
1. Introduction

When comparing the performance of polyurea (PU)

elastomers with their polyurethane and polyester

counterparts, it has been found that PU elastomers

have better characteristics, such as chemical resist-

ance. This can be attributed to the presence of well-

defined hydrogen bonds [1]. The reaction between

amines and isocyanates does not require any catalyst,

is conducted at room temperature, and is faster than

carbamation and esterification reactions. Moreover,

due to the presence of inter-chain mono and bi-den-

tate urea hydrogen bonds, PUs result in double chem-

ical and physical polymer networks showing mi-

crophase separated domains comparable to nano -

composite materials: hard domains embedded in a

soft polymer matrix [2].

Nowadays, PU materials have found many applica-

tions due to their improved properties such as abrasion

resistance, corrosion protection, waterproofing, and

structural enhancement, making PU a preferred ma-

terial due to its ease processing – machine and liquid

molding, and fiber spinning for tubing, coating,

foams, fibers, sheets, and film production – and wide

implementation in medical devices and applications

– cardiovascular items, reconstructive surgery, gyne-

cology and obstetrics, organ regeneration, tissue en-

gineering, and mechanical supplies [3–6].

PU elastomers are morphologically characterized by

the presence of soft and hard domains, which are con-

stituted by the polymer melt (diamino-terminated

polymer) and the crosslinker (polyisocyanate), respec-

tively. The interfacial urea groups formed during the

reaction establish strong hydrogen bonds [2, 7], which

are responsible of physical crosslinking and define

the micro-phase separated domains, translating

such chemical interactions to macroscopic physical
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properties like enhanced mechanical and chemical

resistance, flexibility, toughness, excellent electrical

insulating, and good adhesion properties than stan-

dard polyurethanes and polyesters [7]. When com-

pared to other hydrogen bonding groups commonly

found in segmented copolymers, urea groups impart

one of the strongest inter-chain interactions [8].

This paper is concerned with the evaluation of chem-

ically crosslinked PU elastomers, whose chemistry

is based on a chemical reaction between the elec-

trophilic isocyanate group and the nucleophilic amine

group to form urea motives which establish hydro-

gen bonds (physical crosslinks). Three PU materials

synthesized via sol-gel chemistry are investigated,

and they differ from the polymer backbone degree

of polymerization (DP) – segmental molecular

weight, Mc, or segmental length, lc –, which defines

the final volume fraction of both soft (ϕp) and hard

domains (ϕc). The resulting change in the soft do-

main concentration controls the viscoelastic or vis-

coplastic properties of the crosslinked PU material,

which is reflected in its mechanical properties and

stress-strain behavior.

Microphase separated PU materials based on non-

crosslinked linear segmented copolymers have been

thoroughly studied using different test configura-

tions at both low and high strain rates [9–11]. Re-

search on simple hyperelastic constitutive models,

i.e., Money-Rivlin and Ogden, has also been per-

formed to describe the PU behavior under uniaxial

loading [12–14]. The crosslinked PU materials stud-

ied in this paper differ from those mentioned above

because they are directly dependent on their segmen-

tal molecular weight (Mc). These crosslinked polymer

chains cannot slip from one soft domain to another

as non-crosslinked PU materials do when stretching

the sample at large stress values. Therefore, a differ-

ence in the mechanical properties between ther-

mosetting elastomers (our crosslinked PU materials)

and thermoplastic elastomers (the common non-cross -

linked PU materials) must be observed, and more so-

phisticated constitutive models [15] have been de-

veloped in order to accurately describe the mechan-

ical behavior of such PU materials under various

loading conditions.

The mechanical properties of polyurethane/poly -

urea elastomers as a function of the segmental mo-

lecular weight of the soft polymeric component

were evaluated [16, 17]. Both studies showed a sig-

nificant change in the response of these materials

and hysteresis behavior; hence the constitutive mod-

eling of such materials was not straight forward.

