.

Fitting Type k dT′ R2

A springback polynomial fitting 0.986 −7.719 0.9470

A elongation polynomial fitting 1.117 −0.375 0.9148

B springback polynomial fitting 0.976 −3.381 0.9562

B elongation polynomial fitting 0.950 −2.014 0.9323
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Then the study compared the derived outfield curve obtained by scaling transforma-
tion with the similarity calculation method, four-point interpolation curve and outfield
polynomial fitting curve in terms of the goodness of fit. The results are shown in Figure 12.

Next, the study compared the curve derived from the two-point translation scaling
transformation obtained by the similarity calculation method, the four point interpolation
curve and the outfield polynomial fitting curve in terms of the goodness of fit. The higher
the goodness of fit, the closer the fitted curve is to the outfield test results. The comparison
shows that the best fitting curve is the outfield polynomial fitting curve, that the second
best is the curve derived from the two-point translation scaling transformation using the
similarity calculation method, and that the worst is the four-point interpolation fitting curve.
The fitting effect of the derived curve is better than that of the four-point interpolation
curve, which is close to that of the outfield fitting curve. In other words, the fitting effect of
the derived curve is closer to that of the outfield curve.

The curve fitting of the infield and outfield tests was optimized by the goodness of fit.
The optimized curve does not pass most of the corresponding experimental points. In the
process of interpolation, the interpolation curve must pass through the sampling point in
the outfield, and at this time, the curve may be quite different from the corresponding data
at other temperatures, so the goodness of fit of the curve is relatively low. For samples
from the same material, the low-temperature elastic response of the infield and outfield
environments obeys the performance law of the same material. By taking the samples
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from the outfield to obtain the transformation parameters for similar transformations, the
derived curve does not change the function properties or the relations compared with the
corresponding infield test curve, and the derived curve still obeys the material performance
law similar to that of the infield curve. Therefore, the derived curve has a high goodness of
fit to the outfield test data.
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Figure 12. Comparison of goodness of fit between four-point interpolation curve, transformation
derived curve and outfield fitting curve.

The similarity calculation method based on the translation and scaling transformation
of the similar curve is applied to the translation and scaling transformation of two points
in the other two fitting methods, i.e., substituting Equations (8) and (9) into Equation (11).
Based on the infield fitting curve and outfield sampling point, the transformation param-
eters and outfield curve are obtained. The scaling ratio, translation parameter dT′ and
the goodness of fit R2 are shown in Table 9, and the derived outfield curve is shown in
Figures 13 and 14.

Table 9. Scaling translation coefficient and goodness of fit based on exponential and Fourier fittings.

Fitting Type k dT′ R2

A springback exponential fitting 1.091 −4.398 0.9256

A elongation exponential fitting 1.072 −1.475 0.9042

B springback exponential fitting 1.058 −0.644 0.9675

B elongation exponential fitting 0.938 −2.553 0.9295

A springback Fourier fitting 1.038 −6.255 0.9425

A elongation Fourier fitting 1.113 −0.556 0.9164

B springback Fourier fitting 1.212 3.279 0.9590

B elongation Fourier fitting 0.950 −1.997 0.9323



Appl. Sci. 2021, 11, 2148 17 of 20

Appl. Sci. 2021, 11, 2148 18 of 22 
 

A elongation exponential fitting 1.072 −1.475 0.9042 
B springback exponential fitting 1.058 −0.644 0.9675 
B elongation exponential fitting 0.938 −2.553 0.9295 

A springback Fourier fitting 1.038 −6.255 0.9425 
A elongation Fourier fitting 1.113 −0.556 0.9164 
B springback Fourier fitting 1.212 3.279 0.9590 
B elongation Fourier fitting 0.950 −1.997 0.9323 

 

  
(a) (b) 

  
(c) (d) 

Figure 13. Derivation curve and fitting curve of exponential fitting. (a) Material A springback derivation (b) Material A 
elongation derivation (c) Material B springback derivation (d) Material B elongation derivation. 
Figure 13. Derivation curve and fitting curve of exponential fitting. (a) Material A springback derivation (b) Material A
elongation derivation (c) Material B springback derivation (d) Material B elongation derivation.

Appl. Sci. 2021, 11, 2148 18 of 21 
 

A elongation exponential fitting 1.072 −1.475 0.9042 
B springback exponential fitting 1.058 −0.644 0.9675 
B elongation exponential fitting 0.938 −2.553 0.9295 

A springback Fourier fitting 1.038 −6.255 0.9425 
A elongation Fourier fitting 1.113 −0.556 0.9164 
B springback Fourier fitting 1.212 3.279 0.9590 
B elongation Fourier fitting 0.950 −1.997 0.9323 

 

  
(a) (b) 

  

(c) (d) 

Figure 13. Derivation curve and fitting curve of exponential fitting. (a) Material A springback derivation (b) Material A 
elongation derivation (c) Material B springback derivation (d) Material B elongation derivation. 

  
(a) (b) 

Figure 14. Cont.



Appl. Sci. 2021, 11, 2148 18 of 20
Appl. Sci. 2021, 11, 2148 19 of 21 
 

  
(c) (d) 

Figure 14. Derivation curve and fitting curve of Fourier fitting. (a) Material A springback Derivation (b) Material A elon-
gation Derivation (c) Material B springback derivation (d) Material B elongation derivation. 

