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ABSTRACT
Electromagnetic waves are produced in large volumes by the increasing number of electronic devices, and some devices must 
be shielded from these waves to prevent electromagnetic interference (EMI). Traditional metals are effective shielders but have 
limitations in modern electronics, so researchers have proposed the use of polymers containing conductive fillers. In the present 
study, waterborne poly(urethane-imide) (WPUI) composites reinforced with conductive carbon nanostructures (CNS) are devel-
oped for EMI shielding applications. NCO-terminated imide oligomers are successfully synthesized, so a solvent is not needed 
to incorporate imide structures into polyurethane. Additionally, a reactive nonionic dispersant is employed to prevent emissions 
from amine neutralizers. The proposed WPUI, which has high thermal stability and heat resistance, is thus environmentally 
friendly. The composites are experimentally evaluated through Fourier transform infrared spectroscopy, differential scanning 
calorimetry, and tensile stress–strain analysis and furthermore subjected to an EMI shielding test. Compared with polyurethane, 
the WPUI–CNS composite has considerably superior tensile strength and flexibility. Incorporating 5 wt% CNS into WPUI results 
in an EMI shielding effectiveness of 50 dB and does not negatively affect the WPUI's favorable physical properties, which is not 
the case for current alternatives. The optimal WPUI composite is found to have excellent performance under high-temperature 
conditions.

1   |   Introduction

The proliferation of electronic devices and wireless communi-
cation technology has led to the increased production of elec-
tromagnetic waves (EMWs), which can interfere with other 
electronic devices and potentially pose health risks to liv-
ing organisms, especially when wave exposure is prolonged. 
Although traditional metals such as copper, nickel, and alumi-
num are effective materials for electromagnetic interference 
(EMI) shielding, their high density, susceptibility to corrosion, 
complex processing, and limited flexibility restrict their appli-
cation in modern electronics [1–3]. To address this problem, 

researchers have begun to focus on polymers and composites, 
which are lightweight, corrosion-resistant, and cost-effective 
solutions for EMI shielding [4]. Polymers with a backbone of 
conjugated double bonds exhibit high electrical conductivity 
and unique electronic properties. This conductivity arises from 
the movement of delocalized π-electrons when an electric field 
is applied. However, the rigid structure of their molecular chains 
leads to poor processing performance. In contrast, conventional 
polymers are generally insulating but can become conductive 
by incorporating fillers, which allows for a more flexible struc-
tural design. In the development of effective EMI shielding ma-
terials, scholars have utilized conductive fillers such as carbon 
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nanotubes, graphene, metal nanoparticles, and transition metal 
carbide [5–8]. These fillers enhance the electrical conductivity of 
polymers, making them more effective at blocking or absorbing 
EMWs. In addition to enhancing shielding performance, these 
composites have great potential to serve multiple functions. 
They can enhance hydrophobicity to confer water resistance, 
are flame-retardant, exhibit excellent thermal conductivity, offer 
transparency, and even possess self-healing capability [9–12]. 
The development of multifunctional EMI shielding materials 
is crucial for expanding their application in various industries, 
including consumer electronics, aerospace, and medical device 
industries. However, challenges such as material compatibility 
and integration remain to be addressed. Future research should 
focus on optimizing material combinations, improving process-
ing techniques, and exploring novel approaches for enhancing 
the multifunctionality of EMI shielding materials.

Polyurethane (PU) has been regarded as a specialized mate-
rial because of its block copolymer structure, which contains a 
distinct soft segment (SS) and hard segment (HS). The SS pre-
dominantly influences low-temperature performance and elas-
ticity, whereas the HS controls high-temperature performance 
and hardness. Therefore, PU can be customized for specific 
applications by adjusting the ratio of SS to HS or modifying 
the compositions of these segments [13]. Although PU has the 
aforementioned advantages, its thermal instability and defor-
mation limit its potential applications, and the PU structure 
must be modified to overcome these limitations. The literature 
indicates that embedding heterocyclic structures—such as ox-
azolidone, triazine, and phosphazene—into PU can enhance its 
thermal resistance [14–16]. In the present study, the focus was 
on incorporating imide structures into PU. Polyimide (PI) offers 
stability at high temperatures, excellent mechanical properties, 
and chemical resistance. PI is used in various industrial applica-
tions to replace traditional materials such as glass, metals, and 
even steel. However, the high production costs and demanding 
high-temperature processing requirements of PI limit its wide-
spread use [17, 18]. Incorporating an imide structure into the PU 
structure can result in the creation of elastic and heat-resistant 
poly(urethane-imide) (PUI) material. This approach leverages 
the advantageous properties of both PU and PI, potentially 

expanding the range of application of PU in demanding envi-
ronments [19].

Imide structures can be incorporated into PU through various 
methods, as illustrated in Figure 1. One approach involves dis-
solving an anhydride in a small quantity of aprotic polar solvent 
and allowing it to react with isocyanate groups and integrate 
into the main polymer chain [20]. In another method, an an-
hydride is modified to form an imide structure with hydroxyl 
groups at both ends; these hydroxyl groups facilitate the anhy-
dride's reaction with isocyanate groups and its subsequent in-
corporation into the main chain [21]. These methods typically 
require the use of an aprotic polar solvent, which poses risks to 
operators and the environment. Moreover, increasing environ-
mental awareness and stringent regulations, such as the Clean 
Air Act in the United States and the German TA-Luft, have 
placed limits on the acceptable level of solvent emissions, neces-
sitating the development of water-based systems [22]. This shift 
has resulted in the advancement of waterborne poly(urethane-
imide) (WPUI). An alternative approach that avoids this prob-
lem involves directly reacting an aliphatic isocyanate with an 
anhydride. In this approach, the aliphatic isocyanate serves 
both as a reactant and as a solvent [23]. The aforementioned re-
action produces an isocyanate-terminated imide oligomer; the 
need for additional solvents is eliminated, and associated safety 
and environmental problems are mitigated.

