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Abstract

:

In this research, fully degradable elastomeric sealing materials were developed to enhance the environmental sustainability of oil and gas extraction. The modification of millable polyurethane rubber (MPU) with polyglycolic acid/hydrogenated nitrile butadiene rubber (PGA/HNBR) led to the synthesis of PGA@MPU/HNBR composite materials. The impact of varying monomer quantities on the mechanical properties, degradation behavior, degradation mechanisms, and thermal stability of these materials was investigated. Our findings illustrate that an increasing proportion of HNBR in the PGA@MPU/HNBR composite materials resulted in a decreased degradation rate. Simultaneously, higher HNBR content improved the thermal stability of the materials, while the inclusion of PGA reduced material hardness, rendering the composites more susceptible to swelling. At an HNBR content of 40 phr, MPU at 60 phr, and PGA at 6 phr, the composite material demonstrated the highest retention of mechanical properties at 31.3% following 168 h of hydrolysis at 100 °C. The degradation of the composite materials in 100 °C water primarily resulted from the hydrolysis of MPU’s ester groups, with HNBR remaining unaffected.
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1. Introduction


In response to the escalating global demand for sustainable energy, the oil and gas industry is shifting focus from conventional to unconventional resources [1,2,3]. Unconventional resources, such as shale oil/gas, tightoil/gas, coalbed methane/oil, heavy oil, and oil sand, are plentiful and widespread distribution [4]. Advancements in technologies like horizontal drilling and multi-stage hydraulic fracturing have enabled commercial extraction from unconventional reservoirs [5,6,7]. Guided by the objective of carbon neutrality, the industry is prioritizing energy-efficient technologies [8]. The adoption of horizontal well multi-stage fracturing has become a key method in developing unconventional resources efficiently and sustainably. Compared to traditional vertical well fracturing, horizontal wells, with their greater deviation angles and more complex reservoir conditions, significantly enhance oil recovery and production [9]. Focusing on the technological aspect, fracturing plugs play an essential role in sustainable oil and gas development, helping reduce energy consumption and emissions [10,11,12]. And nowadays, the industry has seen a shift towards dissolvable frac plugs, which offer advantages like high strength, pressure resistance, and temperature tolerance while also being able to dissolve in appropriate fracturing fluids [13,14,15,16]. Particularly, dissolvable plugs made of degradable magnesium alloys have been a breakthrough in fracturing technology [17,18,19,20,21,22,23]. However, the development of the dissolvable rubber cylinder, a key component of these plugs, remains nascent, with many institutions keeping their research confidential. This has made research into degradable rubber sealing materials a focal point in oil production engineering. The exploration of novel degradable rubber materials is crucial for the advancement of this technology.



Downhole packers, integral to sealing mechanisms, necessitate the selection of appropriate soft materials of high molecular weight to ensure seal integrity, reduce operational disruptions, and mitigate costs and safety hazards in oil production. Materials such as millable polyurethane rubber (MPU) [13,24], hydrogenated nitrile butadiene rubber (HNBR) [25], nitrile butadiene rubber (NBR), fluoroelastomer (FKM), and ethylene propylene diene monomer (EPDM) are instrumental in these applications [26,27]. Notably, HNBR, with its extensive saturation and high-performance profile, is favored in oilfield isolation seals owing to its superior thermal stability, resistance to high temperatures, longevity, oil resilience, and defense against acid gas corrosion. Additionally, HNBR is prevalent in crafting seals for drilling pressure bridge plugs [25]. Despite its merits, HNBR’s insolubility in fracturing fluid poses retrieval challenges. Our previous investigations have identified MPU as a prime candidate for fabricating degradable rubber due to its composition of polyol soft segments and diisocyanate with chain extender hard segments [13]. Its elastomeric structure, featuring amide esters, urea, or ester groups, facilitates degradation through hydrolytic reactions, compromising the material’s mechanical integrity [28]. However, pure MPU sealants may dissolve too rapidly, precipitating seal failure [13]. Consequently, research into MPU modification is essential to tailor these materials for the fracturing sealant process.



