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Abstract: Polyurethane cement composite is a new organic–inorganic composite material with
high strength, corrosion resistance, and fast curing. It is a complement and alternative to traditional
cement materials. The flexural properties of polyurethane cement composites are the basic mechanical
index of the material. In order to study the flexural properties under different temperature loads,
a molecular model was established, the chemical reaction process of polyurethane cement and
the temperature response mechanism was analyzed, and the preparation process of polyurethane
cement was proposed. Then, bending tests were carried out in strain-controlled mode to obtain
the specimens’ bending strength and stiffness modulus under different temperature loads. The test
results showed that the tensile strength of polyurethane cement decreased first, then increased, and
finally decreased with the increase in temperature, while the bending stiffness modulus decreased
with the increase in temperature. Combined with the theoretical derivation, the damage mode
of the samples under different temperature loads was analyzed, and the “L-type” damage strain
curve was obtained. The results showed that the proposed theory could effectively explain the
mechanism of action and flexural properties of polyurethane cement composites under temperature
loading, which is a significant improvement to the application of polyurethane cement composites in
practical engineering.

Keywords: damage mode; flexural properties; molecular structure; polyurethane cement; reaction
mechanisms; temperature loading

1. Introduction

After long-term use, cement concrete structures are susceptible to various external
factors. Concrete will shrink and creep, incur aging deformation or corrosion, and other
issues, leading to structure surface damage, load-bearing capacity decline, and unreliable
safety performance [1,2]. Cement-based materials have problems with high shrinkage
and low flexibility [3]. At the same time, they will cause environmental pollution during
the production and construction process, which is not in line with the design concept of
modern civil engineering structures [1,2]. Therefore, the search for new building materials
with excellent performance to supplement and replace the traditional cement material, to
effectively improve the load-bearing capacity of the structure through scientific means,
and to extend the service life of the building structure has become a hotspot for scholars’
research in recent years.

Polyurethane is a polymer containing urethane groups in its molecular structure. It
is a formed polymer composite material. With excellent properties, such as high wear
resistance, good overall mechanical strength, and ease of use [4], polyurethane can be traced
back as far as 1837 when Professor Bayer’s research group obtained it using the preparation
of 1,6-hexane diisocyanate and 1,4-butanedioic acid [5]. Polyurethane is widely used in
electromechanical, shipbuilding, aviation, civil construction, textile, and other departments.
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The variety of products is increasing yearly, and it occupies a very important position in
the material industry [6]. In 2012, the worldwide sales value of polyurethane materials
reached about 43.2 billion pounds, with an annual growth rate of nearly 7.4%. The sale of
polyurethane products can be predicted to rise to about 88.2 billion pounds in 2022 [7].

Many scholars at home and abroad have carried out a series of studies on the excellent
properties of polyurethane in civil engineering materials. (1) Mixing polyurethane with
other materials can significantly improve the ductility and flexibility of the raw material [8].
Due to the environment, concrete building materials undergo carbonation and need to be
repaired or reconstructed [9]; when reinforced concrete surfaces are coated with a thin layer
of polyurethane protection, they are protected from corrosive environments and improve
structural ductility, flexibility, and energy absorption [10,11]. (2) Polyurethane has stable
chemical properties and good corrosion resistance and can be used as a surface protective
coating for metal structures.

A study by Johns [12] showed that a 6 mm thick polyurethane lining could provide
a service life of 20 years, while a steel pipe without a lining wears out within 12 weeks.
This study demonstrates that the polyurethane coating can protect the metal structure
well. (3) Polyurethane materials have the potential for self-healing and can repair them-
selves without external interference [13]. Polyurethane, as a healing agent, can restore the
strength and stiffness of cementitious materials, reduce water permeability, and extend
the service life of the material [14]. (4) Polyurethane also has good thermal stability and
is a good refractory material. Modifying polyurethane and adding composite flame re-
tardants can offer good flame retardant and smoke suppression effects on the outer walls
of high-rise buildings and improve the safety performance of building structures [15,16].
(5) Polyurethane is a polymer material that contains a significant amount of isocyanates,
which can react with aromatic compounds in asphalt in an additional reaction to achieve a
modified treatment of asphalt materials [17].

Polyurethane-modified asphalt has excellent resistance to permanent deformation; the
modified asphalt is less sensitive to temperature and significantly improves the asphalt’s
high-low temperature rheological properties. At the same time, the heteroatomic groups
in polyurethane strengthen the polarity and aromaticity of asphalt, thus improving the
adsorption capacity of aggregates and the resistance to water damage of polyurethane
composite-modified asphalt mixes is also significantly enhanced [18].

Polyurethane cement composite is a new type of high-strength, and high toughness
organic–inorganic composite material by mixing polyurethane glue and cement evenly, and
the performance of the composite material can be improved significantly after solidification.
It can be applied in rapidly repairing materials in building structures, bridge structure
reinforcement [19], and bridge deck pavement layers. Many researchers have studied
and explored the ratio of polyurethane cement. A series of compressive and flexural
tests have been carried out to arrive at the most reasonable ratio [20,21]. Polyurethane
materials contain active cations that can improve the mechanical properties of cementitious
materials, and the addition of polyurethane significantly reduces the early brittleness of
cementitious materials [22]. The product obtained by mixing polyurethane and silicate
cement is similar to ordinary silicate cement but has much higher plasticity than ordinary
silicate cement [23]. The mechanical properties have been significantly improved and
enhanced. A comparative study of the response of polyurethane cement composite and
carbon-fiber-reinforced material reinforced RC frames shows that a polyurethane cement
composite makes the structure more ductile and has a more straightforward construction
method and lower material cost. Polyurethane cement composites enable more accessible,
higher quality, and lower-cost structural performance modifications than carbon-fiber-
reinforced materials [24]. The polyurethane and the cement can form a polyurethane
cement foam material, which has good mechanical properties, such as lightweight and high
strength and is suitable for seismic components of structures. It also has good heat and
sound insulation, water vapor permeability, and fire resistance [25]. In bridge reinforcement,
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traditional concrete reinforcement methods have the disadvantages of long construction
times, complex maintenance, and severe environmental pollution [26].

Due to the good tensile properties of polyurethane elastomers, polyurethane cement
for reinforcement does not require an internal configuration of reinforcement, and the short
curing time of polyurethane cement makes the construction process relatively difficult and
easy [27]. In pavement engineering, the performance of pavement materials depends on
the construction quality and later maintenance level of the road [28,29]. Current common
pavement materials, such as petroleum asphalt and cement concrete, can hardly meet
the requirements of some special projects, such as airport runways, tunnel pavements,
and coastal highways [30,31]. Due to its good properties, polyurethane cement materials
have been widely used in pavement engineering. They can partially or entirely replace
traditional pavement materials in the pavement layer of roads [32].

Compared with common cement-based materials in engineering, polyurethane–cement
composite materials have the following characteristics: (1) Polyurethane, as a highly adhe-
sive substance, can firmly adsorb cement particles, while cement particles can be uniformly
distributed inside the polyurethane colloid so that the internal pores of polyurethane
cement composites are filled densely, forming an organic–inorganic composite network
structure [33], which ensures that the properties of the material are the same and have good
homogeneity. (2) High toughness is an essential feature of polyurethane composite materi-
als [13]. High toughness is an essential feature of polyurethane composites. Compared to
cementitious materials, polyurethane cement composites, as a homogeneous body made of
polymeric elastomer combined with inorganic cement particles, have good tensile and tear
strengths, can withstand significant stresses without fracture damage, and have higher flex-
ural strength than ordinary concrete materials [34]. (3) The density of polyurethane cement
composites is about 1.45~1.62 g/cm3 [13], while the density of cement concrete is about
2.4 g/cm3 [35], which is 1.58~1.65 times the density of polyurethane cement composites.

