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Optimization of the mechanical performance of
TDI-based polyurethanes via orthogonal design
and response surface methodology
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The mechanical properties of polyurethane elastomers are primarily determined by their formulations and
synthetic processes. Here, we present an in-depth investigation into the optimization of the mechanical
performance of a toluene diisocyanate (TDI)-based polyurethane using orthogonal design and response
surface methodology (RSM). The utmost mechanical performance with a tensile strength of 14.67 MPa
and an elongation at break of 1160% was achieved. The model reliability in predicting the mechanical
strength was validated with a reasonable accuracy error of 2.2%. The correlation between mechanical
properties of the TDI-based polyurethane and factors including NCO/OH ratio (R-value), chain extension
coefficient, crosslinking coefficient, and curing temperature was elucidated through a combination of
Fourier transform infrared (FTIR) and Raman spectroscopy with RSM. A net positive interactive effect
among the R-value, chain extension coefficient, and curing temperature was observed. Additionally,
a volcano-shaped relationship was identified between tensile strength and the crosslinking coefficient,
while a similar non-monotonic trend was found between elongation at break and curing temperature.
Through multiple characterization experiments including equilibrium swelling measurements, differential
scanning calorimetry (DSC) and scanning electron microscopy (SEM), the relationship between elastomer
crosslink density and mechanical properties was systematically examined. This work provides valuable
insights for the rational design of high-performance polymer materials.

1. Introduction

Polyurethane elastomers are a kind of important polymer
materials and widely used in multiple fields, including aero-
space, biomaterials, and green chemistry, due to their excellent
properties.*™ In particular, superior mechanical performance is
highly desired for the development of polyurethane materials.
Polyurethane elastomers are typically synthesized using poly-
ester or polyether polyols, diisocyanatos, chain extenders, and
crosslinkers.>” To date, toluene diisocyanate (TDI)-based poly-
urethanes are among the most widely used polymer materials
due to their excellent properties and facile synthesis process.
Any changes in formulations or process conditions can signif-
icantly affect the performance of polyurethane elastomers,
particularly their mechanical properties.®* Understanding the
relationship between formulations, synthesis conditions, and
the mechanical properties of polyurethane is crucial for
designing new materials with enhanced performance. Recently,
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the influences of the NCO/OH ratio (R-value), chain extenders,
and crosslinkers on mechanical properties of polyurethanes
based on single factor experiments have been reported.’** It has
been found that the tensile strength of polyurethane increases
with the R-value, while the elongation at break decreases as the
R-value rises. Additionally, crosslinkers influence the mechan-
ical properties of polyurethane elastomers by altering the
morphology from a linear structure to a crosslinked network.

Despite the large number of reports on formulations and
preparation conditions, the critical factors affecting the
mechanical properties of polyurethane elastomers are still not
fully understood. Conventional research on polyurethane
preparation and formulations typically relies on single-factor
experiments, where one factor is varied at a time while
keeping the other variables fixed. However, the overall proper-
ties of polyurethanes depend on the combined effects of
multiple elements related to formulations and synthesis
process. Hence, gaining an in-depth understanding of the role
of all parameters is challenging due to the extensive experi-
ments required by traditional single-factor experimental
designs, making the design and process optimization of high-
performance polyurethane synthesis a complex task.

Design of experiments (DOE) plays a crucial role in saving
time and cost by reducing the number of necessary experi-
ments. Moreover, it can be effectively used for modelling,
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analyzing, and optimizing the responses of multiple factors.
The orthogonal design is a statistical technique that allows for
the screening of significant factors affecting the response from
multiple variables. It provides optimized conditions to achieve
the most desirable performance without the need for conduct-
ing full-factorial experiments.” The interactive effects of pro-
cessing parameters on the performance of polyurethane
elastomers have been previously investigated using orthogonal
design;***® however, orthogonal design is limited in its ability to
capture nonlinear relationships. Recently, Response Surface
Methodology (RSM) has become a widely used mathematical
and statistical experimental design for modelling and opti-
mizing experimental conditions. Through the strategic alloca-
tion of additional experimental points in critical regions, RSM
enables accurate characterization of underlying nonlinear
relationships between factors and response variables, while also
facilitating the identification of optimal process parameters. In
addition, response surface plots derived from the regression
model provide visual support for analyzing the interactive
effects among factors. RSM designs, including Central
Composite Design (CCD) and Box-Behnken Design (BBD), are
widely applied in various fields such as agriculture, biology, and
chemistry.””>* BBD, which is more efficient than CCD for
experiments involving three or four factors, has been widely
applied to optimize the processing conditions of polyurethane
elastomers.?”® Its integration with orthogonal design is ex-
pected to provide novel insights for more efficient and system-
atic process optimization.

