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ABSTRACT

In this paper, a new releasing device with the advantages of non-pyrotechnic, shockless, re-settable, and simple
structured are presented. A sandglass-like mechanism is designed and it is made of carbon fiber reinforced
epoxy-based shape memory polymer (SMP) and its composite (SMPC). The SMPC active element is the outer
part, while the inner part is made of metal with a sandglass-like profile. The active element is designed to change
shape and accomplish a separation between the mating parts of the release mechanism with no impact. The
actuation of the SMPCs parts is not an instant but duration, so that the considerable preload will be released
gently and with no impacting shock. Some basic mechanical tests for SMP and SMPC plate specimens were done
to determine the basic mechanical properties of the epoxy-based SMP and SMPC. The locking-compression test,
axial tensile test and relaxation test were conducted to determine the mechanical properties of the smart re-
leasing device. The recovery experiment of the device was also applied and the scanning electron microscope
(SEM) was used to observe the morphologies of the SMPC cylinders of the smart releasing devices before and

after releasing.

1. Introduction

Shape memory polymer (SMP) have the ability to respond to ex-
ternal stimulus (e.g., heat, light, electric field, magnetic field, moisture
and PH changing) and deform from the temporary shape to its original
shape [1-6]. The shape memory mechanism of SMP can be described as
follows: (a) When a SMP specimen is heated above its glass transition
temperature (Tg), it will change from hard to soft. (b) An external force
is applied, and the specimen can be bended to a temporary state. (c)
The applied force remains constant during the cooling process. (d) After
the external force is removed, the shape of the specimen can remain
unchanged. (e) When the specimen is imposed to external stimuli, the
temporary shape can recover to the original shape [7]. The above shape
memory process of SMP is repeatable [7]. SMPs have the advantages of
being lower cost, lighter weight, easier handling and larger deform-
ability compared with the shape memory alloys (SMAs) [8-10]. As an
advanced material, SMPs have been widely used in aerospace especially
as deployable structures in spacecrafts [26]. However, the low strength
and low stiffness of SMPs are also can’t be neglected, so some particles
or fiber fillers are added as the reinforcing materials [11-14]. Carbon
fibers are one type of ideal reinforcement, mainly for its low density,
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high modulus, high thermal stability and chemical resistant property
[14-17]. Therefore, the applications of shape memory polymer com-
posites (SMPCs) are widely investigated, such as SMPC hinges, SMPC
booms, solar arrays and so on [18-24].

With the rapid development of space technology, a variety of re-
leasing devices are required by spacecrafts to accomplish separating the
launch vehicles from the appendages [25]. Various kinds of releasing
devices are reported with different forms and power sources [26-28].
The pyrotechnic releasing devices are the most traditional and most
common devices among all kinds of releasing devices, but when com-
pared with the non-powder devices, high shock and environmental
pollution are the mainly limiting factors for application [44-46]. In
recent years, some promising solutions have been proposed, for ex-
ample, SMAs and SMPs releasing devices are developed [29-34]. The
stockless thermally Actuated Release Nut (Star Nut) made of Elastic
Memory Composite (EMC) reinforced by cross-ply fibers was presented
by Keith in 2003 [35]. The Star Nut had the advantages of being light
weight and low cost compared with the SMA releasing devices [35].
However, the locking capacity and the releasing time of the Star Nut
were not mentioned. Hereafter, Leng, et al. designed a kind of “eight
paws” smart releasing device in 2015 and tested the tensile property
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and the deformation recovery property of it [36]. The recovery time of
the “eight paws” device is about 30 s and recovery temperature is about
67 °C.

In this work, we designed a “sand clock” form smart releasing de-
vice, and the outer shell of the device was made of SMPs or SMPCs
cylinder. This work used liquid resin infusion method and filament
winding process to fabricate the SMPs and SMPCs releasing devices,
respectively. The shape memory epoxy resin and carbon fiber were used
as the matrix and the reinforcement, respectively. A simplified model
was proposed to preliminary study the relationship between axial ten-
sile force and the pressure applied by the inner core. Compared with the
Star Nut, the locking capacity and the releasing time were investigated
in this research. Furthermore, the locking capacity was almost 10 times
larger than that of the “eight paws” device as mentioned before.
Moreover, relaxation experiment of this smart releasing device was
done to determine its mechanical properties after a long period of load
bearing.