As a new lightweight construction material, polyurethane cement composites can
reduce the stress on the structure caused by the material’s gravity and can be used in
building structures with high seismic intensity levels. (4) The chemical properties of the
polyurethane composite material are stable, and the chemical substances in the surrounding
environment only have a minimal reaction to them. Polyurethane composites have strong
anti-corrosion and anti-aging properties. The components or structures of the polyurethane
cement composite material can easily adapt to areas with seawater erosion, soil microbial
corrosion, or chemical pollution [36,37]. (5) There is no hydration reaction process in
the preparation process of polyurethane cement composites, which can be solidified and
formed in 60 min at room temperature under the action of a catalyst, and the performance
requirements for regular use can be achieved within 24 h. The curing and setting times are
much less than cement concrete, and no maintenance treatment is required at a later stage,
effectively saving construction time and reducing construction costs [38].

Polyurethane cement is a new organic–inorganic composite material—its performance
should meet the requirements of the use of the environment, inevitably affected by the
external environment in the actual use of the process, the impact of the external environment
on its mechanical properties cannot be ignored. Temperature is an essential factor in the
external environment. The properties of materials at different temperatures are different.
Therefore, the mechanical properties of polyurethane cement at different temperatures play
an essential role in its application in practical engineering.

In this paper, in order to explore the flexural properties of polyurethane cement
composites under temperature loads, bending tests were carried out in strain control mode.
The samples’ reaction characteristics, stress processes, and failure modes under different
temperature loads were obtained. The polyurethane cement composites were analyzed
for flexural strength in the actual working environment, further verifying the feasibility of
polyurethane cement composites to supplement and replace traditional materials.
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2. Raw Material
2.1. Silicate Cement

The cement adopts the Swan brand ordinary silicate cement produced by the Harbin
Cement Plant of the Yatai Group. The strength grade is 42.5, and it is a gray-black powder
at room temperature. Silicate cement is made by grinding clinker, gypsum, fly ash, blast
furnace slag, etc. Clinker is the main component, and clinker minerals mainly include the
use of a silicon phase (C3S and C2S), aluminum phase (C3A), and iron and aluminum phase
solid solution (C4AF). The silica phase of the material accounts for about 75% of the weight
of the cement clinker and consists mainly of calcium oxide and silicon dioxide. Physical
and chemical properties are shown in Table 1.

Table 1. 42.5 Physical and mechanical properties of ordinary silicate cement.

Serial Number Project Index

1
Flexural

strength/MPa
3 days 4.6

28 days 10.5

2
Compressive

strength/MPa
3 days 24.6

28 days 55.6
3 Fineness/% 1.8
4 Loss on ignition/% ≤5.0

5 Clinker and gypsum
mass ratio/% ≥80 and <95

6 Specific surface
area/(m2/kg) ≥300

7
Chemical

composition/%

C3S 51
C2S 25
C3A 9

C4AF 9
Other 6

2.2. Isocyanates

Isocyanate adopts the WANNATE®® PM-200 model, a brown-black liquid at room
temperature, as shown in Figure 1a, and its physical and chemical properties are shown
in Table 2. Isocyanate liquid is viscous, and the consistency decreases with increasing
temperature. It can be stored at room temperature, but it must be stored in a closed
container, isolated from air, and protected from moisture. At the same time, it cannot be
exposed to the sun, away from heat sources, and placed in a cool and dry place. The shelf
life can be up to 2 years. WANNATE®® PM-200 isocyanate is one of the important raw
materials for preparing polyurethane colloids. The isocyanate contains a large number of
isocyanate groups, which constitute the soft chain segment in the molecular structure of
polyurethane and determine the tensile strength of polyurethane.
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Table 2. Physical and chemical properties of WANNATE®® PM-200.

Serial Number Project Index

1 Exterior Brown liquid
2 Viscosity (25 ◦C)/mPa·s 150~250
3 Isocyanate content (-NCO)/% 30.5~32.0
4 Density (25 ◦C)/(g/cm3) 1.220~1.250
5 Acidity/% ≤0.030
6 Hydrolyzed chlorine/% ≤0.20

2.3. Polyether Polyol

The polyether polyol adopted by the ES305 model is produced by Shandong Yisheng
Polyurethane Co., Ltd., Zibo, China, as shown in Figure 1b. Compared with the conven-
tional composite polyether, the combined polyether ES305 does not contain a foaming
agent, and the physical and chemical properties are shown in Table 3. It is generally
colorless or light yellow transparent oily liquid at room temperature, and the viscosity
(25 ◦C) when the molecular weight is 1000 and 2000 is 120~200 mPa·s and 260~370 mPa·s
respectively. ES305 polyether polyol is also an important raw material for synthesizing
polyurethane colloid. Polyether polyols contain a large amount of hydroxyl (-OH), which
is reducible. After polymerization, they form the hard chain segment in the molecular
structure of polyurethane, which determines the relative molecular weight of polyurethane.

Table 3. ES305 Physical and Chemical Properties.

Serial Number Project Index

1 Exterior Colorless transparent liquid
2 Viscosity (25 ◦C)/mPa·s 200~1500
3 Hydroxyl value mg KOH/g 350 ± 30
4 Density (25 ◦C)/(g/cm3) 1.11 ± 0.20

2.4. Catalyst

The KOSMOS-29 model is produced by Goldschmidt, as shown in Figure 1c. It is
soluble in polyols and most organic solvents but insoluble in water. It needs to be sealed
and stored in a dry place to prevent high temperature and high humidity. The physical
and chemical properties are shown in Table 4. KOSMOS-29 is an organotin compound,
which is an efficient catalyst for the reaction of isocyanate and alcohol, which increases
the molecular weight of the polymer, increases the viscosity, and promotes gelation, so
it is called the “gel catalyst”. KOSMOS-29 Stannous Octoate plays a catalytic role in the
process of preparing polyurethane, promoting the polymerization reaction to proceed in
the expected direction and speed, and can also enhance the viscosity of polyurethane.

Table 4. Physicochemical properties of KOSMOS-29.

Serial Number Project Index

1 Exterior Light yellow liquid
2 Chroma (Gardner) ≤6
3 Viscosity (20 ◦C)/mPa·s <450
4 Freezing point (◦C) −20
5 Molecular weight 405.1
6 Relative density (d) 1.25 ± 0.02

2.5. Chain Extension Crosslinking Agent

Both the chain extender and the cross-linking agent are small molecular chemical
substances. As a reaction accelerator, the more the chain-extending cross-linking agent
is used, the higher the strength and hardness of the polyurethane produced. The ES305
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polyether polyol system used in this study contains small molecular triols, which can act as
cross-linking agents, and only need to introduce chain extender components separately.
The chain extender adopts the HQEE model produced by Suzhou Xiangyuan Special Fine
Chemical Company, as shown in Figure 1d. It is an off-white powder at room temperature
and has the characteristics of convenient use and easy integration. The physical and chemi-
cal properties are shown in Table 5. When used, it is mixed with a small dose of polyether
polyol, and an appropriate amount is dropped into the polyurethane prepolymer glue.
HQEE chain extender can further extend the polyurethane molecular chain, generate linear
molecules with larger molecular weight, and improve the flexibility of polyurethane colloid.

Table 5. Physicochemical properties of HQEE.