To bridge the gap between the mechanical properties of TDI-
based polyurethane and critical factors related to formulations
and the synthesis process, we employed orthogonal design and
Box-Behnken design to systematically investigate the effects of
polyether, isocyanate, chain extender, and crosslinker -
components commonly used in solid propellants - on the
mechanical performance of TDI-based polyurethane. Fourier
transform infrared (FTIR) and Raman spectroscopy identified
that the consumption of NCO by OH is the predominant reac-
tion step in the synthesis of polyurethane, confirming the crit-
ical roles of R-value, chain extender content, crosslinker
content, and curing temperature. These factors were selected as
the control parameters, while tensile strength and elongation at
break of the elastomers were chosen as responses to evaluate
the mechanical properties. First, a standard L,s orthogonal
array was employed for the orthogonal design with four factors
and four levels to investigate the effects of process parameters
on the mechanical properties of elastomers. The optimized
parameters obtained from the orthogonal range analysis, which
maximize tensile strength and elongation at break separately,
were used as inputs for BBD. Next, two BBDs were performed
based on the results of the orthogonal experiment, and the
regression models were developed, along with response surface
plots. The interactive effects of these factors were analyzed
using the response surface plots, and the optimal conditions for
maximum tensile strength and elongation were determined
using the regression models. Finally, verification tests were
conducted, confirming the validity of the experimental design.
The predicted maximum tensile strength and elongation at
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break of the polyurethane are 14.34 MPa and 1103%, respec-
tively, while the corresponding measured values are 14.67 MPa
and 1160%.

2. Materials and methods

2.1. Materials

The bis-azidomethyl oxetane (BAMO) and tetrahydrofuran
(THF) copolyether (PBT), with a number average molecular
weight of 5100 and a hydroxyl value of 20.44 mgyoy g ', was
purchased from Liming Research Institute of Chemical
Industry, China. Diethylene glycol (DEG) was sourced from
Solarbio, China, while TDI and trimethylolpropane (TMP) were
sourced from TCI, Japan.

2.2. Design of experiments

An orthogonal design was first used to quantify the individual
effects of parameters and optimize the experimental conditions.
Subsequently, two BBDs were performed based on the results of
the orthogonal experiment to analyze the interactive effects of
the parameters on the mechanical properties and to determine
the optimal conditions for maximum tensile strength and
elongation at break, respectively. Four key factors, including the
R-value (A) the chain extension coefficient (B), the crosslinking
coefficient (C), and the curing temperature (D), were selected as
the controlled variables in the orthogonal design. The chain
extension coefficient represents the molar ratio of OH in chain
extender to the total OH (including all OH groups in the mac-
rodiol, chain extender, and crosslinker), while the crosslinking
coefficient represents the molar ratio of OH in the crosslinker to
the total OH. Four levels were selected for each parameter, as
shown in Table 1. A standard L, orthogonal array (Table 2) was
employed based on the selected factors and levels. In the chosen
coordinate system, the codes 1, 2, 3, and 4 correspond to level 1,
level 2, level 3, and level 4, respectively.

2.3. Preparation of elastomers

The polyurethane films were prepared using a two-step method.
First, a calculated amount of TDI was added to PBT and stirred
for 5 minutes, followed by a reaction period of 30 minutes to
form an NCO-terminated prepolymer. Next, the chain extender
and crosslinker were added to the prepolymer and mixed
intensively for an additional 5 minutes. After a 30-minute
resting period, the product was cast into Teflon molds, and
degassing was performed under vacuum at 60 °C for at least 60

Table 1 The parameters for four levels of selected factors

Level Level Level Level
Factors 1 2 3 4
R-value, A 1.0 1.2 1.4 1.6
Chain extension coefficient, B (%) 0 20 40 60
Crosslinking coefficient, C (%) 0 10 20 30
Curing temperature, D (°C) 50 55 60 65

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Ljg orthogonal array of designed experiments based on
coded levels

Trial A B C D Trial A B C D
1 1 1 1 1 9 3 1 3 4
2 1 2 2 2 10 3 2 4 3
3 1 3 3 3 11 3 3 1 2
4 1 4 4 4 12 3 4 2 1
5 2 1 2 3 13 4 1 4 2
6 2 2 1 4 14 4 2 3 1
7 2 3 4 1 15 4 3 2 4
8 2 4 3 2 16 4 4 1 3

minutes. Finally, the prepared polyurethane mixture was cured
for 7 days at a specific curing temperature.

2.4. Method of testing and characterization

The FTIR spectra were collected over a wavelength range of
4000 cm™ ! to 1000 cm™ ', with 32 scans per spectrum and
a resolution of 1 em™". The measurements were conducted in
transmission mode using a PerkinElmer Spectrum 3 FT-IR/FT-
NIR Spectrometer (USA). A Renishaw InVia Series Laser Micro-
Raman Spectrometer was used to monitor the polyurethane
(PU) polymerization process. The laser wavelength employed
was 785 nm. Data were collected at intervals of 1 cm™" across
the spectral range of 200 cm ™" to 4000 cm ™.

The tensile properties measurements of the polyurethane
elastomers were performed according to the ASTM standard
412a. The standard dumbbell specimens were tested using an
RGM-2020 universal testing machine at a constant rate of 100
mm min . All the tests were repeated at least three times at
room temperature (23 + 2 °C) to ensure the reproducibility. The
stress—strain curves, tensile strength, and elongation at break
were obtained from the tensile tests to evaluate the mechanical
properties of polyurethane elastomers.

Swelling measurements were carried out in toluene. Elasto-
mers samples were weighted and immersed in toluene at 25 °C
for 24 hours. They were then removed from the toluene, blotted,
and reweighted to calculate the swelling ratio. The crosslink
density of the elastomer was determined based on the swelling
ratio. Differential scanning calorimetry (DSC) analysis was
performed using a DSC-8500 differential scanning calorimeter
(PerkinElmer Inc.) at a heating rate of 15 °C min~"', within
a temperature range of —80 °C to 20 °C. Fracture surface
observations of the elastomer samples were conducted using
a Helios G4 UC field emission scanning electron microscope
(Thermo Fisher Scientific Inc.).