2. Design of the smart releasing device

This paper presents a kind of “sand clock” form shockless smart
releasing device as shown in Figs. 1 and 2, the outer cylinder is made of
SMP or SMPC, while the inner core is made of iron. The inner core is
designed as a “sand clock” form to provide sufficient locking force for
the device. The relevant characteristics of the cylinders are listed in
Table 1, meanwhile the preliminary demands of smart releasing device
are listed in Table 2. The different cylinder length was used for SMP
(120 mm) and SMPC (150 mm) because during our following axial
tensile test, the number of grooves of the SMPC devices was chosen to
be 1, 2 and 3, but the groove’s number of the SMP devices was only 2.
So, the SMPC cylinder needs to be longer than SMP cylinder.

The working process of the SRD is as follows: Firstly, the outer cy-
linder and the inner core were assembled as shown in Fig. 1(a). Sec-
ondly, the device was placed in an oven at 100 °C for 30 min to ensure it
to be heated evenly. The cylinder will become soft enough to undergo
great distortion without breaking, as shown in Fig. 1(b). Then, the cy-
linder was compressed by specially-made compression clamps after the
device was taken out from the oven immediately, as shown in Fig. 1(c).
The clamp was installed in a Zwick Z050 testing machine and the
testing machine can provide uniform pressure. Afterwards, the clamps
were kept still until the whole cylinder was naturally cooled down to
the room temperature, as shown in Fig. 1(d). So far, the locking process
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had been completed. When releasing process was required, the device
was reheated and the outer cylinder will recover to its initial state, so
that the device can release easily, as shown in Fig. 1(e).

The device would not always be heated in an oven if it is used in the
real application, so a heating strategy must be proposed. As shown in
Fig. 1(f), a heating rod was used to heat the inner core. When the re-
leasing devices need to be heated, the heating rod can heat the inner
core, so that the outer cylinder can be heated by heat conduction. The
actuation of the SMPCs parts is not an instant but duration, so that the
considerable preload will be released slowly and with extremely low or
even no impacting shock. In addition, the loading capacity and re-
leasing time can be adjusted via changing the number and depth of the
grooves.

3. Mechanical analysis of smart releasing device

Several analyses are performed in order to better evaluate the me-
chanical properties of the smart releasing device during the axial ten-
sion test. The SMPC cylinder is simplified as shown in Fig. 3. The outer
cylinder is assumed to be fitted together closely with the inner core
(i.e., conical), and the pressure applied by the inner core during the
axial tensile process is assumed to be uniformly. E,, is the axial tensile
force, r and t are the diameter and thickness of the SMPC cylinder, &, is
the maximal circumferential strain of the outer cylinder during the
locking process, thus the minimum diameter of the cylinder is
r(1 — ). So, the resultant average internal axial and circumferential
stressed are:

Oial = Fmial
ST 2t @
Ouir = Féxial

27Trte iy 2

It is obvious that ., = Ouxial/€cir, and if g, is relatively small, oy, is
much larger than the g,yi,, and oy, is the main factor to be considered in
the design process. The experimental results also show that with the
increase of the tensile load, the SMPC grooves gradually been stretched,
so the circumferential stress dominates the stress condition of an axially
loaded, swaged cylinder. Thus, when the smart releasing device is ap-
plied to tensile force, the axial stress can be ignored but only consider
the uniform pressure which is applied by the inner core.

As for the inner core of general axisymmetric shape (not always
conical shape), the above calculation method still has some

Fig. 1. Schematic illustration of the
working procedure of the smart
locking and releasing device: (a)
fixing the outer cylinder and inner
cylinder. (b) heating the smart re-
leasing device. (c) pre-deforming the
smart releasing device by compres-
sion clamp. (d) the locking state of
the smart releasing device. (e) the
releasing state of the smart releasing
device. (f) a kind of heating strategy.
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Fig. 2. Smart releasing device made by SMP and SMPC. (a) The inner core of the smart releasing device made by stainless steel, (b) The outer core of epoxy resin SMP
cylinder, (c) The SMP smart releasing device, (d) The outer core of carbon fiber reinforced SMPC cylinder, (e) The SMPC smart releasing device.

Table 1
Characteristics of the SMP and SMPC cylinders.

characteristics SMP cylinder SMPC cylinder
Long 120 mm 150 mm
The inner diameter 36 mm 36 mm
Thickness 2mm 2mm
Material Shape memory Carbon-fiber reinforced shape
epoxy resin memory epoxy resin
Table 2
Preliminary requirements of the SRD.
Technical indicator Specification
Actuation time 45s
Load capacity > 2500N
Transformation temperature > 60°C
Recover rate 95%

Fig. 3. The simplified SMPC cylinder.

deficiencies. What’s more, the fiber winding angle should also be con-
sidered, so an analysis methodology which is based on film theory and
classical laminate theory (CLT) is proposed to evaluate the radial strain
and stress of fiber winding axisymmetric structure with different
winding angles under different internal pressures. This calculation
method proposed in this paper is expected to lay a foundation for our
future work, so we just derived the formula but didn’t compute it. Some

assumptions should be made before building the theoretical model:

(a) The deformed SMPC cylinder and its lamina are in the generalized
plane stress condition.