Serial Number Project Index

1 Exterior Off-white powder
2 Molecular weight 198.2
3 Melting point/◦C 98–102
4 Density (110 ◦C)/(g/cm3) 1.15
5 Viscosity (110 ◦C)/mPa·s 15

3. Synthesis Mechanism of Polyurethane Cement Composites
3.1. Chemical Structure and Reaction Mechanism of Polyurethane

Polyurethane is a general term for polymers containing urethane groups formed by
chemical reactions between isocyanate and hydroxyl groups. Polyurethane is a block
copolymer with multiple carbamate (R-NH-CO-OR1) chain segments made by the polymer-
ization of isocyanate (OCN-R-NCO) and polyol (HO-R1-OH), whose structure is shown in
Figure 2.
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3.1.1. Surface Potential Analysis of Isocyanate and Polyether Polyol

Two-component polyurethanes are formed by the cross-linking reaction of isocyanates
and polyols. Isocyanates refer to compounds containing isocyanate groups divided into
aliphatic isocyanates and aromatic isocyanates. Polyols are oligomeric compounds con-
taining two or more hydroxyl groups (-OH) in the molecular structure, usually polyether
polyols, Polyester polyols, or mixtures. The main component of WANNATE®® PM-200
used in this paper is aromatic 4,4′-diphenylmethane diisocyanate (MDI), and the main
component of ES305 type of polyol used is polypropylene glycol (PPG). The molecular
structure is shown in Figure 3.
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Figure 3. Molecular structures of isocyanates and polyether polyols: (a) the molecular structure of
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Based on the B3LYP general function in quantum chemical density generalization
theory, the structures of isocyanate and polyether polyol molecules were analyzed us-
ing Materials Studio software to obtain stable structures and wave function files Dmol3
electrostatic potential was selected. The wave function files were analyzed for surface
electrostatic potential, and average localized ionization energy and visualization results
were generated. The electrostatic potential distribution on the whole molecular surface is
shown in Figure 4. The blue area indicates that the electrostatic potential value is small; the
electronegativity is large, and the electron-attracting ability is strong; the red area indicates
that the electrostatic potential value is considerable, that the electronegativity is small, and
the electron-absorbing ability is poor.
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From Figure 4a, it can be seen that the oxygen and nitrogen atoms with large elec-
tronegativity in the MDI molecule exhibit blue areas, electrostatic potential minimal value
points appear at both ends of the molecule, and -NCO (isocyanate group) is the active
electron-absorbing group. In the potential diagram of the PPG molecular structure, as
shown in Figure 4b, except for the hydrogen atoms at the two ends of -OH (hydroxyl
group), which is a significant red region, the hydrogen atoms at the remaining positions
are almost all electrically neutral and exhibit a white-gray region, with the leading reactive
group being the hydroxyl group.

3.1.2. Synthetic Reaction Mechanism of Polyurethane

The reactive formation of polymers is mainly due to electrostatic attraction, where
the electrostatic potential maxima and minima are close to each other. The electrostatic
potential analysis shows that the reaction between isocyanate and polyether polyol belongs
to the addition polymerization reaction of hydrogen transfer, which is caused by the mutual
attraction between the hydroxyl group (-OH) and isocyanate group (-NCO). The reaction
is carried out on the double bond of the more active -NCO group; the hydrogen atom
on the hydroxyl group of PPG is transferred to the N atom in the isocyanate group. The
remaining group is combined with the C atom to form a carbamate compound, and then
chain-breaking, rotation, twisting, and replication occur to form the final polyurethane
block copolymer. The polymerization process is shown in Figure 5.
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Figure 5. Polyurethane polymerization process.

The isocyanate group is highly reactive and also reacts with the hydroxyl group (-OH)
of water molecules to generate a large amount of carbon dioxide gas and substituted urea.
This reaction process is shown in Figure 6.
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Figure 6. Reaction process of isocyanate and water.

On the one hand, when Silicate cement contains moisture, water molecules will replace
part of the polyol and react with isocyanate, resulting in an insufficient and ineffective
reaction. The polyurethane cannot be wholly contacted with the cement, and the cement
particles cannot be wholly bonded. On the other hand, the carbon dioxide gas generated
with water will remain in the polyurethane colloid and be difficult to discharge, forming
tiny holes and bulging bubbles on the surface, affecting the mechanical properties of the
polyurethane cement composite. In preparing polyurethane cement composite materials,
dehydration treatment is required. The method used in this study is to use a frying furnace
to dry and dehydrate the silicate cement.

3.1.3. Polyurethane Microphase Separation Structure

Polyurethane consists of hard and soft segments as a block copolymer, as shown in
Figure 7. The soft segment is mainly composed of polyester polyol or polyether polyol,
which provides the flexibility and elasticity of the cross-linked polyurethane network. The
hard segment is composed of isocyanate and chain extender, which mainly affects the
mechanical properties of polyurethane, including compressive strength, flexural strength,
and elastic modulus. There are significant hydrogen-bonding interactions between the urea
and carbamate groups in the hard chain segments, leading to the formation of aggregates
in the hard chain segments, which are dispersed in the soft chain segment region.
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3.2. Chemical Mechanism of Silicate Cement
3.2.1. The Chemical Structure of Calcium Oxide and Silica

The quality of silicate cement mainly depends on the clinker. The mineral composition
of clinker is mainly composed of tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium
aluminate (C3A), and tetra calcium ferric aluminate (C4AF). Both tricalcium silicate and
dicalcium silicate are three-dimensional network crystals composed of interconnected CaO
and SiO2, called silicate minerals, accounting for about 75% of the total clinker. A crystal
structure of CaO and SiO2 molecules are shown in Figure 8 [39].
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Figure 8. A crystal structure of calcium oxide and silica: (a) calcium oxide crystal cell; (b) silica
crystal cell.

3.2.2. Fractional Density of States Analysis of Calcium Oxide and Silicon Dioxide

The density of states is an important concept in solid-state physics. It is the ratio of
the number of quantum states ∆Z with energy between E~E+∆E to the energy difference
∆E, indicating the modulus within a unit frequency interval and the modulus within the
unit frequency interval [40]. The N-E relationship reflects the structure of the electronic
energy state in the solid, and the properties in the solid such as electron-specific heat and
paramagnetic susceptibility are closely related [41]. Calcium oxide and silicon dioxide
in silicate cement were analyzed by the CASTEP first-principles plane wave method
and combined with Materials Studio software to analyze the partial wave density of
states (DPOS). Most of the energy state density at the Fermi level of CaO comes from the
contribution of the p -orbital electrons, as shown in Figure 9a, while the electrons in the f
state provide very little energy to the CaO structure, which is almost negligible. The energy
density of states at the Fermi energy level of SiO2 mainly comes from the contribution of
the S energy level, as shown in Figure 9b. SiO2 crystals are a three-dimensional network of
crystal structures composed of silicon atoms and oxygen atoms in the ratio of 1:2, which
belong to sp3 hybridization. The hybridization orbitals of sp3 provide the energy density
of states at the Fermi energy level, and SiO2 has good stability properties.
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3.2.3. Band Structure Analysis of Calcium Oxide and Silica

In order to thoroughly reveal the adaptability mechanism between silicate cement
and polyurethane, the electronic structure of the main components of silicate cement (CaO,
SiO2) was analyzed by the energy band. The energy band structure diagram shows the
dependence of the electron energy on the k-vector along the high symmetry direction in
the Brillouin zone, the electron transfer direction flows from high to low energy levels,
and the high energy orbitals are reductive, and the low energy orbitals are oxidative.
The energy band structure directly determines the physicochemical properties of the
substance [42]. According to the CASTEP theory, using the GGA-PBE useful function,
the energy band structures of CaO and SiO2 were calculated, as shown in Figure 10. As
shown in Figure 10a, the top of the valence band of CaO is located at point X, and the
bottom of the conduction band is also at point X. The forbidden bandwidth separating
the conduction band and the entire band is more significant, and the forbidden band is
about At 5 eV. A significant amount energy is required to excite electrons. Under normal
conditions, the number of excited electrons in calcium oxide crystals is small, and the
melting point is high; that is, calcium oxide is challenging to conduct electricity and has
relatively stable physical and chemical properties. As shown in Figure 10b, the energy
band of SiO2 is more comprehensive and has a greater degree of undulation in the diagram,
which indicates that the SiO2 structure has a less effective mass of electrons in the valence
band, the atomic orbitals are more extended, the electrons are confined between the layers,
and there are no electrons that can move freely, so SiO2 is an anisotropic insulator. It is
difficult to react chemically with polyurethane molecules, thus ensuring the stability of
polyurethane cement composites.
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3.3. Interaction between Polyurethane and Silicate Cement
3.3.1. Mutual Adaptation of Polyurethane and Silicate Cement

By analyzing the polyurethane components’ electrostatic potential and the silicate
cement’s energy band density, it can be known that the silicate cement has good adaptability
to the polyurethane colloid. The electron excitation of CaO and SiO2 in C3S and C2S, the
main components of silicate cement, requires high energy and does not undergo a series of
chemical reactions when mixed with polyurethane cement composites have good corrosion
resistance and high durability.