In previous scientific works, the mechanical behav-

ior of these crosslinked PUs was evaluated at the

maximum strain value of εmax = 0.01 in quasi-static

loading conditions [6, 7]. Currently, we aim to find

a constitutive model that properly captures the me-

chanical behavior of these PU elastomers up to a

strain value of ca. ε = 1, and at two different strain

rates. The ability to predict the mechanical behavior

of elastomeric materials is a technological problem

still being solved [18] since it is highly dependent

on stress conditions such as temperature, frequency,

strain, and stress states [19, 20]. Herein, we present

the uniaxial tensile tests performed on such cross -

linked networks and the constitutive models captur-

ing the major features of the stress-strain behavior

of these crosslinked PU elastomers, including non-

linear hyperelastic behavior, time dependence, hys-

teresis and softening [21, 22].

2. Experimental

2.1. Materials

Three linear diamino-terminated poly(propylene

oxide) Jeffamine® D-400 (Mn = 460 Da, DP ~ 6), D-

2000 (Mn = 2060 Da, DP ~ 34) and D-4000 (Mn =

4000 Da, DP ~ 68) from Huntsman International

LLC (Pétfürdő, Hungary) were reacted with the cor-

responding stoichiometric amount of the triiso-

cyanate crosslinker Basonat® HI-100 (Mn = 505 Da)

provided by BASF SE (Ludwigshafen, Germany) in

acetone (Acros Organics, Schwerte, Germany) at

room temperature – details of the synthesis are
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Figure 1. a) Chemical structure of the diamino-terminated

poly(propylene oxide) Jeffamine® D-400, D-2000

and D-4000, b) the triisocyanate crosslinker Ba-

sonat® HI-100, and c) the resulting network when

the urea motives are formed.



described in the references [2, 7, 23, 24]. The chem-

ical structures for the polyetheramines, the crosslink-

er, and the resulting ED-400, ED-2000 and ED-4000

networks are shown in Figure 1, and the main char-

acteristics of the three PU networks are summarized

in Table 1.

2.2. Specimens and mechanical tests

Tension test experiments were carried out using dog

bone specimens (Figure 2a) with section dimensions

of 25×4 0.5–0.6 mm and obtained from circular PU

elastomeric films of thickness between 0.5 and

0. 6 mm by properly die-cutting. The grip section

width and length were 12.5×12.5 mm, respectively.

An INSTRON 4340 mechanical machine with dis-

placement control, equipped with a load cell of

0.5 kN and clamps for the configuration selected,

were used. In order to accurately measure the strain

variation during testing, a video system recorded the

sample evolution under deformation with a JAI CCD

camera CV-M50 (30 fps) and a NAVITAR TV

ZOOM-7000 (Figure 2b). Two circular marks were

made on each specimen with a special elastic gel ink.

Distance between marks l0 was measured initially

and filmed during testing by the camera. Later, the

digital analysis allowed obtaining true measures of

strain, by comparing distances between markers

along time.

These tests were performed at room temperature

(~23°C), at an initial strain rate of 100%·min–1 (ε· =

1 min–1) and 500%·min–1 (ε· = 5 min–1), and three

tests per each tested condition (n = 3). Additionally,

one set of samples was thermally treated for 30 min

at 70 °C in order to promote the rupture of the hy-

drogen bonds [2]. Afterward, samples were cooled

down to room temperature at different cooling rates:

i) at the slow rate of dT/dt = 0.5 °C·min–1 for allow-

ing the hydrogen bond reformation, and ii) fastly

cooled down to room temperature in order to quench

the network configuration. In all cases, samples were

tested as soon as room temperature was reached.

Specimens were tested up to a maximum strain value

of εmax = 0.5–0.6, and three loading-unloading cy-

cles were performed in order to investigate the pres-

ence of hysteresis.