The literature on degradable rubbers for petroleum applications has been limited in recent years. Commercially, such materials are categorized into two main types. The first employs specialized media to degrade high-performance rubber seals. These media are typically strong acids or bases, posing a risk of secondary environmental contamination. The second approach involves modifying a water-degradable rubber base to fulfill the requirements of the fracturing process, allowing the material to dissolve in fracturing fluid and be expelled through the wellbore along with the fluid. The dissolvable rubbers DR-043, DR-127, DR-129, DR-130, DR-131, and DR-132 were created by Yue et al. [16]. These six rubbers each have a variable rate of disintegration. According to the findings, the amount of time required for the coupon to shatter into little pieces is as follows: 16 days for DR-043, 4 days for DR-127, 6 days for DR-127, 2 days for DR-129, 24 h for DR-130, and 24 h for DR-131 and DR-132. In our previous work, we investigated the modification of MPU with HNBR, and the results showed that the HNBR/MPU composite material could maintain a high tensile strength in high-temperature media (100 °C) for 48–168 h to meet the sealing requirements of oil and gas exploitation [13]. However, the composite material hardened after immersion and could not dissolve into small, easily disposable pieces. In the previous works, a foundation has been established concerning the development of degradable rubber composites. Nevertheless, extant studies reveal a critical issue: the resultant rubber solutions often consist of rigid, large particulates that, upon flowback, precipitate wellbore obstructions [13,29,30,31]. To address this limitation, it is imperative to investigate the incorporation of degradative agents within the degradable rubber matrix to enhance its dissolution and prevent the formation of obstructive particulates.



Polyglycolic acid (PGA), a synthetic bio-based polymer, exhibits compelling biological characteristics, including biocompatibility and inherent biodegradability, positioning it as a polymer of interest within the biomedical field. Its application spectrum has been extensive, covering the development of absorbable sutures, tissue engineering scaffolds, and controlled drug delivery systems, underscoring its prominence in medical material research [32,33,34]. Moreover, the utilization of PGA exhibits promising potential in the field of packaging, particularly in the production of environmentally friendly biodegradable plastic bags [35,36,37]. PGA undergoes decomposition through the hydrolysis of ester linkages in its main chain, leading to the formation of smaller molecules. Eventually, PGA is further degraded into carbon dioxide via a biodegradation pathway, wherein the molecules are metabolized [38]. However, due to the high cost of PGA, it is seldom reported in the field of oil and gas field development. Therefore, based on the property that PGA can be completely degraded in water, it is possible to add an appropriate amount of PGA to the degradable rubber matrix so that the sealing material can achieve smaller dissolution and low hardness that can be easily returned to the wellbore along with the fracturing fluid.



In this work presented here, we aim to explore the development of degradable elastomer materials using a simple manufacturing process capable of normal operation during its working cycle, and the materials are degradable under specific conditions. To facilitate the close compatibility between MPU and HNBR and construct an interpenetrating network system, tetrahydrofuran was employed as a solvent to blend MPU and HNBR. Subsequently, PGA was incorporated as a degradation agent to enhance the dissolution of the composite materials in the MPU/HNBR blended. The mechanical properties of the PGA@HNBR/MPU composite materials were investigated, along with their degradation behavior in 100 °C water media. Finally, the dissolution behavior of composites with different ratios was characterized using infrared spectroscopy (FT-IR), thermogravimetric analysis (TG), scanning electron microscopy (SEM), and X-ray diffraction (XRD) to elucidate the underlying mechanism of PGAs role as a degrading agent in the rubber matrix.