Replacing the solvent with water for dispersing PUI requires the 
introduction of an ionic system or emulsifier. A crucial step in 
this process is the ionization of carboxylic acid monomers using 
neutralizing agents like triethylamine (Figure 1). This step is es-
sential for achieving effective dispersion of PUI resins in water 
[24]. However, these amine-based monomers often volatilize 
and release free amines during the WPUI manufacturing pro-
cess. To ensure that a reaction is environmentally friendly, sol-
vent usage should be reduced, and the content of volatile organic 
compounds should be minimized. The cationic sulfonate system 
is a viable solution for manufacturing WPUI; however, it must be 
dissolved in dispersing water and used as a chain extender [25]. 
This process can lead to colloidal aggregation caused by tem-
perature drops before dispersion, with such aggregation making 

FIGURE 1    |    Solutions for manufacturing WPUI. [Color figure can be viewed at wileyonlinelibrary.com]
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ionization difficult. Nonionic hydrophilic monomers that can 
react with isocyanates are a better choice. These monomers con-
tain two primary hydroxyl groups that can be integrated into 
the backbone of PUI. Moreover, the ethoxylated branch chain of 
the monomers can disperse PUI in water [26]. When nonionic 
hydrophilic monomers are used, processing is easy, amines need 
not be neutralized, and the electrolyte is more stable.

Carbon-based fillers are preferred over metal nanoparticles or 
nanowires as conductive fillers as they offer advantages in re-
ducing weight, lowering costs, and enhancing stability across 
various environments. They can have various morphologies and 
include multiwalled carbon nanotubes (MWCNTs), which have 
a rod-like structure; graphene nanoplatelets (GNPs), which are 
thin sheets with a platelet structure; and carbon nanostructures 
(CNSs), which have a tree-like morphology with branched cross-
linked structures [27, 28]. In a previous study, electrically insu-
lating thermoplastic polyurethane (TPU) was shown to have 
surface resistance greater than 1012 Ω; the addition of 2 wt% 
CNS considerably reduced this resistance to 104 Ω, whereas the 
addition of the same amount of MWCNT or GNP resulted in 
TPU with a resistance similar to that of the pure TPU. These 
findings demonstrated the strong ability of CNS to form a con-
ductive network within TPU [29]. Therefore, CNSs enable the 
creation of composites with a lower percolation threshold than 
that of MWCNT, which results in less filler being required and 
helps preserve the mechanical properties of the composite. 
Incorporating CNS into WPUI materials can thus enable the de-
sired conductivity to be achieved while maintaining mechanical 
integrity.

The rising demand for eco-friendly and effective EMI shielding 
materials has led to a focus on the development of multifunc-
tional polymer composites. The objective of this study was to 
enhance the WPUI manufacturing process to enable the syn-
thesis of solvent-free and amine-free WPUI. To further improve 
the material's performance, thermal stability was enhanced 
through the incorporation of imides. Additionally, by incorpo-
rating a lower amount of CNS, the conductivity and EMI shield-
ing effectiveness (EMI SE) of WPUI were improved without 
compromising its mechanical properties. Furthermore, this 

study systematically evaluated the thermal stability, mechanical 
properties, and EMI SE of the produced polymers.

2   |   Experimental Section

2.1   |   Materials

Isophorone diisocyanate (IPDI), which has an equivalent weight 
of 111.2 g mol−1, was procured from Covestro (Leverkusen, 
Germany). Pyromellitic dianhydride (PMDA) and pyromellitic 
acid (PMA) were supplied by Tokyo Chemical Industry (Osaka, 
Japan). Prior to use, these powders were dehydrated at 70°C for 
24 h. Polycaprolactone (PCL) and poly(tetramethylene ether gly-
col) (PTMG), both of which have an average molecular weight of 
2000 g mol−1, were supplied by Daicel (Osaka, Japan) and Dairen 
Chemical Corp. (Taipei, Taiwan), respectively. These polyols 
were vacuum-dried at 90°C for 24 h at a pressure of 10 Torr and 
stored in a desiccator until use. Ymer N120 dispersant, which 
was sourced from Perstorp (Malmö, Sweden), was vacuum-
dried at 70°C and 10 Torr for 24 h before use. The chain extender 
ethylenediamine (EDA) was procured from Thermo Fisher 
Scientific (Waltham, MA, USA). CNSs (ATHLOS CNS) were ac-
quired from Cabot (Boston, MA, USA). All chemicals were used 
as received, without further purification.

