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Abstract: Development of downhole sealing tools undergoing deeply self-degradation following sealing operations in 

unconventional oil and gas extraction is becoming a big challenge. In practical engineering applications, materials must 

undergo complete disintegration into fine fragments or powder under hydrothermal conditions. The degradation products 

should be able to pass through a 4 × 4 mm mesh without external force. In this study, calcium oxide (CaO) composited 

water-degradation millable polyurethane (MPU) composites were prepared employing CaO as a degradation accelerator 

in the composite system. The degradation behavior of MPU composites in a hydrothermal environment at 100°C was sys-

tematically investigated. As demonstrated by scanning electron microscopy (SEM) and optical photographs, the presence 

of CaO exacerbated damage to the composite surface morphology. The degradation mechanism was elucidated at the 

molecular level using techniques such as Fourier-transform infrared spectroscopy (FTIR). At a loading of 20 phr CaO, 

the PU composites disintegrated into powder within 24 h, passing through a 4 × 4 mm mesh. The incorporation of CaO 

into MPU achieves deep degradability of polyurethane, providing modified insights and an experimental foundation for 

the development of high-performance, deeply degradable downhole tool sealants.

Keywords: deeply degradable, calcium oxide, degradation behavior, millable polyurethane, aqueous medium.

Introduction

Multi-stage Fracturing of Horizontal Wells is a pivotal pro-

duction enhancement technique for developing unconventional 

oil and gas resources. However, its conventional operational 

workflow, which involves milling out and retrieving downhole 

tools, suffers from significant drawbacks, such as high energy 

consumption, extended operational cycles, and substantial cost.1-3

To overcome these limitations, degradable downhole tools have 

emerged as a promising solution. These tools are designed to 

automatic degradation after fulfilling their mission, thereby 

eliminating the need for intervention milling, which results in 
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reduced operational expenditure and improved efficiency.4,5

Consequently, imparting degradability to sealing materials has 

become a major focus of contemporary research.6-8

Generally, conventional sealing materials are mostly made 

of rubber, however, they lack the ability to degrade deeply. The 

recent research mainly focuses on using microorganisms and 

enzymes to achieve the complete degradation of rubber. 9-11

Zhang et al.12 developed a biodegradable poly (vinyl alcohol) 

(PVA) elastomer exhibiting excellent solvent barrier properties 

and high elasticity. Nevertheless, its degradation rate reached 

only 20% after 120 days of burial in natural soil. Cheng et al.13

investigated the degradation of vulcanized natural rubber using 

a soil consortium enriched with specific bacterial communities 

(Enriched bacterial consortia-3, NRE3), revealing its significant 

potential. However, the process remained protracted, achieving 

only 33% degradation after four weeks. The degradation of rub-

ber using microorganisms or enzymes requires a prolonged 

processing time and often fails to achieve complete degradation. 

In addition, these biological agents are not suitable for func-

tioning in high temperature and high-pressure environment. 

Polyurethane (PU) is extensively utilized in sealing applica-

tions due to its highly tailorable molecular architecture and 

superior mechanical properties.14-16 In particular, polyester-based 

PU, rich in ester groups, is prone to hydrolysis at elevated tem-

peratures, which makes it an ideal candidate for designing fully 

degradable sealing materials in aqueous environments.17-19

However, despite having the potential to be fully degradable, 

the hydrolysis rate of the aforementioned elastomers at ambi-

ent conditions is relatively slow.

CaO reacts with water to form calcium hydroxide, releasing 

hydroxide ions (OH⁻) and creating a localized alkaline envi-

ronment. The alkaline environment facilitates the hydrolysis of 

urethane bonds, generating amine compounds and carbon 

dioxide (CO2). Subsequently, the liberated CO2 reacts with cal-

cium hydroxide to form calcium carbonate (CaCO3). This con-

tinuous metathesis reaction effectively promotes the hydrolysis 

reaction of polyurethane, thereby enabling the rapid and com-

plete degradation of the PU composite.20-23

In this study, CaO was incorporated into MPU to prepare 

deeply degradable MPU composites. The influence of CaO 

content on crosslinking characteristics, mechanical properties, 

phase separation and hydrothermal degradation behavior of 

MPU composites was systematically investigated. Degradation 

mechanism for the MPU composites in aqueous medium was 

revealed. This work aims to provide robust experimental data 

and theoretical insights for development of high-performance, 

fully degradable polyurethane sealing materials for degradable 

downhole tools.

