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Abstract

Polyurethane (PU) is a versatile polymer with many applications in a wide range of products. A novel 3D printing technology
called liquid additive manufacturing (LAM) extended its possibilities by generating PU elastomers with gradient properties
in continuous processing. LAM, being a relatively new technique, has not been extensively researched, particularly in terms
of the curing behavior of the liquid resin. In this work, we investigated the effect of composition on gelation time #gp as
measured by time-resolved mechanical spectroscopy (TRMS) and analyzed using the Winter—Chambon criterion with the
assistance of the IRIS software. This method is more accurate than the previous approach, which involved time sweeps with
a constant frequency. It was found that the gel time ¢ first decreased and then increased with increasing polyol ratio, ranging
from 231 to 378 min. Furthermore, the crosslink densities of the different PU elastomers measured from the rheological and
tensile tests were calculated and compared based on the theory of rubber elasticity. The crosslink density decreased with an
increasing polyol ratio in both methods. However, the crosslink density values obtained from the rheological measurements
were higher than those from the tensile tests. These findings demonstrate that adjusting the polyol ratio is an effective means
of achieving gradient properties. The composition effects we measured offer valuable insights for the design of LAM-PU
elastomers.

Keywords Polyurethane - Liquid additive manufacturing - Gelation - Time-resolved mechanical spectroscopy - Crosslink
density

Introduction

Polyurethane (PU) is a polymer material that was first pro-
duced by Otto Bayer in 1937 (Bayer 1947). Over time, two
major types of PU materials emerged: polyester type and
polyether type (Nakajima-Kambe et al. 1999). They can be
transformed into various forms, including thermoplastic,
rubber, and elastomer, depending on their intended usage
(Somarathna et al. 2018). PU materials can be made either
rigid or flexible, depending on the starting materials and
reaction conditions. PU finds a wide range of applications,
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such as insulation, coatings, adhesives, foam, fiber, and even
furniture. Its resistance to water, oil, grease, chemicals, and
bacteria makes PU suitable for use in harsh environments.
Its high abrasion resistance, cut and tear resistance, load-
bearing capacity, and colorability make PU an ideal choice
for wear-resistant parts and products that require durabil-
ity and aesthetics. Depending on its reactants and molecu-
lar weight, polyurethanes can be either thermosetting with
controlled crosslink density or thermoplastic. All of these
characteristics make polyurethane a versatile material, open-
ing up a wide range of possibilities due to its capability of
adjusting its properties, mostly by controlling the crosslink-
ing reaction.

Additive manufacturing (AM) is one of the technolo-
gies that have grown the most in the last decade or so. AM
refers to the process of joining materials and manufacturing
objects from 3D model data, usually layer by layer (Huang
et al. 2013). Based on the ISO/ASTM 52900 standard,
AM includes seven main processing techniques, which are
material extrusion, vat polymerization, powder bed fusion,
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material jetting, binder jetting, direct energy deposition, and
sheet lamination (Jandyal et al. 2022).

In this context, we are focusing on liquid additive manu-
facturing (LAM), a promising new technology that enables
the production of 3D objects from liquid raw materials capa-
ble of undergoing crosslinking with local composition vari-
ations. These materials consist of crosslinking components,
which are mixed shortly before being ejected through the
printing nozzle. During the flow through the printing noz-
zle, the PU mixture is still in the liquid state, but it then
undergoes a crosslinking reaction during the remainder of
the printing process. This reaction provides essential struc-
tural support for the printed part, allowing for the addition
of further layers. It is crucial to determine the minimum time
required for the liquid raw materials to solidify sufficiently
through crosslinking to maintain the stable shape of the cur-
rently deposited layer. Due to these considerations, during
the LAM process of PU elastomers, understanding the gel
time of the liquid raw materials becomes vital. The gel time
determines the minimum waiting period before applying the
next layer on top of the previous one.

On the other hand, the deposition of the next layer should
not be much later than the gel time. This guarantees molecu-
lar connectivity between layers due to high molecular mobil-
ity at the instant of deposition.

Rheological characterization of the material during
crosslinking can be employed to ascertain the time required
to reach the gel point, commonly referred to as the “gel
time”. Chemo-rheology describes the rheological behavior
of cross-linked polymers during chemical reactions, such as
curing or vulcanization. The changes in the flow behavior
of cross-linked polymers are monitored through rheological
measurements during the curing reaction, making it one of
the most direct methods for detecting the gel point (Osswald
and Rudolph 2015).

