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A B S T R A C T

In this study, we investigated the shape memory properties of ionizing radiation cross-linked high-density 
polyethylene (HDPE) self-reinforced by Dyneema fibers. We investigated self-reinforcement as a means of 
increasing the recovery stress (σrec), which has not been extensively researched before in the literature. Using 
film stacking, we produced composites with effective self-reinforcement and samples where the fibers were 
completely melted by high temperatures as reference samples. The composites were cross-linked by gamma 
irradiation with a 150 kGy dose, and we verified the cross-linked state with swelling tests. We characterized the 
self-reinforced composites through differential scanning calorimetry (DSC), scanning electron microscopy (SEM), 
and flexural tests. We found the optimal processing temperature to be 150 ◦C, where the fibers remained intact, 
but adhesion was excellent. Self-reinforcement slightly decreased the recovery ratio (Rr), at the same time, it 
increased σrec of the samples by 111 %, as it increased the programming stress. We investigated different pro
gramming temperatures and found that higher temperatures produced higher Rr but lower σrec. We showed that 
through self-reinforcement we can manufacture all-polymer composites with increased σrec. All polymer com
posites can be fully biodegradable, biocompatible, and have lower density than conventional composites, which 
properties can be advantageous in future applications.

1. Introduction

Shape memory polymers (SMPs) are intelligent materials capable of 
altering their shape in response to an external, non-mechanical stimulus. 
They can be programmed to respond to a wide range of stimuli, the most 
common being heat [1]. Shrink tubes and shrink packaging already 
make use of this technology [2], but other fields can also profit from it, 
such as 4D printing, biomedicine, robotics, and control technology 
[3–7].

The shape memory effect in polymers is based on a dual structure, 
where the polymer possesses so-called switches and netpoints. The roles 
of switches and netpoints can be played by many different structures, 
like phases or chemical bonds. Switches have to transition from an 
“open” state that enables molecular movement to a “closed” one that 
restricts it in response to the stimulus, while netpoints have to remain in 
place, holding the material together throughout [8,9].

One of the most widely applied SMPs is cross-linked polyethylene (X- 
PE), where the primary chemical bonds are the netpoints and the crys
talline phase is the switch. The shape memory effect in X-PE occurs on 
the crystalline melting temperature (Tm) if the material has been pro
grammed to respond. Thus, to complete a shape memory cycle, we have 
to heat the polymer above its Tm, to open the switches via crystalline 
melting. In this easy-to-deform state, we have to apply strain on the 
sample and deform it to the programmed shape. During this step, the 
netpoints maintain the material’s integrity, and internal stress is stored 
in the structure. We should keep this deformed state until the material is 
cooled down and crystallized so the switches close. When the external 
force is removed, some of the strain may relax. Subsequently, when the 
material is heated above the Tm the switches release again, causing the 
stored stress to be released and the sample to be returned to its original 
shape, potentially leaving some residual strain [9–11].

During the shape memory cycle, the SMP stores and releases stress. 
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This stress determines the ability of the SMP to recover while under a 
constraint or external force or to move other objects while recovering. 
The strength of the recovery can be measured by the recovery stress 
(σrec). Polymers usually exhibit much lower σrec than shape memory 
alloys; thus, their use is limited in applications where recovery under 
load is required [9,10,12].

Recovery stress can be increased by composite reinforcement, which 
increases the stress required to deform the material, so the SMP can store 
more stress and release more stress. Both fiber and nanoparticle rein
forcement are common research topics [12–14].