(b) Ignore the effect of the bending and torsion stiffness of the SMPC
cylinder.

So, fiber winding structure is considered to be thin film, that is to
say: the fiber winding cylinder is simplified into an axisymmetric shell
structure in the generalized plane stress condition, and its typical
geometrical shape and coordinate system as shown in Fig. 4.

6 and s are the meridian and circumferential directions, respec-
tively. The angle ¢ is the colatitude angle. The meridian s, the tangent
line of 6 and the normal of the cylinder shell 7 form the local reference
rectangular coordinate system (s, 6, 7).

According to thin film theory [40], thin film’s internal force of
general axisymmetric shell is:

1 4
N=— cotgp — p.)rsresin? od
= e j;o (p,cotp — p,)rsresin® pdgp @
N,
Ny =1, - =
’ @(p” rs) @
Nos = Nyg =0 ()

where p; and p, are the unit load of meridian and normal directions,
respectively. Because we only consider the uniform normal pressure
applied by the inner core. So p; = 0, p, = con, and the above formula
can be simplified as:

_1 I
NY = zpnre(l - rz) (6)

Fig. 4. The typical geometrical shape and coordinate system of SMPC cylinder.
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where X is the axial coordinate of the axisymmetric shell; r and r, are
the maximum radius and minimum radius of the axisymmetric shell,
respectively; r; and 7y are the meridian and circumferential radius of
curvatures, respectively. And the expressions of r; and r, are:

) [+ @)

s 32r

ax? 9
rp=r ““1 + (1)2
o \ ox (10)

It is noteworthy that the above formulas are derived from equili-
brium condition, which is independent with the material properties of
the shell. But the effect of fiber winding angle on the carrying capacities
of the smart releasing device should also be considered. According to
the classical laminate theory (CLT), the relationship between axial
stress and strain of a lamina is:

o0y Qu Qun 0 g
{‘72} =[Qn Q2 O &
i 0 0 Qo2 an

where Q is the stiffness matrix of the SMPC, which can be expressed as
follow:

Qu=—1t—
L T (12)
E,
Qp=—""—
2 1 —vpvn (13)
v E: o E
Qn = Qy = uby 12E1
1—vavy 1—vyv2 14
Qss = G12 (15)

And ¢ is the strain matrix, which can be derived from the formula of
rotated axes:

g 1 cos2a sin2a
& =1 —cos2a -—sin2a

N2 0 — 2sin2a 2cos2a

1
S(& — o)
1

] > (& + 20)
2%e (16)

where « is the fiber winding angle. ¢ and ¢y are the meridian and cir-
cumferential strain of the shell, respectively, which is given by the thin
film constitutive equation [41,42]:

1
{M} _ [U1 + Ui+ BV U= U+ GV + 2U3V2] 2 (& + )

N u+Uu-uv U-U+ UV - 20V, Te _
] 1 4 21 Usg 1 2N 3V2 E(gs o) a7

where U, U,, U; and U, are stiffness invariant:

U = %[Qu + 2(Q12 + 2Qes) + Q22]

(18)

Uy = 2(Qu - Q)
2= Qu — Qa2 19)
Us = %[Qn — 2(Q12 + 2Qs6) + Q2] (20)
U, = i[QH + 2(Q12 — 2Q¢) + Q2] @1

The geometrical factors V; and V; are:
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1 pt
V= m ./0‘ cos2a (u)du 22)

V= % ‘/;1 cos?2a (u)du 23)
where o (u) is fiber angle along the direction of shell’s thickness, h is the
thickness of the shell. Substitute the stiffness invariant U, U, Us, U, and
the geometrical factors 14, V5 into the thin film constitutive equation,
the relationship between stress, strain and displacement of corre-
sponding shell can be found out.

According to Giles [43], the meridian and circumferential strain of
the fiber winding axisymmetric shell are:

a2
15\ Op (24)

1
gg = —(ucotyp + w
0 Ye( P ) (25)
Then the meridian and circumferential displacements of the fiber
winding axisymmetric shell can be derived according to Egs. (16) and
(24) and (25):

. Is€ — Vo€
u = sin ———|dp + C
¢(f sing ) e 26)
W = rgeg — ucotp 27)

When ¢ = %, u =0, so the integration constant C; can be de-

termined.