Time-resolved mechanical spectroscopy (TRMS) (Mours
and Winter 1994) is a rheological measurement technique
that has been widely utilized for characterizing materi-
als undergoing structural changes, such as gelation, phase
transitions, decomposition, and polymerization (Kruse and
Wagner 2016, Kruse 2017, Arrigo et al. 2020, Salehiyan
et al. 2017, Salehiyan et al. 2019, Laukkanen et al. 2018,
Takeda et al. 2020). TRMS measurements consist of a series
of cyclic frequency sweeps which yield data on the storage
modulus (G) and loss modulus (G'’) as functions of reaction
time. The moment when G and G’ linearize at low frequen-
cies and become parallel is referred to as the “gel time”.
Gel time signifies the transition from a liquid to solid state.

There are some more qualitative ways of estimating the
gel point of crosslinking materials (Schéfer et al. 2020, Dja-
bourov and Nishinari 2013, Hu et al. 2001). The simplest
way to estimate the gel time by rheological measurement is
by steady shear rheometry. This method probes the growth
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of viscosity as the sample approaches the gel point. Initially,
the viscosity of the sample is very low. As the curing reac-
tion progresses, the viscosity gradually increases until it
reaches a high value. Consequently, stress also increases and
causes some internal fracturing, which delays the expected
divergence of the viscosity. Because of this, the viscosity-
determined “gel point” of the partially broken sample sug-
gests a gel time that is too long.

Another way to estimate the gel point is by using small
amplitude oscillatory shear (SAOS) at a constant oscilla-
tion frequency and attributing the crossover point of the
storage modulus (G/) and the loss modulus (G'’) as the gel
point (Tung and Dynes 1982). It was originally believed
that the gel point occurred when G equals G/, according
to ASTM D4473. At the crossover point of G and G”, the
energy stored equals the energy dissipated during deforma-
tion. This method may be valid for certain types of polymers
(Mortimer et al. 2001). However, it cannot be applied reli-
ably due to the strong frequency dependence of the crossover
point (Winter 1987).

In this study, we investigated the gel time of five pol-
yurethane (PU) systems with varying polyol ratios using
time-resolved mechanical spectroscopy (TRMS). Differ-
ent polyol ratios lead to distinct structures, which, in turn,
influence the material properties. The primary properties
examined include gel time and the degree of crosslinking,
assessed through rheological measurements. Consequently,
we obtained a reference time for the liquid additive manu-
facturing (LAM) process, indicating when the next layer can
be printed atop the preceding one.

Theoretical background
Flow behavior of curing reaction

The gel point, also recognized as GP or critical gel, within
a chemically crosslinking polymer, occurs when the weight
average molecular weight reaches an infinite value (Flory
1941). The gel point can also be classified as the transition
from the liquid to solid state. The dynamic moduli G’ and
G’ can be used to characterize the gel point due to the easily
detectable power law relaxation modulus G(¢) = St™", which
governs viscoelasticity at the gel point (Winter 1987).

One of the typical linear viscoelastic features of critical
gels is that the long tail of the relaxation time spectrum is
self-similar and can be expressed by a power law with gel
strength S and relaxation exponent values (—n,) between — 1
and 0, depending on material details.

Combining small amplitude oscillatory shear (SAOS) data
with the two material parameters for GP (S and —n_), the gen-
eral constitutive equation of linear viscoelasticity results in a
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constitutive equation for critical gels, the Winter—Chambon
gel equation:

o(r) = S/ ' (1=1) " y(0) 1)

o(¢) and y(¢') are the stress and rate of strain tensor (Winter
2016).

At the transition state of the crosslinking process, when
t = tgp, the phenomenon of G and G’ being parallel to each
other defines the gel point of materials. As a result, tand
becomes independent of frequency. This parallel orientation
of G and G is caused by the power law format of the relaxa-
tion modulus.