3.3.2. Filling Effect of Cement Particles

In polyurethane preparation, tiny gaps and bubble impurities can appear on the
surface and inside the polyurethane material due to external factors. When polyurethane is
subjected to external forces, these tiny gaps can crack and seriously affect the modulus and
strength of polyurethane composites. A meaningful way to eliminate cracks is to eliminate
the internal stresses in the material. Silicate cement is a mixture containing various mineral
particles, and the specific surface area of the mineral admixture is 350–1500 m2/kg [43].
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The cement particles with a larger specific surface area have a strong adsorption effect
on polyurethane colloids and a good affinity with the material. The tiny particles in
the cement will fill the space between the hard segment and the soft segment of the
polyurethane, making the microphase structure of the polyurethane more compact. The
active surface of the microparticles also forms a subvalent cross-linked structure with
specific macromolecules around the polyurethane so that when one of the molecular chains
is stressed, the stress can be transferred to the other molecules by dispersing the stress
through the cross-linked points. The filling of cement particles will reduce the stress
concentration inside the polyurethane and retard the fracture process, thus increasing
the strength of hydrogen bonding between the polymer and the filler and increasing the
mechanical properties of the polyurethane cement composites.

3.4. Response Mechanism of Temperature to Polyurethane Cement Composites

Polyurethane materials will undergo shape changes under the influence of temper-
ature, called the glass transition of polyurethane [44]. The glass transition temperature
of polyurethane is determined by relative molecular weight and molecular chain length.
From the microphase separation structure of polyurethane, the soft and hard segments are
polymerized into a block system, and the soft segment (polyether polyol) of polyurethane
is much longer than the hard segment (isocyanate); thus, the soft segment directly de-
termines the temperature response of the polyurethane material. With the decrease in
temperature, the interval between the soft and hard segments gradually increases, the
mobility of molecular chains increases gradually, and the flexural strength, deformation
modulus, and bonding strength of polyurethane cement composites all increase. However,
this mechanical change is not always inversely proportional to temperature [45]. When
the temperature drops below the glass transition temperature, the polyurethane tends to a
crystalline cured state. Although the separation of soft and hard chains is significant, the
molecular chain movement is restricted. The shape is gradually fixed, which is manifested
as a reduction in the deformation properties and mechanical properties of polyurethane
cement composites. The polyurethane warming and cooling model is shown in Figure 11,
and the results of the following experimental study on bending under temperature loading
can verify our mechanistic analysis.
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4. Preparation Process of Polyurethane Cement Composites
4.1. Selection of Matching Ratio

Polyurethane raw material and silicate cement powder were mixed and stirred at a
mass ratio of 1:1 to prepare a polyurethane cement composite material. The polyurethane
raw material is made of WANNATE®® PM-200 isocyanates, ES305 polyether polyol,
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KOSMOS-29 catalyst, and HQEE chain extender in a mass ratio of 1:1:0.02:0.05. The
mix ratio of each ingredient in this experiment is shown in Table 6.

Table 6. The mix ratio of each raw material for this test(kg/m3).

Serial Number Raw Materials Mix Ratio

1 PM-200 isocyanate 390
2 ES305 polyether polyol 390
3 KOSMOS-29 catalyst 7.5
4 HQEE chain extender 20
5 Silicate cement 800

4.2. Preparation Process

The process of preparing polyurethane can be divided into the one-step method and
the two-step method according to the process. The one-step method is to mix and shape
raw materials such as oligomer polyol, polyisocyanate, chain extender, and catalyst at one
time, which is most suitable for producing and processing low-modulus products [46]. The
viscosity of MDI-type polyurethanes is large and is usually improved by a two-step method,
also known as the semi-prepolymer synthesis method. The effect is improved by retaining
some of the oligomeric polyols in the synthesis of prepolymer and synthesizing the semi-
prepolymer with lower viscosity first, and then adding a small amount of oligomeric polyol
and chain extender in the chain expansion reaction [47].

The method used in this study to prepare polyurethane cement composites is a three-
stage method based on the two-step method (semi-prepolymer synthesis method): first, the
oligomer is reacted with an excess of isocyanate to form a prepolymer, then the prepolymer
is reacted with diol and 1.4-butanediol to prepare high molecular weight polyurethane
or polyurea, and finally mixed with cement and stirred and mixed into the mold, as The
process is as follows, and the preparation process is shown in Figure 12.

(1) Dry and dehydrate the cement: Put the cement into the frying furnace, ignite and heat
it under the frying furnace, and keep the frying furnace rotating at a constant speed,
as shown in Figure 12a. The stirring time is about 90 min~120 min. The purpose of
frying dry is to eliminate as much free water and bound water from the cement as
possible to prevent air bubbles when reacting with the polyurethane glue.

(2) Preparation of polyurethane semi-prepolymer: Isocyanate (PM-200) and polyether
polyol (ES305) were mixed in the designed ratio to form a viscous flow-like material
followed by immediate airtight drying and placing, ready for use.

(3) Polyurethane polymer mixing: Add dry chain extender 1,4-butanediol and a small
amount of polyether polyol to the step (2) system and add 2% of the total mass of
KOSMOS-29 catalyst drop by drop during the mixing process and stir to ensure
uniform mixing of the rubber solution. The use of mixers can reduce the mixing
time and the entire mixing process by about 2 min~5 min. Whether the two liquids
are evenly mixed can be determined by observing whether the color of the glue is
the same after mixing isocyanate and polyol. Since the polymerization reaction of
isocyanate and polyol is fast, it is necessary to ensure that the interval between steps
(2) and (3) is not too long and should be controlled at about 5 min.

(4) Preparation of polyurethane cement colloid: Mix the frying-dried and dry cement in
step (1) and the uniformly mixed polyurethane glue in step (3), as shown in Figure 12b,
and stir at high speed for 3 min to make the polyurethane glue and cement are evenly
mixed to form polyurethane cement colloid.

(5) Pouring and regeneration molding: Pour the polyurethane cement colloid into the
preprepared mold and smooth the residual colloid on the surface of the test mold,
the polyurethane cement colloid can be solidified in about 60 min at room tempera-
ture. The specimen can be taken out of the mold after 24 h of regeneration at room
temperature. The polyurethane cement composite material has good moldability. Var-
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ious kinds of polyurethane cement specimens with different shapes can be prepared
according to the specimen molds to meet the tests of different mechanical indexes.

The polyurethane cement sample prepared by drying the silicate cement has a smooth
and flat surface and no bubbles or holes inside. It is a compact and uniform material, and
its macroscopic water content and porosity are basically 0%. The polyurethane cement
composite formed by polyurethane and untreated cement or fly ash is a porous material
with internal air bubbles and low strength and toughness, and the specific preparation
process is shown in Figure 12c.

The key step in making polyurethane cement composites is the frying and dewa-
tering cement. If the undried cement is directly used to make polyurethane cement, the
polyurethane cement will foam and swell with an expansion rate of about 200~300% during
its reaction process.
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5. Bending Performance Test

The polyurethane cement specimen is prepared by mixing the polyurethane raw ma-
terials and Portland cement in a 1:1 mass ratio. In order to determine the compressive
strength of the polyurethane cement mixture at this ratio, the compressive test was con-
ducted before the bending test under temperature load. The compression test results are
shown in Section 5.1.