2. Materials and Methods


2.1. Materials


Hydrogenated nitrile butadiene rubber (HNBR, Zetpol® 1000 L) was sourced from Zeon Co., Ltd., Tokyo, Japan. Millable polyurethane rubber (MPU, UR® 401) was supplied by Dongguan Huagongfosu New Material Co., Ltd., Dongguan, China. Analytical grade tetrahydrofuran (THF) and zinc oxide (ZnO) were procured from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Polyglycolic acid (PGA, analytical grade, the weight-average molecular weight was 20 thousand g/mol) was acquired from Shandong Zengyi Bio-technology Co., Ltd., Jinan, China, while stearic acid (SA, chemical grade) was obtained from Tianjin Bodi Chemical Co., Ltd., Tianjin, China. Various grades of carbon black (N220, N550, N774, N990) were purchased from Shanghai Cabot Chemical Co., Ltd., Shanghai, China. The auxiliary vulcanizing agent triallyl isocyanurate (TAIC, chemical grade) and the vulcanizing agent dicumyl peroxide (DCP, chemical grade) were both secured from Shanghai Demo Chemical Co., Ltd., Shanghai, China, and Shanghai Fangruida Chemical Co., Ltd., Shanghai, China, respectively.




2.2. Preparation of PGA@MPU/HNBR Degradable Elastomer Composites


A series of blends comprising MPU and HNBR with different weight ratios (80/20, 70/30, and 60/40) were synthesized. The procedure entailed the dissolution of the MPU and HNBR blends in THF to generate a matrix material with a concentration of 100 parts per hundred rubber (phr). After the evaporation of the THF, the matrix was subsequently enriched with 5 phr of ZnO, 1 phr of SA, 60 phr of a carbon black mixture consisting of N550, N774, and N990, 6 phr of PGA as a degrading agent, 1 phr of TAIC as a co-vulcanizing agent, and 3 phr of DCP as a vulcanizing agent.



The experiment was conducted using a tiny Haake mixer, which was developed by the School of Mechanical and Electrical Engineering at Qingdao University of Science and Technology. The mixer was operated at a temperature of 70 °C, with a rotor speed of 35 rpm. The components were incorporated in a sequential manner, with the master batch being added first, followed by the addition of ZnO, SA, and the carbon black mixture. The compound underwent subsequent processing on an open rubber mill (XK-160, manufactured by Shanghai Shuangyi rubber & plastic machinery Co., Ltd., Shanghai, China) to facilitate further mixing, during which PGA, DCP, and TAIC were integrated. Following a 24 h period of resting at room temperature, the XLB-DQ type press vulcanizing machine, manufactured by Qingdao Yadong Machinery Group Co., Ltd., Qingdao, China, was employed for the initial stage of vulcanization. The vulcanization process was conducted under the following conditions: a temperature of 170 °C, a pressure of 15 MPa, and a duration of (t90 + 3) min. Subsequently, the vulcanized rubber underwent a second stage of vulcanization within an electric thermostatic drying oven, utilizing a temperature of 160 °C and a duration of 4 h.




2.3. Testing and Characterization


2.3.1. Mechanical Properties


The mechanical properties of the samples were evaluated using an MZ-400D electrical universal tensile machine manufactured by Jiangsu Mingzhu Experimental Machinery Co., Ltd., Suzhou, China. Tensile strength measurements were carried out following the guidelines outlined in GB/T 528-2009. Dumbbell-shaped samples were used, and the tensile rate was set at 500 mm/min. The Shore A hardness was evaluated according to the standard GB/T 531-2008. The mechanical properties were evaluated under atmospheric conditions at room temperature.




2.3.2. Dissolution Measurements


Dumbbell-shaped samples of PGA@MPU/HNBR degradable elastomer composites were prepared according to GB/T528-2009 and placed in a DK-98-II water bath (Tianjin Tester Co., Ltd., Tianjin, China) at 100 °C. Five samples were removed every 24 h for mechanical property testing as described in Section 2.3.1, with morphological changes recorded. The experiment was conducted for a duration of 168 h.