The uniform internal pressure is supposed to be p, = 1MPa,
a: b: rp = 20: 12: 5, E;, E,, vy, and Gy, are the material performance of
common carbon fiber composite: E; = 142GPa, E, = 10.8GPa, v;; = 0.3
and Gy, = 5.49GPa. Using the above formulas, the analysis results are
shown in Fig. 5. There are two implications:

(1) The longitudinal film stress of the shell decreases sharply near the
opening of the shell.

(2) The radical displacement, transverse and shear stress of the shell
are all negative values near the equator of the shell, and they all
change dramatically.

Using the above-mentioned formulas, the relationship between
stress, strain and displacement of SMPC cylinder can be determined.
Meanwhile, the relationship between axial tensile force and the pres-
sure applied by the inner core can be expressed in terms of force bal-
ance expression. Thus, this calculation method proposed in this paper
have some instructive meanings when investigating the mechanical
properties of the smart releasing device during the axial tension test.

4. Experiments
4.1. Materials preparation

The materials used in this article were shape memory epoxy resin
and its composites. The polymer matrix was synthesized by Leng et al.
[4] and T700 Toray carbon fibers were used as the reinforcement. The
mold as shown in Fig. 6 was designed to fabricate the outer SMP cy-
linder by liquid resin infusion method. The mold was made of the
polytetrafluoroethylene (PTEF), which is an ideal material to be de-
molded easily. An autoclave was used to cure the resin after the epoxy
resin was infused into the mold. Curing process was set into three steps:
80 °C for 3h, 100 °C for 3h and 150 °C for 5 h. The outer SMPC cylinder
was fabricated by filament winding process and cured by the same
curing process. The volume fraction of carbon fiber was approximately
60%, while the winding angle was 45°. Both the SMP and SMPC outer
cylinders were 2 mm thick, and the inner diameter was 36 mm.

In order to determine the mechanical properties of the materials,
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Fig. 5. Analysis result of the theoretical model.

Fig. 6. Design of the mould of the SMP cylinder.

pure shape memory epoxy resin and its composites flat plat specimens
were also fabricated, using liquid resin infusion and filament winding
methods, respectively. The SMP and SMPC specimens were cut for
dynamic mechanical analyzer (DMA) test, tension test and shape
memory property test.

4.2. Characterization methods of flat plat specimens

In order to determine the basic mechanical properties of the epoxy
resin-based SMP and SMPC, the following characterizations are con-
ducted: DMA test, isothermal uniaxial tension test and shape memory
behavior test [37-39]. The SMP and SMPC plates are cut into appro-
priate size by a CNC engraving and milling machine.

4.2.1. Mechanical test for the epoxy-based SMP and SMPC

The viscoelastic characteristics of polymer are defined as that the
modulus are composed of two parts, one is the storage modulus eval-
uating elasticity of material, and the other part is the loss modulus

evaluating viscosity of material. For viscoelastic materials, the strain is
behind a phase angle of stress, which can be expressed as loss factor,
and it equals to loss modulus divided by storage modulus. In order to
identify the glass transition temperature (Tg) and the dynamic ther-
momechanical properties of the specimens, DMA test was performed by
a TA instrument DMA Q800 machine. In the DMA test, the epoxy-based
SMPs and SMPCs were incised into rectangular specimens with di-
mension of 35mm X 5mm X 2mm according to ASTM D5023. The
experiment parameters were specified as: a multi frequency mode and
the frequency was chosen to be 1.0 Hz; the heating rate was chosen to
be 5°C/min; the temperature range was 25°C-150°C and using the
three-point bending clamp arrangement.

Isothermal uniaxial tension test was conducted in a universal mechan-
ical test instrument (Zwick Z050) with a loading rate of 2 mm/min, under
different temperature conditions (25 °C, 60 °C, 80 °C, 100°C, and 120 °C).
In the isothermal uniaxial tension test, the epoxy-based SMPs were incised
into Dumbbell-shape Type V specimens according to ASTM D638, while the
epoxy-based SMPCs were incised into rectangular specimens with dimen-
sion of 250 mm X 25mm X 2.5 mm according to ASTM D3039. Five spe-
cimens were prepared for each test conditions, and the experimental results
were expressed by the mean value of the experimental data.