5.1. Compression Test

In order to determine the compressive strength of the polyurethane cement composite
at this ratio, a compressive test was conducted before the bending test. The compressive
strength test was performed using cubic specimens with a side length of 70 mm, and the
specimen preparation process is shown in Figure 13.
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Figure 13. Polyurethane cement compressive test pieces at a 1:1 ratio (mm).

A total of three specimens were prepared for this test. After waiting for all the
polyurethane cement compressive specimens to be set, they were placed under the MTS
universal testing machine for the compressive test, as shown in Figure 14. After the test,
the compressive strength of this proportion of polyurethane cement was obtained, and
the maximum compressive strength was 66.6 MPa. The stress–strain curve was plotted as
shown in Figure 15.
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5.2. Specimen Preparation

The bending performance of polyurethane cement composites was studied by direct
bending tests of the small beams as the primary test method. The specimen size (length
× width × height) was 250 mm × 30 mm × 35 mm [48], and the calculated span of small
beams was 200 mm, as shown in Figure 16. The preparation process and polyurethane
cement small-beam bending specimen are shown in Figures 17 and 18, respectively. Home-
made combined steel molds were used for the small beam molds. Due to the excellent
bonding ability of the polyurethane cement composite material, to prevent the polyurethane
cement composite material from sticking to the surface of the mold, before pouring the
polyurethane cement, the mold surface should be cleaned first, and the mold release agent
should be evenly applied. The mold release agent can effectively isolate the polyurethane
cement. The contact between the colloid and the steel surface can effectively prevent the
bonding between the polyurethane cement and the surface of the mold and avoid the
phenomenon that the mold cannot get out of the mold. Polyurethane cement colloid has
a slight consistency and extreme fluidity, making it easy to flow out from the mold gaps.
After the mold assembly is completed, we should carefully check whether there is a gap
between each component steel plate of the mold. If there is a gap, we should continue to
tighten the mold bolts to ensure that the mold steel plates are in close contact.
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5.3. Test Method and Apparatus

This bending performance test adopts the trabecular direct bending method [49].
Applying a particular load to the trabecular will bend, resulting in flexural tensile strain
and flexural tensile stress. In order to study the effect of temperature on the flexural
properties of polyurethane cement, the test loading mode is divided into two modes: a
temperature-controlled box for heating up or cooling downloading, and IPC global UTM-30
test system for vertical loading. The test system (UTM) can automatically record the test
data, such as the load and displacement of the specimen, as shown in Figure 19.
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Figure 19. UTM-30 testing machine loading device.

In order to make the temperature inside and outside of the polyurethane cement
specimen reach the temperature required for the test, first set the target temperature of the
temperature control box to the temperature required for the test. The time to reach the
set temperature is different, generally 30 min~120 min. When the external temperature
of the test piece reaches the set temperature, the internal temperature of the test piece
does not necessarily reach the set temperature; according to the difference in the external
environment temperature of the test piece, the time for both the external and internal
temperature of the test piece to reach the set temperature is not the same. The size of the
temperature difference between the external environment and the internal and external
temperature of the environmental chamber determines the time for both the external and
internal temperature of the test piece to reach the set temperature. Generally, it takes
2 h~8 h to equalize the internal and external temperature of the test piece. When the
internal and external temperatures of the specimen reach the set temperature, start the
instrument and begin the vertical loading test.

The vertical loading of the bending test uses the displacement control mode. The
loading rate is 1 mm/min, and the temperature control range is −50 ◦C~50 ◦C, 10 ◦C for
one level, and a total of 11 temperature levels. The number of specimens in each group
is not less than three and the test protocol is shown in Table 7. The minimum number of
specimens in each group, the application of probability analysis methods for testing to
meet the test data requirements to take the average. If a test group does not meet the test
requirements, the reasons should be identified to increase the number of specimens to meet
the test requirements.
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Table 7. Bending test protocol for polyurethane cement specimens at different temperatures.

Group T/◦C Length ×Width × Height (mm)

PUC 0 −50 ◦C

250 × 30 × 35

PUC 1 −40 ◦C
PUC 2 −30 ◦C
PUC 3 −20 ◦C
PUC 4 −10 ◦C
PUC 5 0 ◦C
PUC 6 10 ◦C
PUC 7 20 ◦C
PUC 8 30 ◦C
PUC 9 40 ◦C

PUC 10 50 ◦C

6. Results and Discussion

Indicators of flexural properties include tensile strength at break, tensile strain at break,
and modulus of stiffness. The flexural tensile strength, failure strain, and stiffness modulus
are not only affected by the test temperature but also by the loading speed. This paper
mainly studies the effect of temperature on the bending properties of polyurethane cement.
Therefore, in the test groups of different temperatures, the loading speed is the same,
and the vertical loading rate is 1 mm/min to carry out the bending test of polyurethane
cement trabeculae. According to the test results, the flexural tensile strength Rb, the flexural
tensile strain εb, and the stiffness modulus Sb are calculated. The calculation equations are
as follows:

Rb =
3LPb

2bh2 , (1)

εb =
6hd2

L2 , (2)

Sb =
Rb
εb

, (3)

In the formula, Rb is the flexural tensile strength of the specimen at failure (MPa); εb
is the maximum bending and tensile strain when the specimen fails (µε); Sb is the modulus
of bending stiffness when the specimen fails (MPa); b is the width of the cross-interruption
interview (mm); h is the height of the cross-interruption interview piece (mm); L is the
calculated span of the specimen (mm); Pb is the maximum load when the specimen fails
(N); and d is the mid-span deflection when the specimen fails (mm).

The width b of the polyurethane cement small beam specimen is 30 mm, the height
is 35 mm, the calculated span L is 200 mm, and the bending test results under different
temperature levels are listed in Table 8.

Table 8. Polyurethane cement bending test results.

Group T (◦C) d (mm) Pb (kN) Rb (MPa) εb (µε) Sb (MPa)

PUC0 −50 1.365 5.0308 41.068 9782 4198.3
PUC1 −40 1.445 4.5314 36.991 10,962 3374.4
PUC2 −30 1.522 4.1000 33.469 12,162 2752.1
PUC3 −20 2.342 5.4260 44.294 28,796 1538.2
PUC4 −10 2.991 6.0050 49.020 46,967 1043.7
PUC5 0 3.670 6.3925 52.184 70,712 738.0
PUC6 10 3.781 5.7346 46.813 75,054 623.7
PUC7 20 3.989 5.3149 43.387 83,539 519.4
PUC8 30 4.661 1.8184 14.844 114,048 130.2
PUC9 40 22.925 1.1121 9.078 2,759,124 3.3

PUC10 50 24.476 0.5093 4.158 3,145,039 1.3
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As can be seen from Table 8, with the increase in the test temperature, the maximum
deflection in the span of the polyurethane cement composite at the time of damage is
increasing, and the change process can be divided into three stages. The first stage is from
−50 ◦C to 30 ◦C, the maximum deflection in the span increases slowly, from 1.365 mm to
4.661 mm, and the growth rate is 0.412 mm/(10 ◦C). The second stage is from 30 ◦C to
40 ◦C, the maximum deflection in the span increases sharply from 4.661 mm to 22.925 mm,
with a growth rate of 18.264 mm/(10 ◦C). The third stage is from 40 ◦C to 50 ◦C, the
maximum deflection in the span increases slowly from 22.925 mm to 24.476 mm, with a
growth rate of 1.551 mm/(10 ◦C). The rate of change of deflection in the first and third
stages was slight and the deflection changed slowly, indicating that the flexural properties
of polyurethane cement changed gradually with the change of temperature, but the rate of
change of deflection in the second stage was very large, 44.33 times and 11.77 times of the
rate of change in the first and third stages, and the deflection changed rapidly, indicating
that in the temperature range of 30 ◦C to 40 ◦C, the flexural performance underwent a
sudden change.

The flexural–tensile strength, flexural–tensile strain at failure, modulus of failure
stiffness, load–displacement curve, and failure mode of polyurethane–cement composites
at different temperature levels will be analyzed in detail below.