2.3.3. Morphological Characterization


The morphology of the degradable elastomer PGA@MPU/HNBR was analyzed using scanning electron microscopy (SEM) (JSM-7610F, JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV to examine the edge and interior regions of the samples. Prior to the examination, samples were rendered brittle in liquid nitrogen and subsequently sputter-coated with gold.




2.3.4. Thermo-Gravimetric Analysis


The thermal stability of PGA@MPU/HNBR degradable elastomer composites was investigated using an SD-Q600 (TA Co., Ltd., New Castle, DE, USA) thermogravimetric analyzer under a nitrogen atmosphere. Approximately 10 mg of the sample was placed in a crucible and heated from 25 °C to 600 °C at a rate of 10 °C/min in the N2 atmosphere.




2.3.5. The Fourier Transform Infrared Spectroscopy and X-ray Diffraction


Fourier transform infrared (FTIR) spectroscopy was conducted using a VERTEX-70 FTIR instrument (Bruker Corporation, Billerica, MA, USA) in the scanning range of 4000–500 cm−1, with 32 scans performed. X-ray diffraction (XRD) analysis was carried out using a D8 Advance X-ray Powder diffractometer (Bruker Corporation, Billerica, MA, USA), employing a scanning angle range of 3° to 50° and a scanning rate of 5 °/min.






3. Results and Discussion


3.1. Effect of PGA on the Mechanical Properties of MPU Materials


Our study primarily aims to examine the influence of different amounts of PGA on the mechanical characteristics of the MPU. We prepared PGA@MPU composite materials with PGA content of 3, 6, and 9 phr, respectively. Table 1 shows the effect of PGA content on the mechanical properties of MPU materials. It can be found that, from the experimental results, the initial tensile strength of the PGA@MPU composite material significantly dropped when compared with the blank MPU material without adding PGA. This was because the PGA with a low molecular weight was a brittle material, which was partially compatible with the soft segment of the MPU. After being subjected to tensile stress, the PGA had a gap with the rubber matrix, so the mechanical properties of the material could not be enhanced, and the macroscopic performance revealed a decline in the mechanical properties. With the increased PGA content, the tensile properties of the PGA@MPU composite material first increased and then decreased, and the elongation at break first decreased and then increased. In addition, we found that the mechanical properties of the three materials decreased after the addition of PGA, but since the prepared materials were used as a packer cylinder, we were more concerned about the tensile properties of the materials to meet the sealing requirements of high pressure. The tensile strength of the composite material added with 6 phr PGA was 22.06 MPa before being immersed in water, and the elongation at break was 239.5%, which was relatively close to the requirements of fracturing conditions.



After the PGA@MPU composite material was immersed in water at 100 °C for 24 h, it was found that the higher the PGA content, the lower the degradation rate of the composite material. The PGA@MPU composite material added with 3 phr PGA and immersed in water for 24 h could no longer be tested for material mechanical properties and was fragmented when an external force was applied. However, the PGA@MPU composite material added with 9 phr PGA still had a tensile strength of 7.42 MPa after being immersed in water for 24 h and subjected to the mechanical property test. This was because the excess PGA inhibited hydrolysis to a certain extent in the early stage. Part of the water reacted with the surface of the PGA first, and the remaining PGA and MPU entered the matrix of the material after blending. It took a long time for the explanation reaction to occur, so a part of the unhydrolyzed PGA played a physical reinforcement role in the PGA@MPU composite material. From the perspective of hydrolysis, the greater the content of the PGA, the better, but from the perspective of practical application, due to the general compatibility of PGA and MPU and the expensive PGA materials, in our study we finally selected the formula with the initial tensile strength of composite materials above 20 MPa, and the PGA content used in the next PGA@MPU/HNBR composite material was 6 phr.




3.2. Mechanical Properties of PGA@MPU/HNBR Composites Immersed in Water at 100 °C


After determining the content of the PGA, we prepared PGA@MPU/HNBR composite materials with different ratios of MPU/HNBR and tested the mechanical properties of the composite materials before and after being immersed in 100 °C water. Figure 1 shows the effect of immersion time on the mechanical properties of the PGA@MPU/HNBR composite materials.