Experimental

Materials. Polyester polyurethane (PU), Dongguan Huagong     

Fosu New Materials Co., Ltd., Dongguan, China.; Zinc oxide 

(ZnO), Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.; 

Stearic acid (SA), Tianjin Bodi Chemical Co., Ltd., Tianjin, 

China.; Calcium oxide (CaO), Sinopharm Chemical Reagent 

Co., Ltd., Shanghai, China.; Dicumyl peroxide (DCP), Shang-

hai Fangruida Chemical Co., Ltd., Shanghai, China.; Triallyl iso-

cyanate (TAIC), Shanghai Demao Chemical Co., Ltd., Shanghai, 

China.; Carbon black (N220/N550/N774/N990), Shanghai Cabot 

Chemical Co., Ltd., Shanghai, China.

Preparation of CaO Composited MPUs. The CaO com-     

posited MPUs were prepared using the following procedure. 

The raw materials, including MPU, ZnO, SA, CaO, mixed car-

bon black, DCP, and TAIC, were sequentially compounded on 

a two-roll mill (Model X(S)K-160, Shanghai Shuangyi Rubber 

& Plastic Machinery Co., Ltd.). The resulting compound was 

then aged at room temperature for 24 h. Subsequently, it was 

vulcanized using a plate vulcanizer (Model XLB-DQ, Qingdao 

Yadong Machinery Co., Ltd., China). The crosslinking was con-

ducted at 170 °C under 15 MPa for a duration corresponding 

to the optimal curing time (t90+3 min). The formulations of the 

prepared samples are listed in Table 1.

Characterization and Measurements. Crosslinking   

Characteristics: The crosslinking characteristics of the com-     

pounds were analyzed using a Moving Die Rheometer (MDR 

Table 1. Formulation of CaO Composited MPUs (unit: phr)

Samples ZnO SA Mixing CB DCP TAIC CaO

1# 5 1 60 3 1 0

2# 5 1 60 3 1 5

3# 5 1 60 3 1 10

4# 5 1 60 3 1 15

5# 5 1 60 3 1 20
 Polym. Korea, Vol. 50, No. 4, 2026



562 J. Weng et al.

 

 

2000, Alpha Technologies, USA) at a test temperature of 170 °C.

Mechanical Properties Testing: The mechanical properties     

of the vulcanizates, including tensile strength, elongation at break, 

and 100% modulus, were tested according to GB/T 528-2009. 

Shore A hardness was measured following GB/T 531-1991. 

All tests were conducted at room temperature, repeated five 

times, and the average values were reported.

Dynamic Mechanical Analysis (DMA): The dynamic     

mechanical properties of the composites were analyzed using 

a DMA instrument. Tests were performed in tension mode over 

a temperature range of -60 to 60 °C, at a frequency of 10 Hz 

and a strain amplitude of 25%. 

Thermal Stability (TGA) Testing: Thermogravimetric analy-     

sis (TGA) was conducted from 25 to 600 °C at a constant heat-

ing rate of 10 °C/min under a nitrogen atmosphere.

Degradation Behavior: Standard dumbbell specimens were     

prepared from the vulcanizates and immersed in a water bath 

containing deionized water at 100 °C. At predetermined time 

intervals, five specimens were retrieved, dried, and tested to mon-

itor the rate of mass change and mechanical properties (e.g., 

tensile strength, elongation at break, hardness) as a function of 

immersion time.

Microscopic Morphology: The microscopic morphological    

changes of the millable polyurethane before and after hydrolysis 

were examined using Scanning electron microscopy (SEM).

Macroscopic Morphology: The macroscopic morphological    

changes of the millable polyurethane before and after hydro-

lysis were documented using digital photography.

