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Abstract

:

Polyamides (PAs) undergo local environmental degradation, leading to a decline in their mechanical properties over time. PAs can experience various forms of degradation, such as thermal degradation, oxidation, hydrothermal oxidation, UV oxidation, and hydrolysis. In order to better comprehend the degradation process of PAs, it is crucial to understand each of these degradation mechanisms individually. While this review focuses on hydrolysis, the data from degrading similar PAs under pure thermal oxidation and/or hydrothermal oxidation are also collected to grasp more perspective. This review analyzes the available characterization data and evaluates the changes in molecular weight, crystallinity, chemical structure, and mechanical properties of PAs that have aged in oxygen-free water at high temperatures. The molecular weight and mechanical strength decrease as the crystallinity ratio rises over aging time. This development is occurring at a slower rate than degradation in pure thermal oxidation. By combining the data for the changes in mechanical properties with the ones for molecular weight and crystallinity, the point of embrittlement can be not only predicted, but also modeled. This prediction is also shown to be dependent on the fibers, additives, types of PA, pH, and more.
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1. Introduction


Polyamides (PAs) are thermoplastic polymers thriving as household and engineering materials because of their high elasticity, mechanical strength, high melting point, chemical resistance to oil, and barrier properties against liquids and gases. These properties make them adequate not only as carpets, stockings, and clothing as fibers but also gears, pipelines, and automotive components as plastics. In society, they are commonly referred to as nylon [1,2,3,4]. In their applications, PAs are exposed to chemical aging, which negatively impacts their mechanical properties in the long term. When in contact with water or humidity for a long period of time, PAs can undergo hydrolysis. This causes a cut within the polymer chains, leading to a decrease in molecular weight over time [5,6].



While the degradation mechanism of PAs in water is seemingly straightforward from a chemical point of a view, when diving deeper, it can be found that a complex coupling of mechanisms occurs. Water reacts with the amide group and induces chain scission. This is the reverse polymerization reaction from the condensation of the acid and amine monomers. The presence of oxygen both in the air and dissolved in the aqueous solution is of great importance. This oxygen oxidizes the polymer, which not only further degrades it, but also introduces a whole new set of different chemical degradation pathways. Thermal oxidation starts with the abstraction of a hydrogen at the aliphatic carbon chain by oxygen radicals. The carbon atoms adjacent to the amide group turn become radical from the homolytic cleavage of their hydrogen [5,7,8,9,10]. This further leads the material to experience yellowing, discoloration, cross-linking, embrittlement, and so on. The thermal oxidation of PAs has been investigated in many articles over the years [9,11,12,13,14,15,16,17,18,19].



To this day, several reviews have been published concerning the degradation of PAs. In 1998, Thanki et al. [20] published a literature review on the thermal oxidation and photooxidation of PA66. A couple of years later, Shamey et al. [5] reviewed the types of degradation, the factors impacting them, and their means of characterization for PA66 in 2003. Finally, Venoor et al. [21] reviewed the physical and chemical interactions between PAs and water in 2020. In this review, the authors centered their attention on the transport of moisture within the polymer matrix, drying kinetics, and water dynamics, all while looking at some existing models. They also concluded by pointing out the need for better uses of instrumentation and control.



This issue of microplastic formation from PAs in the ocean lead to an increasing interest in understanding the formation of these secondary microplastics. Grasping the mechanism will also allow us to control the reverse polymerization possibility of this type of plastic for circular and recyclable PAs. The hydrolytic degradation of PAs in aqueous solution at high temperature has been researched extensively for the past decades [22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Nevertheless, parts of the research on the matter assume that with an aging temperature above 50    ∘  C, hydrolysis is not simply dominant over oxidation, but renders oxidation entirely negligible [47]. The rest of the research simply disregards it. For the study of pure hydrolysis, the PA must be immersed in a carefully deoxygenated aging chamber. Several research articles do target pure hydrolysis as the sole mechanism of degradation; nevertheless, the more data gathered, the more confusing the overview. This lack of data compilation leaves room for a literature review focusing on this matter.



To achieve a full state-of-the-art comprehension of the pure hydrolysis of PAs, only papers explicitly stating that oxygen is removed from the aging chamber are reported here [1,8,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69]. Several of the reported articles also aged their PAs under pure thermal oxidation and hydrothermal oxidation. These data are providing even further context to the degradation mechanism of PAs aged in deoxygenated water. They help placing hydrolysis contextually. This review focuses on the changes in molecular weight, crystallinity, chemical structure, and mechanical strength as individual chapters resulting from the pure hydrolysis of PA to draw out a state-of-the-art overview. Additionally, the impact of fibers, additives, pH, longer aliphatic chains in the PAs, correlation between molecular weight and crystallinity ratio, and the factor indicating embrittlement are discussed as well. This work is intended to help scientists grasp the full picture of the current research, which may assist them in either finding a research gap or comparing their own data to the current published literature without having to dive into dozens or even hundreds of papers.




2. Molecular Weight


2.1. Polyamide 6


PA6 has many intrinsic valuable properties such as high mechanical strength, high chemical resistance, low friction coefficient, and transparency. The polymer is not unaffected by water degradation due to the polarity of its amide bonds, which ultimately impacts its molecular weight overtime [70]. The molecular weight measurements presented here are all originating from gel permeation chromatography (GPC) measurements. Arhant et al. [52] immersed a 5 mm thick commercial PA6 containing a 60 wt% carbon fiber (C) reinforcement in water for up to 90 days with temperatures ranging from 100    ∘  C to 140    ∘  C. The changes in the number average molecular weight (M   n  ) of the polymer over time are shown in Figure 1. Starting at 26.2 kg/mol, M   n   quickly drops within the first days and slowly reaches an equilibrium over time. For an aging temperature of 120    ∘  C, M   n   decreased from 26.2 kg/mol to 15.5 kg/mol within the first 10 days of aging, until reaching an equilibrium at around 11.0 kg/mol after 28 days. Increasing the aging temperature has two separate effects on M   n  . Higher temperatures accelerate the decrease in M   n   during the early-stage hydrolysis as well as the lowering of M   n   at equilibrium. At 140    ∘  C, the equilibrium was reached after only 9 days with a M   n   of 8 kg/mol.



On top of the M   n  , the polydispersity index (PDI) or the distribution of molecular mass in a polymer was recorded as well. The PDI remained constant at 2.3 all throughout the process, indicating that pure hydrolysis is a random process occurring at all locations of the chains.



To investigate the coupling effect of hydrolysis and oxidation, Deshoulles et al. [48] aged their 0.25 mm thick neat PA6 material in dry hot air, deoxygenated water, and oxygenated water at 80    ∘  C for long periods of time. Their GPC data are presented in Figure 2. The starting M   n   was 52.3 kg/mol for all three degradation mechanisms. In deoxygenated water, M   n   reached 32.5 kg/mol after 700 days of aging. In dry hot air, M   n   reached 13.8 kg/mol after 630 days, making thermal oxidation a faster degradation process than pure hydrolysis at 80    ∘  C. And finally, when immersed in oxygenated hot water, M   n   fell drastically down to 13.5 kg/mol after merely 28 days, 80 times faster than pure hydrolysis. This underlines the importance of carefully removing oxygen from the aging chamber both in the solution and above it. The PDIs recorded for all three mechanisms are all dissimilar to one another. Similar to the previous data from Arhant et al. [52] as well as an earlier work from Deshoulles et al. [56], the PDI for pure hydrolysis at 80    ∘  C remained at 2.3 constantly. For thermal oxidation, the PDI rose from 2.3 to 2.9 after the 630 days of aging. The authors issued this phenomenon to the cross-linking taking place at the last stage of oxidation. The PDI rose to even higher values when both mechanisms were combined. A PDI of nearly 4.5 after the 28 days of aging was reported, indicating that the chain scission process occurs in a less random manner compared to pure hydrolysis.



To decouple both mechanisms further, a sample of neat PA6 was aged in dry hot air until molecular weight equilibrium, then placed in deoxygenated hot water. We note that the equilibrium reached when aged under oxidation and hydrolysis is different, as oxidation includes radical chemistry which leads not only to the formation of amines and carboxylic acids, but also cross-linking, bridging, and more. The results are shown in Figure 3. Both mechanisms were taking place at 100    ∘  C to accelerate the procedure. The M   n   decreased further even after the pre-oxidative treatment. This phenomenon is linked to the formation of imides during oxidation before chain scission, enhancing the likelihood of hydrolysis occurring from these chemical groups. This has been proven through Fourier-transform infrared (FTIR) spectroscopy. The infrared spectra are discussed further in Section 4.