2.2   |   Synthesis of NCO-Terminated Imide 
Oligomer

An experiment was conducted in which IPDI, PMDA, and PMA 
were placed in a round-bottom flask equipped with a mechan-
ical stirrer and thermometer. The flask was subjected to con-
densation reflux, with the temperature gradually increased to 
140°C. This process caused the anhydride to dissolve in the iso-
cyanate, forming a clear mixture. The reaction was continued 
until bubbles had disappeared and the remaining NCO percent-
age had reached its theoretical limit, resulting in the formation 
of an NCO-terminated imide oligomer. The preparation and for-
mulation procedures used to obtain the NCO-terminated imide 
oligomer are detailed in Scheme 1 and Table 1, respectively. The 

SCHEME 1    |    Preparation of an NCO-terminated imide oligomer and the oligomer's reaction mechanism. [Color figure can be viewed at wileyon-
linelibrary.com]
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formulation code O-15 indicates that “O” stands for oligomer, 
while “15” specifies the weight percentage of PMDA in the over-
all oligomer, which has a constant IPDI content. Two different 
formulations were created to evaluate the effects of varying 
PMDA levels. The reaction between the isocyanate and carbox-
ylic acid produced a water molecule by-product, which subse-
quently formed urea. This process increased the rate of reaction 
of the oligomer [30].

2.3   |   Preparation of Water-Based 
Poly(Urethane-Imide) Dispersion

Vacuum-dried polyol and dispersant were placed in a four-
port reaction tank equipped with a stirrer, a thermocouple, 
and a nitrogen inlet hose. The mixture was stirred until it had 

become homogeneous. The temperature was then maintained 
at 85°C, and a heat-softened oligomer was introduced to trig-
ger a reaction, which was continued until the NCO percentage 
had reached the theoretical equivalent value. Subsequently, 
the temperature was reduced by 40°C, and EDA and deion-
ized water were introduced for chain extension and disper-
sion. After 1 h, the mixture was transferred to a homogenizer 
for high-speed dispersion. This process resulted in the forma-
tion of WPUI with 30 wt% solid content. The formulation and 
preparation procedures used to obtain the WPUI are detailed 
in Table 2 and Scheme 2, respectively. The experimental design 
includes several formulations to evaluate the effects of imide 
functionality, HS content, dispersant level, and polyol type on 
WPUI film properties. WPU-20, a baseline waterborne PU, 
contains 20 wt% HS. WPUI-20 also has 20 wt% HS but intro-
duces imide groups with O-15 for comparison with WPU-20, 

TABLE 1    |    Formulation of an NCO-terminated imide oligomer.

Code IPDI (Ena; g)
PMDA 
(En; g) PMA (En; g)

Theoretical 
remaining 
NCO% (%)

Equivalent 
weight (E)

PMDA content 
(wt%)

O-15 1.0; 111.2 0.19; 20.7 0.01; 1.3 24.6 171.4 15

O-20 1.0; 111.2 0.27; 29.5 0.03; 3.8 18.5 227.1 20
aMole equivalent.

TABLE 2    |    Formulation of WPUI.

Code Oligomer (En; g) PCL (En; g) PTMG (En; g) Ymer N120 (En; g) EDA (En; g) HS (%)

WPU-20 IPDI (0.52; 57.3) 0.1; 100 — 0.10; 51.0 0.30; 9.1 20

WPUI-10 O-15 (0.31; 53.0) 0.1; 100 — 0.10: 51.0 0.10; 3.0 10

WPUI-20 O-15 (0.44; 75.1) 0.1; 100 — 0.10; 51.0 0.23; 6.8 20

WPUI-30 O-15 (0.60; 103.5) 0.1; 100 — 0.10; 51.0 0.39; 11.6 30

WPUI-O-20 O-20 (0.40; 90.6) 0.1; 100 — 0.10; 51.0 0.19; 5.6 20

WPUI-Ymer15 O-15 (0.53; 92.5) 0.1; 100 — 0.15; 76.5 0.26; 7.9 20

WPUI-PTMG O-15 (0.44; 75.1) — 0.1; 100 0.10; 51.0 0.23; 6.8 20

SCHEME 2    |    Preparation of WPUI.
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which lacks imide functionality. Variations like WPUI-10 and 
WPUI-30 adjust the HS content relative to WPUI-20 to assess 
its impact, while WPUI-O-20 uses O-20 instead of O-15 to 
explore a higher imide content. WPUI-Ymer15 increases the 
dispersant concentration from 0.10 to 0.15, and WPUI-PTMG 
replaces the polyol PCL with PTMEG to examine how polyol 
type influences film properties.

2.4   |   Preparation of WPUI Films 
and EMI-Shielding WPUI Films

CNS powder with amounts of 2, 5, and 10 wt% was incorporated 
into the preprepared WPUI-20 dispersions. Each mixture was 
homogenized at 2000 rpm. Next, a high-pressure homogenizer 
(Genizer; NanoGenizer series) was used to thoroughly homog-
enize the samples; this process involved employing high pres-
sure to propel the liquid and powder within a sample through 
a narrow-gapped valve, which induced considerable shear, a 
pressure drop, and cavitation. This approach has been shown 
to effectively promote filler dispersion and enhance the forma-
tion of conductive networks in polymer matrices, as supported 
by the findings of Yan Li et  al. [31] Their study demonstrated 
that high-pressure homogenization can achieve uniform disper-
sion of conductive fillers, thereby improving the performance 
of composite materials without the need for complex structural 
design or prefabrication of the fillers.

The dispersions obtained were named WPUI-CNS-2, WPUI-
CNS-5, and WPUI-CNS-10. For the purpose of comparison, 
an additional dispersion of WPUI-20 containing 2 wt% carbon 
black (CB; Cabot VULCAN XC72) was prepared (designated 
WPUI-CB-2) by following the same process. All samples were 
prepared following the same procedure. The required quan-
tity of each dispersion was poured into polytetrafluoroethylene 
molds and dried in a hot air circulation oven at 40°C. Once the 
films were dry, they were baked at 70°C for 1 h to ensure that 
their moisture content was eliminated, resulting in a final sam-
ple thickness of 1 mm.