6.1. Flexural Strength

Figure 20 shows the bending and tensile strength of the polyurethane cement com-
posites at different temperature levels. It can be seen from Figure 20 and Table 8 that
the flexural tensile strength of the polyurethane cement composites showed a trend of
decreasing, then increasing and then decreasing with increasing temperature during the
increase of temperature T from −50 ◦C to 50 ◦C. There are two extreme points of bending
tensile strength with the change of temperature–first a minimal value point (temperature
of −30 ◦C) and then a multiple value point (temperature of 0 ◦C), which indicates that the
polyurethane cement composites have a turning point in the growth law of bending tensile
strength of polyurethane cement due to the change of internal properties of polyurethane
cement material in the range around the temperature of these two extreme points.
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The bending and tensile strength of polyurethane cement specimens gradually de-
crease during the increase of temperature T from −50 ◦C to −30 ◦C, gradually increases
during the increase of temperature T from −30 ◦C to 0 ◦C, and gradually decreases during
the change of temperature T from 0 ◦C to 50 ◦C. However, the decreasing bending and
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tensile strength speed are very fast during the change of temperature T from 20 ◦C to
30 ◦C. In changing temperature T from −50 ◦C to 0 ◦C, the bending and tensile strength of
polyurethane cement composites show the change law of decreasing and then increasing
with the increase of temperature. The changing trend shows a “V” shape. While chang-
ing temperature T from 0 ◦C to 50 ◦C, the bending and tensile strength of polyurethane
cement composites show a general trend of decreasing with temperature increase. In the
process of temperature T changing from 0 ◦C to 50 ◦C, the bending and tensile strength of
polyurethane cement composites show a trend of gradually decreasing with the increase in
temperature. The front and back part of the curve is small. The middle part of the curve
decreases sharply, and the shape of the curve is “S”.

When the temperature is −30 ◦C, the bending and tensile strength of polyurethane
cement composites appear to have a minimal value, and then the bending and tensile
strength increases, showing stress hardening characteristics; when the temperature is 0 ◦C,
the bending and tensile strength of polyurethane cement composites appear to have a
considerable value, and then the bending and tensile strength decreases, showing apparent
stress softening characteristics. The two extreme points of bending and tensile strength
and stress hardening and softening of polyurethane cement are that polyurethane is a
material susceptible to temperature [50]. The change in temperature leads to the change of
mechanical properties of polyurethane composing polyurethane cement composites. At
the same time, the polyurethane content of polyurethane cement is significant, with 50% by
weight, which leads to the bending and tensile strength of polyurethane cement composites
also being susceptible to the change of temperature-sensitive temperature changes [51].

During the change of temperature from −50 ◦C to 50 ◦C, the mechanical properties of
the polyurethane cement composites undergo two essential changes. The first manifested
as a change from brittle to viscoelastic with a cut-off point temperature of −30 ◦C, and the
second manifested as a change from viscoelastic to plastic with a cut-off point temperature
of 30 ◦C. Since the bending and tensile strength of the polyurethane cement composite
undergoes a sharp decrease in the process of increasing from 20 ◦C to 30 ◦C, it can be
considered that a specific temperature of increasing from 20 ◦C to 30 ◦C, recorded as (20 ◦C,
30 ◦C), is the demarcation point between viscoelasticity and plasticity of the polyurethane
cement composite. It can be seen from Figure 20 that the load–displacement curve shows a
linear growth trend when the temperature is lower than 20 ◦C. The polyurethane cement
beam undergoes brittle damage when the ultimate load is reached. The load–displacement
curve does not show a plateau period and a slow decreasing section. However, it shows
a sharp decrease, indicating that the polyurethane cement composite material mainly
shows brittle characteristics when the temperature is lower, and the bending and tensile
deformation ability is inferior. At this time, the breaking load and bending and pulling
strength of polyurethane cement beams are more significant; however, the bending and
pulling strength increases after the temperature is lower than −30 ◦C, which is because
of the brittleness of polyurethane cement composites is very large at this time. As the
temperature decreases, the breaking load increases, and the displacement decreases so that
the bending and pulling strength increases. When the temperature is higher than 20 ◦C,
the polyurethane cement composites mainly show viscous characteristics, the ability to
bend and tensile deformation is perfect, brittle damage will not occur. The form of damage
is bending plastic damage with good ductility, which shows that the load–displacement
relationship curve at 30 ◦C, 40 ◦C, and 50 ◦C is not linearly changing. A plateau period will
appear before reaching the ultimate load. After the ultimate load, the load–displacement
curve decreases slowly, an apparent decreasing section appears, and the bending and tensile
strength of polyurethane cement composites at this stage is minimal, and the resistance to
deformation is significant.

Polyurethane cement, as an organic–inorganic composite, has the properties of both
organic polyurethane colloid and inorganic cement particles. The cement is mainly a crys-
talline structure formed by the coalescence of particles such as C2S and C3S, with a retic-
ulated internal distribution, which mainly provides compressive strength. Polyurethane
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colloid is made of polyether polyol soft chain segments and isocyanate hard chain seg-
ments polymerized into a polymeric substance with long molecular chains and interwoven
distribution of soft and hard chain segments, which has good tensile properties and di-
rectly determines the flexural strength of polyurethane cement. The principle of bending
strength of polyurethane cement is explained from the microscopic molecular point of view.
The soft chain segment of polyurethane colloid presents a rubbery state, which provides
low-temperature performance; the hard chain segment presents a glassy or semi-crystalline
state, which provides high-temperature performance [52]. Reflecting the temperature per-
formance of polyurethane is mainly expressed in the glass transition temperature Tg, the
magnitude of Tg depends on the binding force between macromolecules and the length of
molecular chains, so the slender and soft chain segments have a more obvious effect on the
Tg of polyurethane cement [53]. Table 9 lists the Tg of several common types of polyurethane
colloids [54]. From the table, it can be seen that the Tg of MDI-PPG polyurethane colloid is
−32 ◦C. The glass transition of polyurethane will occur when the temperature increases to
−32 ◦C, which is consistent with the results shown in Figure 20, where the first inflection
point occurs near −30 ◦C. When the temperature is lower than −30 ◦C, the polyurethane
tends to a flexible rubbery state with an increase in bending strength, corresponding to
the change in the interval from −50 ◦C to −30 ◦C in Figure 20. When the temperature
is higher than −30◦C, the molecules inside the polyurethane continuously absorb heat
from the outside as the temperature rises, and the hydrogen bonding between molecules
gradually strengthens, leading to another increase in bending strength [55]. This change is
consistent with the results shown in the −30 ◦C to 0 ◦C interval in Figure 20. However, the
change in bending strength with increasing temperature is not continuous. Due to the poor
heat resistance of polyurethane, when the temperature is too high, the spacing between
the soft and hard chain segments becomes smaller and smaller, limiting the intermolecular
movement, and the polyurethane tends to soften, leading to a continuous decrease in
bending strength. This is consistent with the results shown in the last interval in Figure 20.

Table 9. Tg of common polyurethane colloids.

