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A B S T R A C T   

Polymer crazing is a phenomenon observable as fine cracks on the surface of a material. For polymers crazing is 
often a precursor to mechanical failure with the capacity of a craze to propagate and develop into a larger 
structural crack. In this study polypropylene (PP) fibres, known to be susceptible to crazing, were subjected to 
argon (Ar) plasma treatment with the aim of creating a crosslinked surface that displays the ability to withstand 
the formation of crazes. To evaluate Ar plasma success at achieving this aim: the resulting Ar treated fibres were 
characterised to evaluate their capacity to avoid the formation of crazes and also identify any changes induced to 
the chemical and mechanical properties of PP as a consequence of Ar plasma exposure. This analysis was con-
ducted by application of low voltage (LV)-scanning electron microscopy imaging, uniaxial tensile testing, Energy 
Dispersive X-ray Spectroscopy (EDS) and attenuated total reflectance - fourier-transform infrared spectroscopy 
(ATR-FTIR). The results of this study highlight the potential of the application of Ar plasma to influence the 
formation of crazes on PP fibres after exposure to repeated dynamic distention cycles. Ar plasma treated PP also 
showed a capacity to reduce bulk fibre oxidation when compared to that of non-treated PP when exposed to 
dynamic distention and subsequently immersed in an oxidative stress environment.   

1. Introduction 

Materials are rarely deployed in static environments, rather they are 
regularly exposed to diverse and varying stresses within dynamic envi-
ronments. These stresses, initially effecting the surface of materials, can 
have detrimental consequences to key functional material properties. 
This includes the formation of crazes, a precursor to a deeper crack, 
which has been associated as a prime failure mechanism for polyolefines 
[1]. Crazes have been extensively studied with their origins known to 
originate from high tensile and bending stresses [2,3]. Crazes often 
represent the first step of the fracture process in polymers in relation to 
the characteristic ratio of the intrinsic flexibility and rigidity of a mo-
lecular chains [4]. The void space which crazes create introduce in-
homogeneities in the polymer surface which if not stabilised, by fibril 
polymer chains, can break and effect bulk fibre structural mechanical 
properties. Crazes are most common in fibrous structured polymers 
where the stress distribution is favourable for their formation through 
fibrillar deformation [5]. 

Aside from being a precursor to a crack, with potential for fibre 
breakage and failure, crazes have been considered to act as a route for 

oxidation to occur within the bulk polymer fibres. Recently emphasised 
has been the effect of crazes on the functional properties of surgical 
mesh fabricated from polypropylene (PP) fibres [6]. Safety concerns 
have long been raised regarding PP mesh implants as a consequence of 
the findings of research examining both patient outcomes and in vitro 
studies [7]. Studies have also long reported surface alterations, such as 
cracks and flaking, on explanted PP mesh [8,9]. With explanted PP 
meshes from humans having shown the occurrence of crazing on the 
surfaces of fibres [10]. The combination of dynamic distention and 
oxidative stress has shown the capacity to cause bulk fibre oxidation, 
with the formation of crazes considered as a pathway for oxidative 
agents. For PP fibres, studies have shown that dynamic distention of PP 
mesh materials for just 3 days causes irreversible distortion and 
remodelling of the mechanical properties of PP meshes [11]. This is not 
surprising with mechanical energy known to have the ability to break 
and form chemical bonds with the capacity to effect bulk mechanical 
properties [12,13]. It has been well documented that crazing can both 
reduce the ductility of a polymer under tensile loads and form shear 
stress bands which under compression lead to structural deformation 
[14]. 
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The ability to tailor or mediate the formation of crazes is an attrac-
tive proposition and one that could greatly improve current polymer 
processing. It has been proposed that crazing can be avoided by the 
modification of polymer chain structures. Specifically, through 
increasing the number of entangled molecular chains which span the 
crazes fracture interface [1]. It has been considered that increasing a 
materials molecular entanglement may reduce the craze propagation 
criterion thereby reducing the likelihood that formation of larger frac-
ture sites will occur. It is expected that this would result in minimising 
the effects of repeated dynamic distention and reduce the capacity of 
bulk fibre oxidation. The latter being as a response to the reduction of 
crazes restricting a pathway for bulk fibre oxidation. With the aim to 
minimise craze formation this study applies low-pressure argon (Ar) 
plasma to PP fibre mesh to generate a crosslinked “sheath” within the 
fibre surface to reduce the potential for surface crazing. For polymer 
processing, Ar plasma has been previously shown not to impart func-
tional group subsurface alterations [15] but has the capacity to create 
highly cross-linked surfaces [16] and nano-surface structures [17]. 
Despite Ar plasma known to facilitate cross-linking via fragmentation 
and subsequent recombination of polymer chains [18–20], no study to 
date has applied Ar plasma with the objective of deterring craze for-
mation. To evaluate if the Ar plasma treatment reduced the formation of 
crazes in PP samples low voltage – scanning electron microscopy 
(LV-SEM) was performed, and to observe if the treatment mitigated the 
effects of dynamic distention or accelerated oxidation, uniaxial tensile 
testing, energy dispersive X-ray spectroscopy (EDS) and attenuated total 
reflectance - Fourier-transform infrared spectroscopy (ATR-FTIR) was 
performed. 