Shape memory polyethylene (PE) has already been reinforced with 
different fibers and nanoparticles [15]. For PE to have shape memory 
properties, it has to be cross-linked, usually by 50–250 kGy absorbed 
dose of ionizing irradiation [16], but the absorbed dose required for 
cross-linking and the properties of X-PE are highly dependent on the 
parameters of the irradiation and the composition of the material [17]. 
Wang et al. [16,18] investigated the effects of short glass fibers on 
cross-linked poly (styrene-b-butadiene-b-styrene) (SBS) triblock 
copolymer/X-PE blends. The inclusion of glass fibers resulted in a slower 
recovery process. However, the precision of recovery increased in 
cyclical tests, which they explained with a decrease in plastic defor
mation. Wang et al. [19] also investigated short carbon fiber rein
forcement, which led to slower recovery, like glass fibers. Unlike the 
glass fibers, they also decreased the recovery ratio (Rr), which the au
thors explained with a decreased percentage of the material taking part 
in shape memory. Rezanejad and Kokabi [20] added nanoclay particles 
to the X-PE matrix. The presence of nanoclay resulted in increased σrec 
while Rr decreased, which the authors explained with a reduction in 
molecular mobility. Ma et al. [21] used carbon black to reinforce a 
two-way shape memory X-PE and found that it slightly decreased the 
accuracy of the shape memory but increased the strength of the material. 
Zhang et al. [22] conducted shape memory experiments on an ultra-high 
molecular weight polyethylene (UHMWPE)/PE blend reinforced with 
carbon nanotubes. They found that the reinforcement slightly increased 
the Rr, but the authors did not investigate the mechanical characteristics. 
Reinforcement of X-PE can increase σrec but often reduces the precision 
of the recovery.

In the case of PE, self-reinforced polymer composites (SRPCs) can 
sometimes offer a better reinforcing method than conventional com
posites. SRPCs have a lower density than conventional composites; they 
offer better adhesion between fibers and matrix, and their recycling can 
be easier [23]. Self-reinforcement can also possibly take part in shape 
memory, boosting its effectiveness. UHMWPE, is an exceptionally strong 
type of PE [24], fibers made out of it have strength and modulus com
parable to conventional fibers [25]. Thus, they are available as a 
convenient reinforcing material [26–28].

There has already been substantial research into self-reinforced PE 
with UHMWPE fiber reinforcement [29]. Film stacking is a production 
method where matrix sheets or films and fiber layers are alternated and 
compression molded to make samples [30]. This technology is well 
suited to making PE-based SRPCs with a wide range of possible fiber 
contents, where the reinforcement increases the strength and modulus of 
the material [31–33] For the highest strength, the melting and recrys
tallization of the fibers should be avoided during processing while 
achieving good adhesion with the matrix. For UHWMPE fibers, the 
optimal processing temperature is between 140 and 150 ◦C [31,34].

However, very little research has been conducted into the shape 
memory characteristics of the self-reinforced PE composites [35]. 
Closest to it is the shape memory of PE fibers, utilized in artificial 
muscles, where the high strength and shape memory of UHMWPE fibers 
are exploited [36–38]. Maksimkin et al. [39] examined the shape 
memory behavior of UHMWPE fibers. Although the polymer lacks 
chemical cross-links, its high molecular weight allows the entanglement 
of amorphous chains to act as the netpoints, while the crystalline do
mains can act as the switches. The researchers compared these findings 
with UHMWPE in its bulk state, which also displayed shape memory due 

to similar mechanisms. Notably, UHMWPE fibers exhibited significantly 
greater recovery stress when compared to the bulk samples.

In this research, we investigated the shape memory characteristics of 
self-reinforced PE composites produced by films stacking from UHWPE 
fibers and high-density polyethylene (HDPE) matrix which have not 
been extensively researched before in the literature. Our aim was to 
increase the recovery stress (σrec). A shape memory SRPC can be fully 
biocompatible and have a lower density than conventional composites. 
We compared the effect of self-reinforcement to samples where the fi
bers have been completely melted and mixed with the matrix. Based on 
the findings of Amer and Ganapahiraju [31], we achieved this by raising 
the production temperature above the Tm of the fibers, so any effect 
resulting from an increased molecular weight or any other factor could 
be negated. For this reason, we produced samples at a wide range of 
production temperatures, from 130 ◦C to 160 ◦C, to find the optimal 
temperature and to also obtain samples with negated self-reinforcement. 
We theorized that optimal temperature self-reinforcement would in
crease the recovery stress compared to samples produced at high tem
peratures. We used gamma irradiation to cross-link the samples to give 
them shape memory properties. We then characterized the morphology 
of these samples and investigated both free and constrained recovery.