Fourier Transform Infrared Spectroscopy (ATR-FTIR):    

FTIR spectra were recorded in Attenuated total reflectance (ATR) 

mode across a wavenumber range of 4000 to 500 cm1 with a 

resolution of 4 cm1.

Proton Nuclear Magnetic Resonance Spectroscopy. 1H     

NMR spectrum was recorded on a Bruker Avance 400 MHz 

spectrometer (Bruker, Billerica, MA, USA) using a standard 

zg30 pulse sequence. The sample was dissolved in CDCl₃, and 

the spectrum was acquired at 298.9 K with a spectral width of 

8196.7 Hz, an acquisition time of 4.00 s, and a relaxation delay 

(D1) of 1.0 s. A total of 16 scans were accumulated. Chemical 

shifts were referenced to the residual solvent signal of CDCl3

(δ 7.26 ppm). The FID was processed with an exponential line 

broadening of 0.30 Hz.

Matrix Assisted Laser Desorption Ionization Time of Flight       

Mass Spectrometry. MALDI-TOF MS analysis was carried      

out on a Bruker UltrafleXtreme instrument (355 nm Nd:YAG 

laser, 2000 Hz) in reflectron or linear mode. Acceleration volt-

age: 20 kV; lens voltage: 8.02 kV; pulsed extraction: 170 ns. 

Spectra were accumulated from 500 laser shots over 10 sample 

spots. -Cyano-4-hydroxycinnamic acid (CHCA) (15 mg/mL) 

was used as matrix. External calibration was applied.

Results and Discussion

The Crosslinking Characteristics. The crosslinking of MPUs     

is achieved via DCP-initiated free radical reaction. Firstly, 

DCP decomposes to generate free radicals, which attack the 

MPU macromolecular chains to form macro-radicals. Subse-

quently, these radicals further attack TAIC, construct a dense 

crosslinked network and significantly increase the crosslinking 

density (Figure 1). The presence of CaO does not directly par-

ticipate in the chemical cross-linking of the system; rather, it 

provides physical cross-linking sites, thereby increasing the 

cross-linking density and rendering the cross-linked network 

more compact.

The effect of calcium oxide content on the crosslinking char-

acteristic parameters of MPU composites is presented in Table 

2. The crosslinking characteristic parameters of MPU compos-

ites exhibited a consistent increasing trend as the CaO content 

increased. The reaction between zinc oxide (ZnO) and stearic 

acid (SA) forming zinc stearate (ZnSt₂) is beneficial to pro-

mote crosslinking during curing.24-28 As CaO is easier to react 

with stearic acid, the aforementioned formation of zinc stearate 

(ZnSt2) was inhibited, which leads to a delayed onset of cross-

linking and a reduced rate of the crosslinking reaction. There-

fore, with an increase in CaO content, both the scorch time (t10) 

and optimal cure time (t90) showed similar increasing trend. 

Meanwhile, ML increases with increasing CaO concentration, 

because the CaO agglomeration at higher loadings may limit 

chain movement. MH and the delta torque (ΔM = MH–ML) increase 

with CaO loading. This is because CaO, as a rigid inorganic 

filler, does not directly participate in the chemical crosslinking 

reaction. Instead, it enhances the densification of the crosslinked 

network through physical effects. As shown in Table 2, as the 

CaO content increases from 0 to 20 phr, MHML rises consis-

tently from 36.25 dN·m to 78.01 dN·m, indicating a significant 

enhancement in effective crosslinking density.29-31

Mechanical Properties. The tensile strength, hardness, and     

strength at 100% elongation of MPU composites exhibit an 

increasing trend with the increase in calcium oxide content, as 

presented in Table 3. This is attributed to CaO as a rigid inorganic 

filler, which effectively restricts chain mobility and enhances 

the stiffness and the tensile strength of MPU composites.32-36 In 
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Figure 1. Cross-linking process of MPUs.