2. Materials and methods 

A workflow of the experimental set up is presented in Fig. 1. 

2.1. Sample preparation 

Strips of commercially available PP surgical mesh, (Prolene® Mesh, 
Ethicon, Belgium), were cut into 1.5 cm × 1.5 cm strips using sterilised 
scissors within a cell culture cabinet along the longitudinal direction of 
the surgical mesh. The mesh selected for this study was a monofilament 

textile knitted material with a macroporous structure and a fibre 
diameter of ~150 μm. 

2.1.1. Low temperature argon (Ar) plasma treatment 
A subset of samples were prepared by exposing them to low-pressure 

Ar glow discharge in a Diener Electronic Zepto plasma cleaner at 40 kHz, 
100 W, and 0.3 mbar air for 10 min in Tyvek gas semi-permeable 
packaging. 10 min of exposure was chosen as a maximum limit to 
exclude any effects of sample heating which have been shown to lead to 
additional surface modifications [21]. 

2.1.2. Dynamic distention 
The application of in vitro fatigue testing to assess surgical mesh has 

been published in detail previously [11]. In brief, both Ar plasma 
treated, and control PP samples were clamped flat with a distance of 8 
mm between the two grips of a TC-3 load bioreactor (Ebers Medical 
Technology SL, Zaragoza, Spain) along the longitudinal direction of the 
surgical mesh. Samples were immersed in deionised water. Samples 
were subjected to 25 % repetitive cyclic uniaxial distension at a fre-
quency of 0.5 cycles per minute at 37 ◦C for 3 days. 

2.1.3. Accelerated degradation test 
Samples were subject to an accelerated degradation test. The pro-

cedures adopted for the study were conducted in accordance with the 
recommendations of ISO 10993-13, Biological Evaluation of Medical 
Devices—Part 13: Identification and Quantification of Degradation 
Products from Polymeric Medical Devices [22]. For both test conditions 
10 g of mesh was placed in the stainless steel collection chamber with an 
appropriate (test article solution ratio of 1 g:10 mL) of 3% hydrogen 
peroxide (H2O2) Hydrogen peroxide solution, contains inhibitor, 30 wt 
% in H2O, ACS reagent. (Sigma-Aldrich, UK). Samples were then incu-
bated at 37 ◦C for 21 days without agitation. Both temperature and the 
time duration selected where selected as a result of reference to ISO 
standards and previous studies [8,22]. 

2.2. Low voltage (LV)-scanning electron microscopy imaging 

FEI Helios Nanolab G3 (FEI Company, US) and Helios G4 DualBeam 
(ThermoFisher Scientific, US) microscopes were employed for surface 

Fig. 1. Workflow of the experimental set up.  
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morphology observations of PP samples. In contrast to common scan-
ning electron microscopy (SEM) analysis practice, samples were not pre- 
treated with a conductive coating by deposition. An accelerating voltage 
of 1–2 keV at typical chamber vacuum pressures in the range of 10−6 

mbar and a working distance of 4 mm were chosen to avoid sample 
damage through surface charging. An Everhart-Thornley Detector (ETD) 
was selected for low magnification SE images and a Through Lens De-
tector (TLD) for high magnification SE images. 

2.3. Uniaxial tensile testing 

Uniaxial ramp testing was performed for both PP sample sets after 
dynamic distention conditions. A tensiometer (MultiTest-dV, Mecmesin) 
was used. Test pieces (n = 4, for each material) were clamped between 
two grips of the tensiometer with a testing length of 10 mm. A load cell 
of 250 N was used. The sample meshes test pieces were loaded in the 
longitudinal direction, in the direction of use as indicated by the 
manufacturer. A tensile test was then applied at a rate of 0.1 mm s−1. All 
experiments were performed under constant laboratory conditions 
(23 ◦C, British air humidity 80 %). 