4.2.2. Shape memory property test for the epoxy-based SMP and SMPC

A special shape memory mold was fabricated as illustrated in
Fig. 7(a), and the following steps were taken to calculate the retention
and recovery ratios of the SMP or SMPC specimens: (1) the specimens
were placed in an oven to heat up to 120 °C and held for 10 min; (2)
after the specimens were soft enough, they were bended by the mold
into “U” shape, as shown in Fig. 7(a) and Fig. 7(b), then it was cooled
down to the room temperature. (3) the “U” shape specimens were taken
out from the mold, and the bending angle 6j.s was measured as shown
in Fig. 7(c). (4) all specimens were heated again in order to recover the
initial shape of the specimens, and the corresponding bending angle 6,,
was measured too, as shown in Fig. 7(d). Moreover, when the speci-
mens were reheated, the recovered time t,, was also recorded to obtain
the recovery rate.
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Fig. 7. The schematic diagram of shape fixed and recovery process of the shape memory epoxy resin.

180A° — Bjireq

Shaperetentionratio: Ry = — X 100%
P ! 180A° 0 (28)
180A° — 6
Shaperecoveryratio: R, = —————% x 100%
P i ’ 180A° 0 (29)

180A° — 6,, — 6
Shaperecoveryrate: V; = ( re = Eixed)
lre (30)

4.3. Characterization methods of smart releasing devices

The locking compression test, axial tensile test and relaxation test
were conducted to evaluate the mechanic properties of the smart re-
leasing devices. As shown in Fig. 6, the locking compression test and
axial tensile test were carried out on a Zwick Z050 testing machine,
while the relaxation test was processed on a creep testing machine. The
releasing actuation time was also the point we concerned, therefore the
recovery experiment of the devices was applied. Furthermore, the SEM
was used to observe the morphologies of the SMPC cylinders of the
smart releasing devices before and after releasing.

4.3.1. Locking compression test

In order to know the relationship between the compressive force
and the depth of groove, the locking compression test was done as
shown in Fig. 8(b). The SMPC devices were placed in the middle of the
clamp after taking out of the oven. When the compressive test went on,
the cylinder was heated by a heat gun to make sure the temperature of
the outer cylinder was above its Tg all the time. For better comparison,
the test of the device without the inner core was also conducted.

4.3.2. Axial tensile test

Carrying capacity is one of the most significant technology in-
dicators for the releasing device in this study, so various axial tensile
tests with different number of grooves and different depth of the
grooves are done to confirm the influencing factors of the carrying
capacity. Table 3 lists the serial number of the tensile test under

Table 3
The test number of the tensile test under different conditions.

Serial number ~ Material of the cylinder =~ Number of groove  Depth of groove

SMPC1-14 SMPC 1 14 mm
SMPC2-14 SMPC 2 14 mm
SMPC3-14 SMPC 3 14 mm
SMPC2-10 SMPC 2 10 mm
SMPC2-12 SMPC 2 12mm
SMP2-14 SMP 2 14 mm

different conditions, all specimens are tested as shown in Fig. 8(a). The
tensile speed and the environment temperature are set to 2 mm/min
and 25 °C, respectively.

4.3.3. Relaxation test

The launch vehicles may stay for a long period of time in space,
during the locking duration, the appendages must be locked tightly. If
there is a significant drop of the locking force, some bad effects may
occur on the spacecrafts. So, it is advisable to study the residue locking
force of the releasing devices in stretched form after a period of time.
Therefore, as shown in Fig. 8(c), the relaxation test is carried out to
research the force relaxation phenomenon of the releasing device.

4.3.4. Recovery test

The actuated time is also an important indicator to measure the
performance of the releasing device because fast actuation capacity is
always required in the aerospace field. A camera is used to record the
releasing process of the device. There are many methods to heat the
outer cylinder of the device. To simplify the operation, an oven with a
transparent door is chosen as a heating source. After preheating the
oven to 100 °C, the device was put into the oven meanwhile the whole
recovery process was recorded by a camera until the grooves were
flattened completely.

Fig. 8. (a) Axial tensile test of the SRD. (b) Locking compression test of the SRD. (c) Relaxation test of the SRD.
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Fig. 9. DMA test result of SMP and SMPC. (a) Storage modulus of SMP and SMPC. (b) Tg of SMP and SMPC.

Fig. 10. Tensile modulus-temperature and tensile strength- temperature rela-
tions of pure shape memory epoxy resin and its composite.

Fig. 11. Elongation at break-temperature relations of pure shape memory
epoxy resin.

