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Abstract

This paper introduces a new class of bio-compatible shape memory polymers (SMPs) through
blending PVVC and PCL. The compressive shape-memory behaviors of 4D-printed SMP PVC with 5
and 10%wt of PCL"are studied in detail. In this respect, a set of experiments are carried out to
understand thermo-mechanical responses of PVC-PCL blends under various shape memory
parameters likessprogramming temperature, load holding time, applied strain and recovery
temperature. DMTA and SEM imaging are also performed to provide thermal and morphological
analyses. It is found that by raising the recovery temperature from 45 to 65°C, the shape recovery
ratio increases #rom“5.63MPa to 7.92MPa when the PVC-PCL10 is programmed via the hot
programming protocol The highest level of shape fixity (100%) and the best performance of stress
relaxation are achieved for hot programming sample, while the highest shape recovery ratio (100%)
is obtained for cold programming. By applying the load holding time, the amount of shape fixity can
reach from 88:4%to 100%. Results of this research are expected to provide an insightful
understanding ofi.the_shape memory behaviors of PVC-PCL and be instrumental for 4D printing and
programming of shape adaptive structures like shape-memory intervertebral cages as spinal support
devices.
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1- Introduction

Additive manufacturing or 3D printing has attracted significant attention in various industries [11-
[4] for fabricating complex structures with a wide range of metallic, polymeric, and ceramic materials.
In the field of medicine, however, 3D printing of polymers has made much more progress [1-[71, Shape
Memory Polymers (SMPs) can restore an original shape (i.e., permanent shape) of an enormously
deformed shape (i.e.,  temporary shape) when exposed to a suitable stimulus [BI°], This intelligent
feature is called Shape Memory Effect (SME) [10], 3D printing of smart materials like SMPs is called
4D printing 11%2_0On top of 4D printing of SMPs, the working mechanism, stimuli and programming
steps are the most prominent aspects of these polymers [131, Joule heating is the most conventional
stimuli which is :alse=used in this research. The transition temperature of the polymers (glass transition
temperature and melting temperature) is also an important player and acts as the switching
temperature in the programming cycle [14l. The temperature and time dependent nature of polymers
has led to program SMPs at the rubbery state or above melting temperature in most of the early
investigations of SMPs which is called “hot programming (HP)” [15],

Nowadays, warm and cold programming are also used in glass and transition areas with the aim
of reducing energy..and time consumption [151016], Of course, provided that the polymer has the
formability (beyond=the=elastic region) in these areas. The SME is defined by four terms: temporary
shape, permanent shape, hard phase and soft phase in molecular architecture and morphology [161,
The hard phase’ can be chemical or physical crosslinks and molecular entanglements in amorphous
polymers. On the other hand, glassy amorphous regions can be the soft phase in amorphous SMPs.
In semi-crystalline polymers, crystals or chemical cross links can be hard phase and the soft phase is
the glassy amorphous region or crystals in case of chemical cross-linked polymers [17],

In recent years, reports on SME in amorphous thermoplastics such as PC, PETG, PMMA and
PVC have also been presented [161[18] Considering the limitation of material in 4D printing, the use
of these materials can be promising. Yang et al. [19120] reported impression recovery of the indented

fully amorphous PC and PMMA with a high dependency of their SME on programming temperature
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as one of the findings. They also assumed that this smart behavior could be generalizable to all kinds
of amorphous polymers. Wu et al. [2 found that the SME of the fully amorphous PC is highly
dependent on programming temperature and imposed strain. Lower programming temperatures and
higher imposed strains cause microcracks and damage in the PC SMP, while higher programming
temperatures weaken SME. SME of PVC-based blends [221-[25] and thermoset PVC networks [261127]
have been proved by.some researchers.

Blending is one of the simple and practical ways to improve the properties of polymers [281(29],
Jeong et al. [2°] obtaifed a good SME of the miscible blend of PVC/TPU with an acceptable molecular
entanglement density..between the PVC and polyester domain of TPU. They suggested that the hard
phase of the TPU"strengthens the net points resulting in a good SME. PVC shows a good affinity to
polyesters liké Poly(e-caprolactone) (PCL). The miscible blend of PVC-PCL revealed an acceptable
SME with the help of PCL crystallite as a reinforcement of the physical crosslinks [221[231, The
viscoelastic nature of the polymer’s amorphous portion caused a stress relaxation phenomenon to be
considered as asfunction of temperature and time. Stress relaxation, which deteriorates SME
performance, could“be limited by rigid backbones with restricted thermodynamical mobility and also
increasing molecular=weight. All the cited literature has introduced molecular entanglements, as net
points to obtain” SME for an amorphous and semi-crystalline polymer with a low degree of
crystallinity. On ‘the other hand, the use of PCL to soften PVC not only strengthens the shape memory
property, but also makes its a candidate for more bio applications. The use of non-hygienic and low
molecule additives in"PVC, such as phthalates, especially diethylhexyl phthalate (DEHF), is a major
challenge [301, Becausesthese materials do not establish a covalent bond with PVC and over time, they
separate from PV, especially in the fluid environment at a faster rate, and their degree of migration
depends on the manufacturing parameters, the environment, and the amount of plasticizer.