When comparing the decrease in M   n   of PA6/C and neat PA6, one can notice the significantly slower drop in M   n   of the neat PA6 over time. At 80    ∘  C, the neat PA6 obtained a M   n   32.4 kg/mol after 700 days of aging, compared to the PA6/C that reached a M   n   of 12.1 kg/mol after only 90 days of aging at 100    ∘  C; both reached equilibrium. The fibers were described by Arhant et al. [52] as being indifferent to both the effect of water and temperatures as high as 120    ∘  C. Hence, the contrast may originate solely from the small difference in aging temperature, pointing out that an exponentially higher degradation rate occurs with aging temperatures higher than 80    ∘  C for PA6. This indication is further supported by looking at an earlier work from Deshoulles et al. [56], where, again, neat PA6 with a thickness of 0.25 mm was aged in deoxygenated water, but at 120    ∘  C until equilibrium. Both trends are shown in Figure 4. The M   n   of both PA6s decreases to a similar value. Notably, a higher starting M   n   also seems to result in a faster degradation rate. In the case of glass fibers, the presence of reinforcement has been associated to a lower water absorption property due to the simple fact that less PA is present in the network when reinforced [26]. If the two PA6 were to start at similar M   n  , it is likely that the reinforced PA would degrade slower.



Another earlier work from Deshoulles et al. [55] aimed at determining a parameter able to track the embrittlement or, i.e., the ductile to brittle transition of PA6. Neat PA6 without additives was aged in deoxygenated water and dry hot air separated once again for up to almost 2 years with temperatures ranging from 80    ∘  C to 140    ∘  C. The samples had a thickness of 250  μ m and 75  μ m, respectively. The PDI recorded from aging through both pure hydrolysis and pure thermal oxidation remained equal to 2.5 ± 0.5. This high deviation created a large uncertainty, preventing a direct comparison to other PDI values from other sources. The changes in M   n   are shown in Figure 5 for both pure hydrolysis and Figure 6 for pure thermal oxidation.



Degrading PA6 in dry air led to a faster drop in M   n   than degrading it in deoxygenated water at high temperatures. For pure hydrolysis, M   n   reached 32.6 kg/mol after 520 days of aging at 80    ∘  C, and this value decreased exponentially to 6.7 kg/mol when rising the temperature from 80    ∘  C to 100    ∘  C for about the same aging time. This is in correlation with the previous statement that a significant effect is to be expected at the 80    ∘  C to 100    ∘  C temperature range. Increasing the temperature further led to a faster drop rate and a slight decrease in M   n   at equilibrium.




2.2. Polyamide 11


In addition to PA6, knowing the degradation behavior of PA11 in deoxygenated water has also been of great interest. This comes from one of its main applications as internal pressure sheath in offshore underwater flexible pipes where the concentration of oxygen is scarce [51]. PA11 harbors a high chemical resistance, with a working temperature ranging from −40 to 130    ∘  C. [71]. PA11 also undergoes hydrolysis like PA6 or PA66. The main difference lies behind PA11’s water affinity worsened by its longer carbon chain. Meyer et al. [68] aged an unplasticized, laboratory-made 3 mm thick neat PA11 in deoxygenated water at temperatures ranging from 90    ∘  C to 135    ∘  C with varying starting average molecular weight (M   w  ). The M   w   is another way of describing the molecular weight of polymers and is always greater than M   n  . Factoring the M   n   with the PDI provides M   w  . The variations of M   w   over time at 90    ∘  C and 135    ∘  C are displayed in Figure 7.



Regardless of the starting M   w  , all M   w   values tend towards an equilibrium. The accelerating effect is more than obvious when looking at the M   w   after around 65 days of aging for both 90    ∘  C and 135    ∘  C with 72 kg/mol as a similar starting M   w  . At 90    ∘  C, M   w   reached about 50 kg/mol, while at 135    ∘  C, this value reached 25 kg/mol. One can argue visually that the M   w   at equilibrium for 135    ∘  C tends towards 25 kg/mol, and for 90    ∘  C, this equilibrium appears to be at around 28 kg/mol. This would be in line with the previous statement regarding the effect of temperature on PA6 upon its M   n  . Another important information is the fact that all PA11s with a starting M   w   below the equilibrium have their M   w   rising towards it. This increase in M   w   is another sign of the reaction equilibrium between hydrolysis and condensation. M   w   below such equilibrium implies a higher concentration of primary amine and carboxylic acid end-groups in contrast to the concentration of amide groups in the polymer. Following the basic concept of the Le Châtelier’s principle, this shift induces an enhanced condensation rate of the end groups. Meyer et al. [68] also looked at the effect of pH by aging the same PA11 in acidic aqueous solution with a pH of 3 and 5 using hydrochloric acid. The lower the pH, the faster the hydrolysis rate, and the lower the M   w  . At pH 5, the equilibrium shifted from 25 kg/mol to around 22 kg/mol at 120    ∘  C. The effect of lower pH is said to protonate the amine end groups to a cation. This ties up the lone pair of electrons initially present on the nitrogen group, preventing the nucleophilic attack of the amine towards the carboxylic acid. This explains the lower condensation rate and the lower M   w   at equilibrium at lower pH.



Similar results were obtained from the work of Hocker et al. [59]. Samples of 0.3 mm thick PA11 plasticized with an unspecified amount of N-butylbenzenesulfonamide (BBSA) were aged with different amounts of graphene oxide (GO) as reinforcement at 100    ∘  C and 120    ∘  C for up to 4 months. Without any fibers, the M   w   reached around 24 kg/mol at equilibrium for both temperatures, and the higher aging temperature caused the expected accelerating effect reported several times previously. The increased aging temperature did not lower the M   w   significantly, probably due to the lower impact of hydrolysis on PA11 compared to PA6 and the small temperature difference of merely 10    ∘  C. At 100    ∘  C, the hydrolysis rate and condensation rate reached 2.8   ×   10  − 2     and 5.0   ×   10  − 5     day    − 1   . These rates increased to 12   ×   10  − 2     and 23   ×   10  − 5     day    − 1    for 120    ∘  C, according to the authors’ data. Additionally, 1 mg/g of GO in PA11 rose M   w   at equilibrium by 40% from the neat PA11 for both temperatures and reduced the hydrolysis rate by 1   ×   10    − 2    day    − 1    at 100    ∘  C and 7.5   ×   10    − 2    day    − 1    at 120    ∘  C. However, 5 mg/g resulted in the loss of that property from a poor nano-particle dispersion due to agglomeration of the GOs.



Jacques et al. [69] degraded their 3 mm thick 12 wt% BBSA plasticized samples with additional light and heat stabilizers in deoxygenated water for 450 days with temperature ranging from 90 to 140    ∘  C. The viscosity was also tracked using rheology. Only the full graph for the degradation at 140    ∘  C was provided from GPC. The M   n   at equilibrium was provided for the other aging temperature. For PA11, the PDI recorded during pure hydrolysis was always around 1.9, unlike the 2.3 from PA6. The hydrolysis rate rose from 0.42   ×   10  − 4     kg · mol    − 1   × day    − 1    at 90    ∘  C to 24.1   ×   10  − 4     kg · mol    − 1   · day    − 1    at 140    ∘  C. It was found that the rate of condensation was 1000 faster than hydrolysis when M   n   or M   w   were under equilibrium, and this increased exponentially as temperature decreased below 90    ∘  C. We note that this was calculated from the temperature domain of this study. The data from PA11 aged at 140    ∘  C were obtained from Jacques et al. [69], and the data from Hocker et al. [59] at 100    ∘  C, and 120    ∘  C are displayed in Figure 8 below. Figure 9 displays M   n   at equilibrium recorded from Jacques et al. [69] but converted to M   w   for easier comparison using their recorded average PDI of 1.9 at 80    ∘  C after aging.



The data from Jacques et al. [69] showed that at 140    ∘  C, the M   w   decreases fast as expected within the first days, but seems to reach a much higher M   w   at equilibrium than the two neat PA11 from Hocker et al. [59] at 100    ∘  C and 120    ∘  C. This was not discussed by the authors. Both PA11 contain plasticizers and additives but likely not in the same quantity. Jacques et al. [69] mentioned that the polymer contained an unspecified amount of heat and light stabilizer as opposed to the ones from Hocker et al. [59]. The decrease and subsequent increase in M   w   may arise from the extraction of such additives.



On top of that, the M   w   at equilibrium for 140    ∘  C calculated from their tables is lower than the measurements from their graph. The calculated 28.88 kg/mol was found with the assumption that the PDI would remain the same, regardless of the aging temperature. If one takes the direct M   n   at equilibrium and the M   w   at equilibrium from the graph, a PDI of about 2.3 is calculated. When looking at the data from Meyer et al. [68], this PDI seems to sit at a lower value, closer to 1.6.



Another paper experimenting on the degradation of PA11 in water worth mentioning looked at the changes in M   n   and M   w   over time and degradation mechanisms. There, Maïza et al. [57] aged their 1.5 mm to 2.0 mm thick PA11 in deoxygenated hot dry air and deoxygenated hot water. The data for both conditions did not differ much and, in them, hydrolysis resulted in a faster reduction in M   w   compared to thermal degradation. The authors detected the presence of free radicals formed during the extrusion via FTIR, showcasing the importance of carefully preventing the formation of free radicals from any parts of the experiments, not solely the aging process.



