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Abstract

In this paper, the effects of hygrothermal ageing and atmospheric plasma surface treatment on a 3D

carbon/epoxy-amine woven composite material are studied. The goal is to study the surface evolution

of the materials in terms of chemical composition and morphology. Plasma treatment is applied on new

and hygrothermally aged samples in order to analyse its contribution to the surface modifications and

degradations. It appears that hygrothermal ageing has irreversible absorption behaviour causing hydrolysis,

oxidation and particle losses, which modifies the surface chemistry and topology. On the other hand, the

atmospheric plasma causes oxidation of the matrix. Indeed, when a repair is necessary, the damaged part

could evolve due to moisture absorption related to ageing. As the fibres are exposed, the topology and

surface chemistry are modified. Nevertheless, it allows to desorb the humidity adsorbed on the surface and

reach an oxidation level similar to unaged treated samples.

Keywords: Carbon/epoxy composite, Particle migration, Hygrothermal ageing, Pre-bond ageing,

Atmospheric plasma, Surface functionalization, Surface chemistry

1. Introduction

Since many decades, polymer-matrix composite materials have been widely used in many industrial ap-

plications, especially in aeronautics. Indeed, aircraft manufacturers have seen in composites the opportunity

to reduce unnecessary onboard weight to impact the fossil fuel consumption of aircraft positively. They en-

able the replacement of metals in non-thermally exposed areas, offering excellent mechanical properties for

low density. Epoxy resins are commonly used as a composite matrix or adhesive for bonded assemblies and

repairs, thanks to the low density of non-crosslinked systems, which facilitates manufacturing. Several char-

acteristics make them excellent candidates as adhesives: the presence of polar groups in their composition,
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which gives them the ability to adhere to substrates, their low shrinkage after cross-linking, and their wide

cross-linking range, from 5 to over 200°C depending on their nature [1, 2].

During their lifetime, aeronautical structures can be damaged in various ways: during their manufac-

ture, in service or during maintenance operations, and as a result of impacts. In this context of massive

introduction of high value-added composite parts, structural repair becomes a key issue for the profitability

of in-flight operations, complicated by the heterogeneity and anisotropy of these materials. These repairs

aim to restore the initial properties of the parent structure in terms of operating performance, rigidity and

safety. Therefore, various works are focused on the certification of these repair processes, which are based

on the guarantee of a level of reliability equivalent to that of a healthy structure. In order to preserve the

aerodynamics of the parts, adhesive repairs are expanding. They consist of replacing the damaged area with

a part made of the same material as the parent structure. The distribution of mechanical stress and fatigue

resistance is good, and the additional weight is very low. Besides, they require control of the assembly and its

manufacturing cycle. It is a fact confirmed in several publications that good adhesive bonding and controlled

surface activation on a sound structure are the guarantees of greatly improved durability under severe envi-

ronmental constraints such as humidity, temperature, and acid-base environments [3–7]. Effective bonding

requires a good surface condition, a contaminant-free substrate surface and a controlled roughness [8]. In

bonded joints, surface treatments are very often used to increase the adhesion of the composite material sub-

strates. They can be mechanical such as sanding and sandblasting, chemical as degreasing, or physical such

as laser, atmospheric and low-pressure plasma treatment [9–12]. Atmospheric plasma treatment, in partic-

ular, has been the subject of numerous studies that have proven its interest in composite material bonding.

It cleans the surface, chemically activates and in some cases alters its topology. The chemical activation of

air or oxygen atmospheric plasmas is caused by oxygen grafting, i.e. by surface oxidation [13–17]. However,

the reality of service life means that when they need to be repaired, composite parts are no longer in a new

post-manufacturing state. These parts have experienced an environmental ageing process, including heat,

humidity, rain, etc. It can change their chemical structure. Consequences of hygrothermal ageing have been

massively studied in the literature: absorption of solvents, migration of additives, plasticization, hydrolysis,

oxidation, differential swelling, depolymerization, embrittlement, cracking, etc [18–23].

These changes are problematic for achieving good bonding. Few studies have observed the consequences

of pre-bond ageing substrates on the interfacial bonding behaviour. It appears in these studies that there

is a decrease in the strength of the bonding joints performed by single lap joint shear test and double

cantilever beam test [24–28]. However, there is limited study of the influence of this pre-bond ageing on

a bonding protocol that involves surface treatments. The physico-chemical modifications induced on the

substrate surfaces were not studied. This paper aims to study the atmospheric plasma contributions on aged

composite material surfaces with a bonded repair perspective. This work proposes to observe and analyse

their surface modifications on the composite material. To begin, the chemical composition of the material
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in its initial state is established. In order to study the aged surfaces, a hygrothermal ageing analysis is

necessary. Differences in surface conditions are possible. Atmospheric plasma treatment is then used on

unaged and aged surfaces in order to improve bonding. Four types of 3D woven composite material are

studied: unaged untreated, unaged treated, aged untreated and aged treated. ”Unaged, untreated” refers to

an as-received sample, i.e. pristine without plasma treatment. It has been degreased with ethanol. ”Unaged,

treated” is a pristine sample that has been treated with atmospheric plasma. ”Aged, untreated” is a sample

aged in immersion at 70°C, which has not received any surface treatment. It has just been degreased with

ethanol. Finally, ”Aged, treated” is a 70°C immersion-aged sample that has received atmospheric plasma

treatment.