2.4. Energy dispersive X-ray spectroscopy 

FEI Nova nanoSEM 450 (FEI Company, USA) SEM equipped with an 
Energy Dispersive X-ray Spectroscopy (EDS) detector (Oxford In-
struments, UK) was used to capture EDS spectra. EDS spectra were taken 
from the centre of each PP fibre to mitigate any effects associated with 
fibre orientation. The spectra were obtained with a 10 keV accelerating 
voltage using a 4.5 spot probe current at a working distance of 5 mm. 
Data analysis was automated by the application of Aztec EDS analysis 
software (Oxford Instruments, UK). 

2.5. Attenuated total reflectance - fourier-transform infrared spectroscopy 
(ATR-FTIR) 

Infrared spectra were obtained for all test PP samples with a NICO-
LET 380 Fourier-transform infrared (FTIR) spectrometer (ThermoFisher 
Scientific, US). Samples were purged with dry air before spectra 
collection in the range from 500 to 4000 cm−1 averaging 32 scans and a 
resolution of 4 cm−1. The samples were analysed in their solid state form 
using an attenuated total reflection (ATR) accessory with a Golden 
Gate® diamond crystal (Specac, UK). 

Fig. 2. [a] Reaction of argon plasma initiating PP free radical formation. [b] 
PP recombination reaction. [c] hypothesised formation of PP crosslinked sur-
face sheath. 

Fig. 3. LV-SEM images of [a] non-treated PP, [b] non-treated PP after dynamic distention (DD), [c] Ar plasma treated PP, [d] Ar plasma treated PP after dy-
namic distention. 
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2.6. Statistical analysis 

Statistical analysis and graph production was performed using the 
GraphPad Prism version 9 software (GraphPad Software, Inc.; La Jolla, 
USA). Data are reported as mean ± standard deviation. The significance 
level was defined as p < 0.05. 

3. Results and discussion 

3.1. Experimental underpinning and theoretical hypothesis 

It has been long established that various different types of plasma 
treatments; gas compositions and plasma conditions can impart varying 
surface modifications on polymers [15–20,23]. Surface modifications 
including both physical (etching/roughness) and chemical (addition of 
surface functional groups/crosslinking) have been employed for the 
benefit of processing polymers. However, to date there has been little to 
no consideration given to the application of plasma for the use of 
reducing the capacity of a fibrous polymers to undergo the process of 
crazing. The design of this study set on the application of Ar plasma to 
create a crosslinked surface layer on the surface of PP to not only reduce 
the formation of crazes but to restrict the route of bulk fibre oxidation 
provided by its propagation pathway. Fig. 2A presents the known 
mechanism by which Ar plasma can be applied to initiate PP radical 
formation by creating initial chain fragmentation (note this is a 
simplified reaction and within the molecular structure of PP it is ex-
pected that there would be non-linear oriented polymer chains with 
entanglements present). Fig. 2B presents how the creation of free radi-
cals can then trigger a recombination reaction creating crosslinked PP 
polymer chains. It is the hypothesis of this study that the formation of 
such crosslinked changes will increase the molecular chain entangle-
ment localised to the surface of the PP fibres. It has previously been 
considered that increasing the molecular chain entanglement of a 

polymers surface could in practice reduce the capacity of crazes to form. 
As presented in Fig. 2C the expectation is that the increase in crosslinks 
(creation of a surface sheath) will reduce the propagation of surface 
crazes when mechanical stress is applied to the polymer. 

To test the hypothesis, PP fibres after Ar plasma treatment under-
went dynamic distention, shown previously to produce crazes [6]. The 
PP fibres were then characterised to evaluate if crazes were identifiable 
and also if changes to the PP material properties known to be of a 
consequence of craze formation, eg fibre stiffness and oxidation, were 
observable. Additionally, recent studies have hypothesised the capacity 
of crazing to allow for a pathway for bulk fibre oxidation [6,24]. To test 
if crazing could provide such a pathway, accelerated degradation after 
dynamic distention was performed on PP fibres pre and post Ar plasma 
treatment to give insights into potential routes of fibre oxidation. 