Type Tg/◦C

MDI-BDO −46 ◦C
MDI-PPG −32 ◦C
TDI-BDO −71 ◦C
TDI-PPG −48 ◦C

6.2. Analysis of Failure Strain Test Results

Figure 18 shows the breaking strains of the polyurethane cement composites at differ-
ent temperature levels. It can be seen from Figure 21 and Table 8 that the breaking strain
of the polyurethane cement composites increases with the increase in temperature. The
reason for this is that at temperatures below and including 30 ◦C, polyurethane mainly
exhibits brittleness and viscoelasticity [56], resulting in polyurethane cement exhibiting
more pronounced elasticity, and the lower the temperature, the more significant the elastic
characteristics of polyurethane cement composites are, and the smaller the strain in bending
damage of polyurethane cement specimens. A local analysis of the disruption strain in the
temperature range of −50 ◦C change to 30 ◦C shows that the disruption strain is gradually
increasing; in the process of increasing from −50 ◦C to 30 ◦C, the temperature-destructive
strain curve can be divided into three stages as the temperature continues to increase,
the first stage is the increase from −50 ◦C to −30 ◦C, the deadly strain grows slowly, the
increase rate is low and approximates a straight line, the second stage is −30 ◦C to 0 ◦C, the
damaging strain proliferates, the increase rate is more significant, and it is approximately a
straight line. The third stage is 0 ◦C to 30 ◦C; the damaging strain proliferates, the increase
rate is low at the beginning and then increases rapidly, and it is approximately a concave
curve. The higher the temperature is, the more pronounced the viscoelastic characteristics
of polyurethane cement composites are. The greater the strain when the polyurethane
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cement specimen is bent and damaged, the greater the change of damage strain rate is with
the change of temperature.
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Figure 21. Failure strain of polyurethane cement at different temperature levels.

In the process of increasing from −50 ◦C to 50 ◦C, changing the damaging strain of
polyurethane cement composites mainly shows a trend of two stages of change. The first
stage is in the temperature range of −50 ◦C to 30 ◦C, the damaging strain of polyurethane
cement composites is minor and reaches a significant value at 30 ◦C, and the damaging
strain reaches 114,048 µε; the second stage is in the temperature range of 30 ◦C to 50 ◦C,
the damaging strain suddenly increases a lot at 40 ◦C, the damaging strain is 2,759,124 µε
at this time, which is 30 ◦C 24.2 times, indicating that in the range of 30 ◦C to 40 ◦C, the
polyurethane cement composites transformed into plasticity and the elastic characteristics
decreased, which showed an obvious turning point in the damage strain curve. The shape
of the damage strain curve in the temperature range of −50 ◦C to 50 ◦C is approximately
L-shaped, and the damage curve in the temperature range of −50 ◦C to 30 ◦C is similar
to the flat side of the “L” shape. The damage curve in the temperature range of 30 ◦C to
50 ◦C is similar to the “L” shape. The damage curve is similar to the vertical side of the
“L” shape.

Polyurethane is a polymer with a large number of polar bonds in the system, which
can be divided into hard chain segments, hydrogen bonds between soft chain segments,
and intra-molecular hydrogen bonds. When the temperature rises, the thermal movement
of molecular chains intensifies, and the hydrogen bonds between soft and hard chain
segments absorb a significant of energy and break gradually, forming internal molecular
hydrogen bonds continuously [57,58]. At this time, the spacing between the polyurethane
molecular chains keeps decreasing, and the polyurethane colloid tends to curl, which is
macroscopically realized as the effective crosslink density of polyurethane cement compos-
ites decreases, the strain keeps increasing, and the elastic modulus gradually decreases. This
is consistent with the trend of the increasing strain of damage with increasing temperature
and decreasing modulus of elasticity expressed in Figures 21 and 22.
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6.3. Analysis of Failure Stiffness Modulus Test Results

Figure 19 shows the modulus of damage stiffness of the polyurethane cement com-
posites at different temperature levels. From Figure 22 and Table 8, it can be seen that
the flexural modulus of damage modulus of polyurethane cement composites decreases
continuously with the increase in temperature. When the temperature is lower than 20 ◦C
(including 20 ◦C), the changing relationship of the bending modulus of the polyurethane
cement composites is divided into two stages. The first stage is characterized by a nearly
linear decrease (−50 ◦C~−20 ◦C), and the second stage is characterized by a concave curve
decrease (−20 ◦C~20 ◦C). The average rate of change in the first half of the second stage is
larger than the average rate of change in the second half. When the temperature is higher
than 20 ◦C, the modulus of damage strength of polyurethane cement composites decreases
sharply with the temperature increase. A temperature of 20 ◦C is the folding point of
the change of modulus of damage strength of polyurethane cement composites, mainly
because the mechanical properties of polyurethane cement composites change considerably
at 20 ◦C; when the temperature is lower than 20 ◦C, polyurethane cement mainly shows
the elastic characteristics, and as the temperature decreases, the elastic characteristics;
when the temperature is lower than 20 ◦C, the polyurethane cement mainly exhibits elastic
characteristics, and as the temperature decreases, the elastic characteristics become more
apparent, the deformation capacity becomes smaller, and the modulus of damage strength
becomes larger; when the temperature is higher than 20 ◦C, the polyurethane cement
composites mainly exhibit viscous characteristics, and as the temperature increases, the
viscous characteristics become more apparent, the deformation capacity becomes more
extensive, and the modulus of damage strength becomes smaller.

The temperature dramatically influences the failure stiffness modulus of polyurethane
cement composites. During the process of increasing from −50 ◦C to 50 ◦C, the failure
stiffness modulus of polyurethane cement decreases from 4198.3 MPa to 1.3 MPa, and the
reduction range is extensive, decreasing by about 3228 times; the temperature change curve
of the failure stiffness modulus maintains a continuous downward trend, and is generally
a concave curve, the slope of each point is negative, the failure stiffness modulus and tem-
perature performance is a negative relationship. The modulus of breaking strength is very
small at 40 ◦C and 50 ◦C. It can be understood from the above analysis of breaking strain
that the breaking strain of polyurethane cement composites is tremendous under these two
temperature conditions, mainly because the adhesion of polyurethane is excellent at higher
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temperatures, which leads to the polyurethane cement composites mainly presenting as
sticky. From a macroscopic point of view, polyurethane cement is softer and better able to
withstand changes and has better ductility.

6.4. Load-Displacement Curve Analysis

Figure 20 shows the load–displacement curves of the polyurethane cement composites
at different temperature levels. The slope of the curves decreases as the temperature in-
creases. When the temperature is lower than 20 ◦C (including 20 ◦C), the load–displacement
curve of the polyurethane cement beamlet shows an increasing linear trend. When the
maximum load is reached, the specimen breaks at the mid-span position, and the load
suddenly decreases. The curve shows an obvious turning point, which shows typical brittle
damage, and the displacements of the specimens are all less than 5 mm at the time of
damage, and the damage load is more significant. When the temperature is higher than
20 ◦C, the displacement of polyurethane cement beams increases with the load, showing a
typical nonlinear increase. The displacement is still increasing when the load is close to
the maximum value, an apparent plateau appears, the maximum displacement is close to
25 mm, and the damage form is bending ductile damage.

In order to analyze the load–displacement relationship between the polyurethane
cement specimens more conveniently, Figure 23a is decomposed into Figure 23b,c and
the splitting limit is chosen as 20 ◦C. From Figure 23b, it can be seen that the damage
load shows a trend of decreasing, then increasing, and then decreasing with the increase
in temperature. However, the damage displacement shows a trend of increasing with
increasing temperature. Figure 23c shows that the load–displacement curve appears
during a plateau period after the temperature increases, and the damage load keeps
decreasing. The damage displacement keeps increasing as the temperature increases, and
the load–displacement curve of the plateau period keeps extending.

6.5. Destruction Mode

The damage forms of the bending test of polyurethane cement beams at different
temperature levels are shown in Figure 24. The forms of damage sections at different
temperatures are different, mainly showing two types of damage sections. One is the
damage section at temperatures of −50 ◦C, −40 ◦C, −10 ◦C, 0 ◦C, 10 ◦C, and 20 ◦C, which
shows an irregular fold shape; the other is the damage section at temperatures of −30 ◦C
and −20 ◦C, which shows the regular rectangular shape, and the fracture surface overlaps
with the loading axis. In the process of temperature rise from−50 ◦C to 20 ◦C, the specimen
damage form is brittle damage, and the damage section is in the loading point position of
the beam, i.e., the span position. The damage of the specimens at 30 ◦C was ductile and
ductile, and more small vertical cracks appeared at the lower edge near the span section.
The damage of the specimens at 40 ◦C and 50 ◦C is in the form of flexible damage. The
deformation of the specimens is excellent, but the ability to bear the load is inferior, and
many folds appear at the lower edge near the span section. No apparent cracks appear
when the damage occurs.