The effect of pH has been briefly mentioned before, but not extensively. When one thinks of reducing the pH of an aging chamber, hydrochloric acid [68,72] or sulfuric acid [73] are often used. An earlier work from Hocker et al. [61] investigated the possibility of using organic acids instead. The authors found that not only do organic acids degrade PAs faster than inorganic acids, but the weaker the organic acid, the faster the degradation. This was attempted with acetic, propanoic, and butanoic acid at a concentration of 1.05 × 10    − 2    M for all three on their 250 mm to 1 cm laboratory-made thick PA11 sample. For PA11 aged in water, M   w   at equilibrium reached 24.4 kg/mol and 26.9 kg/mol for 100    ∘  C and 120    ∘  C respectively. The higher M   w   is likely an exception occurring from the small temperature difference. The rate of hydrolysis, on the contrary, increased from 0.43   ×   10  − 1     to 1.64   ×   10  − 1     from the temperature increase, proving again that the main effect of temperature is acceleration. Another experiment from Hocker et al. [58] was designed to determine the ductile to brittle transition. In this attempt, they also aged two PA11 samples with a thickness of 2 ± 0.5 mm and 0.3 ± 0.02 mm in water, acetic acid, and butanoic acid at 120    ∘  C. As the data originate from the same research group and consist of the same experimental setup, the results are combined and depicted in Figure 10. At 120    ∘  C, the M   w   of neat PA11 at equilibrium reached 26.9, 20.0, 17.0, and 14.5 kg/mol when aged in water, acetic, propanoic, and butanoic acid solutions. Acids have two effects on degradation, a hydrolysis acceleration effect as well as an amine scavenging effect. The solubility of the acid in regard to the PA is the governing factor, not its pH.



This is well represented in Figure 11, where the variations of M   w   over time of plasticized PA11 aged in different acidic conditions are shown.



The M   w   of PA11 dropped faster and reached lower values when aged in acetic acid than hydrochloric acid, despite their similar pH. Plasticized PA11 resists well against the effect of degradation due to BBSA disrupting the hydrogen bonding matrix in PA11. The correlation between M   w   or M   n   and mechanical properties is investigated in Section 5.





3. Crystallinity


3.1. Polyamide 6


The data presented here are only obtained from differential scanning calorimetry (DSC) measurements. The second heating scans and crystallinity ratios (X   c  ) over different aging times of 5 mm thick PA6/C from Arhant et al. [52] are shown in Figure 12 and Figure 13, respectively. The X   c   from the original paper was calculated from a melting enthalpy of a 100% crystalline PA6 of 118 J/g, though this value must be similar for all papers to compare results. Hence, the X   c   is calculated from 240 J/g instead, which is the standard used by the rest of the sources in this section as well as another paper describing the crystallization behavior of carbon fiber-reinforced PA6 [74].



Looking at the thermograms, the shape of the scans is unaffected by the increasing aging time at 120    ∘  C. The X   c  , on the other hand, is affected drastically as the polymer ages and the temperature rises. At 140    ∘  C, the X   c   rises from 18.7% to 26.7% after only 9 days. This is significantly faster than aging the polymer at 100    ∘  C, rising the X   c   from 18.7% to 23.5% only after 90 days.



The rise in X   c   is the result of chemi-crystallization, a physical process in which the shorter polymer chains, resulting from chain scission, obtain higher mobility within the matrix. This allows them reorganization of themselves from a disordered amorphous phase into new crystallites. The authors also state that the carbon fibers are not impacting chemi-crystallization as they are known to only impact the crystallinity on the polymer melt. The increase in X   c   looks like the decrease in molecular weight, converging towards a maximum value. The activation energy calculated from the crystallinity ratio is found to be 113 kJ/mol.



The variations of X   c   of 0.25 mm thick neat PA6 at 80    ∘  C from Deshoulles et al. [48] when aged under thermal oxidation, pure hydrolysis, and hydrothermal oxidation are shown in Figure 14. The X   c   value rises from 20 to 29% after 620 days of thermal oxidation, 32% after 700 days of pure hydrolysis, and 30% after only 21 days of hydrothermal oxidation. The increase in X   c   is exponential within the first day, and to some extent the first few minutes of aging except for thermal oxidation where the increase is slightly more linear. This is attributed to the formation of a monoclinic crystalline  α -phase in hot water, a process separate from chemi-crystallization. Crystallinity in semi-crystalline polymers like PAs is originating from the hydrogen bonds of their amide groups. As the number of hydrogen bonds increases, so does X   c  . Water rearranges these bonds by also creating additional hydrogen bonds within an amorphous matrix [26,75]. This results in a faster and stronger increase in X   c   despite a slower rate of degradation, as shown when comparing the data to thermal oxidation.



By using M   n   and X   c  , the concentration of chain scission in the amorphous phase can be calculated. This is performed to quantify the degradation at the macromolecular scale using the following formula: S   a   =     1  1 −  X c     ·  (   1  M n    −   1  M  n 0     )   , where S   a   is the concentration of chain scission in the amorphous phase. These concentrations are displayed in Figure 15. The data are extracted from aging at 100    ∘  C. In a similar fashion as X   c  , S   a   increases exponentially within the first day of aging and slows towards a maximum value later. Here, pure hydrolysis is shown to have a lower S   a   than thermal oxidation, which is in accordance with the general agreement that thermal oxidation degrades PAs faster than pure hydrolysis.



Deshoulles et al. [48] also calculated S   a   for pure hydrolysis after 75 days of pre-oxidation. For that mechanism, S   a   is higher than pure hydrolysis and thermal oxidation but still lower than hydrothermal oxidation. The reason remains the same; oxidation products like imides enhance hydrolysis by presenting more lone pairs from the carbonyl group to be attacked by water molecules.



The fast increase in X   c   within the first day of aging due to hot water was also shown for PA6 from an earlier work published by Deshoulles et al. [56]. The second heating scans are depicted in Figure 16. For comparison, the variations in X   c   of PA6/C from Arhant et al. [52] and neat 0.25 mm thick PA6 from two publications of Deshoulles et al. [55,56] aged at 120    ∘  C are shown in Figure 17.



The thermograms clearly display the increase in melting enthalpy ( Δ H   m  ) when looking at the integral of the signal at around 220    ∘  C. It also seems like the already appearing second shoulder at 210    ∘  C is increasing in size. This is slightly similar to the second heating scans of PA6/C in Figure 12. In an interesting way, the second heating scans of PA6 denote two melting peaks for the unaged sample, like PA66. The first melting peak is said to be attributed to the thin lamellae formed from the cooling phase, whereas the second melting peak is formed from the melting of the thickened crystals during the heating phase [76].



The drastic increase in X   c   during the first minute of immersion has been issued to the formation of a monoclinic phase induced by hot water. To be more precise, Deshoulles et al. [55] described it as the transition from a  β -amorphous to a monoclinic  α -phase, based on their wide-angle X-ray scattering analysis. This is only possible in water as when applied to thermal oxidation under the same parameters, the same results are not shown [55,56,75,77]. This phase transition is likely directly linked to plasticization. After the rapid increase in X   c   from 20% to 35% for both neat PA6, X   c   keeps on slowly increasing to an average of 50% due to chemi-crystallization. Interestingly, the data are identical for both neat PA6 sources until the very last measurement, which is not further discussed in the original literature.



The X   c   of PA6/C started at lower values than neat PA6 and further increased in a linear fashion, as opposed to the drastic exponential rise from the neat PA6. One major difference is the large thickness of the PA6/C sample; it was 20 times thicker. This likely means that the matrix of PA6/C is not water saturated, creating a diffusion gradient which ultimately slows down the degradation process. Additionally, the effect of reinforcement in PAs upon hydrolysis has been shown to reduce water absorption [26]. The water content of PA6/C increased from 0% to 5% within the first day of aging, while the water content of neat unreinforced PA6 increased from 0% to nearly 12.5% after similar aging time. This confirms the previous statement.



Rising the aging temperature causes the X   c   to rise faster and to higher values, as seen with the data from Arhant et al. [52]. Similar setup for neat PA6 from Deshoulles et al. [55] was performed in both deoxygenated water and dry air. The corresponding data are presented in Figure 18 and Figure 19, respectively. Despite a slower degradation of PA6 under pure hydrolysis, the measured X   c   reached higher and faster values than that of degradation under thermal oxidation. At 80    ∘  C, X   c   appears to converge towards about 33% after 600 days of aging. However, at 140    ∘  C, X   c   rises to values higher than 60% after about 100 days of aging, and this value does not appear to reach an equilibrium. This is extremely interesting as this behavior is relatively dissimilar to the changes in molecular weight, where all trends converge towards a similar value regardless of the aging temperature.