2.5. Determination of crosslink density

Crosslink density, defined as the number of moles of effective
network chains per cubic meter, was calculated from the
swelling ratios of the elastomers.>” The swelling ratio (Q) was
calculated using the weights of swollen and deswollen speci-
mens, along with the densities of toluene and polyurethane,
according to the following equation:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where W, and W; are the elastomer samples weights before and
after swelling, respectively; p; is the density of the toluene, and
pp is the density of polyurethane elastomers density. The
volume fraction of the polymer in the swollen gel (V,) is calcu-
lated using the following equation:

=g @)

The crosslink density (V.) were obtained from V, using Flory-
Rehner equation:**

Ve =—[In(l — V3) + Vs + x V2 V1i(V>'? — V,12) (3)

where V; is the molar volume of the solvent, and x is the Flory-
Huggins polymer-solvent interaction parameter.

3. Results and discussion
3.1. Mechanism of the curing reaction

To explore the curing reaction mechanism of TDI-based poly-
urethane, we performed FTIR and Raman spectroscopy
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Fig.1 FTIR (a) and Raman (b) spectra of the samples with reaction time
of 0 min and 7 days.
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characterizations of the PBT-TDI reactant mixture before the
reaction (denoted as 0 min) and the polyurethane product after
curing at 60 °C for seven days (denoted as 7 days). The results
are presented in Fig. 1. The peak at 2267 cm™ ' in the FTIR
spectrum is attributed to the NCO functional group of TDI. As
shown in Fig. 1a, after seven days of curing, the intensity of the
NCO peak at 2267 cm™ ' significantly decreased compared to
that at the reaction starting point. This observation indicates
that the reaction between NCO and OH, which is predominantly
influenced by the concentrations of NCO- and OH-containing
chemicals as well as the reaction temperature, plays a pivotal
role in the synthesis of TDI-based polyurethane. In Fig. 1b, the
Raman peak at 2277 cm™ " corresponds to the NCO functional
group of TDI, and this peak almost completely disappears after
seven days of curing, consistent with the FTIR results. Thus, we
confirm that the NCO/OH ratio, reaction temperature, chain
extension coefficient, and crosslinking coefficient that govern
the reaction between NCO and OH are crucial factors influ-
encing the performance of the polyurethane. Consequently,
these parameters are identified as key targets for optimizing the
synthesis process using orthogonal testing and RSM design.

3.2. Orthogonal test results and range analysis

Based on FTIR and Raman results, R-value (A4), the chain
extension coefficient (B), the crosslinking coefficient (C), and
the curing temperature (D) were selected as the controlled
variables in the orthogonal design. Table 3 represents the
results of orthogonal test and the corresponding range analysis.
In the range analysis, two key parameters are considered: Kj;
and R;. Kj; is defined as the sum of the evaluate indexes of all
levels (i = 1, 2, 3, 4) within each factor (j = A, B, C, D), while k;
(the average value of Kj;) is used to determine the optimal level
and combination of factors. The optimum level for each factor
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evaluates the relative influence sequence of each factor on the
evaluate indexes. A larger R; indicates a more significant impact
of that factor. Based on the range analysis in Table 3, the
influence sequence of the parameters and the optimized
formula were determined.

For the tensile strength of polyurethane elastomers, the
sequence of R; values is as follows: Ry (6.3) > R (1.87) > R, (1.82)
> Rp (1.23), indicating that the chain extension coefficient is the
most influential factor, followed by the crosslinking coefficient,
while the curing temperature has the least influence in the
orthogonal test. Regarding the optimum levels for each factor,
the sequences are as follows: kyy > ka1 > kag > kas, ks > kpz > kgp >
kg1, kca > kes > ke1 > koo, and kpy > kpa > kps > kp,. Based on these
sequences, the optimum combination of parameters for
achieving the maximum tensile strength would be A,B,C4D,,
corresponding to an R-value of 1.2, a chain extension coefficient
of 60%, a crosslinking coefficient of 30%, and a curing
temperature of 55 °C.

To evaluate the reliability of the optimized parameters,
avalidation experiment was conducted. Tensile specimens were
prepared under the optimal conditions for the maximum
tensile strength identified in the orthogonal experiments (trail
no. 8, A,B,C3D,) and the optimized parameter settings
(A2B4C4D,). The corresponding stress-strain curves are shown
in Fig. 2a. The results show that the tensile strength of the
elastomer manufactured under the optimized conditions is
higher than that produced under the conditions of trail no. 8.
This confirms the validity of the orthogonal test results and the
range analysis conducted in this study. Therefore, the optimum
conditions for achieving maximum tensile strength is A,B,C4D,,
corresponding to an R-value of 1.2, a chain extension coefficient
of 60%, a crosslinking coefficient of 30%, and a curing
temperature of 55 °C.

is identified when ; is at its maximum. K, is defined as the 07 he elongation —at - break ~of polyurethane

. .. .. elastomers, the sequence of R; values is as follows:
range between the maximum and minimum values of k;;, and it J
Table 3 Orthogonal test and range analysis results®

Tensile strength Elongation at

Trial (MPa) break (%) Range analysis A B c D
1 0.74 910 ky 3.06 0.77 2.24 1.93
2 0.78 557 ky 3.57 1.00 1.70 3.16
3 1.60 728 ks 1.75 1.88 3.21 2.52
4 9.12 547 ka 2.33 7.07 3.57 3.11
5 0.86 420 R 1.82 6.3 1.87 1.23
6 0.84 440 k'l 686 669 1025 1338
7 2.82 838 k'z 723 784 867 992
8 9.76 1193 K, 1115 891 1041 731
9 0.70 581 k;l 1067 1246 657 528
10 1.59 478 R 429 577 384 810
11 1.33 1454
12 3.37 1945
13 0.76 765
14 0.77 1660
15 1.77 545
16 6.03 1297

“ A, B, C, D refer to R-value, the chain extension coefficient, the crosslinking coefficient, and curing temperature respectively. R, k are the range
analysis parameters for tensile strength. R, k' are the range analysis parameters for elongation at break.
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Fig. 2 Validation experiment results of the optimum conditions for
maximum tensile strength (a) and maximum elongation at break (b).