The MPU had good degradation ability; its mechanical properties were lost after 24 h, and it dropped sharply from 20.94 MPa to 1.18 MPa. After being immersed for 48 h, the dumbbell-shaped sample was completely broken, so the mechanical property test could not be carried out. Thus, the composite material physically reinforced by pure MPU and pure carbon black could not meet the long-term fracturing sealing, and the property of the composite material modified by adding HNBR was greatly improved. However, there are significant limitations for water-degradable downhole applications for vulcanized rubber chemistries such as HNBR rubber materials. Because the backbone and monomer molecules of the HNBR are water-insoluble, the rubber may break down into water-insoluble chunks and remain in the wellbore. Since the soft segment of the MPU was hydrolyzed in hot water, the hydrophilic group moved to the outer surface of the material, so the colloid was sticky, while the mechanical properties of the HNBR hardly changed in hot water, and the tensile strength of the composite material after dissolution was mainly provided by the HNBR. Therefore, the larger the proportion of HNBR, the higher the tensile strength; the overall decline of different proportions of composite materials was like the rule of pure MPU composite materials at 0–24 h, and it tended to be stable after 24 h. After being immersed for 72 h, the mechanical property retention rates of the composite materials of three different ratios of MPU and HNBR (80/20, 70/30, 60/40) were only 7.3%, 16.1%, and 18.2%, respectively. After being immersed for 168 h, when the HNBR in the MPU/HNBR was increased from 20 phr to 40 phr, the tensile strength retention rate increased from 8.1% to 31.3%. When the amount of HNBR was 40 phr, the property of the PGA@MPU/HNBR composite material was the best, and it could still maintain a high tensile strength between 72 h and 168 h, and it still had a tensile strength of 6.88 MPa until 168 h. In comparison to our earlier works, while considering the identical content of HNBR-modified MPU, it exhibits a tensile strength of 9.8 MPa over a duration of 168 h [13]. The inclusion of the PGA has been observed to effectively decrease tensile strength. According to the literature [12,13,14,15], frac sealing materials need to maintain a high pressure during operation, up to 20–30 MPa, for particularly tough environments, so the initial tensile properties of the material need to meet the requirements of this condition. At the same time, after completing the fracture sealing and injecting the water medium, the sealing material needs to be degraded at a specific time, and the dissolved material is required to be small enough. Therefore, the addition of PGA can not only maintain a higher sealing pressure but also make the dissolved material smaller in shape. We will analyze the dissolution phenomenon of the material in detail in the next section.




3.3. Degradation Phenomenon of PGA@MPU/HNBR Composite Material


The comparison of the appearance of the PGA@MPU and PGA@MPU/HNBR composite material with immersion time is shown in Figure 2. Because the soft segment of the MPU contains ester groups, the molecular chain of the MPU undergoes an ester hydrolysis reaction at a high temperature, the mechanical properties are greatly reduced, and the hardness drops rapidly to below 50 so as not to maintain the shape of the dumbbell bar. After being immersed for 24 h, the dumbbell-shaped sample was deformed, the surface began to break, and filler particles could be seen inside. After being immersed for 48 h, the thinnest part of the dumbbell-shaped sample broke first and could no longer bear any external force. As the immersion time prolonged, the dumbbell-shaped sample changed from large fragments to small fragments, which could be broken into granules under a little external force. When HNBR was used to strengthen the MPU material, the MPU and HNBR formed an interpenetrating network. When the ester bond of the MPU was hydrolyzed, the HNBR did not cause the chemical bond to break. The PGA was finally dissolved and expanded the intermolecular gap by hydrophilic swelling, but it could not destroy the network structure of the HNBR. Therefore, the appearance of the dumbbell bar sample had a certain degree of swelling, but it still could not be broken by itself without an external force, and the PGA@MPU/HNBR composite material still maintained the original shape.