Uniaxial stress relaxation tensile test experiments

were also conducted for the three PU samples at a

cross-head speed of 200%·min–1. For each PU ma-

terial and during the loading phase, two stress relax-

ation steps were imposed at the constant strain val-

ues of ε = 0.2 and ε = 0.4, during 60 s. After the 60 s

of holding at constant strain, samples were loaded at

the same speed as shown in Figure 2c.

Data obtained as retractive force vs. displacement

were converted to true stress vs. true strain using the

following Equations (1) and (2):
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Table 1. Number-average molar mass (Mn), degree of poly-

merization (DP), crosslinker volume fraction (ϕc),

segmental molecular weight (Mc), segmental length

(lc), and glass transition temperature (Tg) for the

three PU elastomers.

PU

elastomer

Mn

[Da]
DP ϕc

Mc

[Da]

lc
[nm]

Tg

[°C]

ED-400 460 6 0.39 428 2.5 –24

ED-2000 2060 34 0.12 1990 12.1 –65

ED-4000 4000 68 0.07 4024 24.5 –71

Figure 2. a) Specimen scheme for tensile tests according to ISO standard 37. b) Tension test apparatus with the specimen

and camera disposition. c) Schematic representation of the stress relaxation tensile test experiments. Steps 1, 3 and

5 are at constant strain rate; and steps 2 and 4 are at constant strain value for 60 s.



(1)

(2)

where λ =l/l0, σ is the measured force per initial

area of the sample, l0 the initial length between dots

and l is the specimen’s dots distance at each defor-

mation step.

3. Results and discussion

3.1. Mechanical behavior

Figure 3 compares the true stress-true strain plots for

the three crosslinked PU materials together under

two different strain rates (Figure 3a at 100%·min–1

and Figure 3b at 500%·min–1). Depending on the de-

gree of polymerization (DP) of the material, different

behaviors were observed. All experimental data were

fitted by using a heuristic formula already used for

the mechanical analysis of liquid-crystalline elas-

tomers [25, 26] consisting on the contribution of a

linear, a positive exponential growth and a negative

exponential decay function. The resulting fitting

curve and its corresponding derivative allows for the

determination of the initial elastic modulus (Young

modulus), the minimum elastic modulus (softening

behavior), the hysteresis factor between loading and

unloading experiments, and the energy loss between

cycles.

For both the ED-2000 and ED-4000 samples, in

which the volume fraction of hard domains is lower

(ϕc = 0.12 and 0.07, respectively) than for the ED-400

network (ϕc = 0.39), a typical elastomeric behavior

was observed featuring large deformation and almost

full recovery after unloading. The corresponding

Young modulus was 6 and 3 MPa for the ED-2000

and the ED-4000 samples, respectively, with mod-

erate hysteresis (η ≈ 0.75 for the first cycle, and η ≈

0.90 for the second and third one), and energy recov-

ery of ca. 80% for both samples. On the other hand,

sample ED-400 shows a stiff response for the first

portion of the loading curve and a yielding behavior

after a strain value of about εtrue = 0.1. The evaluated

Young modulus was ca. 45 MPa for the first cycle

while dropping to ca. 10 MPa for the following cy-

cles. The unloading path shows a large hysteresis

loop (η ≈ 0.45 for the first cycle, and η ≈ 0.80 for the

second and third one), with a residual strain value of

ca. εtrue = 0.1 and energy recovery of ca. 60%. The

unusual initial stiff behavior can be interpreted as the

‘glass-like’ response with a clear yield event fol-

lowed by a modest hardening due to the short seg-

mental polymer length, lc, of this sample.

Strain rate dependence tensile experiments were also

analyzed for the three materials separately (Figure 4).