3.2. Polyamide 11


According to Da cruz et al. [50], reinforcing 0.1 mm thick PA11 with 1.0, 2.5, and 5.0 wt% graphene nanoplatelets has a negligible effect upon the polymer’s crystallinity at the start. Regardless of the degree of reinforcement, X   c   remained at 17%, that is, without any aging occurring yet. The authors also investigated the nature of the crystalline structures, and found that PA11 has five crystalline phases: triclinic  α , monoclinic  β , with three pseudo-hexagonal, a  γ , a  δ , and a  δ ′ form, all measured through X-ray diffraction (XRD) analysis.



The influence of graphene oxide (GO) on the changes in crystallinity of 0.3 mm plasticized PA11 immersed in deoxygenated water was also investigated by Hocker et al. [59]. X   c   for neat PA11 and reinforced PA11 with 1 and 5 mg/g of GO had a starting value of 25 ± 1% at first. Similar to the results obtained by da Cruz et al. [50], the presence of graphene reinforcement did not influence the starting X   c  . After 90 days of aging at 120    ∘  C, X   c   increased from 25.4% to 32.3% for neat PA11, 31.1% for 1 mg/g GO reinforced PA11, and 27.0% for 5 mg/g reinforcement. This shows that the GO does hinder hydrolysis. It prevents it by competing with the hydrogen bonds of amides from PA11 and water molecules. The presence of reinforcement also impacts the water uptake ability of the PA.



Domingos et al. [62], Romão et al. [1], and Da costa et al. [51] presented the second heating scans of their stabilized aged PA11 from their DSC measurements in their article. Each PA11 had a respective thickness of 5.5 mm, 5.5 mm, and 7 mm. For the sake of comparison, these are shown side by side, respectively, in Figure 20, Figure 21 and Figure 22.



The second heating scans of unaged PA11 for all three figures do not show the same two melting temperatures peak shown for unaged PA6 like in Figure 12 and Figure 16 or even PA66. This may be indicative of the fact that PA11 does not rearrange the lamellae crystals as well as PA6 and PA66 do, if at all [76].



When observing the thermogram of PA11 aged at 110    ∘  C for 50 days shown in Figure 20, a second melting temperature peak appears. This shoulder is the melting temperature of the newly formed oligomers from hydrolysis. This new melting peak is somewhat visible on PA11 aged in oilfield water at 120    ∘  C with a pH of 5.5 after 50 days in Figure 21, and visible too for PA11 aged in salted water at 120    ∘  C with a pH of 5.5 despite 109 days of aging in Figure 22.



The two melting temperatures shift to higher values as aging progresses, interpreted by the authors as the formation of different sized crystals dispersed and homogenized in PA11. We can notice this shift in melting temperatures for the other two thermograms. It also seems that the shift converges towards a similar value of 188    ∘  C for all three scans. One source does indicate the plasticizer loss to be a potential variable [51].



We note that Da costa et al. [51] aged their PA11 in two solutions, one being a salt mixture containing compounds found in offshore oil production, and one similar but with a concentration four times higher of acetate and propionate ions. They display the exact same second heating scans, but different first heating scan. The first heating scan presented a shoulder increasing drastically in height at 175    ∘  C after 71 days. This was assimilated to a crystal phase transition induced, also referred to as the Brill transition, which converts a triclinic  α  crystal phase into a metastable pseudo-hexagonal smectic   δ ′   phase. The thermally induced pseudo-hexagonal phase disappears in the second heating scans, and the newly formed shoulder is attributed to the presence of smaller crystals formed by hydrolysis and plasticizer loss. The main shoulder in the first heating scan is also seen in the second one as the main peak, demonstrating a more permanent change. This corresponds to the  α  crystalline phase, and is the signal used to monitor the changes in crystallinity.



A publication from Maïza et al. [57], in which they failed to prevent the formation of peroxides through oxidation on their PA11, also confirmed the interpretation proposed by Da costa et al. [51].



Using the authors’  Δ H   m   data, X   c   can be extracted for the aging experiment of PA11, as the authors do not display it themselves. However,  Δ H   m   for the standard 100% crystalline PA11 remains disputed. Da Costa et al. [51], Maïza et al. [57], da Cruz et al. [50], and Olufsen et al. [54] used a  Δ H   m   of around 226 J/g [78], which is in agreement with other sources [79,80,81], while Hocker et al. [58,59] used 189 J/g [82] in their articles. Some other literature work [83,84,85,86,87], irrelevant to the topic of pure hydrolysis of PAs, used a  Δ H   m   of 206 J/g as reference. Based solely on the amount of sources, the most accurate value is likely between 206 J/g and 226 J/g. Using a different standard for assessing X   c   does not hinder the end result of one set of data. However, we have to remain careful and aware of that when cross-analyzing different X   c   data.



When 226 J/g as the standard  Δ H   m   for a 100% crystalline PA11 was used, X   c   rose from 10% to 20% for both solutions after 109 days of aging at 120    ∘  C. We note that the authors accounted for the mass of plasticizer in their X   c   calculations. Using the same reference, Domingos et al. [62] had their X   c   rise from 14.6% to 19.5%, close to the data by Da costa et al. [51] yet showing dissimilar second heating scans.



The cooling scans of aged PAs also draw interesting information. The scans from Domingos et al. [62] and Romão et al. [1] are shown in Figure 23 and Figure 24, respectively. The displayed peaks represent the crystallization temperature (T   c  ) of PA11. T   c   values are different for both unaged PA11; however, after 50 days of aging, they both shift to a similar higher value, all while presenting a narrower signal. This is said to be yet again originating from the formation of lower molar mass oligomers from the amorphous phase migrating to the crystalline phase [1,62,88,89].



Hocker et al. [58] aged their two 2 ± 0.5 mm and 0.3 ± 0.02 mm thick PA11 samples with 12.5 wt% BBSA at 120    ∘  C in aqueous organic acid to determine the most suitable parameter to track the ductile to brittle transition, i.e. embrittlement. The changes in X   c   are depicted in Figure 25. For contrast, Domingos et al., [62] also measured the  Δ H   m   of their aging PA11, hence the converted X   c   values are shown in Figure 25.



We can immediately notice the slower increase in X   c   for PA11 aged in water at 110    ∘  C and 120    ∘  C from Domingos et al. [62] compared with the one from Hocker et al. [58] aged in water at 120    ∘  C. The only contrast is the sample thickness being larger for the two PA11. The larger thickness causes an absorption gradient in the PA11 matrix, causing water to take a lot longer to diffuse through the entire sample, thereby causing a slower degradation rate portrayed by a slower rise in X   c  .



The slope of the increase in X   c   in the first stage of aging is steeper as the organic acid weakens or resembles the chemical structure of the polyamide in question. X   c   was calculated from the standard  Δ H   m   of 226 J/g. For water, X   c   rose from 15.5% to about 35.8% after 240 days. This comparison cannot be made with the acid measurement as it was stopped long before. Acids have a catalysis and amine scavenging effect, proven by the molecular weight data. The catalysis effect can be seen here, though the amine scavenging effect cannot be determined as the plateau has not been reached for both acids. Nevertheless, the plateau for butanoic acid does seem to lay above the one of water. We note that like other DSC data, X   c   does not converge in a similar way as M   n  .



At 120    ∘  C, the plasticized PA11 from Hocker et al. [58] had its crystallinity rise from 15.5% to about 35.8% after 240 days. At the same temperature, PA6 from [55] rose from 20% to about 52% after 200 days of aging. While the BBSA present in PA11 reduced this percentage, we can notice how high of a value X   c   can reach. The longer aliphatic chain in PA11 ultimately results in a slower and weaker raise in X   c   when aging at the same temperature and time.





4. Chemical Analysis


4.1. Polyamide 6


As degradation occurs, the long polyamides chains are cut into shorter oligomers with amines and carboxylic acid end groups. Among the papers, Fourier transform infrared spectroscopy (FTIR) has been used several times to track the changes in chemical groups of the polymers. In a paper by Alam [67],    17  O nuclear magnetic resonance (NMR) was performed on PA66 to track quantitatively the amount of carboxylic acid groups formed as a function of degradation. This work, however, does not properly control the oxygen content of the aging salt solution, implying that the combination of hydrolysis and thermal oxidation was occurring. Despite that, Alam found that the carboxylic acid group rose in number as aging progressed.



FTIR can also be used for qualitative and quantitative analysis. By applying the same baseline for all specimen graphs and the correct internal reference, we can measure the integral of the band associated with an identified functional group and quantify it. As the Beer–Lambert law states, the radiation absorbance band of a functional group, or chromophore, is proportional to its concentration [90]. Deshoulles et al. [48] used FTIR on their PA6 samples, and the results are shown in Figure 26 for their samples aged in deoxygenated water.