2.5   |   Measurements

Fourier transform infrared (FTIR) spectra of the samples were 
obtained using a JASCO FT/IR-4600 spectrometer in the at-
tenuated total reflection mode; the spectra were scanned 32 
times at a spectral resolution of 4 cm−1. The size distribution 
of the particles in dispersions was assessed using a NanoBrook 
90Plus PALS device that utilizes dynamic light scattering. 
Samples were diluted with deionized water at a 1:2000 ratio 
and maintained at 23°C during testing. Scanning electron 
microscopy (SEM) analysis was conducted using a Hitachi 
Regulus 8100 field-emission scanning electron microscope, 
with cross-sectional images of the film samples being ob-
tained. Samples were cooled in liquid nitrogen for 10 min to 
make them brittle and were then fractured to expose their 
cross section.

Tensile stress–strain data for tension-molded sheets obtained 
from dumbbell-shaped samples (ASTM D-638, type V) were 
acquired using a Cometech QC-508M2F testing machine at an 

extension rate of 100 mm min−1, a temperature of 23°C, and a 
gauge length of 20 mm.

Differential scanning calorimetry (DSC) analysis was per-
formed using a Hitachi model 7000X DSC device. Each sample 
(5 mg) was sealed in an aluminum pan and scanned against a 
blank aluminum pan reference at a heating rate of 20°C min−1 
over a temperature range of −80°C to 200°C under a nitrogen 
atmosphere. Thermogravimetric analysis (TGA) was conducted 
using a Hitachi STA7200 thermogravimeter at a heating rate of 
10°C min−1 over a temperature range of 23°C to 700°C under a 
nitrogen atmosphere. Dynamic mechanical analysis (DMA) of 
rectangular samples (20 mm × 5 mm × 0.5 mm) was conducted 
using a TechMax DMS 6100 thermal analyzer at a heating rate of 
10°C min−1 over a temperature range of −80°C to 150°C under a 
forced vibration frequency of 1 Hz.

An EMI shielding test was conducted in accordance with the 
ASTM D4935-18 standard by using a Keysight E5071C ENA vec-
tor network analyzer (VNA). Samples with a thickness of 1 mm 
were cut such that they could cover a 20 mm × 10 mm current 
path. The test was performed using the coaxial transmission line 
method in the X-band frequency range (8.2–12.2 GHz). Surface 
resistivity testing was conducted using a Mitsubishi Chemical 
MCP-T600 four-point probe model under a stable DC voltage to 
measure the surface resistance of the samples; the probe was 
configured to move in a straight line, and the probe spacing was 
1 mm.

2.6   |   Methods for Characterizing EMI Shielding

EMI shielding involves the use of materials that can reflect and 
absorb EMWs to protect sensitive components from interfer-
ence. The effectiveness of a material in shielding against EMI, 
known as EMI SE, is measured in decibels (dB) and indicates the 
ratio of incoming energy to the energy that remains. According 
to Schelkunoff's theory, EMI SE consists of three main compo-
nents: reflection loss (SER), absorption loss (SEA), and multiple 
reflection loss (SEM). These components are combined as fol-
lows: [32]

Reflection loss occurs due to impedance mismatches between 
free space (such as air) and the shielding material. This mis-
match leads to interactions between charged particles and the 
electromagnetic field. Absorption loss primarily arises from 
the interactions between EMWs and movable charge carriers, 
as well as electric and magnetic dipoles within the material. 
Multiple reflection loss happens when EMWs entering the shield 
are repeatedly reflected and transmitted within the material. 
Collectively, these losses contribute to the overall effectiveness 
of the material in shielding against EMI.

EMI SE can be measured by monitoring changes in EMW power 
or phase as it passes through a shield using a network analyzer 
(NA). VNAs are preferred due to their capability to measure com-
plex signals, such as permittivity and permeability. The transmis-
sion line method is the most commonly used approach because of 

(1)SET = SER + SEA + SEM
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its wide frequency range and efficiency. This method includes the 
waveguide, which has a simple setup but requires multiple wave-
guides to cover a broad frequency range, and the coaxial transmis-
sion line, which is ideal for far-field measurements. Using a VNA, 
scattering parameters (S11, S22, S12, S21) are calculated to evaluate 
the EMI SE, as illustrated in Figure 2. These S parameters repre-
sent the reflection and transmission coefficients: S11 and S22 indi-
cate forward and reverse reflections, while S12 and S21 represent 
forward and backward transmissions, respectively. According to 
shielding theory, the incident EMW is divided into power coeffi-
cients of reflection (R), absorption (A), and transmission (T), fol-
lowing the relation R + A + T = 1 [33, 34].

Additionally, the SET, SEA, and SER can be defined as follows, 
considering that SEM is typically disregarded when the SET ex-
ceeds 15 dB [35].

The absorption attenuation of EMI shields is characterized by 
the introduction of the effective absorption fraction (Aeff) [36].