R,,(810) > R,(577) > R,(429) > R,(384). Contrary to the find-
ings for tensile strength, R, is the largest, indicating that curing
temperature is the most influential factor for elongation at
break. The chain extension coefficient ranks as the second most
important factor, followed by the R-value in third place, with the
crosslinking coefficient being the least significant factor.
Regarding the optimum levels, the sequences are as follows:
kys > ,kj44 > ,k:axz > ]f;m kJ,B,4 > kigs > Ky > ks, Koy = Koy > ko > ks
and k,, > kp, > kp; > kp,. Therefore, the optimum combination
of parameters for achieving the maximum elongation at break is
A3B,D,C; or Cs, corresponding to an R-value of 1.4, a chain
extension coefficient of 60%, a crosslinking coefficient of 0 or
20%, and a curing temperature of 50 °C. Significantly, the
values of k,, and k, are approximately equal, suggesting that
the contributions of these two crosslinker concentrations to the
elongation at break are similar. To refine the selection of the
optimum conditions and verify the reliability of these optimized
parameters, a supplementary experiment is necessary.
Elastomer specimens were prepared under the optimal
condition for the maximum elongation at break in the orthog-
onal experiments (trail no. 12, A3B,C,D;) and the optimized
parameter settings (43B,C:D;, and A3;B,C3;D;). The difference
between these three process parameters is the crosslinking
coefficient, which is set at 0, 10%, and 20%, respectively. The
stress—strain curves of these three different elastomers are
compared in Fig. 2b. The elongation at break of the elastomer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prepared under the conditions of 4;B,C,D, is higher than that
of the others, implying that the introduction of the crosslinker
reduces the elongation at break of the polyurethane elastomers.
Therefore, the optimum conditions for maximum elongation at
break is A;B4D;Cj, corresponding to an R-value of 1.4, a chain
extension coefficient of 60%, a crosslinking coefficient of 0, and
a curing temperature of 50 °C.

3.3. Box-Behnken design for tensile strength

3.3.1. BBD results and regression model. After determining
the optimized parameters for maximum tensile strength

Table 4 Factors and their levels in Box—Behnken design

Levels
Factors Low (—1) Medium (0) High (1)
X, 1.1 1.2 1.3
X, 57.5 60 62.5
X3 27.5 30 32.5
X4 52.5 55 57.5

Table 5 Box-Behnken design arrangement on ceded levels and the
responses

Response tensile

Trail X1 X, X5 X, strength (MPa)
1 0 0 0 0 10.01
2 —1 —1 0 0 7.65
3 0 0 1 1 11.92
4 0 0 0 0 10.40
5 0 0 -1 -1 9.08
6 0 0 1 -1 10.04
7 0 0 0 0 10.37
8 1 -1 0 0 10.27
9 -1 1 0 0 8.63
10 1 1 0 0 13.04
11 0 -1 1 11.07
12 —1 0 0 -1 7.21
13 0 0 0 0 9.23
14 0 1 1 0 9.01
15 0 0 0 0 9.43
16 0 -1 —1 0 6.20
17 -1 0 0 1 8.04
18 0 —1 1 0 8.01
19 0 0 0 0 8.95
20 1 0 0 1 12.65
21 1 0 0 -1 9.76
22 0 1 —1 0 8.99
23 0 -1 0 1 9.67
24 1 0 —1 0 10.85
25 0 1 0 -1 9.66
26 0 0 0 0 8.84
27 0 0 0 0 9.76
28 —1 0 1 0 8.06
29 0 0 0 0 8.83
30 —1 0 —1 0 5.00
31 1 0 1 0 10.23
32 1 0 1 10.78
33 0 -1 0 -1 7.59

RSC Adv, 2025, 15, 22023-22034 | 22027


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02295a

Open Access Article. Published on 27 June 2025. Downloaded on 2/9/2026 11:03:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

through the orthogonal design, a BBD was employed to inves-
tigate the effects of the independent variables, including the R-
value (X;), chain extension coefficient (X,), crosslinking coeffi-
cient (X;3), and curing temperature (X,), on the tensile strength
of polyurethane elastomers. The experimental ranges and
coded levels of the independent variables, selected based on the
results of the orthogonal experiments for the maximum tensile
strength, are listed in Table 4. “—1”, “0”, and “1” in this table
represent the low, middle, and high levels of each factor,
respectively. The experimental design and corresponding
response data are presented in Table 5. The creation of the
design matrix and analysis of the experimental data were per-
formed using Design Experts 8.0.6 software. A quadratic
regression model was developed using the software to identify
optimal parameters for tensile strength optimization in poly-
urethane elastomers. The coded-variable model is mathemati-
cally expressed as:

Tensile strength = 9.54 + 1.85X; + 0.89X, + 0.51X5 + 0.90X,
+ 045X, X, — 0.92X, X3 + 0.52X, X,
— 0.45X,X;3 — 0.24X,X, — 0.027X3X,
—0.15X,% — 0.39X,% — 0.52X5% + 0.61.X4° (4)

Analysis of variance (ANOVA) was employed to assess the
goodness of fit for the regression models, with detailed results
for tensile strength responses presented in Tables 6 and 7. The
statistical significance of the response surface model is
confirmed by both P-value and F-value in the ANOVA analysis.
With the model's P-value less than 0.0001 (Table 6), it demon-
strates high statistical significance, while the lack-of-fit P-value
higher than 0.05 indicates acceptable model adequacy. Among
the investigated variables, X; (R-value) emerges as the dominant
factor affecting tensile strength, evidenced by its exceptionally
high Fwvalue (499.27) and statistically significant P-value

Table 6 ANOVA results of Box—Behnken design for tensile strength

Source DF SS MS F-Value P-Value
Block 2 122 6.1

Model 14 76.18 5.44 66.09 <0.0001
X;-R 1 4111 41.11 499.27 <0.0001
X,-DEG% 1 958 9.58 116.31 <0.0001
X;-TMP% 1 3.08 3.08 37.42 <0.0001
X T 1 97 9.7 117.84 <0.0001
XX, 1 0.8 0.8 9.73 0.0066
XX 1 3.39 3.39 41.12 <0.0001
XX, 1 1.06 1.06 12.89 0.0025
X,X; 1 08 0.8 9.73 0.0066
XX, 1 0.23 0.23 2.8 0.1138
XX, 1 3.03x10% 3.03x10°% 0.037 0.8504
X% 1 0.18 0.18 2.15 0.1621
X,> 1 1.15 1.15 13.93 0.0018
X;” 1 2.04 2.04 24.8 0.0001
X, 1 279 2.79 33.94 <0.0001
Residual 16 1.32 0.082

Lackof it 10  0.54 0.054 0.41 0.8966
Pure error 6 0.78 0.13

Cor total 32 89.7
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Table 7 Statistical parameters estimated from ANOVA
Statistical parameter Value Statistical parameter Value
Std. dev 0.29 R 0.9830
Mean 9.37 Adj R? 0.9681
CV% 3.06 Pred R? 0.9432
Press 4.40 Adeq precision 37.874

(<0.0001). The coefficient of determination (R®) presented in
Table 7 quantifies the proportion of variance in tensile strength
explained by the model relative to the total variance, while also
serving as an indicator of agreement between experimental
measurements and model predictions. Higher R* values corre-
spond to greater predictive accuracy, reflecting closer alignment
between model outputs and actual experimental results. The R
in this work is 0.9830, indicating that 98.30% of the variance in
the response variable is accounted for by the model. This
demonstrates the model's high predictive reliability for tensile
strength within the investigated experimental parameter range.
An Radj2 value of 0.9681 demonstrates acceptable model
goodness-of-fit. Combined with a low standard deviation (0.29)
and coefficient of variation (CV = 3.06%), these statistical
parameters collectively confirm the model's robust predictive
capability and a high degree of experimental reproducibility.

Fig. 3 compares the predicted tensile strength from the
quadratic response model with experimental measurements.
The close alignment between predicted and experimental
values demonstrates the model's accuracy in representing the
relationship between processing parameters and tensile
strength. This agreement confirms the model's reliability for
predicting mechanical performance within the studied experi-
mental ranges.

3.3.2. Analysis of response surface. Three-dimensional
response surfaces were generated from the quadratic regres-
sion model to investigate the interaction among the variables.
The regression model equation is visualized through three-
dimensional plots of the response versus two factors, with the
other two factors held constant. Fig. 4a illustrates the effects of

Predicted vs. Actual

Predicted

Actual

Fig. 3 Tensile strength of elastomers obtained in the experiment
versus predicted by the model.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Three-dimensional response surface plots of the effect of process parameters on tensile strength of polyurethane elastomers: (a) R-value
and chain extension coefficient (b) R-value and curing temperature (c) chain extension coefficient and curing temperature (d) R-value and
crosslinking coefficient (e) chain extension coefficient and crosslinking coefficient (f) crosslinking coefficient and curing temperature.

the R-value and chain extension coefficient on tensile strength,
with a constant crosslinking coefficient of 30% and curing
temperature of 55 °C. Both the R-value and chain extension
coefficient positively influence tensile strength, with an increase
in either factor leading to higher tensile strength. The change in
tensile strength due to variations in the R-value is greater than
that observed for changes in the chain extension coefficient,
indicating that the R-value has a more significant impact on
strength.

Fig. 4b shows a three-dimensional plot illustrating the effect
of R-value and curing temperature on tensile strength, with the
chain extension coefficient held constant at 60% and the
crosslinking coefficient at 30%. As shown in the graph, the
tensile strength of the elastomer increases with increasing R-
value and curing temperature. Similarly, Fig. 4c illustrates the
interaction between the chain extension coefficient and curing
temperature, with other conditions held constant. As shown,
the tensile strength of the elastomer reaches its highest value
when both the chain extension parameter and curing temper-
ature are at their maximum values.