At first glance, we can notice a lack of strong differences between spectra in Figure 26 despite 700 days of aging, displaying the difficulty of tracking the chemical changes occurring through the pure hydrolysis of nylon. For PA6 samples subjugated to pure hydrolysis, a decrease in the bands located at 3292, 1634, and 1538 cm    − 1    are seen. These correspond to secondary N–H stretch, C=O amide I and II, and are the result of the depletion of amide groups in the amorphous phase. Not only are some of the bands showing the absorption of a certain functional group, but the crystalline nature of these bands is also sometimes possible to determine. According to the authors, the band at 2926 cm    − 1    assigned to asymmetric C–H   2   amorphous decreases in intensity while the one at 2916 cm    − 1    assigned to asymmetric C–H   2   crystalline increases in intensity. This is also seen for the symmetric ones at 2869 and 2856 cm    − 1   . These, however, are relatively hard to see in the figure.



The rise of the signal assigned to hydrogen bonded symmetric O–H at around 3500 cm    − 1    is not discussed by the authors, but is likely due to some water molecules still present within the polymer matrix as the signal immediately rose from unaged to 90 days and remained at the same level even after 700 days. If it was the alcohol group present on the carboxylic acids, the signal would be not only stronger, but also closer to the C–H   2   signals [91]. We note that on the FTIR spectra of PA6 aged in hot dry air, this signal is not present.



As amides are broken into carboxylic acids and amine end groups, the carbonyl region assigned with the carboxylic acid group should rise in intensity. Figure 27, Figure 28 and Figure 29 display the 1800 to 1650 cm    − 1    IR region of PA6 samples aged in deoxygenated water, dry air, and oxygenated water at 80    ∘  C over time.



The amide IR signals lie at around 1630 and 1530 cm    − 1    and are seen in all three FTIR spectra in the article. A signal is detected at around 1730 cm    − 1    in samples aged in dry air and two new signals at 1760 and 1730 cm    − 1    for samples aged in oxygenated water, all while no signals are seen for samples aged in deoxygenated water even after 700 days of aging. Deshoulles et al. [48] assigned the signal at 1760 cm    − 1    to C=O of isolated carboxylic acids and 1730 cm    − 1    to C=O of imides. The formation of imides during oxidation of polyamides has been established before, notably by Gonçalves et al. [8]. Their work also included a full chemical pathway for PA66 degraded via hydrolysis and oxidation coupled together. They were able to detect the presence of imides formed at low temperatures ranging from 40    ∘  C to 80    ∘  C after only 160 hours of aging.



While the signal for imides is expected to not be present on the IR spectra of PA6 samples aged in deoxygenated water, the lack of signal from carboxylic acids is likely due to the extremely slow degradation rate of these samples. At 80    ∘  C, pure hydrolysis is drastically slower. As mentioned in Section 2, PA6 aged in oxygenated water at the same temperature degraded 80 times faster than the ones aged in deoxygenated water when tracking the M   n  . The M   n   and X   c   seen in Figure 2 from Section 2 and Figure 15 from Section 3 for that sample after 700 days are, respectively, high and low as opposed to other more degraded samples. In addition, equilibrium has not been reached, and probably neither was embrittlement as well. This is discussed in Section 5.3.



The authors also proved that the imide formed during thermal oxidation is easily hydrolyzed thereafter. Since hydrolysis starts at the carbon of the carbonyl group, due to its electropositive nature, the presence of two of them likely enhances the probability of occurrence. Nonetheless, when samples are left aging in hot dry air until equilibrium, and then left to age in hot deoxygenated water, the signal at 1730 cm    − 1    decreases, showcasing the consumption of the imide groups. The equilibrium reached in aging PAs in dry hot air is unique to thermal oxidation, and dissimilar to pure hydrolysis.




4.2. Polyamide 11


When comparing the FTIR spectra of PA11 and PA6, the main difference is the stronger C–H   2   signals in PA11 in relation to the other bands due to the longer aliphatic chain of the polymer. Hocker et al. [59] performed FTIR on their graphene oxide (GO)-reinforced PA11 aged in deoxygenated water and investigated the ways in which they would impact the chromophores of the polymer. The FTIR spectra of unaged and aged PA11 without reinforcement are shown in Figure 30.



According to the authors, no major changes are observed when comparing the two spectra, even though, as shown in Figure 8 from Section 2, equilibrium seems to have been reached after 120 days of aging. We could argue that the 1700 to 1760 cm    − 1    region is rougher for the samples aged than the ones unaged, indicating that either imides or carboxylic acids are formed. The formation of imides would be illogical as the oxygen content in the water was controlled during aging. This may be solely coming from carboxylic acid group formation.



As stated earlier, the ability of certain functional groups to absorb infrared radiation is affected by crystallinity originating from the hydrogen bonds. Here, Hocker et al. [59] measured the half-height peak width of the amide III N–H stretch signal at 3309 cm    − 1   , which corresponds to the distribution of hydrogen bonded strength of the amide bond. It was shown that the width decreased from 54 to 34 ± 2 cm after aging, indicating a narrower distribution of hydrogen bonded strengths and hence a higher overall crystallinity content [92].



The presence of GO as reinforcement in PA11 showed a stronger signal at 1155 cm    − 1    than neat PA11. As this peak is assigned to the N–H stretch and O=C–N deformation, this suggests that the GOs were interacting with the N-H of the amide. This inhibits chain mobility, thereby slowing the rise in crystallinity, and then the degradation of the polymer.



Maïza et al. [57] also used FTIR to detect any changes in functional groups of their PA11. While they did remove any oxygen in the aging vessel, they stipulate that peroxides were formed during extrusion of their sample, which they used FTIR to confirm. Peroxides are products of oxidation, as hot molecular oxygen abstracts a hydrogen from the alpha carbon of the polyamide, leaving an alkyl radical at said carbon. The overall FTIR spectra are identical to the ones seen in Figure 30, with the exception of the carbonyl region from 1700 to 1760 cm    − 1   . Figure 31 shows the changes occurring in that region over different aging conditions.



PA11 were aged in deoxygenated water and nitrogen gas (T) for up to 60 days. No new carbonyl groups were formed when aging PA11 without air nor water, as expected, since no oxidation or hydrolysis can occur. A signal does appear for samples aged in deoxygenated water after 60 days at around 1720 cm    − 1   , which is likely corresponding to the formation of imides as also seen for PA6 aged with oxygen in Figure 28 and Figure 29, thus proving the presence of oxidation products from the extrusion process. This example showcases the importance of controlling the oxygen environment of the PA during the entire time of the process.





5. Mechanical Properties


5.1. Polyamide 6


The fracture toughness of a 5 mm thick PA6/C immersed in hot deoxygenated water for up to 90 days was measured. The fracture tests were made from Arhant et al. [52] using an Instron testing with a load cell of 500 N at a speed of 1 mm/min. The samples were pre-cracked to only track the crack propagation. The fracture toughness, or critical strain energy release rate (G   IC  ), was determined empirically from the load and displacement of the material. For display, the stress–strain curves at 100 and 140    ∘  C are shown in Figure 32 and Figure 33. The changes in G   IC   over time and temperature are depicted in Figure 34.



Fracture toughness decreases over time and does so drastically faster with increasing temperature. This is in correlation with the variations of molecular weight and crystallinity seen in the previous sections. The reduction in ultimate stresses for these PAs samples also aligns with the data from Bergeret et al. [63], where the ultimate stress of their PA66/30% GF fell by about 50% after aging at 120    ∘  C for 200 hours (8.3 days).



Arhant et al. [53] also published, in the same year, another work regarding the aging of PA6/C in hot deoxygenated water. Using a similar methodology, the group focused on modeling fatigue crack growth behavior at various constant energy, or  Δ G, as stated in their article. Figure 35 and Figure 36 show the Hartman–Shijve representation of the fatigue crack growth of 5 mm thick PA6/C aged at 100    ∘  C and 140    ∘  C, respectively.



Hydrolysis fastens the fatigue crack growth rate from 10    − 7    for unaged samples to 10    − 6    cm after 90 days at 100    ∘  C and from 10    − 7    to 10    − 4    cm for aging samples at 140    ∘  C at a set constant  Δ G of 1000 J/m   2  . When plotting their sigmoidal curves following the Hartman–Shijve representation, Arhant et al. [53] also fit their experimental data with a model that displayed an average R   2   of 0.9. An Arrhenius plot was constructed based solely on the fatigue crack growth rate, and an activation energy of 102 kJ/mol was found. The effect of degradation on the PA6/C was also readily observable using scanning electron microscopy (SEM) on fracture surfaces.



The strain at break and maximum stress were measured for 0.25 mm thick neat unstabilized PA6 aged under both pure hydrolysis and thermal oxidation separately. The data from Deshoulles et al. [55] are shown in Figure 37 and Figure 38.



The strain at break decreases exponentially over time, and temperature rises from 300% to under 10% on average, while the maximum stress retains a plateau at around 70 MPa before significantly decreasing to 0 MPa for pure hydrolysis. At 80    ∘  C and 100    ∘  C, the decrease in strain at break is not as exponential as that for the higher temperatures. The drop seen in the maximal stress happens sooner for higher aging temperatures. For thermal oxidation, the strain at break and maximum stress reached similar values as those of pure hydrolysis, although in a shorter amount of time while at the same temperature and in a different context.