3   |   Results and Discussion

3.1   |   FTIR Analysis

Figure  3 displays the FTIR spectra of IPDI and PMDA. The 
FTIR spectrum of IPDI contained an absorption peak at 
2247 cm−1, indicating the presence of NCO functional groups. 
Additionally, the spectrum of PMDA contained two absorption 
peaks related to carbonyl groups (C  O): at 1805 cm−1 for sym-
metric stretching and at 1762 cm−1 for asymmetric stretching. 
The NCO-terminated oligomer (O-20) underwent imidization, 
forming imide groups, which led to a reduction in the NCO 
peak intensity in the FTIR spectrum of the oligomer. The re-
duction rate was determined to be 50.7% (calculated as the 
area under the tangent line from 2500 to 2115 cm−1), consistent 

(2)T = ||S12||
2
= ||S21||

2

(3)R = ||S11||
2
= ||S22||

2

(4)A = 1 − R − T

(5)SET = 10log

(
1

||S12||
2

)

= 10log

(
1

||S21||
2

)

= 10log
(
1

T

)

(6)SER = 10log

(
1

||S11||
2

)

= 10log

(
1

||S22||
2

)

= 10log
(

1

1 − R

)

(7)

SEA = 10log

(
1 − ||S11||

2

||S12||
2

)

= 10log

(
1 − ||S22||

2

||S21||
2

)

= 10log
(
1 − R

T

)

(8)Aeff =
1 − R − T

1 − R
× 100%

FIGURE 2    |    Complex scattering parameters of EMI shielding mate-
rials using a two-port VNA. [Color figure can be viewed at wileyon-
linelibrary.com]

FIGURE 3    |    FTIR spectra of the raw materials and the WPUI film. 
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4    |    D50 particle size distribution curve of WPUI disper-
sions. [Color figure can be viewed at wileyonlinelibrary.com]
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with the observed difference in the NCO percentage (IPDI: 
NCO% = 37.8%; oligomer: NCO% = 18.5%). Furthermore, C  O 
stretching signals at 1805 and 1762 cm−1 were absent, confirm-
ing that an imide structure had been created in the O-20 oligo-
mer [37]. This result was supported by the signals corresponding 
to a cyclic five-membered imide ring, namely, the signals asso-
ciated with in-phase C  O vibration absorption, C–N–C stretch-
ing, and out-of-phase bending at 1770, 1345, and 729 cm−1 [38]. 
When a film was formed, the NCO absorption peaks (2247 cm−1) 
in the spectra of WPUI-20 and WPU-20 disappeared, indicating 
a complete reaction.

3.2   |   Size Distribution Analysis

The size of particles in WPUI dispersions is influenced by sev-
eral key factors. Decreasing the HS content and increasing the 
weight ratio of the dispersant Ymer N120 are effective strategies 
for reducing the D50 particle size in WPUI dispersions (please 
refer to Figure  4 and Table  3). For example, reducing the HS 
content from WPUI-30 to WPUI-10 led to a 29% decrease in 
D50. Additionally, increasing the dispersant content from 0.1 in 

WPUI-20 to 0.15 in WPUI-Ymer15 resulted in a 42% reduction in 
D50. It is also essential to consider factors that may lead to an in-
crease in particle size. Substituting the polyol in a polyester sys-
tem (WPUI-20) with a polyether system (WPUI-PTMEG) tends 
to increase the particle size because of the high hydrophobicity 
of polyether polyol [39]. Moreover, incorporating imide groups 
into the structure of the HS or increasing their concentration 
under a fixed HS ratio results in larger particles. This phenome-
non is attributable to increased stronger intermolecular interac-
tions, leading to polymer chain aggregation and dispersion with 
larger particles [40]. To ensure that this study's WPUI disper-
sions were stable, they were centrifuged at 3000 rpm for 15 min. 
The absence of precipitation indicated the feasibility of using 
Ymer N120 as a dispersant for maintaining the dispersions' sta-
bility, highlighting its suitability for practical applications.

3.3   |   Mechanical Properties

The stress–strain curves shown in Figures 5 and 6 indicate how 
adjustments to the structural design of WPUI affect its physi-
cal properties. The relevant physical values are listed in Table 3. 
Figure 5 indicates that as the HS content was increased (from 

TABLE 3    |    Particle sizes and mechanical properties of WPUI materials.

Code

Dispersant 
(Ymer N120) 

(wt%) D50 (nm)

100% 
modulus 

(MPa)

Tensile 
strength at 

break (MPa)
Elongation at 
break (MPa)

Toughness 
(GJ m−3)

WPU-20 23.5 14.9 2.5 5.2 317 1.2

WPUI-10 24.6 17.9 0.4 4.9 728 1.0

WPUI-20 21.9 21.5 2.8 17.0 489 3.0

WPUI-30 19.2 25.3 5.9 19.9 272 2.3

WPUI-O-20 20.6 25.6 3.7 25.1 416 3.4

WPUI-Ymer15 27.6 12.4 1.6 8.9 644 2.4

WPUI-PTMG 21.9 37.1 1.9 4.2 415 1.1

FIGURE 5    |    Stress–strain curve of WPUI films with varying HS con-
tents. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6    |    Stress–strain curve of WPUI films with different SS and 
HS structures. [Color figure can be viewed at wileyonlinelibrary.com]
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WPUI-10 to WPUI-30), the 100% modulus and tensile strength 
of the prepared WPUI samples tended to rise, whereas their 
elongation decreased. These results suggest that the HS content 
of WPUI can strongly influence its rigidity. However, the PUI 
systems with a high HS content did not become brittle, thus sac-
rificing their toughness. Finding a balance between rigidity and 
flexibility is crucial. Studies have shown that PUI films with 
elastic-like or plastic-like characteristics can be produced by 
adjusting the structure or content of the SS and HS [19]. In the 
present research, WPUI-20 had an optimal balance of these char-
acteristics. Apart from HS content, an increase in the imide con-
centration from 5.0 wt% in WPUI-20 to 7.5 wt% in WPUI-O-20 
also improved the 100% modulus and tensile strength, as shown 
in Table 3. This enhancement was attributable to the intermo-
lecular interaction of charge transfer complexes, highlighting 
the role of molecular interactions in dictating the mechanical 
behavior of WPUI [23]. Specific structural designs may reduce 
the mechanical strength. Figure 6 illustrates that the polyester-
based SS structure (WPUI-20) led to a higher 100% modulus and 