Table 2. Effect of CaO Content on the Crosslinking Characteristics Parameters of CaO Composited MPUs

Characterization
parameters

Samples

1# 2# 3# 4# 5#

t10/s 51 52 64 66 66

t90/s 3638 4841 6037 6620 6626

ML/dN·m 0.45 0.43 0.44 0.45 0.61

MH/dN·m 36.7 55.48 65.85 74.54 78.62

MH-ML/dN·m 36.25 55.05 65.41 74.09 78.01

Notes: t10, Scorch time; t90, Optimum curing time; ML, Minimum torque; MH, Maximum torque; MH-ML, Delta torque

Table 3. Effect of CaO Content on the Mechanical Properties of CaO Composited MPUs

Properties
Formula

1# 2# 3# 4# 5#

σ/MPa 20.1 21.1 21.5 22.5 22.7

ε/% 214 130 123 113 93

100% σ/MPa 9.6 11.9 12.1 12.6 13.5

H/ Shore A 86 88 88 90 93

Notes: σ, tensile strength; ε, elongation at break; 100% σ, strength at 100% elongation; H, hardness
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contrast, a consistent decline in elongation at break was observed 

with higher filler loading, primarily due to the restricted mobility 

of polymer chains caused by the reinforcing network formed 

by the rigid CaO, thereby enhancing stiffness but reducing 

flexibility and overall elongation capability. At higher CaO 

loadings, agglomeration becomes more pronounced, producing 

localized stress concentration sites that act as initiation points 

for crack propagation during deformation, thereby accelerating 

the fracture process of the material. To minimize the compro-

mise of toughness while maintaining degradation performance, 

modification of CaO can be implemented, for instance, through 

surface modification using silane coupling agents or by employ-

ing nano-scale CaO to enhance dispersion.

Dynamic Mechanical Analysis. The inorganic rigid filler      

CaO continuously introduces physical cross-linking sites within 

the composite material. As illustrated by the variation in stor-

age modulus shown in Figure 2(a), the storage modulus of the 

composite exhibits an upward trend with increasing CaO con-

tent and tends to plateau at higher concentrations. Furthermore, 

with an increase in CaO content, as shown in Figure 2(b) the 

loss factor (tan δ) of the composites exhibits an overall declin-

ing trend, while the glass transition temperature (Tg) shifts to 

higher values, because the incorporation of CaO facilitates 

microphase separation within the composite,37 meanwhile CaO 

functioning as physical cross-linking sites. While an increase 

in cross-linking density enhances the rigidity of the MPU com-

posite, it also imposes certain restrictions on the movement of 

the molecular chains. 

Thermo-gravimetric Analysis. Figure 3 presents the ther-     

mogravimetric (TG) and derivative thermogravimetric (DTG) 

Figure 2. Dynamic mechanical properties of CaO composited MPUs with different calcium oxide contents: (a) Storage modulus; (b) Loss 
factor.

Figure 3. TG(a) and DTG(b) curves of CaO composited MPU.
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curves of the MPU composites with varying CaO loadings. 

The incorporation of the CaO into the MPU composites leads 

to an obvious change in the TG curves under nitrogen atmo-

sphere. The blank sample (Sample 1#) exhibits a single-stage 

pyrolysis in the TG curve, and one main decomposition peak 

occurring in the DTG curve around 330 °C, indicating an insig-

nificant microphase separation in the MPU matrix. In contrast, 

all CaO composited MPUs showed two distinct weight loss 

stages, just like a typical phase-separated PU TG curve. The 

first stage (approximately 250-300 °C) corresponds to the ther-

mal cracking of the polyurethane soft segment. The second stage 

(approximately 350-400 °C) corresponds to the thermal crack-

ing of the polyurethane hard segment. The emergence of the 

second phase indicates that the incorporation of CaO promotes 

microphase separation, and with an increase in CaO content, 

the phenomenon of two distinct thermal degradation stages was 

more obvious.37-39 It implied that stronger phase separation struc-

ture was got. It was speculated that CaO is an inorganic com-

pound predominantly formed through ionic bonds. The calcium 

cation readily engages in strong interactions with the lone pair 

electrons on the nitrogen atom of the urethane linkage within 

the hard segments. This results in the adsorption of a substantial 

quantity of hard segments onto the CaO surface, thereby enhanc-

ing the microphase separation in the MPU. This interaction 

drives the MPU hard segments closer to the inorganic particle 

surface, thereby facilitating the aggregation of the hard segment

phase.