4.3.5. Morphology test

The SMPC cylinders will inevitably suffer different degrees of da-
mage after the SRDs are locked and released, which may be hard to
observe by eyes. Therefore, the SEM is used to observe the morpholo-
gies of the SMPC cylinders before and after releasing. SMPC2-10,
SMPC2-12 and SMPC2-14 are selected to find out the influence on the
breakages of SMPC cylinders by grooves of different depths. In order to

better demonstrate the damage morphologies of SMPC cylinders, the
grooves are compressed to 16 mm to make sure the breakages of the
SMPC cylinders are more significant.

5. Experiments results
5.1. Test results for SMP and SMPC plate specimens

5.1.1. DMA test results

As shown in Fig. 9(a), when the material is at low temperatures, its
storage modulus maintains a relatively high value, thus it will be too
stiff to deform. With the increasing in temperature, the storage modulus
drops rapidly until it maintains at a relatively low value, so far, the
materials will be easy to be deformed. The storage modulus of SMPC
starts at 5878 MPa and ends at 143 MPa throughout the experiment,
while for the SMP, its storage modulus starts at 1082 MPa and ends at
10 MPa, respectively. Therefore, the enhancement of carbon fiber is
obvious. The change of storage modulus around Tg is an important
feature for SMP materials. In Fig. 9(b), Tan Delta represents the tangent
of phase angle between strain and stress of viscoelastic material under
alternating force field, which equal to the ratio of loss modulus to
storage modulus. The temperature at the highest value of Tan Delta
represents the glass transition temperature of the material. Fig. 9(b)
indicates that the Tg of the epoxy resin and carbon fiber reinforced
epoxy composite are 98 °C and 70 °C, respectively. It may be caused by
the following reasons:

(1) the carbon fiber cannot react with the epoxy resin, so only van der
Waals force is involved in the interfacial bonding of carbon fiber
and epoxy resin. Carbon fiber has a weak bonding effect on the
chain motion of epoxy resin, therefore, the molecules of matrix
resin can move more easily, which may cause a decrease of Tg.

(2) What’s more, the thermal conductivity of carbon is much better
than that of epoxy resin, so, with the addition of carbon fiber, the
thermal conductivity of the materials is improved. Therefore, the Tg
of SMPC is lower than that of SMP.

The DMA test curves (Fig. 9) show the effect of the reinforcement by
carbon fiber distinctly. The carbon fiber reinforcement increased the
storage modulus significantly but lowered the Tg of the epoxy resin.

5.1.2. Static mechanical test results

As shown in Fig. 10, the tensile moduli of epoxy-based SMP speci-
mens under 25°C, 60°C, 80°C, 100°C, and 120°C are 1800 MPa,
670 MPa, 18.8 MPa, 13.9 MPa and 12.2 MPa, respectively, while the
tensile strength are 65.4MPa, 19.5MPa, 15.3MPa, 3.3MPa and
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Fig. 12. The shape memory process of pure epoxy resin.

Fig. 13. The shape memory process of carbon fiber reinforced epoxy resin composite.

Fig. 14. Tensile force-displacement relations of the SRD with or with the inner
cylinde.

1.5 MPa, respectively. The tensile modulus and strength both decrease
with the increasing in temperature, this regularity is similar with that of
the storage modulus. Fig. 10 also shows that the tensile moduli of the
SMPC under 25°C, 60°C, 80°C, 100°C, and120°C are 2175MPa,
1035 MPa, 115 MPa, 81 MPa and 79 MPa, respectively, while the tensile
strength are 134 MPa, 115.4 MPa, 113 MPa, 69.8 MPa and 50 MPa,

Fig. 15. The carrying load-displacement relations of SRDs under different
configurations.

respectively. Similar with the tensile modulus and tensile strength of
SMP, the tensile modulus and strength of SMPC are also sensitive to
temperature and have the same variation tendency. Because of the re-
inforcement of carbon fibers, the SMPCs have a higher tensile modulus
and strength compared with the pure SMP, especially at high tem-
perature. Therefore, carbon fibers can effectively enhance the
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Fig. 16. Relaxation test curves of SRDs under different configurations.

mechanical properties for the epoxy-based SMP.

In addition to modulus and strength, the toughness is also a key
performance to evaluate the mechanical properties of materials.
Elongation at break under different temperature is measured to de-
termine the toughness of the epoxy-based SMP and SMPC specimens. As
temperatures rise (25°C, 60°C, 80°C, 100°C, and 120°C), the elon-
gations at break of SMP specimens offer earlier increase and later de-
crease trend, which are 9.89%, 22.65%, 65.5%, 24.8% and 10.6%, re-
spectively, as shown in Fig. 11. As for the SMPC specimens, the
elongations at break are much lower, which are only 1.5%, 4.3%, 7.2%,
8.2%, 4.5%, respectively. The main reason for this phenomenon is that
the carbon fiber is a kind of fragile material, so, the material may be-
come more brittle with the addition of carbon fiber. When the tem-
perature is 80°C and 100°C, the epoxy-based SMP and SMPC has the best
toughness to withstand greater deformation, respectively.