Fig. 4a—c clearly demonstrate a net positive interactive effect
among the R-value, chain extension coefficient, and curing
temperature when the crosslinking coefficient is held constant.
Moreover, the impact of the R-value and chain extension coef-
ficient on enhancing the elastomer's strength is more
pronounced. This behavior can be attributed to the increased
crosslink density and the higher content of hard segments in
the polyurethane elastomers. The increase in R-value results in
a higher concentration of free NCO groups, which react to form
three-dimensional allophanate, thereby enhancing the

© 2025 The Author(s). Published by the Royal Society of Chemistry

crosslink density. Additionally, the increased crosslinking
contributes to changes in morphology, which improves tensile
strength. On the other hand, the hard segment, formed by the
diisocyanate, chain extender, and crosslinker, increases with
the rising R-value and chain extension coefficient. The hard
segments strengthen intermolecular interactions, thereby
improving the tensile strength of polyurethane elastomers.

Fig. 4d illustrates the interactive effect of R-value and
crosslinking coefficient on tensile strength, with a constant
chain extension coefficient of 60% and curing temperature of
55 °C. As shown in the figure, the influence of crosslinking
coefficient on elastomer strength exhibits distinct variation
trends under different R-values. When the R-value is 1.1, the
elastomer strength increases with rising crosslinking coeffi-
cient. Conversely, at an R-value of 1.3, the strength shows
a monotonic decrease with increasing crosslinking coefficient.
For intermediate R-value between 1.1 and 1.3, the strength
initially increases then subsequently decreases with cross-
linking coefficient elevation. This pattern demonstrates that the
synergistic enhancement effect through simultaneous increases
in both R-value and crosslinking coefficient has limited effec-
tiveness in strength improvement, highlighting the importance
of optimizing both the R-value and crosslinking coefficient for
enhanced material performance.

Fig. 4e illustrates the synergistic interaction between chain
extension coefficient and crosslinking coefficient on tensile
strength with other conditions held constant. The data
demonstrate a positive correlation between chain extension
coefficient elevation and enhanced tensile strength in poly-
urethane elastomers. Concurrently, crosslinking coefficient

RSC Adv, 2025, 15, 22023-22034 | 22029
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augmentation initially improves mechanical performance, but
beyond optimal levels induces progressive strength deteriora-
tion. Fig. 4f reveals the interactive effects between crosslinking
coefficient and curing temperature on tensile strength. Simi-
larly, the tensile strength of the elastomer demonstrates an
initial increase followed by a progressive decline with ascending
crosslinking coefficient, suggesting that excessive crosslinkers
incorporation would adversely affect the strength enhancement
of elastomers.

Fig. 4d-f demonstrate the detrimental effects of excessive
crosslinker on elastomer tensile strength, resulting from
increased crosslinker dosage that elevates both crosslink
density and hard segment content. While higher crosslinker
content normally enhances the crosslinking network
(improving tensile strength through structural rigidity), the
concurrent reduction in soft segment content compromises the
material's elastomeric character and ductility. Furthermore, the
intensified crosslinking network restricts soft segment mobility,
diminishing slip capability and reducing ductility. Conse-
quently, when crosslinking exceeds a critical threshold, the
decreased elongation and ductility progressively counteract
tensile strength enhancement, eventually causing strength
reduction. This fundamental trade-off between crosslinking
reinforcement and flexibility loss dictates that excessive cross-
linking induces brittleness, ultimately impairing mechanical
performance.

3.3.3. Verification test. The BBD regression model iden-
tifies optimal processing parameters for maximizing poly-
urethane elastomer tensile strength as: an R-value of 1.3,
a chain extension coefficient of 62.5%, a crosslinking coefficient
of 27.67%, and a curing temperature of 57.5 °C. Specimens
fabricated under these conditions yielded a measured tensile
strength of 14.67 MPa, closely matching the model's prediction
of 14.34 MPa with an error of 2.2%. This strong agreement
between predicted and experimental values validates the
regression model's accuracy and confirms the experimental
design's reliability in forecasting tensile strength within the
defined parameter ranges.

3.4. Box-Behnken design for elongation at break

3.4.1. BBD results and regression model. The second BBD
employed in this study involved 15 experimental runs, with the
R-value (Y;), chain extension coefficient (Y,), and curing
temperature (Y;) as the independent variables. The experi-
mental ranges and coded levels of these variables were deter-
mined based on the results of the orthogonal experiments

Table 8 Factors and their levels in Box—Behnken design

Levels
Factors Low (—1) Medium (0) High (1)
Y, 1.3 1.4 1.5
Y, 50 60 70
Ys3 47.5 50 52.5

22030 | RSC Adv, 2025, 15, 22023-22034
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Table 9 Box—Behnken design arrangement on coded levels and the
responses

Response elongation

Trail Y, Y, Y, at break (%)
1 0 0 0 1004
2 -1 0 1 819
3 1 1 0 1083
4 -1 -1 0 869
5 0 —1 —1 902
6 0 0 0 957
7 -1 1 0 1027
8 0 0 0 1017
9 0 1 1 981
10 1 -1 0 928
11 0 —1 1 798
12 -1 0 -1 909
13 0 1 -1 1052
14 1 0 -1 989
15 1 0 1 824

aimed at maximizing the elongation at break (Table 8). “—1”,
“0”, and “1” in the table correspond to the low, middle, and
high levels of the factors, respectively. The 15 experimental runs
and the corresponding response data are provided in Table 9.
The design matrix creation and subsequent analysis of the
experimental data were performed using Design Expert 8.0.6
software. The quadratic regression model for elongation at
break, expressed in terms of the coded parameters, is given by
the following equation:

Elongation at break = 992.33 + 25Y; + 80.75Y,
—53.75Y; — 0.75Y, Y>
— 18.75Y,Y; + 8.25Y,Y; — 31.79Y,2
+16.21Y5% — 75.29 Y5> (5)