According to the load–displacement curve and damage form of the polyurethane
cement beamlet bending test, it can be seen that Figure 25 represents three damage
modes of polyurethane cement at different temperature levels. The first damage mode
load–displacement curve shows linear growth before reaching the ultimate load, and
then the curve suddenly turns and drops sharply when reaching the ultimate load. The
polyurethane cement beamlet instantly loses its bearing capacity and fractures, called Type
I brittle damage. The second damage mode load–displacement curve before reaching the
ultimate load, first linear growth and then nonlinear growth, the internal reorganization
of the material, mechanical properties change, after reaching the ultimate load, there is
a process of decline in bearing capacity. Finally, loss of bearing capacity, fracture, and
polyurethane cement beams have a certain ductility, known as Type II elastic-plastic dam-
age. In the third damage mode load–displacement curve, before reaching the ultimate load,
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there is first a tiny section of the curve to maintain a linear growth trend, and then a large
section of the nonlinear growth curve, and finally, basically remain as a horizontal line, the
bearing capacity no longer increases. However, the deformation is still occurring, and the
curve has a prominent platform period, known as Type III flexible damage.
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Figure  23. Load‐displacement diagram  of polyurethane  cement  at different  temperature  levels:  

(a) Load‐displacement curve for −50°C~50 °C; (b) Load‐displacement curve below 20 °C (including 

20 °C); (c) Load‐displacement curve above 20 °C. 

   

Figure 23. Load-displacement diagram of polyurethane cement at different temperature levels:
(a) Load-displacement curve for −50 ◦C~50 ◦C; (b) Load-displacement curve below 20 ◦C (including
20 ◦C); (c) Load-displacement curve above 20 ◦C.
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Figure 24. Failure forms of polyurethane cement trabeculae at different temperature levels: (a) Tem-
perature T = −50 ◦C; (b) Temperature T = −40 ◦C; (c) Temperature T = −30 ◦C; (d) Temperature
T = −20 ◦C; (e) Temperature T = −10 ◦C; (f) Temperature T = 0 ◦C; (g) Temperature T = 10 ◦C;
(h) Temperature T = 20 ◦C; (i) Temperature T = 30 ◦C; (j) Temperature T = 40 ◦C; (k) Temperature
T = 50 ◦C.
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The failure mode of polyurethane cement is explained from the microscopic point of
view, and the internal polyurethane stress model under three failure modes is established,
as shown in Figure 26. In the bending test, the lower part of the polyurethane cement beam
specimen is mainly subjected to tensile stress. As a class of crystalline mixture, the cement
particles have good compressive capacity but weak tensile properties, and the polyurethane
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colloid mainly bear the tensile stress under external loading. Type I brittle damage: In the
low-temperature environment, the spacing between soft and hard chain segments inside
the polyurethane increases [59], the molecular chain movement is enhanced, hydrogen
bonding exists between the hard and soft chain segments [60], the polyurethane molecular
structure is complete, the mechanical properties of the polyurethane colloid are improved,
and the tensile strength provided is very high. The polyurethane does not reach the yield
strength under load; instead, the cement particles on the upper part of the beam reach the
ultimate compressive strain, the cement is crushed, and the polyurethane cement specimen
suddenly fractures. Type III flexible damage: The heat resistance of polyurethane is poor,
and the softening temperature is 50 ◦C~70 ◦C. Under the high-temperature environment,
polyurethane tends to soften, the hydrogen bonds between hard chain segments-soft chain
segments break, the hydrogen bonds between hard chain segments are formed, the spacing
between internal soft and hard chain segments decreases, and they will be interlaced
chaotically [61], which limits the movement ability of molecular chains, the mechanical
properties of polyurethane decreases, and the tensile strength decreases; under the action of
load polyurethane soon reaches the yield strength and enters the strengthening stage, the
attraction between molecules is difficult to overcome the external; under the action of load,
polyurethane soon reaches the yield strength and enters the strengthening stage, and the
attraction between molecules is difficult to resist the external action. The internal chemical
bonds gradually break, the molecular chains are finally pulled off [62], and the polyurethane
cement specimen is destroyed. Type II elastoplastic damage: at room temperature, the
spacing of internal chain segments of polyurethane is standard, and the tensile strength
is normal; under load, the polyurethane first reaches yield strength and tends toward the
elastic development stage; the crack at the bottom of the beam extends continuously, and as
the cement reaches the ultimate compressive strength, the polyurethane cement specimen
is destroyed.
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Figure 26. Internal polyurethane stress model under three failure modes.

The analysis of bending and tensile strength, damage strain, damage stiffness modulus,
load–displacement curve, and damage mode of polyurethane cement composites shows
that in the temperature range of −20 ◦C~20 ◦C, the bending performance of polyurethane
cement composites is relatively good. The stiffness modulus is relatively large at low
temperatures, which is easy to release brittle damage. The stiffness modulus is relatively
small at high temperatures, generally causing flexible damage.
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7. Conclusions

This paper studied the flexural properties of polyurethane–cement composites under
temperature load. Firstly, the raw materials for preparing polyurethane cement composites
were introduced. Polyurethane cement composites’ molecular structure, reaction process,
and action mechanism were modeled and analyzed from a microscopic perspective. Sec-
ondly, a three-step process for preparing polyurethane cement is proposed, and a suitable
ratio is selected. Finally, the effect of temperature on the bending and tensile strength
of polyurethane cement composites was studied experimentally. The indexes affecting
the bending performance of polyurethane cement composites and the damage modes
under different temperature loads were studied and analyzed. The main conclusions are
as follows:

(1) Polyurethane cement composites consist mainly of cement and polyurethane where
polyurethane is composed of isocyanate, combined polyether, chain extender, and
catalyst by the reaction. The critical step of the polyurethane cement preparation
process is to dry and dehydrate the cement; otherwise, the formulated polyurethane
cement will show a foaming phenomenon.

(2) Polyurethane is a block copolymer formed by the addition polymerization of iso-
cyanate and polyether polyol under the action of electrostatic attraction. The main
reactive groups are the isocyanate group and the hydroxyl group. The silicate ce-
ment particles can fill the tiny gaps inside the polyurethane colloid and eliminate
the internal stress concentration. At the same time, high energy is required to excite
the silicate cement to make an electron leap. The silicate cement will not react with
the polyurethane molecules under a normal state, so the two are more compatible.
The composed polyurethane cement composites have better macroscopic mechanical
properties.

(3) Polyurethane is divided into hard chain segments and soft chain segments. During
the cooling process, the interval between the soft and hard chain segments gradu-
ally increases, the molecular chain movement ability gradually increases, and the
mechanical index of polyurethane cement composites improves. However, this me-
chanical change is not always inversely proportional to the temperature. Polyurethane
tends to crystallize and solidify when the temperature is too low, and the mechanical
properties will be reduced instead.

(4) With the increase in temperature, the flexural and tensile strength of polyurethane–cement
composites showed a trend of decreasing first, then increasing, and then decreasing.
Their mechanical properties changed from brittleness to viscoelasticity and plasticity.
The flexural failure stiffness modulus of polyurethane cement composites decreases
with the increase in temperature; the failure load shows a trend of first decreasing,
then increasing, and then decreasing with the increase of temperature, and the failure
displacement shows that with the increase in temperature for an increasing trend.

(5) The damage strain of polyurethane cement composites increases with the increase in
temperature, and the damage strain curve is L-shaped, with an obvious turning point
near 30 ◦C. The damage modes of polyurethane cement composites under different
temperature loads are divided into three types: Type I damage is brittle damage, Type
III damage is flexible damage with flow deformation of polyurethane cement, and
Type II damage is elastic-plastic damage between Type I and Type III.
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