5.1.3. Shape memory property test results

Fig. 12 presents the shape fixed and recovery process of the shape
memory epoxy resin. As read from the figure, the 6.4, 6, and ¢, are 3°,
0° and 10 s, respectively. After calculation, the shape retention ratio and
shape recovery ratio for the SMP are 98.3% and 100%, respectively,
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while the shape recovery rate is 17.7°/s. When carbon fiber is added as
the reinforcement, the shape memory performance doesn’t decline,
even slightly enhance, as shown in Fig. 13. After calculation, the shape
retention ratio and shape recovery ratio for the SMPC are both 100%
approximately, while the shape recovery rate is 22.5°/s. Both the epoxy-
based SMP and its composite can achieve close to 100% shape retention
ratio and shape recovery ratio, so that the shape memory properties are
excellent. Meanwhile, the shape recovery rate for this material is fast,
therefore, the actuation duration for devices which are made by this
kind of shape memory materials would be shorter.

5.2. Characterizations of the SMP/SMPC smart releasing devices

5.2.1. Locking compression test results

Fig. 14 presents the compressive force-displacement response of
devices with and without the inner core. Compared the two curves in
Fig. 14, when the SMPC cylinder was compressed without the inner
cylinder, the compressive force increased linearly and slowly. However,
if the SMPC cylinder was assembled and fixed together with the inner
core, the compressive curve rocketed when the SMPC cylinder was
compacted with the inner core’s grooves, and this depth was de-
termined to be about 12 mm. Therefore, when investigating the re-
lationship between groove’s depth and locking force of the SRD, 10 mm,
12mm and 14 mm are appropriate choices.

5.2.2. Axial tensile test results

As shown in Fig. 15, the SRD SMP2-14 has worse carrying capacity
of 1311N compared with the SMPC2-14 cylinders, which may not be
able to provide sufficient locking force. Furthermore, the carrying load-
displacement curve increases almost linearly and then it goes done
abruptly. The cause of this phenomenon is that the epoxy-based SMP is
a kind of fragile material, the SMP device will suffer destruction when
the tensile load beyond its carrying capacity. To overcome this defect,
carbon fiber is used as a reinforcing material. The carrying capacities of
the SMPC devices with 1, 2, 3 grooves, which are 14 mm deep can also
be seen in Fig. 15. The load-bearing capacities of the releasing device
(SMPC1-14, SMPC2-14, SMPC3-14) are 1979N, 2812N and 4327N,
respectively. The tensile load of the device increased rapidly in the
beginning, while with the increase of the relative displacement, the
curves gradually flatten. This phenomenon may be caused by the

Fig. 17. Recovery test of the SMPC cylinder.
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Fig. 18. Recovery test of the SRD. (a) horizontal. (b) vertical.

swelling of the SMPC grooves with the process of the tensile experi-
ment. In the beginning of the test, the SMPC cylinder is locked tightly
with the inner core, there is almost no relative displacement between
the SMPC cylinder and the inner core, so the displacement may be
caused by the deformation of the SMPC cylinder. With the increase of
the tensile load, the SMPC grooves gradually been stretched and re-
lative sliding occur. The force which is required to deform the SMPC
grooves is much larger than that of the sliding friction between the
SMPC cylinder and the inner core. So, the maximum load points re-
present the beginning of the relative sliding of the devices. When the
depth of the grooves is 14 mm, no matter how many grooves the devices
have, the maximum load points always happen when devices are
elongated about 2.5 mm, which is within the allowable range.

Besides, the carrying capacities of the SMPC SRDs with 10 mm and
12 mm deep grooves, of which the number is two are also considered.
The loads of the releasing devices (SMPC2-10, SMPC2-12) are 1115N
and 1966 N, respectively. With the decreasing of depth, the load of the
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releasing device attenuates obviously. Although the depth of grooves
decreases 14% compared with the SMPC2-14, the maximum load re-
duces 30%, even lower than that of the device SMP2-14. What’s more,
with the decreasing of groove’s depth, the SMPC cylinder is not too
tightly locked with the inner core, relative displacement between the
SMPC cylinder and the inner core occurs in the beginning of the test.
There is sliding friction between the outer cylinder and the inner core at
the beginning of the test, therefore the load increases relatively slowly
at the very start. Based on the design of grooves, it can satisfy the de-
mands of different carrying capacities.