A small dependence with the strain rate within the

strain range analyzed was observed for both the ED-

2000 and ED-4000 elastomers. On the contrary, for

the ED-400 sample, it was perceived that the stress

increased at a higher strain rate for the loading por-

tions of the curves. The second cycle of the true stress-

true strain curve shows a decrease in the stress for

the same strain value compared to the first cycle (Fig-

ure 4). This observation can be related to material

softening. In addition, the stress-strain behavior tends

to stabilize after the first cycle, showing no significant

difference between the second and third cycles. The

behavior found is similar to that observed by Qi and

Boyce [27] in which the polyurethane samples tested

lntruef m=

true $v v m=
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Figure 3. Uniaxial tensile test experiments for the three PU elastomers ED-400 (black circles), ED-2000 (red squares), and

ED-4000 (blue triangles) during three loading-unloading cycles up to a maximum strain value of εmax = 0.5–0.6,

at the strain rate of a) 100%·min–1, and b) 500%·min–1.



showed hysteresis with residual strain, and true stress-

true strain curves that stabilized after the second cycle.

Since the findings of Mullins and coworker [28–30]

that filled rubbers undergo softening (referred to as

the ‘Mullin’s effect’), studies in rubber-like materials

are generally considered to undergo a similar behavior

[27]. All PU materials studied in this work that have

a low percentage of hard domains in comparison to

soft domains, i.e., ED-2000 and ED-4000, can be

considered as elastomeric networks with dispersed

particles like for nanocomposites, due to microphase

separation – immiscibility – between hard and soft

domains. Moreover, this segregation allows hydro-

gen bond formation and, as a consequence, mechan-

ically reinforces the material. When hydrogen bonds

are mechanically or thermally broken, the domains

are mixed up, and the material behaves like a con-

ventional elastomer such as silicone networks.

In this work, consecutive uniaxial loading-unloading

cycles are performed in the same sample, where each

cycle reaches a higher level of strain compared to

the previous one. The result of this test is shown in

Figure 5. When a new loading cycle starts, the ma-

terial softens until it reaches the maximum strain

level of the previous cycle. This softening should be

understood as follows: if we compare the loading

part of the curve for two consecutive cycles, the

stress value at an equal strain is always lower for the

second cycle until the maximum level of strain for

the first cycle is reached. From this point forward,

the material behaves as loading further from the first

cycle. The same behavior is observed in the follow-

ing cycles for the three PU materials studied in this

work. Thus, at this strain rate value, PU networks

didn’t have enough time to relax and recover a sim-

ilar polymer conformation with the corresponding

retractive force pulling the load cell.

Figure 5a–5c shows the softening effect on all

cross linked PU samples. Additionally, the curve re-

sulting from the sum of the loading segment from

the first cycle and the loading segments from the

second to the fourth cycle, when reaching the max-

imum strain value of the previous cycle, coincides

with the single uniaxial tension test experiment.

This behavior reminds the one firstly observed by

Mullin [31].

A significant change in the stress relaxation behavior

of the three PU materials is observed in Figure 5d

during the uniaxial stress relaxation tensile test ex-

periments. It should be noticed that the stress value

for the ED-400 network shows a decrease of σtrue% =

26 and 27% of the total stress prior the constant

strain step for the first and second relaxation step

after 60 s, respectively, while for the ED-2000 and

ED-4000 samples the decrease in the stress value

were of σtrue% = 10 and 14% and of σtrue% = 11 and
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Figure 4. Uniaxial tensile test experiments for the three PU

elastomers – a) ED-400, b) ED-2000, and c) ED-

4000- during three loading-unloading cycles up to

a maximum strain value of εmax = 0.5–0.6, at the

strain rate of 100%·min–1 (black circles), and

500%·min–1 (red squares).