The goodness of fit of the derived curve obtained by the similarity calculation 
method under the three fitting forms is compared with that of the corresponding outfield 
fitting curves. The results are shown in Figure 15. 

 
Figure 15. Goodness of fit of derived curve and fitting curve. 

From Figure 15, it can be found that for the three fitting methods and two materials, 
the goodness of fit of the derived curve obtained by the similarity calculation method is 
close to that of the corresponding outfield fitting curve. For any kind of material, when its 
performance in the environmental test chamber is similar to that in the outfield environ-
ment (as shown in Figure 9), that is, when the main influencing factor of the material’s 
performance in the outfield environment is the same as that in the infield environment, 
and there are similar performance changes, this method can be applied. This similarity 
calculation method of the translation and scaling transformation can be used for different 
materials and multiple fitting methods, with good feasibility and generalizability. 

Through the verification of the outfield point data, this study obtains an effective 
similarity calculation method based on the translation and scaling transformation of the 

0.86
0.88
0.9

0.92
0.94
0.96
0.98

1

A
 S

pr
in

gb
ac

k

B 
Sp

rin
gb

ac
k

A
 E

lo
ng

at
io

n

B 
El

on
ga

tio
n

A
 S

pr
in

gb
ac

k

B 
Sp

rin
gb

ac
k

A
 E

lo
ng

at
io

n

B 
El

on
ga

tio
n

A
 S

pr
in

gb
ac

k

B 
Sp

rin
gb

ac
k

A
 E

lo
ng

at
io

n

B 
El

on
ga

tio
n

Polynomial Exponential Fourier

Derivation Fitting

Figure 14. Derivation curve and fitting curve of Fourier fitting. (a) Material A springback Derivation (b) Material A
elongation Derivation (c) Material B springback derivation (d) Material B elongation derivation.

The goodness of fit of the derived curve obtained by the similarity calculation method
under the three fitting forms is compared with that of the corresponding outfield fitting
curves. The results are shown in Figure 15.
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Figure 15. Goodness of fit of derived curve and fitting curve.

From Figure 15, it can be found that for the three fitting methods and two materials,
the goodness of fit of the derived curve obtained by the similarity calculation method
is close to that of the corresponding outfield fitting curve. For any kind of material,
when its performance in the environmental test chamber is similar to that in the outfield
environment (as shown in Figure 9), that is, when the main influencing factor of the
material’s performance in the outfield environment is the same as that in the infield
environment, and there are similar performance changes, this method can be applied. This
similarity calculation method of the translation and scaling transformation can be used for
different materials and multiple fitting methods, with good feasibility and generalizability.

Through the verification of the outfield point data, this study obtains an effective
similarity calculation method based on the translation and scaling transformation of the
similar curve. Based on the known curve of the infield low-temperature steady-state
response of the aircraft rubber sealing materials, two temperature sampling points in
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the outfield which are far away from each other are taken to obtain the outfield low-
temperature performance of the material and judge whether there is any difference in the
infield and outfield performance of the material. Based on the similarity of the infield
and outfield properties of the material, the curve is obtained by the curve translation and
scaling transformation. This method has fewer sampling points in the outfield tests with
good curve fitting results. Hence, it can be applied to different kinds of materials and
methods due to its good feasibility and generalization ability. In the design and research of
the key components of the aircraft, the outfield performance of the material can be easily
derived using the similarity calculation method proposed here. This method can also be
used as a basic technical support and reference in the selection of the low temperature
materials for the key components of aircraft and the design of low temperature environment
simulation tests.

4. Conclusions

(1) The springback tests and elongation tests of the rubber sealing materials were
carried out from −40 to 10 ◦C. The rubber sample hardens at low temperature. When
the temperature continues to decrease, the material will undergo glass transition and lose
its elasticity. Moreover, the difference between the infield and outfield environments of
material A is large, with hardening being more obvious in the infield test environment,
but the difference between the infield and outfield environments of material B is small.
The reason for the difference may be the factors such as sunshine and air flow in the
outfield environment. The sensitivity of the material to the complex outfield environment
is different, and the material A is more sensitive.

(2) Based on the test results of the infield and outfield environment, the steady-state
response curves of the two materials in the tests were obtained by different fitting models.
Different fitting methods were selected to analyze the similarity between infield test curve
and outfield test curve based on translation. The infield and outfield test curves have good
similarity; the low-temperature elastic response of the samples from the same material
obeys the same material performance law.

(3) A similarity calculation method for low-temperature test infield and outfield is
proposed. Two isolate temperature sampling points of the known curve in the outfield are
taken to judge whether there is a difference in the infield and outfield environments. The
outfield-derived curve was obtained by the curve translation and scaling transformation.

(4) The interpolation curve, outfield polynomial fitting curve and outfield-derived
curve obtained were compared. The goodness of fit of the curve derived by the similarity
calculation method is higher. The derived curve obtained by the similarity calculation
method and the corresponding outfield fitting curve were also compared. The goodness of
the derived curve obtained by using the similarity calculation method is close to that of the
outfield fitting curve. The similarity calculation method has a smaller error, and thus can
be used in many materials and different fitting methods.

(5) The similarity calculation method based on the translation and scaling trans-
formation of the similarity curve in the infield and outfield low-temperature tests can
conveniently deduce the outfield performance of the material. This method shows feasibil-
ity and generalizability. This method can also be used in the low-temperature performance
testing and research of rubber materials and components.
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