Despite many applications of PVC in various industries and the evolution of 3D printing methods
in the last two decades, one of the manufacturing challenges is 3D/4D printing of PVC parts. Of

course, limited research has been done on the printing ability of PVVC and improving the printing
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conditions in terms of rheology. The use of a bio-compatible polymer such as PCL, in addition to
improving the properties of shape memory and softening PVC, can also have a positive effect on the
development of its 3D/4AD printing. One of the main advantages of 4D printing is the automatic
assembly capability, which reduces cost and time. The combination of 4D printing and cold and warm
programming bio-compatible PVVC-PCL highlights this advantage especially in medical applications,
provided that the,. SMP has a high formability.

This paper, for the first time, introduces a successful 4D printing method of PVC-PCL blends and
comprehensively “investigates their wide usability and shape memory properties. Effects of
programming parameters such as programming temperature, load holding time, applied strain and
recovery temperaturé“Were examined. Shape recovery was conducted in free and constrained manners
so that all SME parameters, including shape fixity, shape recovery, stress recovery and stress
relaxation, were quantitatively examined and presented. In addition, DMTA and SEM imaging were
applied for thermal and morphological analyses. Their implications on the shape memory effect of
4D printed PVC-PCL blends are then put into evidence, and pertinent conclusions are outlined. Due
to the absence of similar results in the specialized literature, this paper is likely to fill a gap in the
state-of-the-art 4D=printing of PVC and contribute to a better understanding of the behavior of 4D
printed PVC-PCL blends towards an efficient design of shape adaptive composite structures like

shape-memory 'Intervertebral cages as spinal support devices.

2- Materials and Methodology

2-1- Parent materials

Commercial non-toxic food grade PVC granules prepared by Pishro Plast Bespar Co. with a K
value of 65 and PCL prepared by eSun Co. (China) were selected as the parent materials. This PVC

grade have inherent viscosity of 0.88 dL/g, Mn= 38.5x103 g/mol, Mw=78.0x103, and PDI about 2 [31],
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2-2- Processing

For this research, the PVC-PCL samples were made and fabricated in the three main stages of
blending, producing filament, and 3D printing. The preparation of PVC-PCL blend samples was done
using two combinations of 5%wt and 10%wt of PCL (denoted by PVC-PCL5 and PVC-PCL10) with
an internal mixer. At first, PVC granules were poured into the internal mixer at a temperature of 183
°C for 8 minutes, and then PCL was added, and the PVC-PCL blend was mixed for 8 minutes at 100
rpm. The PVVC-PCL granules were obtained by crushing hot-pressed thin sheets which were made of
PVC-PCL lumps.fram blending to prepare the filament with an extruder. In Figure 1, a schematic of

the filament production processes and FDM printed structures is presented.

2-3- 3D printing
Lab-made extruder with an L/D ratio of 15 and 3D printer with fused filament fabrication (FFF)

technology were used to prepare PVC-PCL filaments and samples, respectively. The specifications

of the preparing filament process and printing of the samples are presented in Table 1.

3D Printing

Miscible Blend

Figure 1. Schematic of the filament production process and 3D printing
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Table 1. Filament preparation and 3D printing parameters for PVC-PCL blends.

Extrude temperature (°C) 200
Extrude speed (RPM) 25
Nozzle temperature (°C) 200
Bed temperature (°C) 60
Velocity (mm/s) 10
Raster 0

Number of walls 1

Layer thickness (mm) 0.2
Nozzle Diameter (mm) 0.8

2-4- Thermal analysis

To specifysthexdifferent thermal zones and evaluate the thermomechanical behavior of PVC-PCL
blends Dynamic. mechanical thermal analysis (DMTA) was performed (ASTM D4065-01 standard)
by a dynamic jmechanical thermal analyser (Mettler Toledo, Switzerland). Geometry, frequency,
thermal range, heating rate and loading mode were selected as 40mmx10mmx1mm, 1 Hz, -100°C-

100°C, 5°C/mingsand three-point bending, respectively.