Degradation Behavior. Degradation Behavior of CaO     

Composited MPUs: MPUs with CaO incorporated at 0, 5,     

10, 15, and 20 phr were evaluated, the degradation behavior of 

samples with different CaO loading was shown in Figure 4. 

The blank control sample (without CaO) exhibited a cyclic deg-

radation process under the aqueous medium at 100 °C, involv-

ing water ingress and hydrolysis, followed by dissolution and 

re-penetration. During this process, the mass of the composite 

material exhibits periodic fluctuations, and a certain correlation 

exists between these mass variations and changes in mechan-

ical properties. Incorporation of the CaO into the MPU com-

posites leads to a drastic change in the degradation behavior. 

The rate of change of mass increased, and the time to reach the 

maximum mass decreased with increasing CaO loading. This 

is attributed to the reaction of CaO with water to generate calcium 

hydroxide, which creates an alkaline environment. A higher 

CaO content results in a stronger alkalinity, which accelerates 

the hydrolysis of urethane bonds and consequently leads to rapid 

degradation of the composite. The changes in mechanical prop-

Figure 4. Degradation behavior of CaO composited MPUs with different calcium oxide loading in aqueous medium at 100 °C: (a) rate of 
change for mass; (b) tensile strength; (c) elongation at break; (d) strength at 100% elongation; (e) hardness.
 Polym. Korea, Vol. 50, No. 4, 2026
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erties corroborated this acceleration effect. Compared with the 

blank control sample, the mechanical properties of MPU com-

posites containing CaO exhibited a drastic decrease within a 

short time. For instance, the MPU composite with 20 phr CaO 

became too brittle for tensile testing after 6 hours, and then the 

sample deeply disintegrated into a powder after 12 h. At this 

moment, the aforementioned powder could pass through a 4×4 

mm mesh with an efficiency exceeding 90% without external 

force (Figure 7). This indicates that the addition of calcium 

oxide enables the MPU composite material to achieve com-

plete degradation through hydration and accelerated degradation.

Variation in Microscopic Morphology of CaO Composited      

MPUs. The evolution of microscopic morphology for MPU       

composites before and after hydrolytic degradation was observed 

by SEM. As demonstrated in Figure 5, a gradual increase in 

CaO agglomeration was observed in the initial state (0 h). After 

12 h of immersion, all composites exhibited water-induced etch-

ing marks compared with the initial state. In addition, as the 

CaO loading increased, the aforementioned severity of etching 

escalated. After 24 h of immersion, the microscopic morphol-

ogy of MPU composites with varying CaO contents exhibited 

obvious variations. Specifically, the etching marks of blank 

control sample occurred in localized areas. In contrast, as the 

CaO loading increased, the composites showed a large-area 

hydrolysis, which was manifested by an increase in the num-

ber of surface pores, diameter and depth, and then culminating 

in complete hydrolysis across the entire surface. This phenom-

enon can be attributed to CaO particles initially undergoing a 

hydration reaction at the interface zone. CaO particles react 

with water to generate calcium hydroxide with large particles, 

which subsequently facilitates the further penetration of water 

molecules into the composite interior. Meanwhile, the gener-

ated calcium hydroxide promotes the hydrolysis of urethane 

bonds, which leads to changes in the microscopic morphology 

of the MPU composites.

Variation in Macroscopic Shape of CaO Composited     

MPUs. Similarly, after 12 h of immersion, the blank control     

sample and the sample with low CaO content (5 phr) largely 

retained their initial shape. The composites with CaO content 

(5-15 phr) fractured, and the composite with CaO content (20 

phr) was deeply comminuted into irregular fragments. After 24 h

of immersion, the blank control sample and the sample with 

low CaO content (5 phr) were observed to maintain the dumb-

bell shape. The samples with CaO content (5-20 phr) exhibited 

more severe fragmentation, which were broken into a greater 

number of pieces. 

MPU composites with 20 phr CaO after 24 h of hydrolysis 

were collected, dried, and then passed through a 4×4 mm filter. 

As illustrated in Figure 6, a large amount of grayish-white 

powder passing through the 4×4 mm sieve mesh was obtained. 