Similar behavior was measured from Bernstein et al. [65] when unreinforced PA66 was aged under a 100% humidity in argon or oxygen over time. The average tensile strength remaining of the PA66 straps was measured. This percentage dropped from 100% to 24% after 60 days when the sample was exposed to water vapor at a relative humidity of 100%, a temperature of 124    ∘  C, and under argon atmosphere. When oxygen was introduced, the average fell to 18% after merely 18 days. The enhanced combined effect of hydrolysis and oxidation was also recorded for PA66. Strangely, aging PA66 straps in oxidation alone resulted in a slower rate of degradation. The average tensile strength remaining fell from 100% to 22% after 395 days. This result does not align with the fact that oxidation leads to a faster degradation, which may indicate that their aging process under argon was contaminated with water.




5.2. Polyamide 11


Samples of 0.5 mm thick heat and light stabilized with 12.5 wt% N-butyl benzenesulfonamide (BBSA) plasticizer PA11 were aged under pure hydrolysis condition, and the tensile strength was measured over time. This was performed by Mazan et al. [60,93,94] to create a multiscale model that allows the prediction of the polymer’s mechanical properties and morphological parameters. The stress–strain curve is shown in Figure 39. For comparison, the tensile strength measurements from Maïza et al. [57], performed on a 1.5–2 mm thick PA11 containing BBSA and 0.8 wt% antioxidant under pure hydrolysis and anaerobic thermal aging conditions separately at 110    ∘  C and pH 4, are shown in Figure 40.



For both graphs, at constant temperature, the strain at break occurs at lower strain with increasing aging time. This is in accordance with Figure 37. The maximum stress also seems constant throughout the different aging time, indicating that perhaps the degradation stage that induced the drop seen in Figure 38 has not occurred yet.



The Young’s modulus also increases as aging happens. Not only that, but it increases fast from unaged to the first 10 days for both graphs. This rapid change is expected to originate from the early loss of plasticizer. Mazan et al. [60] used thermogravimetric analysis (TGA) to determine the extractable content of plasticizer in PA11. They found that this amount drops from 16% to 4–2% within the first 7 days depending on the temperature. It then stagnates into a plateau. The known big early drop in M   w   was also expected to decrease the tensile strength and modulus, but this was not seen. According to the authors, the loss of plasticizer is enough to hide the mechanical effect caused by the initial drop in M   w  . Indeed, both authors claim that the first yield stress originates from the plasticization of the crystals and sliding of chains in the amorphous phase, while the increased second yield stress is due to a destruction of such crystals, resulting in a higher degree of crystallinity within the PA11 matrix.



Lastly, both authors noted a change in the mechanical behavior between 30 and 60 days. In that range, a large increase in the first yield stress was seen, and Maïza et al. [57] attributed it to the high degree of crystallinity. As the crystals grow larger during aging, they require additional energy for breakage or, i.e., to reach the second yield stress.




5.3. Determination of Embrittlement


Polymer embrittlement is a property threshold in which a polymer transitions from harboring a ductile property to a brittle one. The fragmentation of these brittle polymers into secondary plastics in the ocean is also a result of such phenomenon, often caused by chemical aging [95]. The transition is complex and dependent on the nature of the polymer. Hence, many authors aim to determine the point of embrittlement to model the lifetime of their polymer of interest. This is not exclusive to pure hydrolysis.



Arhant et al. [52,53] used fracture toughness and crack propagation rate as the tracking mechanical property embrittlement of their PA6/C. This was achieved by observing the changes in M   n   against these mechanical parameters. Figure 41 and Figure 42 display the impact that low M   n   has on G   IC   and crack propagation rate, respectively.



The decrease in G   IC   under Mode I static loading began when M   n   = 18 kg/mol, regardless of temperature. According to the authors, this behavior was seen before in earlier work related to neat polypropylene [96]. This value is also close to that of other semi-crystalline polymers like PET or PA11. To Arhant et al. [52], this similarity proves the impact of fibers being negligible on degradation for the modeling of embrittlement. However, following the previous data presented in this review, reinforcement does play a role in water absorption. While reinforcement may not impact the point of embrittlement, it impacs the hydrolysis degradation rate. Finally, an Arrhenius plot of fracture toughness, mass loss, X   c  , and M   n   offered an activation energy of 105, 105, 113, and 115 kJ/mol with R   2   > 0.99, indicating that the same mechanism is impacting these four parameters.



A similar behavior was seen from the variations of crack propagation rate under Mode I fatigue loading conditions, though the linearity of the measurements stopped at around M   n   = 15 kg/mol instead. The authors described this new threshold to be more accurate than the one using fracture toughness under static loading. According to them, when the length of the polymer chain is higher than the threshold, a crack can be spanned and an additional increase in M   n   cannot be measured. That is to say, after 15 kg/mol, the entanglement network between polymer chains is no longer strong enough to hinder crack propagation. PA6/C is seemingly more sensitive to cyclic loading than quasi static, which is partially thought to origin from the polymer network being unraveled under such loading. Regardless of the aging temperature, hydrolysis fastened the crack propagation rate by a decade.



Work by Olufsen et al. [54] aimed at understanding the effect of loading conditions on embrittlement and highlighted their importance. In their study, PA11 with and without 6% BBSA was aged in pH 3 butanoic acid at 120    ∘  C for accelerated aging. Instead of GPC, they used a viscometer to measure the correct inherent viscosity (CIV) of the PA11 and performed tensile tests on them. The aimed CIV levels were predetermined from the literature to be 0.7 and 1.2 dL/g. The authors showed that experimental conditions such as temperature of tensile tests, nominal strain rate, notch radius, CIV levels aimed, and initial plasticizer content yielded different responses from the test specimens aged in deoxygenated hot water. Three types of responses were considered: brittle failure with no apparent plasticity, ductile failure at necking without cold drawing, and ductile failure after cold drawing. A change from ductile to brittle failure was possible with a constant CIV level and plasticizer content. From these parameters, the resulting secant modulus (E   sec  ), yield stress (  σ 20  ), hardening modulus (H), and failure strain (  ε f  ) were tracked. The main conditions required from the experimental variables to express a high or low response parameter are shown in Table 1.



Overall, any parameters increasing the level of stress in the material specimens yielded a brittle failure response from the tensile tests. The authors also found that the nominal strain at failure may be the issue of cold drawing rather than the material’s degradation. Apart from these details, the paper did not investigate embrittlement further.



The core of the work from Deshoulles et al. [55] was the investigation of the origin of embrittlement. The correlation between strain at break and maximal stress against M   n   of neat PA6 is shown in Figure 43 for strain at break and Figure 44 for maximum stress together with other published data [97,98,99,100].



When the M   n   of PA6 drops due to chain scission, the strain at break and maximum stress display similar values regardless of the conditions. The strain at break decreases in a logarithmic way over M   n  , while the maximum stress remains at around 70 MPa before dropping drastically after around 15 kg/mol as written by the authors. This correlation proves that embrittlement can be tracked and estimated by solely tracking the M   n   of PA6 when degraded either through hydrolysis or oxidation.



Deshoulles et al. [55] linked the decrease in strain at break to the presence of tie molecules between amorphous and crystalline phases of the PA6 matrix. Following a probability equation based on the work from Huang and Brown [101], with some adjustments from Seguela [102], the theoretical probability of tie molecules can be calculated. A relatively scattered correlation with a R   2   of 0.661 was reached for hydrolysis and oxidation combined when plotting the strain at break with the probability of tie molecules present. As the probability lowers, so does the strain at break. The high scattering is said to originate from the complexity of measuring the strain at break of an aged PA6 sample. This correlation is not applicable for maximum stress; however, the average number of entanglements (q) based on the literature and gel permeation chromatography (GPC) data can be used instead. With this, the authors found that when q < 5, the maximum stress drops regardless of the degradation mechanisms. Hence, an average of five entanglements would, in this scenario, be one of the criteria threshold for embrittlement. Deshoulles et al. [55] also listed other works showcasing a similar value for other semi-crystalline polymers like PA11 and PET degraded through oxidation or hydrolysis [13,103].



Apart from M   n  , X   c   was also plotted against the two mechanical properties; the corresponding graphs are shown in Figure 45 and Figure 46.



At first, we can notice the X   c   of PA6 does not harbor the same mechanical properties depending on the degradation mechanisms. This was to be expected. As mentioned in the previous section, during hydrolysis, water forms hydrogen bonds with the PA6 matrix and induces plasticization, a physical process in which the polymer not only swells, but also increases in crystallinity. This is then followed by chemi-crystallization. The correlation between strain at break and X   c   remains linear, but only when separating the data from pure hydrolysis and oxidation. The drop in maximal stress is only observable for the samples aged in deoxygenated water. Embrittlement seems to happen when X   c   > 45%, as shown from both the strain at break and maximum stress. Tracking X   c   is hence only usable for PAs aged in deoxygenated hot water. Olufsen et al. [54] also indicated that crystallinity can be used as an indicator for embrittlement.