2-5- SEM
SEM imaging was used to study the morphology and miscibility of PVC-PCL blends. To ensure

brittle fracture, the 'samples were broken in liquid nitrogen and the cross-section fracture was covered

with gold, and then SEM imaging was done.

2-6- 4D printing
The shape memory properties of PVC-PCL blends including shape fixity, shape recovery, stress

recovery and stress relaxation were assessed by considering the parameters of shape memory cycle
such as programming temperature, load holding time deformation and recovery temperature under
compression loading:” To investigate these parameters, two different constrained and unconstrained
recovery processes were performed. In Figure 2, the schematics of the programming process at
different temperatures (cold, warm and hot) and recovery with free and constrained protocols for
PVC-PCL10 compound are presented. All shape memory test samples were printed in the same
dimensions of 10x10x10 mm. All the important parameters to go through the shape memory cycle

are presented in Table 2.
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Table 2. Shape memory cycle conditions for PVC-PCL blends in the compression loading mode.

Materials PVC-PCL5 PVC-PCL10
Holding time for relaxation (s) 240 240
Loading temperature (°C) 80 (Hot) 25, 45, and 65 (cold, warm, and hot)

Deformation (%) 40 40 and 80

Load holding time (s) 0 0 and 600
Holding time for freezing (s) 120 120
Loading rate (mm/min) 3 3
Heating rate (°C/min) 15 15
Cooling rate (°C/min) 30 30

Recovery temperature (°C) 80 45 and 65

Cald g Warm Hot JE
T=15C T=45"C T= 65"
Hreating
Huelding Time = 10
mim
o - -
Y - -
I . .
T Recovery= 65°C T Recovery= 45°C
——
Free
. . . . T
——

Figure 2. Schematic of the programming process at different temperatures and recovery with free

and constrained protocols
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3- Results and discussion

3-1- DMTA

Figures 3 and 4 show changes of storage modulus and Tand as the DMTA results for unprocessed
polymers (PVC and PCL) as well as PVC-PCL blends with two different compositions (PVC-PCL5
and PVC-PCL10); respectively. According to Figure 3, glass-to-rubber transition zone for PVC starts
at 55°C and continues to 78°C. Also, the middle of the storage modulus is detected at 65°C, which
represents the glass transition temperature. In this thermal range, the storage modulus decreases from
511MPa to 16.5MPa._ Also, Figure 3 demonstrates the changes of storage modulus in the -100°C to
100°C for PCL. PCL has a glass-to-rubber transition zone in the temperature range of -65 to -30°C,
in which the drop of the elastic modulus is more obvious than the peak of the Tand. In the following,
the extreme peakeof storage modulus drop occurs in a narrow thermal range, and temperature of 60°C
is considered as the melting temperature. In this period, the storage modulus drops sharply and tends
to zero with a high slope.

According to Figures 3, both PVC-PCL samples have a sharp modulus drop with a continuous
decreasing trend and ja severe decreasing rate. Figure 4 also confirms that only one Tand peak is
observed throughout the thermal range that includes the melting point and transition of PCL and
transition of PVC,[?2l. These results indicate the high compatibility and solubility of raw PVC and
PCL polymers and=the obtaining of miscible PVC-PCL blends. The high intermolecular interaction
and compatibility,.andthe closeness of the solubility parameters of polyesters such as PCL and PCL-
based TPU and chlorinated polymers such as PVC cause the high rate of miscibility of their blends,
which has alreadysbeen discussed [2211241[321[33]  With the addition of 5%wt. and 10%wt. PCL, the
starting temperature of, the sharp drop of storage modulus decreases by 10°C and 35°C. Also, the
glass-to-rubber transition zone becomes wider for PVC-PCL compounds, and with the increase of
PCL amount, more intensity is observed. According to Figure 4, Tand peak for PVC and softened

PVC with 5%wt. and 10%wt. PCL are identified at 72°C, 63°C, and 52°C, respectively. Also, in
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order to investigate the properties of shape memory effect in different thermal regions, the DMTA

results are quantitatively summarized in Table 3.

2500
— P\/C

2000 ——PcL
= P\/C-PCL5
= P\/C-PCL10

100 =w=75= 50 25 0 25 50 75 100
Temperature (°C)

Figure 3. Storage modulus of the 3D printed PVC-based composite samples.