5.2.3. Relaxation test results

Fig. 16 shows the relaxation test results of the SMPC releasing de-
vices with 1, 2, 3 pairs of grooves (SMPC1-14, SMPC2-14, SMPC3-14).
A test condition of 1000 N is chosen to be the initial tensile force for the
experiment. Firstly, 1000 N initial axial tensile force was applied to the
device, then the relative displacement remained unchanged, meanwhile
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Fig. 19. Morphologies of SMPC cylinders. (a) macro-morphology. (b) micro-morphology.

the axial tensile force was recorded during the test period (24 h).

As shown in Fig. 16, the locking load dropped rapidly at the be-
ginning of the relaxation test, but as time went by, the decreasing
tendency became more and more gentle until it almost became un-
changed. After 24 h, the remaining locking loads of the devices SMPC1-
14, SMPC2-14, SMPC3-14 dropped 41%, 27%, 16%, respectively. What’
more, when the experiment lasted only 10 h, the load-carrying capacity
of the device SMPC3-14 became almost unchanged, while this time for
the device SMPC2-14 increased to 15 h. But even when the experiment
was done, the load-carrying capacity of the device SMPC1-14 was still
falling. In comparison of the three groups of experiments, with the in-
crease of the grooves, the residue locking force of the device will remain
more, and the device will become stable more easily. So, in dimensions
permitting, increasing the number of the grooves is benefit for the
safety of the releasing device.

5.2.4. Recovery test results of the smart releasing device
Figs. 17 and 18 show the whole releasing process of the SMPC cy-
linder and the SRD. A recorded time 22s is needed to complete the

11

deformation recovery process of the SMPC cylinder with a pair of
14 mm deep grooves, as shown in Fig. 17. In the same way, the recovery
time of SMPC1-14 is 28 s as shown in Fig. 18, after that, the outer cy-
linder will completely restore and only a very small external force is
needed to achieve the releasing. In order to eliminate gravity effect, the
SMPC1-14 is placed horizontally and vertically to test the recovery
time, and the recovery time are the same.

5.2.5. Morphology before and after releasing

Fig. 19 reveals the morphologies of SMPC cylinders before and after
releasing with different deep grooves. When the SMPC cylinders are
subjected to varying degrees of compression, different kinds of damages
may occur. When grooves are 10 mm and 12mm deep, there are no
macro-morphological damages as shown in Fig. 19(a). However, as
shown in the SEM photograph, there are some differences in the micro-
morphologies. The carbon fibers of 10 mm deep groove still maintain
integrity, which means that there is almost no damage in the process of
locking and releasing, while when the grooves are 12 mm, some fiber
fractures will occur. When the grooves are 14mm deep, slightly
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delamination can be observed from both the macro-morphologies and
micro-morphologies, but the load-bearing capacity of the device is still
high, as mentioned in 4.2.2. When the depth of grooves increases to
16 mm, catastrophic structural failure will occur, and the device will
lose its carrying capacity.

6. Conclusions

This paper presents a kind of shockless smart leasing device based on
shape memory polymer composites. Various shapes of the active element
are compared to achieve a high load capacity in locked state, and the
sandglass-like shape is superior in terms of carrying capacity. The critical
elements of the releasing mechanism are outer part and inner part. The
SMP or SMPCs active element is the outer part, while the inner part is a
sandglass-like profile. The volume fraction of the carbon-fibers of SMPCs
is 60%, and the winding angle is 45A°. In the locked state, the outer part
is sandglass-like, the outer part and the inner part are closely combined,
so that the smart releasing device can bear the axial tensile force. When
the outer part is heated again, it will recover its initial cylinder-shape,
and the device can release easily. This type of smart leasing device has
the advantages of being simple-structure, high-reliability, and the ability
to carry big load, which can be more than 4000N. From the axial tension
and the relaxation tests, there are obvious regularities that with the in-
crease of the number of grooves, the load-bearing capacities and the
remaining locking loads of the smart leasing device will increase dis-
tinctly, so that the device will be more stable and reliable. The depth of
grooves also has a significant influence on carrying capacities of the
devices. With the increase of the groove’s depth of the cylinder, the
structure carrying capacity of the smart leasing device increases ob-
viously, but there will appear damage on the surface of SMPCs cylinder.
With the increase of groove’s depth, the damage will be more serious.
Therefore, the size of the smart leasing device can be reasonably con-
figured according to demand via the design of the groove’s depth and
number. The deformation recovery time of SMPCs cylinder is 22 s while
the releasing time for the releasing device is 28s.
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