The objective is to compare their morphology, roughness, and surface chemistry. Alterations of ageing,

thus positive and negative effects of plasma on the materials are coupled.

2. Material and methods

2.1. Material

The composite material used in this study is a 3D woven fabric. Carbon fibres are used as reinforcement,

while an aeronautical epoxy/amine is used as matrix. Silicon and calcium-based particles are present in

the material. The epoxy resin formulation, the 3D woven fabric architecture and the particle nature are

confidential. The initial glass transition temperature is Tg=151.6 ± 1.2 °C (obtained by TA Instruments

DSC Q200, temperature at midpoint). The samples have the following dimensions: 50× 50× 9.5 mm3.

2.1.1. Hygrothermal ageing

Hygrothermal ageing of samples has been carried out in immersion in distilled water at 70 °C in a Climats

VRT Extreme 320 climatic chamber during 450 days. They were periodically removed from the water and

weighted using a 0.1 mg resolution Mettler AE 200 electronic balance. Before hygrothermal ageing, the

samples are stocked in an air-conditioned room (20± 1 °C, 35± 5 %RH).

2.1.2. Plasma treatment

The samples are degreased with ethanol before atmospheric plasma treatment. A FG5001+RD1004

OpenAir Plasmatreat atmospheric pressure plasma system is used. The nozzle projects dry compressed air

with a pressure of 1-1.5 bar. It is struck with radio frequency (RF) power at 15-25 MHz. The generator

power is 1 kW. A PT60 OpenAir Plasmastreat table is used to precisely translate the plasma source along

the sample’s length. The plasma parameters are the translation speed of the nozzle, the distance between

the nozzle and the sample surface and the numbers of scans on the surface sample. Plasma treatment

optimization is reached as a minimal contact angle between a drop of distilled water and the sample, hence
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the higher value of surface free energy of the composite is obtained. The optimized parameters are a distance

of 10 mm, a nozzle speed of 1m/min and three scans.

2.2. Methods and instrumentation

2.2.1. Scanning electron microscopy (SEM)

Before and after atmospheric plasma treatment, the surface morphology of the unaged and aged samples

is observed using the ZEISS EVO HD15 environmental scanning electron microscope (SEM). As samples

surfaces are not metallized, observations were made in a degraded vacuum with a pressure of 20 Pa. Pictures

were performed with backscattered electron radiation. This type of electron is sensitive to the atomic number

of the atoms constituting the sample. Heavier atoms will re-emit more electrons than lighter atoms and

appear brighter. These measurements are complemented by AZtec energy-dispersive spectroscopy (EDS)

from Oxford Instruments to verify the chemical composition of the sample surface. EDS maps are used

to analyse chemical composition and distribution. On the maps, white pixels indicate the presence of the

chemical element. The more pixels, the more atoms are present. Each SEM and EDS analysis is performed

in several areas of the studied samples to confirm the repeatability of the observations.

2.2.2. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy is used to obtain information on the chemical bonds of functional

groups present on the surface of samples. The bonds vibrate at a given frequency, which depends on the

atoms and the environment of the bond. Measurements were performed in absorbance on the Perkin-Elmer

Spectrum One apparatus with the attenuated total reflectance (ATR) module. The detector type is a mid-

infrared toroidal grating spectrograph (MIR TGS) with a wavenumber range of 4000-650 cm−1. Crystal is

a Diamond/ZnSe. After a background, eight scans were performed with a resolution of 1 cm−1. Corrections

of the wavenumber thickness dependence and the baseline were made. The spectra are normalized to the

1510 cm−1 peak, corresponding to the aromatic C=C band, unaffected by ageing [29–31]. Each FTIR

spectrum is performed three times per sample to ensure repeatability.

2.2.3. Surface roughness

Surface roughness of the untreated and plasma-modified, unaged and aged samples was measured using

the Keyence VHX-6000 3D digital microscope and processed using the 3D surface measurement software

Vision64 Map. Different parameters are studied to compare the profiles, according to the standard EN ISO

4287: Geometrical Product Specifications (GPS) — Surface texture: Profile method. Ra is the arithmetic

average value of filtered roughness and Rq is the root mean square deviation. Rq, through its formula,

highlights the presence of high peaks or deep valleys. Their formulas are noted below:

Ra =
1

l

∫ l

0

|Z(x)|dx (1)
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Rq =
1

l

∫ l

0

|Z(x)2|dx (2)

Where Z(x) is the height of the profile for a position on the sample surface x, l is the sampling length. Two

other parameters are used and defined below: Rsk the profile skewness and Rku the kurtosis that means the

flattening coefficient of the profile.