1.4
1.2
—pve
1 —pcL N
Ug 0.8 ——PVC-PCL5
S o. ——PVC-PCL10

00 N\ 75 50 25 0 25 50 75 100
Temperature (°C)

Figure 4. Tandsofthe 3D printed PVC-based composite samples.

Table 3. Summary of the DMTA results for PVC and PVC-PCL composite blends.

Storage Modulus Tand
Materials Storage M odulus Temperature  Middle Temperature Peak Value Temperature
Range (MPa) Range (°C) (°C) (°C)
PVC 510.9-12.3 55-78 65 0.74 72
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PVC-PCL5 1667.1-14.6 40-65 50 0.56 63.5
PVC-PCL10 807.4-22.3 15-55 33 0.47 52.6

3-2- Shape memory cycle

Figure 5 shows the shape memory cycle steps, which include three steps (1) heating and loading,
(2) cooling and qunloading, and (3) recovery. According to Figure 5, the recovery stage has been
performed with two™protocols and different recovery temperatures (45 and 65°C for PVC-PCLL10).
This work is to”examine the stress recovery performance of the samples at two different working
temperatures.. As..can.be seen, with an increase in temperature, the amount of stress recovery is
increased. But what makes the recovery step superior at a lower temperature is the better stress
relaxation behavior cempared to high temperatures. Also, according to the bio-compatibility of PVC
and PCL as rawsmaterials of the PVC-PCL blend, its performance in the temperature range close to
body temperature is important. In Figure 6, the load holding time as a subset of the loading step that
is done after loading and before cooling is presented. This parameter also plays an essential role in

the shape memary cycle and strongly affects SME. All these steps are discussed in more detail below.

55 | | @ 80
o | o I : | 1 N
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Time (S)
Figure 5. Shape memory cycle steps: (1) heating & loading, (2) cooling & unloading, and (3)
recovery process with the protocol of increasing the temperature to 45°C, maintaining at 45°C and

increasing again to 65°C.
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Figure 6. Shapesmemory cycle steps: (1) loading, (2) load holding time, cooling, and unloading, and
(3) recovery process with the protocol of increasing the temperature to 45°C, maintaining at 45°C

and increasing again to 65°C.

3-3- Programming

The effect of programming temperature on shape memory performance for miscible PVC-PCL
blends using constrained and free tests under compression loading mode was investigated. This
investigation includes programming and recovery steps of the shape memory cycle. In Figure 7, the
compressive stress=strain diagrams are presented in three glassy, transition, and rubbery heat zones
for PVC-PCL5 and PVC-PCL10. Based on the results, both compounds have similar behavior in
three thermal regions: Glassy polymers show linear elastic behavior, yielding, strain softening, and
strain hardening'strain/when strain is applied, which can be observed in both compressed compounds
at ambient temperature in the order of these stages. Of course, the intensity of each area depends on
parameters such as free volume, distribution, and even printing parameters. The values of yield stress
in the glassy region for PVC-PCL5 and PVC-PCL10 compounds are read 52.07MPa and 39.71 MPa,
respectively. The compressive stress-strain behavior in both the transition and rubbery regions is

completely elastic, with a difference that increasing the temperature causes a decrease in the elastic
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modulus and the slope of the linear region. For this reason, the slope of the elastic region and yield

stress in the warm programmed sample is more than hot.
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Figure 7. Compression programming in terms of stress-strain at cold, warm, and hot programming

for (a) PVC-PGL5 and (b) PVC-PCL10.

3-4- Shape fixity and recovery

3-2-1- Effect of programming temperature and composition

To investigate the effect of programming temperature on SME, PVC-PCL5 and PVC-PCL10
compounds were programmed at three temperatures (Tg-20°C,~ Tg , Tg+20°C) as cold, warm, and

hot programming.
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In Table 4, the values of shape fixity and shape recovery for both PVC-PCL compounds in three
programmed thermal zones are presented. As can be seen, the shape memory performance of two
compounds in different thermal regions has the same trend, so that in the rubber region, the highest
values of shape fixity are obtained, and on the opposite side, the samples programmed at ambient
temperature have the highest shape recovery ratio. The samples programmed in the transition region
also show intermediate shape memory performance. Also, in all three thermal regions, the shape
fixity values are higher for the PVC-PCL5 compound, and on the other hand, except for the samples
programmed at ambient temperature, where both PVC-PCL compounds have full shape recovery
(100%), the shape.recovery ratios are higher for the PVC-PCL10 compound. Of course, the effect of
programming temperature on shape memory properties is much more visible and tangible than the
effect of chemical composition in PVC-PCL blends.