This phenomenon can be attributed to the following mecha-

nism: the presence of CaO creates an alkaline environment, 

which accelerates the hydrolysis of the MPU composite. H2O 

molecule attack urethane bonds and reacts with CaO to form 

Ca(OH)2, and the CO₂ generated via decarboxylation is immo-

bilized by the alkaline environment, leading to the formation of 

Figure 5. SEM images of MPU composites before and after degradation in an aqueous medium at 100 °C.
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a small amount of calcium carbonate (CaCO3). These pro-

cesses collectively result in the final grayish-white powdered 

product. To verify the formation of the grayish-white powder 

containing inorganic mixture of CaO, Ca(OH)2 and a small 

amount of CaCO3, 5g hydrolysis product of the grayish-white 

powder was added to 18 g of a 36 wt% hydrochloric acid solu-

tion. After 12 h, the residue mixture weighed 3.56 g owing to 

the reactions of CaO, Ca(OH)2 and a small amount of CaCO3 

with hydrochloric acid, at the same time, a few CO2 bubbles 

escaping from solution were observed. These findings confirm 

that the grayish-white substance contains a small amount of 

CaCO3 generated through hydrolysis, and further indicate that 

the addition of CaO promotes the hydrolysis of MPU by pro-

viding an alkaline environment, thereby achieving complete 

degradation of the material.

FTIR Spectra of CaO Composited MPUs Before and     

After Hydrolysis. The variation in macroscopic shape of MPU     

composites was explained by the hydrolysis of urethane bond, 

as shown in Figure 8. The absorption bands of MPU compos-

ites at 3430 cm-1 and 1730 cm-1 associated with urethane bonds 

were attributed to the stretching vibration of -NH groups and 

carbonyl groups (C=O), respectively. For unfilled MPU sam-

ple, the absorption intensity at 3430 cm-1 and 1730 cm-1 sig-

nificantly decreased with prolonged degradation time, which is 

attributed to the hydrolysis of urethane bonds and ester bonds. 

Then, these generated products dissolved and diffused into 

aqueous medium. For MPU composite containing CaO of 20 

phr loading, the absorption bands at 3430 cm-1 and 1730 cm-1 rap-

idly disappeared after 6 h, which indicated the addition of cal-

cium oxide significantly accelerated the hydrolytic degradation 

of the MPU composite. The FTIR results help to understand 

the degradation behavior of MPU, and also demonstrate that 

the hydrolysis process of the MPU composites is manifested 

by the facilitated scission of urethane bonds and ester bonds by 

CaO degradation accelerator. Further analysis was conducted 

on the hydrolysis products of the modified MPU composite, 

and the results are presented in Figure 9.

As illustrated in Figure 9, the absorption band at 3474 cm-1 is 

attributed to the asymmetric stretching vibration of N-H groups, 

while the broad absorption band at 3315 cm-1 is attributed to 

stretching vibrations of alcoholic -OH. The absorption bands at 

1699 cm-1 (C=O) and 1537 cm-1 (N-H bending) appeared, which 

further confirms the formation of amine species. The absorp-

Figure 6. photograph of CaO composited MPUs before and after 
degradation in aqueous medium at 100 °C.

Figure 7. The shape of the 20 phr CaO MPU composite after sieving.

Figure 8. Infrared spectra of CaO composited MPUs and blank sample 
before and after immersion in an aqueous medium at 100 °C.
 Polym. Korea, Vol. 50, No. 4, 2026
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tion band at 1404 cm-1 is attributed to the symmetric stretching 

vibration of carboxylate groups, and the stretching vibration 

bands of C-O (1081 cm-1 and 1135 cm-1) provide strong evidence 

for the formation of alcohols via hydrolysis process. These 

results demonstrate that under alkaline hydrolysis conditions, 

the hydrolysis products of the modified MPU composite pri-

marily consist of carboxylates, amines, and alcohols. The spe-

cific degradation mechanism is illustrated in Figure 10(Ⅱ).

Proton Nuclear Magnetic Resonance Spectroscopy.    