2. Materials and methods

2.1. Materials used

As a matrix for the SRPCs, we used TIPELIN BA 550-13 high-density 
polyethylene (HDPE) manufactured by MOLGroup Chemicals, Hungary. 
The matrix was reinforced with Dyneema SK76-type UHWMPE fibers 
sourced from Koninklijke DSM N. V., Netherlands.

2.2. Production of SRPCs

The manufacturing process of composites is shown in Fig. 1.We 
applied the film stacking method to produce the composites. As a first 
step in the production process for each sample, we compression molded 
3 pieces of 160 × 160 × 0.5 mm sheets from the matrix material on a 
Teach-Line Platen Press 200 E (Dr. Collin GmbH, Germany) at 160 ◦C 
with 7 bar pressure. We held the temperature for 10 min before com
pressing, and cooled the sheets in the press while keeping up the pres
sure, by circulating water through the pressing plates until they reached 
room temperature. Subsequently, we used a custom-made coiler ma
chine to wrap 20 wt% of Dyneema fibers around one of the sheets. We 
then placed this sheet between two other 0.5 mm thick sheets and 
compressed them on the same machine at 7 bar pressure to produce 160 
× 160 × 2 mm SRPC sheets. At this step, different temperatures were 
used to produce different samples. The applied temperatures were 130, 
135, 140, 145, 150, 155 and 160 ◦C.

Finally, we cross-linked the composites to achieve shape memory 
properties. We sealed one sheet produced at each temperature in PE bags 
and irradiated them with a dose of 150 kGy. Institute of Isotopes Ltd. 
(Budapest, Hungary) conducted the irradiation with a panoramic SLL-01 
60Co radiation source, with a steady irradiation rate of 2 kGy/h. We cut 
the specimens from the sheets with a precision saw.

2.3. Characterization methods

2.3.1. Differential scanning calorimetry (DSC)
We conducted DSC measurements to investigate the crystalline 

properties of the samples using a TA Instruments Q2000 DSC (TA In
struments, USA). We cut 5–7 mg samples and tested them between 40 
and 180 ◦C in a heat-cool-heat cycle. The heating rate was 5 ◦C/min for 
both heating and cooling. We conducted the tests in an N2 atmosphere 
with a 50 ml/min flow rate. As the degree of crystallinity depended 
highly on the content of fibers in the DSC sample, and fiber pullout was 
impossible to avoid in DSC sample preparation, we weren’t able to 
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calculate the precise degrees of crystallinity for the sheets [40].

2.3.2. Swelling experiments
The swelling characteristics of the samples correspond to the degree 

of cross-linking. For this reason, we swelled and weighed the irradiated 
and un-irradiated samples to confirm that cross-linking occurred and 
compare cross-linking between samples. Two approximately 1 g speci
mens were cut out from each sample, weighed precisely, and swelled in 
xylene at room temperature for 72 h. After swelling, we wiped the 
specimens with paper and weighed them again. We tested 5 specimens 
for each sample and calculated the swelling ratio as the average ratio of 
the mass after and before swelling.

2.3.3. Scanning electron microscopy (SEM)
To observe the presence or lack of visible fibers directly, as well as 

the adhesion between fiber and matrix and the layers in the composite, 
we took scanning electron microscope (SEM) images of the cut surfaces 
of the samples. Cutting the samples was necessary due to their tough
ness, as they didn’t fully break under liquid nitrogen. The cut surfaces do 
not represent the original morphology, but their comparison still reveals 
much about the properties. We used a JEOL JSM 6380LA (Jeol Ltd., 
Japan) machine, before inspecting them, we sputtered the samples with 
a thin gold layer.