The programming in different thermal zones strongly affects the deformation, shape fixity, and
shape recovery mechanisms. In the glassy thermal region, due to the limitation in free volume and
molecular mobility;zas, well as the heterogeneous distribution of free volume, all polymer chains do
not participate in-deformation and shape memory cycle processes, and polymer chains are divided
into three parts withacompletely different behavior: elastic, viscoelastic, and plastic. In addition to the
elastic part, which'is released immediately after unloading, the viscoelastic area is also released over
time, and this factor causes the reduction of shape fixity ratio in the samples programmed at ambient
temperature 151161341} The values of shape fixity for cold programmed PVC-PCL5 and PVC-PCL10
compounds are fread 61.69% and 54.04%, respectively. In other words, the free volume distribution
in the glassy state causes the anisotropic shape change and the limited local participation of the
polymer chains insthe shape memory cycle. Also, the application of high deformation to the polymer
in the glassy range is accompanied by the limitations of molecular mobility and free volume, which
causes changes in the length and angle of atomic bonds [151[351-[37], This phenomenon causes greater
instability and increases the internal energy of the polymer system [38]. By increasing the temperature

in the recovery stage, the energy required to return to the original form (thermodynamic equilibrium
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of the polymer system) is provided and due to the higher instability in the deformed state, the recovery
of the original shape is done faster and at lower temperatures. For this reason, complete recovery is
obtained at a high rate for both P\VC-PCL compounds in cold programming.

Hot programming is done in the rubbery heat zone and has the main differences from cold
programming. Among the most important parameters, we can point out the uniform distribution of
free volume, high ‘molecular mobility, the participation and elongation of most polymer chains, the
creation of an isotropic spatial shape, and a strong decrease in entropy. In fact, in the rubbery region,
the necessary energy for molecular movement, loosening of physical net points, and stretching of
chains is provided.so-that their spiral and random form takes a new elongated structure. Also, more
stability (thermodynamic equilibrium) in this case due to the transition from the rubber to the glass
region and the._entrapment of the elastic entropy leads to the achievement of high shape fixity. The
amount of shape fixity for hot programmed PVC-PCL5 and PVC-PCL10 are 97.37% and 88.14%,
respectively. Inaddition, the hot programmed samples show an acceptable shape recovery in the
rubbery heat zone:

The programmed samples in the transition thermal zone between glassy and rubbery, which is
called the transition=zene, have an intermediate behavior with a greater tendency to hot programmed
samples. In fact, warm programmed samples show a more balanced behavior in that they have neither
weak shape fixity like cold programmed samples nor moderate shape recovery like hot programmed
samples. Shape’ recovery values for PVC-PCL5 and PVC-PCL10 compounds programmed in the

transition thermal’ zone are calculated 89.70% and 98.34%, respectively.

Table 4. SEM.results for the effect of programming temperature in the bending mode.

Cold Warm Hot

Materials Shape Fixity ~ Shape Recovery  Shape Fixity — Shape Recovery  Shape Fixity  Shape Recovery

(%) (%) (%) (%) (%) (%)

PVC-PCL5 61.69 100 71.56 89.70 97.37 86.26

PVC-PCL10 54.04 100 66.55 95.34 88.14 91.05
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3-2-2- Effect of load holding time, deformation, and recovery temperature

In Table 5, the values of shape fixity and shape recovery are presented for PVC-PCL10 by
programming in three different thermal zones and considering the effect of load holding time and the
amount of deformation in two recovery temperatures. As mentioned in the previous section, with the
increase in programming temperature, the shape fixity ratio increases greatly. The shape fixity values
for cold, warm, and hot programmed samples are 54.04%, 66.55%, and 88.14%, respectively.
Increasing the programming temperature increases the free volume, its more uniform distribution,
and the participation of more polymeric chains, and increases the thermodynamic stability, which
requires a higher_recovery temperature or a long recovery time for more and better shape recovery.
For this reason, by increasing the recovery temperature from 45°C to 65°C, the shape recovery ratio
increases, and this_increment is more severe for the hot programmed sample.