12%, respectively. These results confirm the idea that

the network with shorter segmental length, ED-400,

relaxes faster than the longest polymer segments,

ED-2000 and ED-4000.
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Figure 5. Uniaxial tensile test experiments with four consecutive-extended loading-unloading cycles (black circles, red

squares, blue triangles and green stars) and a single loading test for the three PU elastomers (thick orange line) –

a) ED-400, b) ED-2000, and c) ED-4000 – during four consecutive loading-unloading cycles, at the strain rate of

100%·min–1. d) Uniaxial stress relaxation tensile test experiments at the cross-head speed of 200%·min–1 and two

stress relaxation steps at ε = 0.2 and ε = 0.4, for the PU samples ED-400 (black circles), ED-2000 (red squares),

and ED-4000 (blue triangles).The values in each curve correspond to the stress value decrease of the total stress

prior the constant strain step [σtrue% = 1 – σtrue (60 s)/σtrue (0 s)]. e) First and f) second relaxation step analysis for

the three PU elastomers, where each set of data where fitted with a stretched exponential decay function. On each

plot the corresponding life time (τ), percentage of stress relaxation value [σtrue% = 1 – σtrue (∞)/σtrue (0 s)], and ex-

ponential factor (β) are indicated.



An in-depth analysis during the relaxation processes

was performed by fitting the experimental data with

a stretched exponential decay function (Figure 5e

and 5f). The lifetime for the sample ED-400 is the

shortest, τ = 12–14 s, when compared to the other

two networks, ED-2000 and ED-4000, with values

of τ = 16–28 s and τ = 25–31 s, respectively. Again,

this is in agreement with the idea that short segmen-

tal polymers relax faster at the same macroscopic

strain value. Moreover, the stress value decrease for

the sample ED-400 (σtrue% = 34%) obtained from

the fitting function is again higher than for the other

two elastomeric networks, which values fall between

12 and 19% of its initial stress value.

Samples thermally treated showed a different me-

chanical response based on the hydrogen bond break-

age at ca. THB = 70°C, as shown by Sanchez-Ferrer

et al. [2, 7] (Figure 6). Without this physical bond-

ing, the hard domains become smaller, and the seg-

mental molecular weight increases, with the corre-

sponding softening of the PU elastomer.

Irrespectively of the chemical composition of the

three PU materials, all samples display a softening

behavior after being cooled down to room tempera-

ture at the highest cooling rate. This can be account-

ed for by the fact that hydrogen bonds broke at 70°C,

and a higher cooling rate does not give enough time

for the reformation of such physical interactions (red

curves in Figure 6). On the contrary, when slowly

cooled down, hydrogen bonds formation can take

place partially (blue curves in Figure 6), and the PU

mechanical behavior approaches a similar behavior

to the one of the pristine sample (black curves in Fig-

ure 6). The ED-400 sample is an exception due to a

lack of hydrogen bond reformation and reduced mo-

bility of the short polymer segments [7] for both fast

and slow cooling processes.

3.2. Constitutive behavior of PU materials

In light of the above observations, the constitutive

model capable of capturing moderate strain defor-

mation of the PU networks should account for the

following characteristics: i) non-linear strain behav-

ior; ii) hysteresis and iii) stress softening. As a first

attempt, the Bergström-Boyce constitutive model

with Mullins’ damage accumulation [32] (for the

BBM model numerical implementation refer to [33])

was evaluated. Using an inverse method optimization

procedure [34], the constitutive parameters were

determined by fitting model simulations to the exper-

imental true stress-true strain monotonic and cyclic

tensile curves. For this purpose, the MCalibration

commercial software by Veryst Engineering was uti-

lized. The calibration was carried out in a sequence
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Figure 6. Uniaxial tensile test experiments for the three PU

elastomers – a) ED-400, b) ED-2000, and c) ED-

4000 – during three loading-unloading cycles, at

the strain rate of 100%·min–1, and with different

thermal story: pristine sample (black circles), an-

nealed at 70°C and slow cooling (blue triangles),

and annealed at 70°C and fast cooling (red squares).



scheme and a final tunning of the constitutive pa-

rameters was performed with the whole experimen-

tal data simultaneously.