The ANOVA analysis for elongation at break in Table 10
demonstrates statistical significance with a model P-value of
0.0022 (less than 0.05). Significant contributors include the Y;,

Table 10 ANOVA results of Box—Behnken design for elongation at
break

Source DF SS MS F-Value P-Value
Model 9  1.08 x 10° 11947.17 19.73 0.0022
Y:-R 1 5000 5000 8.26 0.0348
Y,-DEG% 1 52164.5 52164.5 86.16 0.0002
Y;-T 1 231125 23112.5 38.18 0.0016
YiY, 1 225 2.25 3.72 x 10°  0.9538
Y,Y; 1 1406.25 1406.25 2.32 0.188
Y,Y; 1 272.25 272.25 0.45 0.5322
Y2 1 3731.85 3731.85 6.16 0.0557
Y,? 1 970.01 970.01 1.6 0.2614
Y,? 1 20931.08 20931.08  34.57 0.002
Residual 5  3027.17 605.43

Lack of fit 3 962.5 320.83 0.31 0.8207
Pure error 2 2064.67 1032.33

Cor total 14 1.11 x 10°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Statistical parameters estimated from ANOVA

Statistical parameter Value Statistical parameter Value
Std. dev 2461 R 0.9726
Mean 943.87  Adj R® 0.9233
CV% 2.61  Pred R 0.8187
Press 20 045.50 Adeq precision 14.497
Predicted vs. Actual
1100
1000
=
2
Q
2
=
& 900t
800 -
800 900 1000 1100
Actual

Fig. 5 Elongation at break of elastomers obtained in the experiment
versus predicted by the model.

Y,, Y3, and Y;” terms. The lack of fit test yielded an F-value of
0.31, indicating no significant deviation from pure error varia-
tion (82.07% probability of noise-induced variation). The
regression model ANOVA results presented in Table 11
demonstrate an R” value of 0.9726, indicating that 97.26% total
variation in elongation yield was attributed to the experimental
variables. This strong correlation between experimental
measurements and model predictions (Fig. 5) demonstrates
adequate model fit. The close agreement between Rpred2
(0.8187) and R,q;” (0.9233) further confirms appropriate model
adjustment. Acceptable precision was evidenced by low stan-
dard deviation and coefficient of variation (CV%), confirming
experimental reliability.

3.4.2. Analysis of response surface. Three-dimensional
response surfaces generated to investigate

the

were

longation (*/e)

View Article Online
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interaction among the variables and to determine the optimal
conditions for maximizing elongation at break. Fig. 6a depicts
the combined effects of R-value and chain extension coefficient
on elongation at break at a fixed curing temperature of 50 °C. As
shown in the figure, the elastomer's elongation at break initially
increases then decreases with rising R-value, indicating exces-
sive curing agent content. The surplus curing agent elevates
crosslink density, thereby restricting molecular chain mobility
and inducing material embrittlement. Conversely, elongation at
break demonstrates continuous enhancement with increasing
chain extender coefficient, attributed to the improved flexibility
of soft segments through chain extender incorporation.
Notably, variations in the chain extension coefficient induce
greater elongation at break modifications compared to R-value
adjustments, indicating that the chain extension coefficient has
a more significant impact on elongation.

Fig. 6b depicts the combined effects of R-value and curing
temperature on elongation at break at a constant chain extender
coefficient. The curing temperature demonstrates a volcano-
shaped relationship with elastomer elongation at break,
exhibiting maximum performance at 49 °C. Below this critical
temperature, delayed curing kinetics lead to incomplete
molecular chain alignment and heterogeneous hard segment
distribution, causing localized fracture initiation. Controlled
temperature elevation enhances phase-segregated structural
uniformity, thereby optimizing ductility. Conversely, tempera-
tures exceeding 49 °C induce detrimental over-crosslinking and
hard segment crystallization that restrict molecular mobility,
increasing brittleness. Fig. 6¢ delineates the synergistic inter-
play between chain extender coefficient and curing temperature
governing elongation at break. Similarly, the elongation of the
elastomer demonstrates an initial increase followed by
a progressive decline with ascending curing temperature,
highlighting the critical need for coordinated thermal-
stoichiometric control in performance optimization.

3.4.3. Verification test. Through the BBD regression model,
the optimal parameters for maximizing polyurethane elastomer
elongation at break were identified as an R-value of 1.45, chain
extension coefficient of 70%, and curing temperature of 49.09 °©
C. The specimens fabricated under optimized conditions
exhibited an elongation at break of 1160%, showing excellent
consistency with the predicted value of 1103% (error of 4.9%).

Fig. 6 Three-dimensional response surface plots of the effect of process parameters on elongation at break of polyurethane elastomers: (a) R-
value and chain extension coefficient (b) R-value and curing temperature (c) chain extension coefficient and curing temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This close agreement validates the model's predictive accuracy
and experimental design efficacy.

3.5. Correlation of crosslink density with mechanical
properties

The crosslink density of the polyurethane elastomers was
determined through equilibrium swelling experiments. Fig. 7a
demonstrates a strong correlation between crosslink density
and the mechanical properties of the elastomers prepared in
the BBD experiment of tensile strength. The results indicate
that as crosslink density increases, tensile strength rises while
elongation at break decreases. This strength enhancement can
be attributed to the increasing complexity of the crosslinking
network, which enhances the elastomer's ability to withstand

(a)18 v : - —_— — 800
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@ Elongation at Break-Crosslink Density
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Fig. 7 Relationship of crosslink density and mechanical properties of
elastomers prepared in the BBD experiment of tensile strength (a) and
the DSC curves of the elastomers with the lowest and highest crosslink
densities (b).