Deshoulles et al. [55] also tracked the amorphous layer thickness (  l a  ). This parameter can be calculated using wide-angle x-ray spectroscopy (WAXS) and GPC data.   l a   is thus linked to the morphology of crystal phases and molecular weight. The data for   l a   are showing similar trends as the ones for M   n  . If   l a   < 5 nm, PA6 harbors a brittle behavior. The authors make the claim that the relationship between   l a  , M   n   and M   w   is also applicable as the PDI does not change during aging. However, this is only true for pure hydrolysis. As seen in Section 2, the PDI increases for samples aged in hot dry air. Regardless, their work shows clear indications that M   n   and   l a   can be used to track embrittlement for both hydrolysis and oxidation mechanisms. X   c   can also be used, although only for sample degraded via pure hydrolysis. M   n   correlates with the one found by Arhant et al. [53] from the crack propagation rate data.



The tensile strength of the PA11 aged by Costa et al. [51] in aqueous cooling fluids containing acetate and propionate ions with a pH of 5.5 was assessed. As expected, the strain at break decreased over time from around 350% to 25% after 109 days at 120    ∘  C in a relatively exponential way. The authors tracked the CIV as well and discovered that a plateau of 1.0 dL/g was reached after 40 days of aging, all while the strain at break kept decreasing after such aging time. A TGA measurement showed that the amount of plasticizer decreased similarly to the strain at break after reaching the CIV plateau aging time. This indicates that rather than shortening the length of the polymer chains, the PA11 matrix undergoes conformational changes due to the loss of plasticizer.



The already mentioned work from Hocker et al. [58] aimed at aging PA11 with different organic acid solutions to accelerate hydrolysis. In this way, they investigated the individual importance of using molecular weights and crystallinity. The authors used tensile test measurements and defined the polymer to harbor brittle behavior once the sample reached an ultimate strain of less than 100%. Their GPC and DSC data combined with their tensile tests results are shown in Figure 47 and Figure 48, respectively.



When looking at Figure 47, a M   w   of PA11 samples aged in water between 30 to 40 kg/mol corresponded to an ultimate strain of 100%, while the ones aged in butanoic acid and acetic acid did not reach embrittlement at that range and possessed an ultimate strain of about 350%. This is despite the fact that the samples aged in both solutions were in a more advanced degradation state than the ones for water. On the contrary, Figure 48 shows that the correlation between  Δ H   fus   and ultimate strain follows a linear trend, regardless of the organic acid used. This means that crystallinity is a more accurate determinant of embrittlement than chain length. For this material, when  Δ H   fus   > 67 J/g or X   c   > 35%, if  Δ H   fus   = 189 J/g for 100% crystalline PA11, embrittlement is expected regardless of molecular weight. Using a  Δ H   fus   of 226 J/g, this X   c   threshold was equal to 30%. This is either way lower in value than the 45% found for PA6. This perhaps means that PA6 can hold its ductile ability better than PA11 despite high crystallinity. The lower water absorption ability of PA11 and the presence of BBSA as plasticizer are both likely dropping the crystallinity of X   c   in value.



There are some side notes. The authors stipulate that embrittlement has its transition onset starting at around 55–60 J/g for butanoic acid, implying that the range is relatively large. However, this can be explained by the presence of small organic acid molecules, decreasing the  Δ H   fus   at embrittlement. These molecules diffuse themselves into the matrix depending on concentration, temperature, and solubility. The presence of BBSA is known to disrupt and reduce crystallinity, which also impacts  Δ H   fus   at embrittlement. Hocker et al. [58] speculated that the ultimate strain would decrease by about 20%.



Equilibrium was reached for M   w   due to recombination for PA11 aged in water after 50 days as seen in Figure 10. At that time,  Δ H   fus   does not reach equilibrium, but rather rises from 67 to 81 J/g after 240 days of aging, showcased in Figure 25. This increase is originating from thermal annealing according to the authors.



The shortening of chain length seen from the reduction in M   w   and subsequent rise in chain mobility lead to chemi-crystallization which increased X   c  . In other words, the two parameters are inter-connected with one another, hence their similarity in behavior. However, according to Hocker et al. [58], for the determination of embrittlement, chain scission acts more as the enabler for the formation of hydrogen bonds. These hydrogen bonds are responsible for the brittle behavior of the material.





6. Mechanism Overview


Before immersion in water, the matrix of polyamide (PA) materials consists of long aliphatic chains containing amide groups in the middle as well as carboxylic acid and amine end groups, depending on the type of PA. These groups form hydrogen bonds with themselves, which makes up the  α -crystalline structure of the polymer. Areas lacking such dipole–dipole interactions are  β -amorphous.



Immediately after immersion, the polymer undergoes plasticization, resulting in a fast increase in crystallinity ratio, a decrease in molecular weight and mechanical strength. The water molecules diffuse through the matrix, swelling and expanding the material. The kinetics of diffusion are discussed in detail in the review written by Venoor et al. [21]. When the matrix is saturated with water, the water molecules start creating and inserting new hydrogen bonds between the polar groups of the amorphous areas of the polymer. This causes a transition from a  β -amorphous to a monoclinic  α -crystalline phase which is only possible when aging PAs in water. The presence of water induces water-assisted hydrolysis on the amide middle groups, provoking chain scissions randomly over the polymer chains. From a chemical point of view, two molecules of water react with the electropositive carbon of the amide carbonyl in a concerted way. Following the Grotthuss mechanism, a proton simultaneously jumps from the then-formed hydronium cation, leading to the formation of a primary amine and a carboxylic acid group [59]. The basic reaction mechanism is shown in Figure 49.



After plasticization, the material undergoes chemi-crystallization, a process in which the shorter polymer chains obtain higher mobility within the matrix which allows them reorganization into new crystallites. This is governed by the new hydrogen bonds formed between end groups and bound water. Ultimately, hydrolysis reaches chemical equilibrium where condensation rivals thermodynamically. This is shown by a stalemate in the rise of crystallinity, a decrease in molecular weight, and a decrease in mechanical strength over time. Depending on the conditions, it is likely that the PA transitioned from harboring a ductile mechanical property to a brittle one, i.e. reached embrittlement. At this point, the concentration of tie molecules between crystalline and amorphous phases as well as the number of entanglements reaches a critical threshold that results in a drastic drop in maximal stress of the material. For clarity, an illustration of changes occurring in the PA matrix over aging time is shown in Figure 50.




7. Conclusions and Perspective


To the best of our knowledge, most if not all the research relevant to the degradation understanding of polyamide (PA) under pure hydrolysis is compiled in this review. When aged in hot deoxygenated water, PA degrades through hydrolysis, decreasing its molecular weight, mechanical strength, and rising the crystallinity ratio in a logarithmic fashion over time. Increasing the temperature enhances this trend to reach the plateau faster, but can also further said plateau to reach more extreme levels. The kinetics of degradation and the changes in the molecular structure with PAs degraded under hydrolysis are also contrasted with those degraded under pure oxidation and hydrothermal oxidation. It is shown that both molecular weight and mechanical strength lessens the slowest when aging PA in deoxygenated water. The crystallinity ratio rises faster under pure hydrolysis than oxidation. The evidence of oxidation is also monitored using infrared spectroscopy by tracking the signals for imide groups.



The ductile to brittle transition or embrittlement is found to be traceable by crystallinity ratio. Molecular weight can also be used, but less so for the case of hydrolysis purely. An estimation on the molecular weight at the point of embrittlement is conducted in the cited work.