During gelation, changes in the sample structure lead to
significant variations in G and G’ However, as long as these
changes are small when acquiring a single data point, the evo-
lution of connectivity can be approximated as a sequence of
quasi-stable states and described using classical linear viscoe-
lasticity (Mours and Winter 1994). The mutation time, intro-
duced as an expression of the instantaneous rate of change,
serves as the characteristic time constant for the mutation
process,

0 -1
=12 @
At
N_ =
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The mutation number N, (Winter et al. 1988) estimates
the change that occurs during the acquisition of a single data
point at a small amplitude oscillatory shear (SAOS) period of
271t/ w and provides a criterion to estimate the magnitude of this
effect. For instance, N, =0.1 indicates a 10% change for that
specific data point, which is considered an acceptable value.
In this case, variable g is the property of interest (i.e., G’, G"/),
and At is the duration of a single measurement. In TRMS, At is
approximately obtained by the time required for the rheometer
to take a data point at the specified angular frequency .

_
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Based on Eq. (3), the mutation number can be calculated
for G’ and G, as follows:

250G _ 2m oG

mu = oG ot ™ - oG’ ot
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Rubber elasticity and crosslinking density

Rubber elasticity is the ability to fully recover after being
subjected to very large deformations. Many polymer

materials consisting of long crosslinking molecular chains
exhibit such properties. Based on the thermodynamics of
rubber, the entropy change (AS,,,) is the feature of rubber
elasticity during deformation (Rubinstein and Colby 2003).

k
AS,. = —%(xi +AZ 422 =3) 6)

n is the number of strands in a network, k is the Boltz-
mann constant, and A is the deformation factors for x, y,
and z directions, which equals undeformed dimension over
deformed dimension.

Ignoring any enthalpic contribution, the change of free
energy (AF,.) is

nkT
AF, = -TAS, =

net — 2

(2 + x; +22-3) (7

T is the absolute temperature.
If the network is uniaxially deformed (e.g., x-direction) at
constant volume (V), the deformation factors are

x VIR ®)

and the free energy change for uniaxial deformation is

nkT 2
AF, = T(xz +5-3 )
As a result, the stress in the x-direction is equal to the

force over the cross-sectional area,

(MFm)
o = J N ) _nmkTo 1 (10)
LL  LL v X

and the extensional modulus is

0
E, = Cxx _ 3nkT
oA Vv

an

Assuming the Poisson’s ratio equals 0.5, the extensional
modulus is three times higher than the shear modulus.

E. _ nkT

G= = —
3 Vv

= ngR,T (12)

ng is the number of network strands per unit volume (cross-
link density), and Rg is the gas constant (Rg =kN,, N, is
the Avogadro number).

The storage modulus (G’) measured at the rubber plateau
is usually used to calculate the crosslink density (Jiang et al.
1999).

G, = ngReT (13)

Two other methods for estimating crosslink density are
the equilibrium swelling method and stress—strain data. The
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equilibrium swelling method is based on measuring the
volume fraction of the polymer material in the equilibrium
swelling state, which is shown as the Flory—Rehner equation
(Hagen et al. 1996; Saville and Watson 1967)

r

)
—In(1—v,) —v, — v = 2v0nswen<uj/3 - 5) (14)
v, is the volume fraction of polymer in the swollen mass, y
is the polymer—solvent interaction parameter, V,, is the molar
volume of solvent, and ng,,, is the crosslink density.

The stress—strain data can also be used for the estima-
tion of crosslinking density. It is based on the so-called
Mooney—Rivlin equation (Sekkar et al. 2007).

c 2G,

—— =2C + —= 15
A — A2 1 Y (15)
where o is the extension force and A is the extension ratio.
2C, is the slope in the plot of 6/ — A~ versus A~! and the
intercept of the curve correspond to the value of 2C;, which
is the parameter used to calculate the crosslinking density
by use of Eq. (16).

G

e, = R,T (16)

Due to the lack of corrections for chain ends, main-chain
scission, and trapped chain entanglements, the storage
modulus method has quantitative errors in calculating the
crosslink density compared to the other two methods. Never-
theless, the storage modulus method is still used to estimate
the crosslink density.

Experimental
Materials

In this study, two polyols (Lupranol L1100 and Lupranol
L3300, BASF polyurethanes GmbH) and one polyisocy-
anate (Lupranat M20S, BASF polyurethanes GmbH) were
used as the main reactants and diluted by anhydrous toluene
(Sigma-Aldrich). The physical properties of all reactants can
be found in the previous paper (Wang et al. 2019).