greater toughness than did the ether-based structure (WPUI-
PTMG) due to the stronger hydrogen bonds provided by esters 
relative to ethers [41]. Additionally, increasing the dispersant 
content from 0.1 in WPUI-20 to 0.15 in WPUI-Ymer15 led to a 
decrease in the modulus and increased the elongation due to the 
ether groups in the dispersant structure. Based on the discussion 
above, this study will use WPUI-20 as the foundational material 
for adding CNS.

3.4   |   Results of TGA

According to the literature, PUI typically degrades in three dis-
tinct stages [42]. The initial stage, which occurs from 280°C to 
360°C, involves degradation of the HS, primarily through the 
cleavage of urethane bonds. The second stage occurs between 
360°C and 440°C and is characterized by SS degradation. Finally, 
the third stage, which occurs at temperatures higher than 500°C, 
entails degradation of the imide structures within the polymer 
backbone. Figure 7 and Table 4 present the TGA results obtained 
for the WPUI films. Incorporation of imide groups into the struc-
ture of WPU-20 enhanced the Td5% (5% weight loss temperature) 
value within the temperature range corresponding to HS degrada-
tion in the initial stage. This effect was particularly prominent for 
WPUI-O-20, which had the highest Td5% value, attributable to the 
strong hydrogen bond interactions within the HS [43]. However, as 
the HS content in the WPUI formulation increased from WPUI-10 
to WPUI-30, a decrease in the Td5% value was observed. This phe-
nomenon can be attributed to the protective effect of the SS present 
in WPUI-10. Thus, as the HS content increases, the initial degrada-
tion temperature decreases. Another reason for the improved ther-
mal stability when reducing the HS content or increasing the SS 
content is that the degradation of long-chain SS requires a higher 
thermal energy [44, 45]. Moreover, regarding the thermograv-
imetric region corresponding to SS loss in the second stage, for-
mulations with higher proportions of Ymer N120 (WPUI-Ymer15) 
or employing polyether-based polyol (WPUI-PTMG) had lower 
Tdmax (maximum weight loss temperature) values than did the 
polyester-based WPUI-20. This phenomenon was caused by weak 
hydrogen bond interactions [46]. In the third stage of pyrolysis, the 

FIGURE 7    |    Thermogravimetric loss curves of the fabricated WPUI 
films. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4    |    TGA weight loss and DSC phase transition temperature of the fabricated WPUI films.

Code

5 wt% 
degradation 

loss (Td5%; oC)

Maximum 
degradation 

loss (Tmax; oC)

Ash 
content 

(%) Tg (°C)
Tm1(SS) 

(°C)
Tm2(SS) 

(°C)
ΔHm(SS) 
(J mg−1)

WPU-20 292.2 392.3 1.0 −62.7 28.8 39.2 0.13, 0.53

WPUI-10 299.0 405.2 3.3 −58.7 27.2 35.6 9.9

WPUI-20 290.5 407.7 3.1 −57.6 29.6 40.3 0.6, 0.1

WPUI-30 288.0 408.2 2.2 −55.1 — — —

WPUI-O-20 302.8 409.1 4.2 −50.7 — — —

WPUI-Ymer15 299.8 402.1 3.1 −58.3 30.1 — 0.4

WPUI-PTMG 291.1 395.4 3.1 −61.8 24.6 — 14.6

Ymer N120 — — — — 22.4 — 24.5

PTMG — — — — 25.9 — 48.7

PCL — — — — — 44.6 45.7
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concentration was too low to observe significant thermal degra-
dation of the imide structure, even in WPUI-O-20, which had the 
highest imide content at 7.5 wt%. Ultimately, compared with the 
WPU film, all WPUI films had a higher ash content, indicative of 
superior thermal stability. These findings emphasize the impor-
tance of modifying the structure of WPUI films to increase inter-
molecular forces and enhance the films' thermal stability.

3.5   |   Results of DSC Analysis

The distribution of the SS crystal was investigated through DSC 
analysis of the polyol. As shown in Figure 8 and Table 4, Ymer 
N120 and PTMG had distinct crystal melting temperatures [de-
noted Tm1(SS)], which were close to the ambient temperature. 
By contrast, PCL had a Tm2(SS) value of approximately 45°C. 
The aforementioned SS crystallization behavior can strongly 