2.3.4. Flexural tests
We conducted flexural tests on 40 × 25 × 2 mm specimens cut from 

the sheets in the direction of the fiber orientation to assess the me
chanical properties at room temperature. We tested five specimens of 
each sample on a Zwick Z005 universal testing machine (Zwick GmbH., 
Ulm, Germany) with a 5 kN cell. The test speed was 20 mm/s, and the 
span between supports was 32 mm. The tests lasted until the specimen 
broke or reached the conventional deflection, 10 % of the span, which 
was 3.2 mm. We calculated the flexural modulus as the slope of the 
tangent at the initial near-straight part of the bending curve.

2.3.5. Free- and constrained recovery experiments
We evaluated the precision of the shape recovery of the samples in 

free recovery experiments and the recovery stress in constrained re
covery experiments. We conducted both with the same Zwick Z0250 
universal testing machine (Zwick GmbH., Ulm, Germany) equipped with 
a 1 kN cell and a heating chamber. We put the 40 × 25 × 2 mm samples 
in a 3-point bending head with a 32 mm span between supports. The 
samples were heated in the heating chamber at 130 ◦C for 5 min, 
deformed to a 2 mm deflection (εm). Keeping the crosshead in place, they 
were removed from the heating chamber and cooled at room tempera
ture for 5 min. Subsequently, we put them back into the heating 
chamber for 5 min while recovery took place (Fig. 2). We tested 3 
specimens of each sample.

In the case of the free recovery experiments, the deformations were 
precisely monitored using a Mercury Monet (Sobriety, Czech Republic) 
type digital image correlation (DIC) device. The deflection was moni
tored using a single-point probe in the middle of the specimen. We 
calculated the shape recovery ratio using Equation (1) from the deflec
tion data. 

Rr =
εm − εp

εm
[ − ] (1) 

where εm is the maximum strain applied, and εp is the persisting strain 
after recovery [41].

In the case of constrained recovery cycles, we kept a constant 
deflection of 0.01 mm in place during recovery and monitored the force 
on the crosshead with the cell. We then calculated σrec from the 
maximum force. For the constrained recovery experiments, we also 
measured the stress required to deform the specimen to the programmed 
shape, the programming stress (σprog). We calculated the storage ratio 
(S) using Equation (2) to characterize the material’s ability to store and 
release the programming stress: 

S=
σprog

σrec
[ − ] (2) 

Fig. 1. The manufacturing process of self-reinforced shape-memory composites.

Fig. 2. The DIC images of the shape memory experiments: the deformed shape (a) the recovered shape (b).
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3. Results and discussion

3.1. Swelling experiments

While different production temperatures affected the swelling rate of 
the samples (Fig. 3), it is clear that, on average, unirradiated samples 
swelled more than irradiated ones. Below 145 ◦C, the composites were 
poorly impregnated and had varying porosities (also supported by the 
SEM images), which impacted the results more than the irradiation. 
High porosity also made the samples have a high degree of swelling, and 
indicates weaker bonding between the fibers and matrix. Above this 
temperature, the adhesion improved, and the process stabilized. The 
irradiated samples above 145 ◦C had lower swelling, showing that the 
absorbed dose was sufficient to cross-link the samples.

3.2. DSC experiments

DSC measurements on unirradiated samples revealed that at low 
temperatures, the fibers remained separate from the matrix, and the 
composite produced two distinct peaks Fig. 4. The peaks around 
145–150 ◦C belonged to the Dyneema fibers, which had parallel mole
cules in a highly crystalline structure, while the peaks around 135 ◦C 
belonged to the folded chains of the HDPE matrix [42,43]. At higher 
temperatures, the peak for the Dyneema fibers disappeared, and only the 
lower temperature peak showed, indicating that at these temperatures, 
the fibers melted, and no effective reinforcement took place. The 
UHMWPE of the fibers recrystallized in the same way as the HDPE from 
the matrix. There was no significant difference between the degrees of 
crystallinity or the melting temperatures.