According tosthesresults of Table 5, taking into account 10 minutes’ load holding time, the amount
of shape fixity {reaches 100%, and on the other hand, the amount of shape recovery decreases.
Applying the lead=holding time creates conditions for the stability and balance of the deformed shape
after the deformation,’ which increases the thermodynamic stable state. Applying load holding time
activates two mechanisms of structure relaxation and stress relaxation. The first mechanism causes
an increase in the thermodynamic stable state, which increases shape fixity and decreases shape
recovery. By applying the load holding time, the amount of shape fixity reaches from 88.14% to
100% and the shapesrecovery also decreases in both recovery temperatures. The amount of shape
recovery at 45°C 10 65°C decreases by 36.93% and 22.16%, respectively. In addition, by considering
the load holding time, the opening possibility of physical entanglements in the rubbery zone
increases, and in this way, it is effective in reducing shape recovery.

Another effective parameter in the programming process is the degree of deformation. According

to Table 5, with the increase of deformation from 40% to 60%, the shape fixity decreases from
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91.03% to 88.14%. This decreasing trend in shape recovery is also observed in both recovery
temperatures. The increase of strain higher than 40% in programming occurs in the strain-hardening
region, which is associated with more stretching of polymer chains. This phenomenon at higher
temperatures especially at rubbery can cause chain slippage and also open physical net points. These
interactions justify the decrease in shape memory performance with the increase in applied

deformation.

Table 5. PVC-PCL10 SEM results for the effect of programming temperature, load holding time, and
amount of deformation at two recovery temperatures.

Conditions Shape Fixity (%) Shape Recovery at 45C°  Shape Recovery at 65C°
Hot 88.14 65.77 91.05
Warm 66.55 86.69 95.34
Cold 54.04 92.25 100
Hot with holding time 100 41.48 70.87
40%;het;Pregrammed 91.03 66.64 95.08

3-5- Stress recovery and relaxation

3-5-1- Effect of programming temperature and composition

In Figure 8,/ stress recovery changes according to temperature and time for the PVC-PCL5 blend
are demonstrated” for'two hot and warm programmed samples. According to Figure 8(a), for a more
detailed analysis, the ;stress recovery diagrams of PVC-PCL5 can be divided into three regions (from
the ambient temperature to the transition temperature; from the transition temperature to the end of
the recovery temperature and after recovery).

In the first region (recovery temperature up to 55°C) the warm and hot programmed PVC-PCL5
samples have the same behavior. In the second region, the recovery behavior of the two samples is
completely different, so the slope of the stress recovery with increasing temperature is much more

intense for the warm programmed sample. Also, the maximum value of the stress recovery for the
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warm programmed sample is higher and obtained at a lower temperature compared to the hot
programmed sample. According to Figure 8(b), in the third region, which is the investigation of the
stress recovery behavior after the maximum value, the hot programmed sample shows a better stress
relaxation performance and the stress relaxation rate at the maximum recovery temperature (constant
temperature of 80°C) during the time is lower than the warm programmed sample.

Quantitative “results of these Figures are extracted and presented in Table 5. According to the
results, the maximum,stress recovery for PVC-PCL5 in the warm programmed sample is 10.43 MPa,
obtained at 70°Cy=while this value is 8.19 MPa for the sample hot programmed at 80°C. As it has
been discussed. earlier, programming at lower temperatures, particularly lower than the average Tyg
causes inhomog@eneous strain propagation in limited sites that possess favourable freedom to
conformational-changes [391-[411, Besides, these conformational changes result in a burst in free volume
proportion and size 421, Hindered molecular mobility at lower temperatures causes a considerable
elastic strain to be ‘stored in limited chains with an immense order of non-equilibration in the
deformed conformation. Therefore, these regions with a high concentration of more mobile
nonequilibrium chains tend to relive their stored internal energy in greater values at higher speeds as
well as lower peakstemperatures. It is due to the higher stored internal energy by a non-equilibrated
polymer system to altered macromolecule bond length and angle [#111431, For this purpose, the
maximum value®.of the recovery stress for the warm programmed sample is obtained at a lower
temperature, and the Increase in temperature causes an increase in the stress relaxation rate.

Figure 9 illustrates the stress recovery diagram for PVC-PCL10 in terms of temperature and time.
Considering the recovery temperature of 45°C for this compound, which is its glass transition zone,
the stress relaxation rate is very low, and it can be the excellent performance for medical applications
in the body temperature range. Therefore, by reducing the recovery temperature, the stress relaxation

can be overcome.
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Figure 8. Stress_recovery for hot and warm programmed PVC-PCL10 samples in terms of (a)

temperature and (b) time.