Furthermore, we conducted 1H NMR analysis to obtain detailed 

structural information. The 1H NMR spectra of the original 

MPU and its hydrolysis products (Figure 11) reveal significant 

changes, providing direct evidence for the proposed bond 

cleavage mechanism. Specifically, for pristine MPU (red trace), 

characteristic signals corresponding to the polymer backbone 

and hard segment protons are observed in the downfield region 

(approximately δ 6.5-8.0 ppm for aromatic protons and δ 3.0-

4.5 ppm for the urethane). In contrast, the spectrum of the 

hydrolysis products (blue trace) exhibits prominent new signals 

in the upfield region, particularly in the range of δ 1.0-2.5 ppm, 

which are characteristic of aliphatic protons adjacent to newly 

formed hydroxyl (-OH) and terminal amine (-NH2) groups 

resulting from the hydrolysis of ester and urea/urethane bonds. 

Additionally, the relative intensities of the original polymer 

backbone signals have significantly diminished, while the sig-

nals corresponding to low-molecular-weight hydrolysis byprod-

ucts have emerged. This transformation confirms the extensive 

cleavage of the polymer chains and the generation of smaller, 

structurally defined degradation products, thereby validating 

the proposed degradation pathway.

Figure 9. Infrared spectrum of hydrolysis products of CaO com-
posited MPU.

Figure 10. Degradation Mechanism of CaO composited MPU in Aqueous medium.
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Matrix Assisted Laser Desorption Ionization Time of      

Flight Mass Spectrometry. The degradation product of the       

MPU composite containing 20 phr CaO after 24 h of hydro-

thermal treatment was analyzed by MALDI-TOF mass spec-

trometry (Figure 12). The spectrum reveals a series of intense 

peaks in the m/z range of 136-1772 Da, corresponding to oligo-

meric degradation products. The mass differences between 

consecutive peaks are approximately 200 Da, which matches 

the molecular weight of the repeating unit of the polyester soft 

segment. These results demonstrate that the MPU chains have 

undergone extensive hydrolytic scission, yielding low-molec-

ular-weight oligomers. No peaks corresponding to high molec-

ular weights (>5000 Da) were detected, confirming the completeness 

of degradation under the tested conditions. This MALDI-TOF 

analysis provides direct and conclusive evidence for the chain 

scission mechanism proposed in this work.

Conclusions

In summary, a series of MPU composites were prepared by 

incorporating CaO as a degradation accelerator. CaO, as a rigid 

inorganic particle, played a physical crosslinking role in sig-

nificantly enhancing the mechanical properties, which ensures 

the necessary rigidity and strength for downhole applications. 

Meanwhile, the physical crosslink interaction between CaO parti-

cles and polyurethane matrix markedly improved the crosslinking 

density of the MPU composites, thereby ensuring excellent seal-

ing stability of the products under high-temperature and high-

pressure conditions. The CaO unfilled MPU composite exhib-

ited low degradation efficiency and failed to achieve complete 

degradation during the hydrothermal process. In contrast, the 

MPU composite at 20 phr CaO loading provided an alkaline 

Figure 11. The NMR-H of hydrolysis products of MPU.

Figure 12. The MALDI-TOF of hydrolysis products of MPU.
 Polym. Korea, Vol. 50, No. 4, 2026



570 J. Weng et al.
environment, which accelerated both the rate and degree of 

hydrolytic degradation for MPU composite. In particular, the 

CaO unfilled MPU composite still retained tensile strength of 

2.62 MPa after 24 h of hydrolysis. While the MPU composite 

with CaO loading up to 20 phr lost its tensile strength in merely 

10 h of hydrolysis. After 24 h, it deeply disintegrated into par-

ticles that could pass through a 4×4 mm mesh without external 

force, achieving complete degradation. FTIR data and other data 

indicated that the degradation mechanism of the MPU com-

posites proceeded through the cleavage of urethane bonds and 

ester bonds. The degradation mechanism was further acceler-

ated in an alkaline environment, which led to rapid and deep 

degradation of MPU composites. This study provides a novel 

insight and an experimental foundation for the development of 

high-performance, deeply degradable downhole tool sealants.
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