The change in hardness of the MPU/HNBR and PGA@MPU/HNBR composite material with immersion time is shown in Figure 3. With the increased immersion time, the overall hardness of the MPU/HNBR composite material was relatively stable and slowly rising, and there was no tendency to degrade. After the soft segment of the MPU was hydrolyzed, the HNBR skeleton and some hard segments of the MPU still supported the morphology. Under the high-temperature aging of 100 °C water, the composite material became aged and brittle, and its hardness continued to rise. In the later stage, the mechanical properties dropped until hands could break it, but the appearance and morphology still maintained the dumbbell-shaped shape. After the PGA@MPU/HNBR composite material was immersed in water, the Shore A hardness of the sample dropped precipitously from 84 to 58, and it proved that adding PGA can effectively reduce the hardness of the composite material after it was dissolved in water. After being immersed for 72 h, the hardness increased slowly and hardly changed, which was the same as the tensile law after being immersed in 100 °C water. It can be inferred that the effective effect of the PGA was about 72 h; after 72 h, the effect of the PGA was not obvious, the hardness did not continue to decrease, and the sample bar was more difficult to swell.




3.4. SEM Analysis of PGA@MPU/HNBR Composite Material before and after Degradation


On the one hand, we have analyzed the experimental photos of the PGA@MPU/HNBR composite material immersed in 100 °C water. On the other hand, to prove that the PGA@MPU/HNBR composite material was degraded microscopically, we used the SEM to observe the surface of the PGA@MPU/HNBR composite material before and after immersion, and the results are shown in Figure 4.



Figure 4a,b show the SEM images at the surface of the material samples. Figure 4a, not added with PGA, shows that after adding 6 phr PGA, due to the partial compatibility with the matrix material, uniform small particles appear on the surface of the matrix material, and it is worth mentioning that they are not observable to the naked eye. At the same time, as can be observed from Figure 4b, due to the small amount of PGA, it was evenly dispersed in the matrix without obvious agglomeration. Figure 4c,d shows the SEM images at the surface of the sample after immersion in high-temperature water at 100 °C, which shows that large particles, cracks, and holes appear on the surface of the composite material. This was because both the PGA and MPU contain ester groups, which could undergo a hydrolysis reaction under the catalysis of temperature. The hydrolysis reaction equation is shown in Figure 5. Observing the higher resolution of Figure 4d, we found that the hydrolysis reaction of the PGA and MPU occurs under the catalysis of temperature. A part of the PGA absorbs water and expands, and the PGA changes from small particles to large particles. Another part of the PGA has been hydrolyzed, generating small molecules containing hydroxyl or carboxyl groups, which enter into the solution water and leave pores on the surface of the material. After the hydrolysis of the MPU, many cracks appeared on the surface of the matrix material, but because HNBR still supports the skeleton of the material, the SEM observation of the material still maintains the structural integrity. Therefore, the SEM does not observe the kind of manifestation of material fragmentation that occurs with macroscopic degradation phenomena.




3.5. FT-IR Analysis of PGA@MPU/HNBR Composite Materials


The FT-IR of the PGA@MPU composite material and PGA@MPU/HNBR composite material before and after degradation in water at 100 °C is shown in Figure 6. The absorption peaks at 2915 cm−1 and 2840 cm−1 in the figure represent stretching vibration peaks of -CH3, -CH2, and -CH. The absorption peak at 1732 cm−1 was the stretching vibration of C=O in the ester group, and 1527 cm−1 was the -NH bending vibration peak in the isocyanate group in the MPU [13]. Before degradation, the absorption peak of the urethane group of the composite material added with HNBR was weakened. At the same time, the HNBR enhanced the hydrogen bonding of the composite material, the decrease in electron cloud density strengthened the C=O chemical bond, and the wave number decreased from 1732 cm−1 to 1728 cm−1. After immersion and degradation, part of the urethane underwent a hydrolysis reaction. The position of the C=O vibration was blue-shifted, the PGA@MPU composite material was reduced from 1728 cm−1 to 1716 cm−1, and the PGA@MPU/HNBR composite material was changed from 1732 cm−1 to 1711 cm−1. In addition, due to the drying of the material during the FT-IR testing, we found only very weak hydroxyl absorption peaks at the 3300 cm−1 attachment in the spectrum.