Table 6. Maximum, stress recovery values for PVC-PCL5 samples programed at different

temperatures.
Conditions Max Stress Recovery at 80°C (MPa) Stress Recovery at endof 80°C (MPa)

Hot 8.19 5.81
Warm 10.43 5.95
Cold 9.88 5.87
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Figure 9. Stress recovery for hot and warm programmed PVC-PCL10 samples in terms of (a)

temperature and (b) time.
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Table 7. Maximum stress recovery values for PVC-PCL10 samples programmed in different

conditions and temperatures.

Max Stress Stress Recovery Stress Recovery
Max Stress Recovery
Conditions Recowery at 45°C at the end of at the end of
at 65°C (MPa)

(MPa) 45°C (MPa) 65°C (MPa)
Hot 5.63 5.63 8.74 8.43
Warm 8.28 8.15 5.34 3.89
Cold 8.01 7.84 6.12 5.87
Hot with holding time 3.26 3.26 7.72 6.01
40% hot Programmed 3.28 3.28 5.28 4.9
Recoverysati65 Hrx Hrx 7.92 7.15

3-5-2- Effect ofyprogramming deformation

The value of applied deformation in the programming stage is another basic and influential
parameter for the stress recovery. Figure 10 displays the stress recovery changes in terms of
temperature ands“time, for two samples programmed with 40% and 60% deformations under
compression loading. Based on Figure 10(a), with the start of the recovery process (heating), the
amount of stress=recovery is released for the sample with less applied strain (40%) even at low
temperatures, while for the 60% applied deformation sample, the recovery process starts at 45°C. In
other words, the,amount of stress recovery up to 45°C is higher for the programmed sample with
lower strain. This phenomenon is caused by more thermodynamic equilibrium because the loading
time is longer in the sample with 60% applied strain in the rubbery region. At the first recovery
temperature (45°C),.the amount of stress recovery increases continuously over time at a low rate and
stress relaxation doees_not occur at this temperature. The maximum stress recovery values at 45°C for
40% and 60% deformations are read 3.28 and 5.63 MPa, respectively. According to Figure 10 (b),
with the increase in temperature from 45°C to 65°C, the stress recovery increases for both samples,
and the maximum values are reached at 65°C. The amount of stress recovery decreases over time at

a constant temperature of 65°C. The maximum stress recovery for 40% and 60% deformations are
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measured 5.28 and 8.74 MPa, respectively. In addition, the amount of stress relaxation and the

decreasing rate is very small and similar for both samples.
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Figure 10. Inflence of programming deformations on the stress recovery according to (a)

temperature and (b) time.

3-5-3- Effect of load holding time

As a result, increasing the load holding time can have a destructive effect on the stress recovery
behaviour. According to Table 5, the maximum stress recovery values at two recovery temperatures

of 45°C and 65°C for the hot programmed PVC-PCL10 sample are 3.26MPa and 7.72 MPa,
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respectively. They are reduced by 42% and 11%, respectively, compared to the hot programmed
sample without load holding time. First, a longer load holding time acts like higher programming
temperatures and heating and cooling rate, or a lower deformation speed, which are other thermo-
temporal conditions. For this purpose, they follow the same concept based on relative molecular
mobility and relaxation mechanism and can be implemented interchangeably [371[401141],

It should be,considered that physical crosslinks of molecular entanglements and ordered regions
like mesomorphs. and crystallites have a finite lifetime that depends on thermo-temporal conditions
[37]1441, Higher load=holding time leads to more efficient stress relaxation of programmed SMP and
more stability «in,thedeformed state, but the dominant relaxation mechanism is different at various
temperatures [3914015As mentioned, 42% and 11% decrease in the stress recovery at 45°C and 65°C
is due to greater stability in the deformed state and the increase in the stress relaxation rate is due to

the intensification of relaxation mechanisms with the addition of load holding time [451146],