3.3. Scanning electron microscopy

Despite the careful preparation, we could not cut the 130 ◦C and 
135 ◦C samples without the complete delamination of the composite. 
Thus, SEM images for these are not available. The delamination during 
sample preparation occurred because of the poor adhesion between the 
fibers and matrix, as the matrix did not melt properly during production. 
Regarding the prepared samples (Fig. 5), when the production temper
ature was 155 ◦C and 160 ◦C (Fig. 5/d,e), we could not see fibers in the 
samples, as shown also in the DSC experiments at these temperatures, 
the fibers melted. For the samples where fibers are present (Fig. 5/a,b,c), 
we can see that the fibers remained in distinct layers and did not mix 
evenly into the matrix. For the 150 ◦C sample (Fig. 5/c), the fiber layers 
split apart less than for the samples produced at lower temperatures, 
which indicates that the matrix stuck to the fibers, and penetrated the 

layers more which is important for high strength and modulus. Here, we 
can also see that the fibers appear slightly thinner, likely from partial 
melting and some relaxation could also have occurred. The amount of 
fibers observed on each image is likely a result of sample preparation 
and does not indicate an overall change in the fiber content of the 
samples.

3.4. Flexural tests

The flexural tests showed an optimal production temperature for 
both the maximal stress and modulus in the investigated temperature 
range (Fig. 6). However, these did not coincide precisely; in the case of 
the unirradiated samples, the 140 ◦C produced the highest average 
flexural strength, while the standard deviations of 140 ◦C, 145 ◦C and 
150 ◦C overlapped. In the case of the irradiated samples, the maximum 
flexural strength was clearly 150 ◦C (Fig. 6/a), while in terms of 
modulus, the maximum was achieved at 145 ◦C (Fig. 6/b). In conclusion, 
we can say that a production temperature of 145 ◦C–150 ◦C produced 
the highest strength composites. Below this temperature, the poor 
adhesion of the fibers and matrix limited the strength of the composite, 
particularly at 130 ◦C, while above this temperature, the melting of the 
fibers drastically reduced the strength of the composite. There was 
negligible change between 155 ◦C and 160 ◦C, so we can say that for 
both, the fibers melted, and we can take them as references for an un
reinforced sample. Composites with higher strength and modulus can 
have increased recovery stress during shape memory.

As a result of the irradiation, the strength and modulus of the com
posites increased. The irradiation caused the PE to cross-link, and cross- 
linked polyethylene has a higher strength than the virgin material [44]. 
The increase is most pronounced in the case of the 145 and 150 ◦C 
samples, where because of the good adhesion between the matrix and 
fibers, the irradiation could result in covalent bonds between the two.

3.5. Free recovery experiments

In the free recovery tests, all samples demonstrated shape-memory 
properties, although under 150 ◦C, the recovery was imprecise 
(Fig. 7/a). The recovery ratio was 68 % for samples produced at 130 ◦C. 
In this sample, the fibers likely played a very small part in the process, as 
the adhesion between them and the matrix was very poor. When the 
production temperature increased, for 135 ◦C and 140 ◦C samples, the 
recovery ratio decreased to around 55 %. The reduction likely resulted 
from the fibers now connecting to the matrix but not being encompassed 
by it, leading to delamination mid-process. With a further increase in 
temperature up to 150 ◦C, the recovery ratio increased to 82 %, which is 
considered adequate. The connection between the fibers and the matrix 

Fig. 3. Swelling rates of irradiated and unirradiated samples produced at 
different temperatures.

Fig. 4. DSC curves of unirradiated samples produced at different temperatures 
(given below the curves).
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improved, leading to a reduction in irrecoverable deformation. 
Increasing the production temperature to 155 ◦C and 160 ◦C led to the 
complete melting of the fibers, which negated any negative effects from 
fiber reinforcement, leading to an increase in the recovery ratio, 
although only with the standard deviations overlapping. The large 
standard deviation at 150 ◦C resulted from the partial melting of the 
fibers.