affect the thermal and mechanical properties of WPUI [19]. 
Figure 9 indicates that integration of imide structures into the 
WPU-20 matrix enhanced HS interactions, leading to a higher 
enthalpy of fusion [ΔHm(SS)] in certain regions of the Ymer 
N120 phase (i.e., WPUI-20). This also led to reduced PCL crys-
tallinity in the SS region and an increase in the glass transition 
temperature (Tg) [47]. This effect intensified with increasing 
imide concentration, further suppressing crystallinity and rais-
ing the Tg, from −62.7°C in WPU-20 to −50.7°C in WPUI-O-20. 
Moreover, increasing the HS content in the WPUI formulation 
(from WPUI-10 to WPUI-30) leads to the suppression of SS 
crystallization, with this crystallization completely suppressed 
in WPUI-30 [48]. Figure 10 indicates that as the content of the 
ether group was increased, the WPUI became more flexible, 
resulting in a decrease in Tg, with WPUI-Ymer15 and WPUI-
PTMG showing lower Tg values than WPUI-20. Furthermore, 
the ether-type WPUI-PTMG exhibited more pronounced SS 
crystallization than the ester-type WPUI-20 due to enhanced 
microphase separation [49]. In cases where the SS melting tem-
perature was close to the room temperature, and the enthalpy 
of fusion [ΔHm(SS)] was substantial, as was the case for WPUI-
PTMG and WPUI-10, the film tended to be opaque. The results 
thus indicate that disrupting SS crystallization by increasing 
the HS content and adjusting the Tg through SS and HS design 
is an effective method of controlling a film's transparency and 
thermal stability.

3.6   |   Results of DMA

The graphs displayed in Figures 11 and 12 illustrate the typical 
dynamic mechanical properties of the segmented WPUI materi-
als, which were examined through DMA. The curves of tan δ ver-
sus temperature for the WPUI copolymer contained two damping 
peaks: a lower-temperature peak corresponding to the glass tran-
sition temperature of the SS [Tg(SS)] and a higher-temperature 
peak corresponding to the glass transition temperature of the 
HS [Tg(HS)]. The transition temperature and storage modulus FIGURE 8    |    DSC traces for different polyols and dispersants. [Color 

figure can be viewed at wileyonlinelibrary.com]

FIGURE 9    |    DSC traces for WPUI films with varying HS contents. 
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10    |    DSC traces for WPUI films with varying SS structures 
and imide contents. [Color figure can be viewed at wileyonlinelibrary.
com]
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results are listed in Table 5. Figure 11 suggests that incorporating 
imide groups into the WPU-20 main chain induced microphase 
separation, resulting in two Tg values. When either the imide 

concentration (WPUI-O-20) or the HS content was higher (from 
WPUI-10 to WPUI-30), the temperature difference between Tg(SS) 
and Tg(HS) was greater, indicating a stronger degree of micro-
phase separation [23]. Greater microphase separation is beneficial 
for thermal stability and mechanical performance, as reflected by 
the higher storage modulus (E') at 100°C; for example, as shown 
in Table 5, the E'(100°C) value for WPUI-30 and WPUI-O-20 is ap-
proximately 1.6 times higher than that of WPU-20 [50]. Figure 12 
suggests that using a higher concentration of the dispersant Ymer 
N120 (material WPUI-Ymer15) resulted in lower Tg(HS) and 
E'(100°C) compared to WPUI-20, indicating reduced thermal re-
sistance. Moreover, utilizing polyether-based PTMG as the polyol 
led to more favorable microphase separation due to the flexible na-
ture of polyethers; however, this resulted in a lower E'(100°C) be-
cause of the weaker intermolecular forces of polyethers compared 
to those of polyesters [49]. This effect was evident in the compar-
ison of WPUI-PTMG with WPUI-20. The aforementioned results 
highlight the importance of microphase morphology, which af-
fects the Tg behavior of SS and HS and the thermomechanical 
strength properties of WPUI films.

FIGURE 11    |    Curves of (a) storage modulus and (b) tanδ versus temperature for WPUI films with varying HS contents. [Color figure can be 
viewed at wileyonlinelibrary.com]

FIGURE 12    |    Curves of (a) storage modulus and (b) tanδ versus temperature for WPUI films with varying SS structures and imide contents. [Color 
figure can be viewed at wileyonlinelibrary.com]

TABLE 5    |    DMA transition temperature and storage modulus of the 
fabricated WPUI films.

Code
Tg (SS)a 

(°C)
Tg (HS) 

(°C)
E ' (100°C) 
(1E+6 Pa)

WPU-20 — 31.1 7.0

WPUI-10 −41.2 35.3 7.0

WPUI-20 −44.5 44.2 8.7

WPUI-30 −56.4 70.5 10.9

WPUI-O-20 −50.2 75.3 10.9

WPUI-Ymer15 −46.7 17.8 6.1

WPUI-PTMG −51.4 52.6 4.0
aThe Tg peak in this presentation is consistently displayed as a shoulder.
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3.7   |   EMI Shielding Analysis

In the design of a composite made from a WPUI dispersion and 
CNS powder, considering the trade-off between modulus en-
hancement and toughness reduction is essential. Table  6 and 
Figure 13a indicate that the plots of Young's modulus and tough-
ness versus CNS content intersected at a CNS content of 2.4 wt%. 
However, the figure suggests that the optimal balance between 
modulus and toughness can be achieved with CNS additions be-
tween 4 and 6 wt%.

The electrical conductivity of WPUI composites depends on the 
spatial distribution of conductive fillers and the formation of in-
ternal conductive pathways. As shown in Table 6, the EMI SE of 

WPUI improved significantly with the addition of CNS. A com-
parison between equal amounts of CB and CNS in WPUI revealed 
that using CNS resulted in a 9-fold increase in EMI SE. This sub-
stantial improvement is attributed to the high electrical conductiv-
ity of CNS, which are cross-linked, branched carbon nanotubes. 
Even at low concentrations, CNS formed effective conductive net-
works. SEM images in Figure 14 further indicate that CNSs were 
uniformly distributed within the WPUI-CNS-5 film and formed 
a fine, interwoven structure. This overlapping network created 
enhanced pathways for electron mobility, effectively lowering 
the material's resistance. Additionally, CNS established more 
efficient interconnections compared to CB, leading to the devel-
opment of superior charge conduction paths within the insulat-
ing polymer matrix [29]. The relationship between EMI SE and 

TABLE 6    |    Physical and mechanical properties of WPUI with varying CNS contents.