3.2. Surface morphology 

Fig. 3 presents LV-SEM images of PP mesh with and without Ar 
treatment and before and after dynamic distention. Regardless of the PP 
mesh undergoing no treatment (Fig. 3A), surface markings are present 
on PP fibres when imaged prior to dynamic distention. These markings 
are observable longitudinally and considered to be due to mechanical 
stress applied in the fabrication of the mesh knit structures. After dy-
namic distension it is notable that non-treated fibres (Fig. 3B) exhibit 
cracking not only along the longitudinal markings observed prior to 
dynamic distention, but also craze related cracking (highlighted by 
white arrow in (Fig. 3B)) across the fibres. For images collected from PP 
+ Ar before dynamic distention (Fig. 3C) the surface morphology ap-
pears very similar to that of non-treated PP (Fig. 3A). Minor differences 
are observable however, notably in the reduction of the size of particles 
apparent on non-treated fibre surfaces. It appears the application of Ar 
treatment has etched away at these surface particles. This is observation 
consistent with known mechanisms of Ar plasma applications [25]. After 

Fig. 4. LV-SEM images of [a-b] non-treated PP after dynamic distention (DD). [c] Ar plasma treated PP after dynamic distention and [d] a cryo cross-section of a 
Ar plasma treated PP after dynamic distention. 
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dynamic distention the PP + Ar fibres appear to display less surface 
cracking and markings compared to that of non-treated PP. Additionally 
unlike PP after dynamic distention, there also appears to be no apparent 
signs of surface crazing, however surface aberration markings are still 
observable. 

To better visualise the surface morphology of PP fibres after dynamic 
distention, LV-SEM images at higher magnifications using a through- 
lens-detector (TLD) were collected and presented in Fig. 4 (A-C). 
Without the application of Ar plasma treatment, and as published in 
previous studies, it is observable that after dynamic distention PP un-
dergoes crazing (Fig. 4A&B) [6]. In this study it is observable that 
crazing occurs both in the micron and nanoscale length scale (Fig. 4B), 
with larger crazes having the potential to propagate into more con-
ventional cracks with a void. When comparing the surface morphology 
of PP with and without Ar plasma treatment after dynamic distention 
(Fig. 4. A&C) aside from the reduction of crazes it is observable other 
visual differences exist. For PP treated with Ar plasma it is apparent that 
nanoscale “islands” are present along the fibres. These islands of nano-
particles are expected to be formed during plasma etching. It is proposed 
that during the Ar plasma interaction with the PP surface, amorphous 
regions are etched away [16,26]. During a high energy physical etching 
process, which has previous been employed to nanotexture amorphous 
carbon films [26], free radicals can then trigger a recombination reac-
tion creating crosslinked polymer chains [15,16]. It is considered that 
this also creates a plasma-initiated fibre coating/sheath with an 
increased crosslinking density. Fig. 4 D displays an image of a 
cross-sectioned Ar treated PP fibre with what appears to be a sheath-like 

coating pealing away from the fibre bulk after cyro-sectioning. 

3.3. Uniaxial tensile testing 

The tensile properties of PP mesh after dynamic distention, both with 
and without Ar plasma treatment was measured using a tensiometer and 
comparisons made to control (with no dynamic distention) samples. 
Stress strain curves are displayed in Fig. 5A–C and bulk mechanical 
properties (Fig. 5D) are presented showing both mesh materials were 
affected by dynamic distention. This result is consistent with previously 
published studies which have shown the impact of repeated dynamic 
distention of PP mesh [6,11]. Comparing both Ar teated and control PP 
mesh after no dynamic distention it is notable that the application of Ar 
plasma treatment increased the stiffness and subsequent Youngs 
Modulus on the PP mesh fibres. This again is an expected result as it has 
been shown Ar plasma treatment has the capacity to not only increase 
the density of polymer crosslinks but also directly affect a polymers 
surface stiffness [15,16]. It is therefore considered that the surface 
stiffness and increased crosslink density are directly associated rather 
than separate phenomena. 

When comparing Ar plasma treated samples (with and without dy-
namic distention) (Fig. 5B) with non-treated PP (without dynamic 
distention) (Fig. 5C) it is notable that there is a larger increase in stiff-
ness and subsequent Young’s Modulus for non-treated PP samples. Un-
like non-treated PP, for Ar plasma treated samples there is no significant 
increase in Young’s Modulus between with and without dynamic 
distention. This is of note as previous studies have indicated that crazing 

Fig. 5. [a-c] Stress-strain curves of PP mesh with and without Ar plasma treatment and after dynamic distention (n = 4). [d] Graph presenting the Young’s modulus 
of PP mesh with and without Ar plasma treatment and after dynamic distention [n = 4] (*p < 0.05 significance). 
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alone leads to increased crystallinity and stiffness [Fig. 6] [3]. Taking 
into consideration that the Ar plasma treatment initially effected the 
mechanical properties of the PP fibres it can be concluded that dynamic 
distention effected the bulk individual fibres, less than that of the 
non-treated PP. This result does not indicate Ar plasma treated would be 
a more suitable material for use as a surgical mesh, as increased stiffness 

may not be a desirable trait, but instead that the use of Ar plasma can 
alter the effect dynamic distention/formation of crazes has on the me-
chanical properties of PP fibres as hypothesised. 