When we varied the transition temperature for samples produced at 
145 ◦C, we could see a positive correlation between the transition 
temperature and the recovery ratio (Fig. 7/b). There were small in
creases up to 150 ◦C, from more thorough melting, and a significant 
increase at 160 ◦C resulting from the complete melting of the same effect 
that we have seen at 155 and 160 ◦C in Fig. 7/a.

Fig. 5. SEM images of the cut surfaces of unirradiated samples produced at 140 ◦C a), 145 ◦C b), 150 ◦C c), 155 ◦C d), 160 ◦C e).
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3.6. Constrained recovery experiments

Based on the constrained recovery experiments, we can conclude 
that effective fiber reinforcement could increased the recovery stress of 
the samples compared to the samples produced at high temperatures 
(Fig. 8/a). The recovery stress and programming stress results of the 
samples correlated with the flexural strength at room temperature, as 
the programming strength is essentially the flexural strength at high 
temperature. The sample produced at 130 ◦C performed very poorly 
because of the poor adhesion between the fibers and the matrix, while 
the samples produced at 155 ◦C and 160 ◦C exhibited low stresses 

because the fibers were completely melted and could offer little resis
tance. The samples produced at 135 ◦C, 140 ◦C, 145 ◦C and 150 ◦C had 
intact fibers connecting to the matrix and showed similar recovery 
stresses, with 150 ◦C showing a clear maximum of 1.7 MPa, outside the 
standard deviation, which is more than twice that of the high- 
temperature samples. The high-temperature samples showed the best 
ability to store the programming stress, but the low programming stress 
led to low recovery stresses. The 150 ◦C sample both had an increased 
programming stress and increased storage ratio, resulting from the 
partial melting of the fiber surface and good connection.

Increasing the transition temperature for the samples produced at 

Fig. 6. Flexural stress a) and flexural modulus b) of irradiated and unirradiated samples produced at different temperatures.

Fig. 7. Recovery ratios of irradiated samples produced at different temperatures a) and recovery ratios of irradiated samples produced at 145 ◦C programmed and 
recovered at different temperatures b).

Fig. 8. Constrained recovery characteristics of irradiated samples produced at different temperatures a) and constrained recovery characteristics of irradiated 
samples produced at 145 ◦C programmed and recovered at different temperatures b).
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145 ◦C led to decreased programming and recovery stress. As the crys
talline phase completely melted, the cross-links alone were not enough 
to build substantial stress in the material, and thus, the stress could not 
be stored and recovered properly.

4. Conclusions

We investigated the effect of self-reinforcement on the shape mem
ory of X-PE. By varying the production temperature of film stacking, we 
produced composites with low adhesion at low temperatures, effective 
self-reinforcement at the optimum temperatures of 145–150 ◦C, and 
samples where the fibers completely melted at high temperatures.

Effective self-reinforcement increased both the flexural strength and 
modulus of the samples while it slightly decreased the recovery ratio of 
shape memory, likely resulting from increased plastic deformation. Self- 
reinforcement increased the recovery stress of the samples, as it 
increased the stress required for programming while only slightly 
decreasing the capacity for stress storage. Overall, the high-temperature 
samples had a higher recovery ratio, while the optimally produced 
composites had a higher recovery stress. In conclusion, in the case of free 
recovery, with no impediments, self-reinforcement doesn’t improve the 
shape memory properties. However, if external forces constrain the re
covery, the reinforcement increases the load-bearing capacity of the 
polymer, improving the shape memory effect.

We investigated the effect of different programming temperatures on 
the shape memory characteristics. We found that at higher temperatures 
the recovery ratio increased, because the crystalline melting could occur 
more thoroughly. At the same time, the stress required for programming 
decreased drastically, so even though the material could store stress 
more effectively, the recovery stress decreased significantly.

We showed that through self-reinforcement, we can increase the 
recovery stress of SMPs. By these same principles, shape memory SRPCs 
can be developed, which have lower density than conventional com
posites and aren’t impeded in their biocompatibility or biodegradability 
by the presence of the reinforcing fibers; such properties will be ad
vantageous in some biomedical, aerospace, or robotics applications.
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