It was found that for both the ED-2000 and ED-4000

sample, which show a typical elastomeric response,

the viscoelastic constitutive model chosen (BBM)

[32], accurately described the experimental data

(Figure 7a and 7b). The simulated curves based on the

BBM model agree well with the experimental data

exhibiting the features of substantial resilience and

dissipation, including stretch-induced softening dur-

ing cyclic tension. On the contrary, for the ED-400

sample, which displays a mixed mechanical response

with ‘elastomeric’ and ‘glass-like’ features, the BBM

model was not able to accurately capture the material

response (Figure 7c).

Accordingly, a different model that considers the

glass-like response of the hard and soft domains was

implemented in order to match the mechanical re-

sponse for the ED-400 sample. We considered using

the Three Network (TN) model [33] (for the TN

model numerical implementation refer to [35]), which

was initially designed to represent the mechanical be-

havior of thermoplastic materials. The mathematical

equations are represented by three molecular net-

works acting in parallel, (refer to [32] for details on

the constitutive model). Network A and B capture the

initial viscoplastic response governed by two activa-

tion mechanisms in accordance with the amorphous

and semicrystalline domains. Network C controls

the large strain mechanical response by means of the

entropic resistance. These features allow the consti-

tutive material model to consider the elastic and

plastic deformation typical for thermoplastic mate-

rials. The temperature-dependent parameters are not

included in this work, thus they were not considered

when obtaining the model parameters. Some of the

most important mechanical characteristics observed

for the sample ED-400 are the fact that i) it is weakly

strain-rate dependent, ii) linearly elastic for strain

values lower than 0.03, and iii) with a clear transition

at a strain values between 0.05 and 0.1 similar to the

one observed in thermoplastic polymers. For the rea-

sons mentioned above, the TN model was selected for
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Figure 7. Experimental results (black circles) and constitutive models (red curves) for the three crosslinked PU samples.

BBM model: a) ED-2000, b) ED-4000, and c) ED-400; TN model: d) ED-400.



fitting the experimental data, and the results showed

an accurate fit that describes the mechanical behav-

ior of this material (Figure 7d). Elastomers usually

do not show the transition of the elastic and vis-

coplastic part of the stress-strain curve, but it was

found for the sample ED-400 due to its high cross -

linking density.

4. Conclusions

The mechanical behavior of three crosslinked PU

elastomers obtained via sol-gel chemistry with dif-

ferent architecture was assessed as a function of the

segmental molecular weight of the soft segments.

Both the PU ED-2000 and ED-4000 with a high vol-

ume fraction of soft domains showed an elastomeric

behavior due to the low percentage of hard domains

(crosslinking sites), which mainly act as reinforce-

ment as for nanocomposites, whereas the PU ED-

400 displayed a glass-like behavior due to a higher

volume fraction of hard domains.

Mechanical test experiments up to strain values of

εmax = 0.5–0.6 were carried out using a uniaxial test-

ing machine, varying the crosshead speed and per-

forming three loading-unloading cycles. These tests

showed some inelastic features of rubbers such as hys-

teresis, softening and the presence of residual strain.

It was shown that a widely adopted constitutive

model to describe non-linear hyperelastic behavior

of elastomers, i.e., the Bergström-Boyce, with the

addition of the Mullins’ effect model (BBM), was

accurate in order to describe the viscoelastic time-

dependent mechanical response obtained for both

ED-2000 and ED-4000 samples. On the other hand,

the Three Network model (TN) could capture the

viscoplastic behavior for the ED-400 ‘glass-like’

sample with a yield event.

Additionally, this work evidences the constitutive

model (TN) potential, which was initially created to

describe the mechanical behavior of thermoplastic

materials and able to describe the viscoelastic behav-

ior of a nanocomposite with dispersed soft domains

embedded into a glassy network. Moreover, it is a

robust model that does not present major inconven-

ient when implemented numerically and has the ad-

vantages of being user-friendly, commercial and

standard. Moreover, future work could also incorpo-

rate the effect of temperature by adding a tempera-

ture-dependent power-law viscoplastic flow element

to the model and performing uniaxial test experi-

ments at a wide range of temperatures.
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