Sample preparation

All reactants and preparation tools were placed in a vacuum
oven at 60 °C for 24 h to dry as much as possible. After 24 h,
Lupranol L1100, Lupranol L3300, and Lupranat M20S were
firstly diluted by anhydrous toluene of 30 wt.%, 32 wt.%,
and 25 wt.%, respectively. Table 1 shows the mass fraction
of reactants for different polyol ratios, and the PU systems
without catalysts were prepared.
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Rheological measurements

After preparation, each sample was promptly transferred
to the rheometer, an Anton Paar MCR 301 equipped with a
CTD 450 oven, consisting of two parallel disposable plates
with a 25-mm geometry. The sample was placed onto the
bottom plate using a pipette, and the top plate was then
lowered to maintain a gap distance of 1.6 mm. The oven
temperature was maintained at 30 °C.

The TRMS measurements ranged from 0.5 to 500 rad/s
with 5 points per decade for each run. The strain amplitude
was set to 0.5%. The TRMS consisted of 60 consecutive
SAOS runs spanning almost 26 h and continued until the
storage and loss moduli reached relatively stable satura-
tion values.

Tensile testing

After homogeneous mixing, the PU reactants dripped
into a mold, slowly to avoid bubble formation. The mold
with the liquid reactant was then placed into a freezer and
stored for 24 h at a temperature of about 5 °C. During
this time, the mold was transferred to a vacuum oven for
degassing. All these steps were necessary to avoid bub-
ble formation as much as possible. After 24 h, the mold
and samples were removed from the freezer and cured at
30 °C for other 24 h. Thereby the specimen solidified and
obtained a stable shape which allowed mechanical test-
ing. Then the specimens were demolded and placed in
an oven at 90 °C for 2-h post-curing. Tensile tests were
carried out in a Zwick Z1446 machine. The specimen was
stretched longitudinally on the tensile test machine at a
rate of 50 mm/min to determine the stress—strain diagrams.
A strain of up to 2% was used to determine the tensile
modulus value.

Table1 Mass fraction of reactants for different polyol ratios
( PR = ML1100 )

Moo tMi3300

PU system Polyol ratio [%] L1100 L3300 M20S Hard
segment
fraction

[wt. %] [-]

PU-00 0.00 0 50.04 49.96 0.50

PU-17 0.17 9.08 4432 46.60 0.47

PU-33 0.33 19.03 38.05 4292 043

PU-50 0.50 30.69 30.69 38.62 0.39

PU-66 0.66 4427 22.14 3359 034
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Results and discussion

Figure S1 in the supplementary information is the measuring
plot from the rheometer for PU-00 and PU-66, where (a) is
G’ and G” as a function of time and (b) is the complex vis-
cosity as a function of time. The measured values of G’ are
not stable and do not show a consistent trend in the first 4 h,
because the sample at the beginning is a low-viscous liquid
n~ 107! ~ 102Pa s s). The value of G is a feature of this
behavior and dominates in the early stages of the reaction
(Elwell et al. 1996).

As the reaction progresses, when G’ and G’ are gradually
parallel to each other and the values are similar i.e., the ratio
of G" and G/, tand is independent of frequency, this refers to
the gel point. This can help us to estimate preliminarily the
gel point of each PU system. After the transition phase, G’
becomes larger than G’/, which means that the elastic part
dominates over the viscous part due to the crosslinking of
the sample.

In Fig. S1 (b), the values show a downward trend in
each frequency sweep test due to shear thinning. The shear
thinning effect becomes more and more obvious as the
crosslinking reaction progresses. Overall, the viscosity val-
ues increase significantly and then reach a plateau.

These plots provide a wealth of information about the rhe-
ology and kinetics of the samples. The data measured (fre-
quency, G/, G”, and time) from the rheometer are exported
and analyzed by the software IRIS (Winter and Mours 2006).

Gel point of pure PU samples by TRMS

In the work of Winter et al. (1988) and Mours and Winter
(1994) when N, is smaller than 0.15, the condition can be
considered a quasi-stable state. Furthermore, an analysis in
1994 resulted in a critical mutation number N ,= 0.9 for
the non-isothermal case beyond which the material response
became non-linear. In Table 2 , the At is obtained from the
measurements in rheometer, which records the time interval
for the data points from each frequency. The results indicate
that all PU samples are in a quasi-steady state.