3.6. Thermal Stability of PGA@MPU/HNBR Composite Material


Figure 7 shows the TG curves of different proportions of the PGA@MPU/HNBR composite material before immersion in water at 100 °C. The PGA@MPU composite material only had one weightless step, while the PGA@MPU/HNBR composite material had two weightless steps. This was because the structure of the rubber was destroyed by thermal cracking during the temperature rise process, and the structure of the MPU lost weight rapidly at 300~350 °C, while the structure of the HNBR lost weight rapidly at 420~480 °C. The heat resistance of the HNBR was better than that of the MPU. As the HNBR content increased, the larger the proportion in the composite material, the slower the thermal degradation of the composite material.



The TG curve of the immersed PGA@MPU/HNBR composite material is shown in Figure 8. The immersed composite material had no obvious large steps but had many small staged weight losses. This was because the degraded composite material was fragmented into many hard-segment crystals with different molecular weights. As the temperature rose, the quality of the immersed composite material plummeted, and there was no high-temperature-resistant structural support. However, the composite material before immersion hardly lost weight before 280 °C, which was due to the good thermal stability of the interpenetrating network structure of the MPU and HNBR; it can support high temperatures over a short period of time. After the composite material was immersed in high-temperature medium water, the ester group was hydrolyzed, including the ester group in the urethane, so the stability of the material was decreased. It proved that its structure had almost no urethane bond. After being immersed, the soft segment of the composite material dissolved in water, the soft segment structure of MPU was destroyed, the material became very brittle and inelastic, they were all supported by HNBR and the hard segment of the MPU, and the whole material was broken when external force was applied. In addition, as observed in Figure 8, the weight loss of the PGA@HNBR/MPU composite materials after 168 h of immersion differs by about 10% compared to the one not immersed. This observation confirms that approximately 10% of the soft segments in the composite materials are lost due to immersion in water.




3.7. XRD Test of PGA@MPU/HNBR Composite Material


To assess the structural changes in the PGA within the PGA@MPU/HNBR composite material, particularly its behavior during the hydrolysis process, we conducted X-ray diffraction (XRD) analysis. The results are presented in Figure 9. While MPU/HNBR is inherently amorphous and does not exhibit distinct diffraction patterns, PGA, with its crystalline structure, provided specific peaks that we could monitor for changes. The crystal diffraction peaks of PGA at the (110) plane and (020) plane appeared around 2θ of 22.24° and 28.76°, respectively [36]. Upon adding PGA to the amorphous matrix of the MPU/HNBR, the composite largely retained its amorphous character, evidenced by the absence of significant diffraction peaks. A minor peak at 29.46° was observed, suggesting the presence of PGA. Notably, this peak shifted compared to pure PGA, possibly due to the interaction with other components in the composite.



After hydrolysis, the XRD pattern of the PGA@MPU/HNBR composite closely resembled that of the original MPU/HNBR, indicating the hydrolysis of PGA. The original minor peak associated with PGA disappeared, suggesting changes in the crystalline structure of the PGA or its complete degradation, rendering it non-crystalline. This shift supports the conclusion that the PGA underwent significant structural changes during the hydrolysis process, which were sufficiently impactful to alter its crystalline arrangement.





4. Conclusions


In the current study, we investigated the degradation behavior of a novel multicomponent blend system of PGA, HNBR, and MPU formulated to decelerate the degradation rate of MPU. Our comprehensive analysis, including FTIR, XRD, SEM, and TGA, confirmed that hydrolysis occurred within this composite material under high-temperature aqueous conditions at 100 °C. The salient conclusions from our study are as follows:




	(1)

	
The addition of PGA to MPU leads to a decline in the initial mechanical properties of the PGA@MPU composites. The optimal PGA content for balancing the degradation rate and mechanical properties was determined to be 6 phr.