3-5-4- Recovery temperature

Figure 11 shows the changes in stress recovery in terms of temperature and time for the PVC-
PCL10 hot programmed at two recovery temperatures of 45°C and 65°C. According to Figure 11(a),
with the increase. in recovery temperature from 45°C to 65°C, the amount of stress recovery increases.
The maximum value of stress recovery in these two temperatures is 5.63 and 7.92 MPa respectively.
In Figure 11(b), the stress recovery changes in terms of time are presented, based on which the stress
recovery slope ishigher at 65°C. In fact, with the increase in temperature, in addition to the maximum
stress recovery,uthestress recovery rate also increases. The changes of the stress recovery upon
reaching constant temperatures of 45°C and 65°C have two different trends. At a fixed recovery
temperature of 45°C, the amount of stress recovery increases continuously and gradually over time.
This stress recovery mechanism is of great interest for medical applications. However, at a constant

recovery temperature of 65°C, the stress recovery reaches the maximum value and then decreases at
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a low rate, which can be due to the effect of time on the drop in elastic modulus and may also be

caused by the activation of relaxation mechanisms (opening of molecular entanglements).
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Figure 11. Influence ,of the recovery temperature on the stress recovery according to (a) temperature

and (b) time.

3.6. SEM

In Figure 12, SEM images of the macro and microstructure of 3D printed two PVC-PCL
compounds are presented to examine the printability, morphology and miscibility of PVC-PCL

blends. According to Figure 12(a), the PVC-PCL5 sample has medium printability, and by increasing
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the amount of PCL to 10%wt (Figure 12(d)), the adhesion between the raster and layers improves
and the density of microholes decreases. Of course, the FFF mechanism (feeding system and fast
cooling) has a great contribution to the formation of these microholes [#71-[491 As can be found, the
SEM images confirm the results of the DMTA test and the miscible morphology for both PVC-PCL
compounds. Of course, according to Figure 12 (b) and (c), phase separation is observed in some
droplets or even,regions for the PVC-PCL5. But based on Figure 12 (e) and (f) in the PVC-PCL10,
almost a completely single-phase morphology is observed, which indicates the high solubility of PVC
and PCL. The high=eompatibility of the raw materials up to the molecular level and the proximity of
the solubility parameters of the two materials are the main reasons for obtaining the miscible
morphology. It "ean™Cause more favorable printability, mechanical and thermomechanical properties

due to the creation of a homogeneous and uniform microstructure.
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Figure 12. SEM.images of two PVC-PCL compounds to examine the morphology and miscibility:

4- Conclusion

The main aim of this research was to provide an insightful understanding of shape memory behaviors
of bio-compatible PVC-PCL blends 4D printed by FFF and programmed under different thermo-

mechanical protocols. A detailed analysis of the influence of programming parameters on the shape
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memory performance in terms of shape fixity, shape recovery, stress recovery and stress relaxation

was carried out.

DMTA and SEM revealed that the PVC-PCL compounds have an acceptable miscibility,
and the miscibility value improves with the increase PCL from 5wt% to 10wt%. Also,
withgsan increase in the amount of PCL, the printability enhances, while the transition
temperature decreases. PVC-PCL10 with the glass-to-rubber transition temperature of
37°C and  biocompatibility could pave the way for 4D printing of shape adaptive soft

devices specially those for biomedical applications and served in the body temperature.

The “4Dwprinted PVC-PCL SMP demonstrated a high level of shape fixity and shape
recovery. In all three thermal regions, the shape fixity values were higher for the PVC-
PCL5 compound, and both PVVC-PCL compounds have full shape recovery (100%). Also,
the effect \of programming temperature on shape memory properties was much more

visiblesand tangible than the effect of chemical composition in PVC-PCL blends.

The. shape: fixity values for cold, warm, and hot programmed PVC-PCL10 samples were
54.04%, 66.55%, and 88.14%, respectively. Taking nto account 10 minutes’ load holding
time,the amount of shape fixity reached 100%, and on the other hand, the amount of shape
recovery decreased. With the increase of deformation from 40% to 60%, the shape fixity
decreased”from 91.03% to 88.14%. This decreasing trend in shape recovery was also

observed in both recovery temperatures.

Coldy, programmed PVC-PCL10 samples had the highest stress recovery at 45°C.
Considering the recovery temperature of 45°C for PVC-PCL10, which is its glass
transition zone, the stress relaxation rate was very low, and it can be the excellent

performance for medical applications in the body temperature range.
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e Hot programmed samples had the highest stress recovery at 65°C and showed the best
stress relaxation performance at both recovery temperatures. With the increase in recovery
temperature from 45°C to 65°C, the amount of stress recovery increased. The maximum

value of stress recovery in these two temperatures was 5.63 and 7.92 MPa respectively.

e The developed shape memory blend with excellent 4D printability and performance could
be instrumental in 4D printing shape adaptive structures like shape-memory intervertebral

cages as spinal support devices.
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PCL. Thermo-mechanical and morphological analyses reveal their excellent 4D printability and
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