The change of G’ is more sensitive to structural change
compared to G'’; therefore, the property of interest g is used
as G’ to demonstrate mutation time /. Then, Eq. (2) can
be changed to Eq. (17).

Nl 1 9G'[ _ |dInG’ 17
me TG ot || ot a7

In Fig. l1a—e, the black dashed lines serve as a reference
for the gel point. The reaction time increases for each curve
from top to bottom. Curves positioned above the black
dashed line represent the pre-gelation stage, while those
below it indicate the post-gelation stage. The reaction time

Table 2 Mutation number for each PU sample at different frequencies

PU Frequency [rad/s] 0.5 5 50 500
At[s] 49.6 13.2 11.8 10.4
PU-00 x’mu*1[10-4 1/s] 719  5.85 4.95 451
N 0.036  0.008 0.006 0.005
PU-17 x’mu*1[10-4 1/s] 1209  9.79 8.41 6.72
N 0.060 0.013 0.010 0.007
PU-33 x’mu*1[10-4 1/s] 1029  9.28 7.53 6.54
N 0.051 0.012 0.009 0.007
PU-50 x’mu*1[10-4 1/s] 11.61 8.84 5.11 2.42
N 0.058 0.012 0.006 0.003
PU-66 x’mu*1[10-4 1/s] 8.15 7.16 4.15 1.64
N 0.040 0.009 0.005 0.002

of the curve closest to the black dashed line designates the
gelation time for these samples, as indicated by a star (*)
in the figure. For most samples, G’ still dominates at the
gel point. The material assumes a soft solid state where G’/
dominates, which is advantageous since newly printed lay-
ers can adhere to preceding ones. Only well beyond the gel
point, in the post-gelation state, elasticity becomes more
pronounced, with G’ significantly lower than G’, leading to
tané values less than 1.

Figure 1f summarizes the gelation time of the above five
samples. Increasing the ratio of polyols leads to an initial
decrease in gel time, followed by a subsequent increase. This
is because the PU-00 exclusively incorporates triols in the
reaction, resulting in a higher number of crosslinks in its
structure compared to other PU samples. It is known that
the molecular mass of triol is lower than that of diol, so
it can be estimated that the chain length of triol is smaller
than that of diol. In the absence of diols, triols react with
polyisocyanates to form a relatively dense network struc-
ture that inhibits the moveability of some molecules. From
a macroscopical aspect, the high viscosity produced by the
crosslinking reaction slows down the reaction rate. In addi-
tion, triols contain only secondary hydroxyl groups, and the
reaction rate also decreases. Therefore, PU-00 takes more
time to reach the gel point. However, due to the formation
of a dense network of crosslinked structures, PU-00 exhibits
the highest storage modulus at the gel point, which can be
seen in Fig. 2.

The viscosity of the PU polymers decreases as the ratio
of diols increases because diols have relatively low viscos-
ity, and they contain primary hydroxyl groups that can react
earlier with a polyisocyanate to form a long linear chain and
a crosslinked network. As shown in Fig. 2, the G’ of PU-17
is approximately 10 times lower than that of PU-00. With
fewer inhibiting factors in the reaction system, the gel time
is also lower, as observed in PU-17 and PU-33.

@ Springer
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Fig. 1 Loss factor as a function of angular frequency (a—e), and gel time for each PU sample (f) determined by interpolation of SAOS experi-
ments using the IRIS software (Winter and Mours 2006)
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Fig.2 Storage modulus of each PU sample at the gel time and com-
parison at the angular frequency of 0.5, 5, and 50 rad/s

However, the addition of more L1100 (i.e., for PU-50 and
PU-66) to the reaction dilutes the reaction system and hin-
ders the reaction between triol and polyisocyanate, and the
formation of a network structure is relatively slow. There-
fore, the gel time of PU-50 and PU-00 is relatively the same
again, and it takes the longest time for PU-66 to reach the
gel point.

It should be noted that the gel time is an approximate
value indicating the period of gelation. In the analysis, the
TRMS data are used to estimate first the approximate gel
point where the values of G’ and G’ are closest to each other,
and then an interpolation is performed every 20 min. As a
result, the interpolation curves with a time difference of less
than 20 min are very similar. These curves are compared,
and the curve of tané that is almost horizontal and close to
the value of 1 is selected as the gel point.