3.4. Quantification of sub-surface chemistry by ATR-FTIR and EDS 

To obtain a measure of sub-surface oxidation for Ar plasma treated 
and control PP meshes, ATR-FTIR was performed (providing ~2 μm 
sampling depth). Fig. 7A presents the ATR-FTIR spectra obtained from a 
control PP mesh sample and all test samples. FTIR spectra of non-treated 
PP (A.i), PP after Dynamic distention (A.ii), PP + Ar plasma treatment 
(A.iii) and PP + Ar plasma treatment after dynamic distention (A.iv) 
showed no pronounced carbonyl (–C––O; expected range: 1750-1500 
cm⁻1) or hydroxyl (-OH; expected range 3600-3000 cm⁻1) groups [27, 
28]. This indicates that neither dynamic distention nor Ar plasma 
treatment, alone or combined, imparted any notable difference to the 
sub-surface chemistry of PP. This is not an unexpected result as it is 
known the Ar plasma penetrates in the order of nanometers into a 
polymers surface making subsurface interactions at the micron scale 
identifiable by ATR-FTIR unattainable. 

It has previously been stated that crazing of the PP is due to two 
factors in vitro: tensile forces and chemical degradation of the material 
by oxidizing substances. Both factors reinforce each other. The first 
cracks in the material create a new contact surface for oxidizing agents, 
which can then penetrate faster and deeper into the material and further 
weaken its strength. Thus, such a combined mechanism has the potential 

Fig. 6. Reproduced with permission from Ref. [3] under https://creativeco 
mmons.org/licenses/by/3.0/“Stress-strain curves of the PP filament: (a) The 
unprocessed filament and (b) the crazed filament.” 

Fig. 7. [a] ATR-FTIR spectra collected from non-treated PP; non-treated PP after dynamic distention; Ar plasma treated PP; Ar plasma treated PP after dynamic 
distention. [b] ATR-FTIR spectra collected from non-treated PP (after dynamic distention and H202 exposure) and Ar plasma treated PP (after dynamic distention 
and H202 exposure). 
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to be a significant driver of fibre failure. Consequently, Fig. 7B presents 
FTIR spectra of Ar plasma treated and non-treatment PP after dynamic 
distention and acceleration degradation. Compared to the Ar treated PP, 
the non-treated PP showed a significant increase in both –C––O and –OH 
groups. These results indicate, as previously shown, that the combined 
approach of dynamic distention and oxidative stress can cause bulk fibre 
oxidation. Of specific interest is that no such oxidation peaks were 
observable within the Ar treated PP. To confirm these finding EDS was 
performed on non-treated PP and Ar treated fibres after both dynamic 
distention and accelerated degradation. EDS has previously been 
applied to identify oxidation of PP explanted from patients [29]. EDS 
spectra presented in Fig. S1 (supporting information) displays peaks 
related to Carbon and Oxygen which was found present in both samples, 
however the ratio of oxygen to carbon notably reduced within the Ar 
treated PP sample. Results provided from both ATR-FTIR and EDS 
indicate that the crosslinked surface modification on the Ar treated PP 
fibres was sufficient to restrict the process of bulk fibre oxidation. This 
result indicates that decreasing the capacity of crazes to form can in-
fluence the route to fibre oxidation. Previous studies have shown that PP 
has the capacity to oxidise in response to oxidative and mechanical 
stress, termed “mechanochemical stress” [6]. Through the application of 
Ar plasma this study has provided evidence that it is possible to 
modulate this response. 

4. Conclusions 

The results presented in this study show that Ar plasma treatment has 
the capacity to form a crosslinked layer on the surface of PP. This 
crosslinked layer increases the surface localised molecular chain 
entanglement and decreases the formation of crazes. The reduction of 
crazes is shown to not only reduce the observable changes to fibre 
stiffness post dynamic distention, but also can reduce the effect of 
mechanochemical stress that is a cause of bulk fibre oxidation. The re-
sults from this study provides insights into how the application of 
plasma to produce surface coatings could be optimized in future studies 
to produce polymeric fibres less susceptible to the effects of crazing. 
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