Code
Young's modulus 

(MPa) Toughness (GJ m−3)

EMI shielding 
effectiveness 
(EMI SE; dB)

Surface resistance 
(ohm sq.−1)

WPUI-20 12.3 3.0 0.6 > 1E+09

WPUI-CNS-2 41.1 1.5 33.1 20.0

WPUI-CNS-5 162.8 1.7 50.7 1.8

WPUI-CNS-10 110.9 1.1 57.4 0.9

WPUI-CB-2 — — 3.6 > 1E+03

FIGURE 13    |    (a) Intersection of plots of toughness and Young's modulus versus CNS content for WPUI; and (b) surface resistivity of WPUI films 
with varying CNS contents. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 14    |    SEM images of WPUI-CNS-5 at (a) 10,000× and (b) 50,000× magnification.
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surface resistance is depicted in Figure 13b, showing that lower 
surface resistance corresponds to higher SE. However, the reduc-
tion in surface resistance due to CNS content has a limit; beyond 

approximately 5 wt% CNS content, the decrease in surface resis-
tance and the corresponding improvement in SE began to plateau. 
Therefore, considering both physical properties and electromag-
netic SE, WPUI-CNS-5 may be the optimal formulation.

The SET value is positively correlated with the sample thickness, 
which is why this study fixed the thickness at 1 mm for the EMI 
SE analysis. As shown in Figure 15a, the SET increases signifi-
cantly with the addition of CNS in the WPUI film, reaching 50 dB 
at a content of 10 wt%, which corresponds to an Aeff of 99.999% 
SE, thus meeting the commercial product requirement of 30 dB. 
To gain insight into the underlying mechanisms, Figure  15b 
further illustrates the SET, SER, and SEA values, showing that 
the SEA values were notably higher than the SER values across 
all samples, suggesting that absorption was the primary mecha-
nism for EMW attenuation within the nanocomposite samples. 
However, these results alone do not fully clarify the EMI shield-
ing mechanism of the material system, so a further analysis of 
the power coefficients T, R, and A, as depicted in Figure 15c, was 
conducted [36].

The analysis of power coefficients reveals that the R values of all 
samples were significantly higher than the A values, indicating 
that most EMWs were reflected before penetrating the samples. 
Although the R value increased with the addition of CNS due to 
enhanced conductivity, the increase was not substantial, likely 
because the percolation threshold—the minimum concentra-
tion of filler at which an insulating material transitions to a 
conductive state—had already been reached [35]. Beyond this 
point, further addition of a conductive filler yields diminish-
ing returns in reflection efficiency, as the conductive network 
within the composite has already been established. However, 
high reflection can lead to significant secondary EMI pollution. 
To address this, incorporating magnetic fillers into the com-
posite design can help reduce reflection loss and mitigate sec-
ondary radiation, thereby optimizing the overall EMI shielding 
performance [51]. While WPUI-CNS-5 demonstrates superior 
EMI shielding performance, further investigation into the long-
term stability of the conductive networks, as well as the effect 
of different types of magnetic fillers, could provide valuable in-
sights into further optimization of the composite for industrial 
applications.

4   |   Conclusions

This study successfully synthesized NCO-terminated imide 
oligomers, eliminating the need to use a solvent for the incor-
poration of imide structures into PU. In addition, a reactive 
nonionic dispersant was selected to mitigate concerns regarding 
volatile organic compound emissions from amine neutralizers. 
The final result was an environmentally friendly WPUI disper-
sion with high emulsion stability, flexibility, and heat resistance. 
The size of particles in the WPUI dispersion can be controlled 
by adjusting the quantity of nonionic dispersant used, with 
higher concentrations leading to smaller particles and higher 
dispersion stability. However, the presence of ether groups in 
the dispersant may reduce the tensile strength of WPUI films. 
Strategies for enhancing a WPUI film's strength include increas-
ing the content of HS, increasing the imide concentration, or 
selecting SS structures with ester groups, which offer stronger 

FIGURE 15    |    (a) EMI SE in the X-band frequency range; (b) SET, 
SEA, and SER analyses of WPUI films with varying CNS contents; and 
(c) power coefficients of T, R, and A of WPUI films. [Color figure can be 
viewed at wileyonlinelibrary.com]
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hydrogen bonding than ether groups do. Intermolecular inter-
actions within WPUI are critical to its thermal performance. 
For example, enhancing interactions among SS can increase 
the maximum thermal decomposition temperature. Moreover, 
a higher imide concentration leads to stronger interactions be-
tween HS, thereby increasing the initial thermal decomposition 
temperature. According to morphological analysis, increasing 
the HS or imide content disrupts the crystallization of SS and 
enhances microphase separation. This increased microphase 
separation improves the storage modulus of WPUI at high tem-
peratures, highlighting its superior performance under high-
temperature conditions. Incorporating 5 wt% CNS into WPUI 
improves its EMI SE, which was found to be 50 dB, and does not 
negatively affect WPUI's favorable physical properties, unlike 
current alternatives do. These findings indicate that WPUI con-
taining CNS is a highly promising material for multifunctional 
EMI shielding applications; the composite has high EMI SE, ex-
cellent thermal and mechanical properties, and an environmen-
tally friendly production process.
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