Crosslink density

Due to the different amounts of triol added to the reaction,
the crosslinked structure of samples with different polyol
ratios (PR) is expected to be different. Although all samples
formed a network structure, the crosslink density, the num-
ber of entanglements, and the number of free chain ends
are all related to the content of triol. This is true, especially
for the crosslink density, which directly affects the perfor-
mance of the material. Hagen et al. (1996) found that the
crosslink density estimated by the storage modulus is higher
than the value of the equilibrium swelling and stress—strain
data. In this section, the storage modulus method and the
stress—strain method are used to evaluate the crosslink
density.

In the storage modulus method, all data are taken from
the samples reacted in the rheometer for about 24 h. At this
time, the conversion rate measured by FITR is greater than
90% as shown in Table 3. The measurement with FTIR and
calculation of conversion can be seen in the previous work
(Wang et al. 2019).

The storage modulus of samples with different PRs
for 24 h is shown in Fig. 3. Each G’ curve increases with
increasing angular frequency. When the frequency is less
than 1 rad/s, it shows a plateau area. By extrapolating the
plateau area to the Y-axis, the approximate value at 0 rad/s
can be obtained. It is reasonable that the value of G’ at
0 rad/s decreases with the increase of PRs.

According to the intersection value on the ordinate in Fig. 3,
the crosslink density can be calculated using Eq. (13). The
crosslink density is shown in Fig. 6. The crosslink density
decreases with increasing PR value. This is because, in sam-
ples with higher PR values, more diols are added to the reac-
tion system, and the linear chain between every two crosslink-
ing points is longer. However, PR-00 does not contain any diol,
so the crosslink density is the highest. There is a nearly a factor
of 7 times difference between PU-00 and PU-66.

Table 3 Comparison of conversion of NCO for samples in the rheom-
eter and tensile test

PRs Conversion of NCO in
rheometer at 24 h

Conversion of NCO for the ten-
sile test with post-cured at 2 h

PR-00 95.4% 93.7%
PR-17 91.2% 91.4%
PR-33 91.0% 91.2%
PR-50 92.3% 92.3%
PR-66 93.2% 88.8%
b Linear fit.
Fouw . ---- = PU-00
10 - : o ---- ® PU-17
F ---- A PU-33
S 3 b ---- v PU-50
o £
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o g
v 100F = n
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Fig.3 Storage modulus of PU samples with different PRs reacted in
rheometer for 24 h. Dash lines are linear extrapolations to intercept
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Using the information measured by FTIR, the conversion of
the NCO group of each PR reacted in the rheometer for 24 h
can be estimated. Similarly, the FTIR of the dumbbell-shaped
sample used for the tensile test was also measured.

From Table 3, it can be seen that except for PU-66, which
has a difference of about 5%, the conversion values of other
samples post-cured within 2 h are relatively comparable to the
conversion values of the samples that reacted in the rheometer
for 24 h. Therefore, these tensile test data can be used to calcu-
late the crosslink density and the calculated crosslink density
can be compared. The stress—strain curves of each PU sample
post-cured for 2 h are shown in Fig. 4.

With the increase of PRs, the samples become soft and
tough, the stress at break becomes smaller, and the strain at
break becomes larger. In the stress—strain curve, the stress
increases faster when the strain is relatively small, but after
the strain is larger than 5%, the stress increases slowly and
roughly linearly. Therefore, the calculation of the crosslinking
density mainly focuses on the strain greater than 10%, i.e., A~
is less than 0.9.

However, according to Saville and Watson (1967), an elon-
gation ratio A of up to 2 is preferred, i.e., the elongation reaches
more than 100%, but in all PU samples investigated, the maxi-
mum elongation is about 40% and A~! about 0.7. According to
the research of Mullins and Tobin (1965) on filler-reinforced
vulcanized rubber, due to the presence of the filler, the ratio
of the average strain to the measured overall strain is derived
from the following factor.

X=1+25x+14.1%° (18)

x is the fraction of fillers.
X Is a factor used to analyze simple tensile
stress—strain data obtained at larger strain. For this reason,

Stress o [MPa]

Strain € [%]

Fig.4 Stress—strain curves of PU samples post-cured for 2 h

@ Springer

the Mooney—Rivlin relationship can be used to describe the
behavior of the rubber.