Fig. 8 SEM images of the sample with crosslink density of 723.1 mol
m~3 (a) and 2293.5 mol m* (b).
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larger loads. The DSC curves show that elastomers with higher
crosslink density exhibit a higher glass transition temperature,
indicating a reduction in internal free volume and decreased
polymer chain segment mobility (Fig. 7b). This suggests that the
inclusion of crosslinkers restricts the mobility of the soft
segments, thereby reducing the elongation at break. SEM
results further reveal that as crosslink density increases,
numerous cracks appear on the fracture surface of the sample,
indicating that a higher crosslink density makes the film more
rigid and brittle (Fig. 8). These observations suggest that while
increased crosslink density significantly improves the strength
of the material, it also reduces its toughness, which explains the
observed decrease in elongation at break.

The correlation between the crosslink density and the
mechanical properties of the elastomers prepared in the BBD
experiment with respect to elongation at break is illustrated in
Fig. 9a. The tensile strength increases with increasing crosslink
density, while the elongation at break remains constant,
exhibiting no apparent dependence on crosslink density. This
behaviour can be attributed to variations in the hard segment
content within the polyurethane elastomer, as the mechanical
properties of linear polyurethane are significantly influenced by
the proportion of hard segments. Fig. 9b illustrates the rela-
tionship between the elastomer’'s mechanical properties and its
hard segment content. A clear linear increase in tensile strength
is observed with rising hard segment content, while the
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Fig. 9 Correlation of mechanical properties with (a) crosslink density
and (b) hard segment content in elastomers prepared in the BBD
experiment of elongation at break.
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elongation at break shows no consistent trend. In linear poly-
urethane systems, hard segment microdomains serve as anchor
points. Increasing the hard segment content facilitates the
formation of these microdomains, and a sufficiently high
content can further promote hard segment crystallization,
thereby enhancing the elastomer's resistance to deformation.
Within the elastomer, the hard segment microdomains along
with hydrogen-bonding interactions create a physical cross-
linking network. Unlike chemical crosslinking, this physical
network has limited influence on the elastomer's extensibility.
Consequently, the elongation at break remains largely unaf-
fected by changes in crosslink density.

4. Conclusions

In this work, a combined approach utilizing orthogonal design
and response surface methodology (RSM) was employed to
optimize the synthesis process and mechanical performance for
polyurethane elastomers. Using FTIR and Raman spectroscopy,
we confirm that the NCO/OH ratio, reaction temperature, chain
extension coefficient, and crosslinking coefficient that govern
the reaction between NCO and OH are crucial factors influ-
encing the performance of the polyurethane, and these
parameters are identified as key targets for optimizing the
synthesis process. A standard L;¢ orthogonal design with range
analysis was employed to conduct preliminary screening of
optimized process combinations for polyurethane mechanical
properties across a broad range of process conditions. The
results revealed that the chain extension coefficient had the
most significant impact on tensile strength, while curing
temperature predominantly influenced the elongation at break.
Based on the orthogonal design results, two more refined BBDs
were employed to analyze the interactive effects of the param-
eters on the mechanical properties and to obtain the optimal
conditions for maximum tensile strength and elongation at
break. Three-dimensional response surface plots indicated
a net positive interaction between the R-value, chain extension
coefficient, and curing temperature on tensile strength.
Furthermore, tensile strength initially increased and then
decreased as the crosslinking coefficient increased. The optimal
conditions for the predicted maximum tensile strength (14.34
MPa) are determined to be an R-value of 1.3, chain extension
coefficient of 62.5%, crosslinking coefficient of 27.67%, and
curing temperature of 57.5 °C. For the predicted highest elon-
gation at break (1103%), the optimal conditions are an R-value
of 1.45, chain extension coefficient of 70%, and curing
temperature of 49.09 °C. Verification tests showed that high-
performance polyurethanes with a tensile strength of
14.67 MPa and an elongation at break of 1160% were experi-
mentally achieved using the optimal conditions. The experi-
mental values (14.67 MPa and 1160%) are in close agreement
with the predicted values (14.34 MPa and 1103%, error of 2.2%
and 4.9%, respectively), confirming the accuracy of the regres-
sion model and the appropriateness of the experimental design.
Thus, this combined approach of orthogonal design and RSM
enables efficient and precise optimization of processing
conditions to enhance the mechanical performance of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polyurethane. Finally, the structure-performance relationship
of the polyurethane was revealed through swelling measure-
ments, DSC analysis, and SEM characterization. The volcano-
shaped relationship observed between tensile strength and
the crosslinking coefficient suggests an inherent limitation in
the ability of crosslinkers to enhance the performance of poly-
urethane. This work provides an efficient and reliable strategy
for optimizing the synthesis process of TDI-based polyurethane
elastomers. The formation of the polyurethane network struc-
ture in polyol-isocyanate systems is fundamentally governed by
the reaction between OH and NCO groups. Accordingly, the
formulation/processing-structure—property relationships estab-
lished in this study for the PBT-TDI polyurethane system can
offer valuable insights for understanding other polyol-
isocyanate systems. Furthermore, the mechanical perfor-
mance optimization strategy proposed here can serve as
a general framework for the rational design of high-
performance polyurethane materials.
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