Analyzing each article also unravels gaps in the research. The question of embrittlement and which parameter to trust remains to be discussed and could be further researched by investigating the crystalline properties of PA6, PA66, and other PAs. Many factors impact the degradation of PAs in water, some more than others. Ultimately, if either crystallinity or molecular weight is found to be the most trustworthy parameter for other PAs, a model can be constructed along with all the factors listed in this review that impacts it. Models based on water absorption, water diffusion, kinetics, and more already exist, but often remain limited to the singular context in which they are made from. This review serves as a tool to glance at the work conducted on the matter and the many conclusions drawn from the data. The many graphs shown here can be used as reference for future novel research.
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Figure 1. Changes in M   n   of PA6/C over time at 100, 120, 130, and 140    ∘  C when immersed in water. Data from [52]. 
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Figure 2. Changes in M   n   of neat PA6 over time and degradation mechanisms at 80    ∘  C. Data from [48]. 
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Figure 3. Changes in M   n   of neat PA6 over time with a pre-oxidative stage at 100    ∘  C. Data from [48]. 
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Figure 4. Changes in M   n   for neat PA6, and PA6/C at 120    ∘  C for up to 200 and 28 days, respectively. Data from [52,56]. 
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Figure 5. Changes in M   n   for neat PA6 without additives in deoxygenated water with varying temperatures. The dotted lines are here for illustrations and does not represent a mathematical fitting. Each reaction temperature has a shape and symbol respectively. The see-through plot in the background corresponds to the data for oxidation. Data from [55]. 
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Figure 6. Changes in M   n   for neat PA6 without additives in dry hot air with varying temperatures. The dotted lines are here for illustrations and does not represent a mathematical fitting. Each reaction temperature has a shape and symbol respectively. The see-through plot in the background corresponds to the data for hydrolysis. Data from [55]. 
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Figure 7. Changes in M   w   for neat PA11 at 90    ∘  C and 135    ∘  C for up to 260 days. Data from [68]. 
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Figure 8. Changes in M   w   for plasticized PA11 aged at 100    ∘  C, 120    ∘  C, and 140    ∘  C. Data from [59,69]. 
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Figure 9. Series of reached M   w   at equilibrium from aged PA11 at varying temperatures. Data from [69]. 
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Figure 10. Variations of M   w   for PA11 in different acidic conditions at 120    ∘  C. Data combined from both works of Hocker et al. [58,61]. 
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Figure 11. Variations of M   w   for stabilized PA11 in different acidic conditions at 100    ∘  C. Data from the second work of Hocker et al. [58]. 
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Figure 12. Second heating scans of PA6/C as a function of time at 120    ∘  C. Data from [52]. 
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Figure 13. Variations in X   c   of PA6/C as a function of time and temperature. Data from [52]. 
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Figure 14. Changes in X   c   of neat PA6 over time and the three different degradation mechanisms investigated at 80    ∘  C with a starting X   c   of 20%. Data from [48]. 
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Figure 15. Concentration of chain scission in the amorphous phase of neat PA6 over time and degradation mechanisms at 100    ∘  C. Data from [48]. 
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Figure 16. Second heating scans of neat PA6 with varying aging time at 120    ∘  C. Data from [56]. 
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Figure 17. Variations of X   c   for PA6/C and neat PA6 over time at 120    ∘  C. Data from [52,55,56]. 
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Figure 18. Variations of X   c   for neat PA6 over time at different temperature under pure hydrolysis condition. The dotted lines are here for illustrations and does not represent a mathematical fitting. Each reaction temperature has a shape and symbol respectively. The see-through plot in the background corresponds to the data for oxidation. Data from [55]. 
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Figure 19. Variations of X   c   for neat PA6 over time at different temperature under thermal oxidation condition. The dotted lines are here for illustrations and does not represent a mathematical fitting. Each reaction temperature has a shape and symbol respectively. The see-through plot in the background corresponds to the data for hydrolysis. Data from [55]. 






Figure 19. Variations of X   c   for neat PA6 over time at different temperature under thermal oxidation condition. The dotted lines are here for illustrations and does not represent a mathematical fitting. Each reaction temperature has a shape and symbol respectively. The see-through plot in the background corresponds to the data for hydrolysis. Data from [55].
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Figure 20. Second heating scans of PA11 aged in water at 110    ∘  C at pH 7.0. Data from [62]. 
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Figure 21. Second heating scans of PA11 aged in oilfield water at 120    ∘  C at pH 5.5. Data from [1]. 






Figure 21. Second heating scans of PA11 aged in oilfield water at 120    ∘  C at pH 5.5. Data from [1].



[image: Chemistry 06 00002 g021]







[image: Chemistry 06 00002 g022] 





Figure 22. Second heating scans of PA11 aged in salted water at 120    ∘  C at pH 5.5. Data from [51]. 
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Figure 23. Cooling scans of PA11 aged in water at 110    ∘  C at pH 7.0. Data from [62]. 
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Figure 24. Cooling scans of PA11 aged in oilfield water at 120    ∘  C at pH 5.5. Data from [1]. 
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Figure 25. Variations of X   c   for plasticized PA11 over time at 120    ∘  C with different organic acids, along with another plasticized PA11 aged in water at 120    ∘  C and 110    ∘  C. Data for water, acetic, and butanoic acid from [58] and for water at 110 and 120    ∘  C from [62]. 
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Figure 26. Infrared spectra of PA6 aged in deoxygenated hot water at 80    ∘  C over time. Data from [48]. We note that, as the spectra were stacked on top of each other, the data extraction was trivial, and some minor negligible variations may be present. 
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Figure 27. Infrared carbonyl region of PA6 aged in pure water at 80    ∘  C. Data from [48]. 
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Figure 28. Infrared carbonyl region of PA6 aged in dry air at 80    ∘  C. Data from [48]. 
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Figure 29. Infrared carbonyl region of PA6 aged in oxygenated water at 80    ∘  C. Data from [48]. 
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Figure 30. Infrared spectra of PA11 aged in deoxygenated hot water at 120    ∘  C for 120 days. The signals of interest are labelled. Data from [59]. 
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Figure 31. Infrared carbonyl region of PA6 aged in deoxygenated water and nitrogen gas (T) at 110    ∘  C and pH 4. Data from [57]. 
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Figure 32. Stress–strain curves of PA6/C aged at 100    ∘  C over time. Adapted with permission from ref. [52]. Copyright © 2021 Elsevier Ltd. 
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Figure 33. Stress-strain curves of PA6/C aged at 140    ∘  C over time. Adapted with permission from ref. [52]. Copyright © 2021 Elsevier Ltd. 
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Figure 34. Changes in G   IC   of PA6/C over time and temperature. Adapted with permission from ref. [52]. Copyright © 2021 Elsevier Ltd. 
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Figure 35. Plot of fatigue crack growth rate against  Δ G over time at 100    ∘  C with model fit. Data from [53]. 
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Figure 36. Plot of fatigue crack growth rate against  Δ G over time at 140    ∘  C with model fit. Data from [53]. 
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Figure 37. Strain at break of PA6 under pure hydrolysis or thermal oxidation over time and temperature. Data from [55]. 
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Figure 38. Maximum stress of PA6 under pure hydrolysis or thermal oxidation over time and temperature. Data from [55]. 
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Figure 39. The stress–strain curve of PA11 under pure hydrolysis over time at 120    ∘  C. The unit of strain is unspecified. Data from [60]. 
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Figure 40. The stress–strain curve of PA11 under pure hydrolysis and anaerobic thermal (T) aging over time at 110    ∘  C. Data from [57]. 
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Figure 41. Fracture toughness of PA6/C aged at varying temperature against M   n   with trendline. Adapted with permission from ref. [52]. Copyright © 2021 Elsevier Ltd. 
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Figure 42. Crack propagation rate of PA6/C aged at varying temperature against M   n   with trendline. Adapted with permission from ref. [53]. Copyright © 2022 Elsevier Ltd. 
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Figure 43. Strain at break against M   n   under pure hydrolysis and oxidation with linear correlation for neat PA6. Adapted with permission from ref. [55]. Copyright © 2021 Elsevier Ltd. 






Figure 43. Strain at break against M   n   under pure hydrolysis and oxidation with linear correlation for neat PA6. Adapted with permission from ref. [55]. Copyright © 2021 Elsevier Ltd.



[image: Chemistry 06 00002 g043]







[image: Chemistry 06 00002 g044] 





Figure 44. Maximum stress against M   n   under pure hydrolysis and oxidation for neat PA6. The dotted line showcases the M   n   at which the maximum stress drops. Data from [55], the triangle, square, diamond, and circle symbols are from the following sources respectively [97,98,100]. 
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Figure 45. Strain at break against X   c   under pure hydrolysis and oxidation condition with linear correlation for neat PA6. Adapted with permission from ref. [55]. Copyright © 2021 Elsevier Ltd. 
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Figure 46. Maximum stress against X   c   under pure hydrolysis and oxidation condition for neat PA6. Adapted with permission from ref. [55]. Copyright © 2021 Elsevier Ltd. 
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Figure 47. Correlation between ultimate strain and M   w   of PA11 aged in water and organic acids. Adapted with permission from ref. [58]. Copyright © 2018 Elsevier Ltd. 
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Figure 48. Correlation between ultimate strain and melting enthalpy ( Δ H   fus  ) of PA11 aged in water and organic acids. Adapted with permission from ref. [58], Copyright © 2018 Elsevier Ltd. 
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Figure 49. Reaction mechanism of water-assisted hydrolysis of amide groups. 
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Figure 50. Illustration of the changes occurring within the PA matrix when aging in deoxygenated water. (a) Crystalline phase before immersion in water, (b) amorphous region before immersion, (c) plasticization with free and hydrogen bound water, (d) chain scission due to hydrolysis, (e) chemi-crystallization. The blue circles and red dotted lines represent water molecules and hydrogen bonds. 
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Table 1. The principal effects of experimental variable upon the physical response parameters from tensile testing of PA11. The gray background represents a lack of data/correlation. Data from [54].
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	Temperature
	Strain Rate
	Notch Radius
	CIV
	Plasticizer





	High E   sec  
	Low
	High
	-
	-
	Low



	High   σ 20  
	-
	High
	High
	Low
	Low



	Low H
	-
	High
	High
	-
	-



	Low   ε f  
	-
	-
	-
	Low
	-
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