Spathis (1991) mentioned that the presence of hard seg-
ments in PU material that are regarded as fillers prevent the
soft matrix from deforming uniformly, resulting in an over-
all lower apparent strain than the locally occurring strains.
The ratio of stress to strain is increased by factor X which
accounts for both this disturbance of the strain distribu-
tion and the absence of deformation in the fraction of hard
domains at the initial elongations. Therefore, x of Eq. (18)
can be the hard segment fraction which is listed in Table 1.
The modified elongation ratio A and Mooney—Rivlin equa-
tion are shown in Eq. (19) and (20).

A=1+Xe (19)

c 26,

After correcting the data from Fig. 4 with strain amplifi-
cation factor X, these examples all show some linear trends,
and A~! reaches about 0.4. Therefore, the Mooney—Rivlin
equation can be used for PU-00 to PU-66. Figure 5 shows
the relationship between /(A — A=2) and A~

The linear fitting range of each curve starts from 0.4 to
0.6, because the curve of PU-00 turns up when A~!is larger
than 0.6, resulting in a larger fitting slope. Since the strain
of PU-00 is less than 25%, this is the reason why the slope
of the linear fit is steeper than others, resulting in a rela-
tively small intercept. Therefore, the crosslink density cal-
culated by this method is relatively low. On the other hand,
the slopes of PU-50 and PU-66 after strain amplification
are negative, so the intercept is increased. Therefore, the
crosslink density calculated by this method is relatively high.

—o—PU-00 g
suie |~ RUIT 5
X ©— PU-33
—b>—PU-50
—#— PU-66
£ wotf
5
< Linear fitting range
B 6
1x10
0

Fig.5 Mooney-Rivlin plots for PU samples with the use of the strain
amplification factor X. Dash lines are linear extrapolation to intercept
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Table 4 Crosslink density of PU samples

PRs Storage modulus ~ Crosslink ~ Mooney—Riv-  Crosslink
at equilibrium density lin constant density
state (G,) (ng) (eh) (nc)

Unit  [Pa] [mol/m®]  [Pa] [mol/m?)

PR-00 1.65x10° 655 2.79% 10 110

PR-17 9.48x10° 376 2.25%10° 89

PR-33 6.45x10° 256 2.02x10° 80

PR-50 3.67x10° 145 1.81x10° 71

PR-66 2.27x10° 90 1.68x 10° 66

10°

Expt. Data linear Fit

Crosslinking density n [mol/m’]

00 01 02 03 04 05 06 07 08 09 10
Polyol ratio [-]

Fig.6 Comparison of crosslink density obtained from rheological
(red) and tensile measurements (blue). The shadows demonstrate
the estimated entanglement density of linear chains from rheological
(red) and tensile measurements (blue), respectively

The results of the crosslink density of all PRs obtained
from both methods are shown in Table 4. By using Eq. (13)
and (16), the crosslink densities of PU-00 to PU-66 are cal-
culated and compared in Fig. 6. The experimental data are
fitted by the exponential decay equation.

From the estimation, the crosslink density at the PR of
0.8 calculated by the two methods is relatively similar, with
crosslink densities of 63 mol/m?, respectively. However, the
crosslink density for lower PR obtained by the tensile test is
lower than the crosslink density obtained by the shear test,
which is consistent with the results of Hagen et al. (1996).

Conclusion

In this work, five PU materials with different polyol ratios
were synthesized and post-cured. The gel time during the
curing reaction was measured by the TRMS method in the

rheometer and the Winter—Chambon criterion was used for
analysis. TRMS is an appropriate method to estimate and
compare gel time, but for these samples with relatively low
reaction rates, gel time is only a time range close to the gel
point. It was found that the gel time first decreased and then
increased with increasing polyol ratio. The gelation times
ranged from 231 to 378 min.

In addition, the crosslinking degree of the sample with
curing for 24 h in the rheometer was calculated based on the
theory of rubber elasticity, and the results were compared
with tensile measurement data. Both rheological methods
and tensile tests allow an estimation of the crosslink density.
However, the crosslink densities obtained from tensile tests
were found to be lower than those from the rheological data.
Crosslink density reflects the change in structure with the
increase in polyol ratio. These results show that gradient
properties can be achieved by adjusting the polyol ratio and
provide reference information for the liquid additive manu-
facturing of PU elastomers.
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