	(2)

	
PGA contributed to enhanced hydrolytic degradation and a reduction in material hardness. Hydrolysis primarily affected the ester groups in both PGA and MPU, with complete degradation of MPU ester groups within 24 h and PGA ester groups degrading over approximately 72 h.




	(3)

	
The PGA@MPU/HNBR composites exhibited a marked decrease in mechanical properties within the first 24 h of immersion, stabilizing after that—a higher HNBR content correlated with a better retention of mechanical properties.




	(4)

	
Following initial degradation, the PGA@MPU/HNBR composites underwent late-stage colloidal hardening, maintaining sufficient strength for potential use in dissolvable frac plugs designed for controlled fragmentation.









These findings advance our understanding of degradation behaviors in such multicomponent blend systems and offer a strategic approach to engineering materials with controlled degradability for hydraulic fracturing applications.
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Figure 1. Effect of immersion time on the mechanical properties of PGA@HNBR/MPU composites (Note: PGA for all materials is 6 phr, the same as below). 
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Figure 2. Influence of immersion time on the appearance and morphology of composite materials. 
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Figure 3. Influence of immersion time on the hardness of composite materials. 
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Figure 4. SEM images of the composite materials. (a) HNBR/MPU; (b) PGA@HNBR/MPU; (c,d) PGA@MPU/HNBR after hydrolysis. 
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Figure 5. The hydrolysis reaction equation. 
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Figure 6. FT-IR spectra. (a) Infrared spectra of the PGA@MPU/HNBR composite materials before and after immersion; (b) partial enlargement. 
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Figure 7. Thermogravimetric curves of the PGA@MPU/HNBR composite materials. (a) TG, (b) DTG. 
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Figure 8. TG curve of the PGA@HNBR/MPU composite materials before and after immersion. (a) TG, (b) DTG. 
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Figure 9. XRD patterns of the PGA, HNBR/MPU, PGA@HNBR/MPU, and PGA@HNBR/MPU after hydrolysis. 
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Table 1. Mechanical properties of PGA@MPU composites.
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	PGA/phr
	0
	3
	6
	9





	σ/MPa
	27.3 ± 0.82
	18.3 ± 0.92
	22.1 ± 0.99
	19.8 ± 1.4



	ε/%
	220 ± 6.6
	279 ± 10.8
	240 ± 13.95
	276 ± 19.32



	H/Shore A
	89
	78
	81
	81



	σ2/MPa
	/
	/
	1.18 ± 0.04
	7.42 ± 0.45







Note: σ, tensile strength; ε, elongation at break; H, hardness; σ2, tensile strength after 24 h immersion.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
@

o)

— a0
——ev

Deriv Weight(%4°C)

TempertureC. Temperurer"C





media/file4.png
By

D
oy

PGA@MPU

l%‘,

. 24
immersion time/h I

PGA@MPU/HNBR a

.-
=3 3






media/file18.png
Intensity/a.u.

Degraded PGA@MPU/HNBR

29.46°
PGA@MPU/HNBR

MPU/HNBR

e
22.24°
28.76 PGA

10 20 30 40 50
26/°





media/file3.jpg
mmersion time/h

+
H
PGA@MPU/HNBR






media/file7.jpg





media/file10.png





media/file19.png





media/file14.png
Weight/%

100

920

80

70

60

50

40 |

—— PGA@MPU/HNBR=60/40
—— PGA@MPU/HNBR=70/30
——— PGA@MPU/HNBR=80/20
———— PGA@MPU/HNBR=100/0

100 200 300 400
Temperture/°C

Deriv.Weight/(%/°C)

0.8

0.7

0.6 |

0.5

0.4

0.3

_