Rsk =
1

R3
q

[
1

l

∫ l

0

Z(x)3dx] (3)

Rku =
1

R4
q

[
1

l

∫ l

0

Z(x)4dx] (4)

Rv and Rp are respectively the maximum depth of the valleys and the maximum height of the peaks.

2.2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy analysis was carried out to determine the functional groups and their

content on the surface of the untreated and plasma-modified, unaged and aged specimens. Thermo K-alpha+

X-ray photoelectron spectroscope with the monochromatic Al Kα X-ray radiation was used. The analysed

depth is approximately 3 nm. Pass energies of 19 eV (0.1 eV step) were used for the high-resolution spectra.

Ten scans for each high-resolution spectrum of the XPS main C1s peaks were recorded. No neutralization

was needed for the samples. The calibration was done with the main component of the C1s peak, associated

with the value of 284.7 eV [32, 33]. The C1s spectra of all samples were fitted using the PHI-MATLAB

data-processing software. All spectra are referenced to the C1s peak for neutral carbon.

3. Results

3.1. Unaged samples state

A study on the unaged samples before and after plasma treatment was carried out. Morphology, and

chemical composition and distribution are analysed by SEM and EDS in Figures 1 and 2. The SEM images

are associated with EDS maps showing the main chemical elements present in the sample. The darker

areas correspond to the carbon fibres, while the lighter areas are associated with the epoxy-amine matrix.

Particles appear brighter on backscattered electrons SEM images of the surface view because the atoms

constituting them are heavier than those composing the matrix and the fibres. Carbon and oxygen atoms

are associated with the resin. The carbon also corresponds to the fibres. The chlorine atoms are part of the

composition of the amine incorporated in the matrix. Other chemical elements are also regularly distributed

in the unaged material: silicon and calcium. They are also present in the composite bulk and the neat resin

bulk.

FTIR analysis in Figure 3 allows the identification of the matrix different absorption bands before their

chemical evolution. The spectra are identical for the neat resin and the composite material. The band from
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Particles

Figure 1: Surface view of the unaged composite material (a) secondary electron SEM picture, (b) backscattered electron SEM

picture, (c) EDS maps of principal chemical elements.

3650 to 3150 cm−1 corresponds to O-H bonds. The double peak at 3050 cm−1 is associated with primary

amine N–H bond elongations. The double peak at 2850 cm−1 is linked to alkane C–H bond and secondary

amine N-H elongation. At 1730 cm−1, the peak is assigned to the C=O bond. The peaks at 1600, 1510,

and 1455 cm−1 represent aromatic C=C bonds. The various peaks from 1225 to 1025 cm−1 are related to

the amine C–N, and aromatic C-H bonds [31, 34–36]. At 1025 cm−1, a Si–O peak may be identified due to

the presence of silicon identified by EDS. Some authors have already observed this peak on silica [37–40] or

E-glass [41, 42]. This Si–O peak is due to the presence of silicon and calcium-based particles in the samples

whose chemical composition in unaged composite and neat resin samples had been identified by EDS. Silica

spectra, characterized by the Si–O peak at 1025 cm−1, is presented in Figure 3. This preliminary analysis

provides an indication of the initial chemical composition of the materials used.

3.2. Effects of hygrothermal ageing

Figure 4 shows the sorption curves obtained by gravimetry in immersion at 70 °C for woven 3D composite

materials with dimensions of 50× 50× 9.5 mm3, but also for neat resin with dimensions of 10× 10× 3 mm3.

Carbon fibres being impermeable, the composite mass variations in percentage are reduced to the matrix

mass fraction. To overcome thickness shifts, the square root of time in seconds is divided by the thickness

in millimetres. After 450 days of ageing, saturation is not reached. Mass uptake of neat resin and composite
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Figure 2: Slide view of the unaged composite material (a) secondary electron SEM picture, (b) backscattered electron SEM

picture, (c) chemical element EDS maps of principal chemical elements. Image depth: 2 mm.
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Figure 3: FTIR spectra of unaged neat resins, composite materials and silica.

matrix are respectively 1.21±0.02 % and 1.07±0.003 %. In the neat resin, the water absorption has slowed

down after a first diffusion step reached after about 16 days of sorption. It has led to a second diffusion
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stage. In contrast, the water diffusion in the composite’s matrix does not reach a second diffusion stage

yet. It still seems to be on the first diffusion stage but could eventually achieve a higher water mass uptake.

Despite this ratio, the diffusion kinetics of the composite’s matrix differs from that of the neat resin, which

may suggest that the presence of the fibres has modified this kinetics.

400 days

400 days

Sorption Desorption
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16 days
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Figure 4: Water sorption curves in immersion at 70 °C followed by water desorption curve in an oven at 70 °C, reduced to the

matrix mass faction.

During the hygrothermal ageing, some samples are placed in an oven at 70 °C to be desorbed. After

about 30 days of desorption, the neat resin curve reaches the equilibrium stage. The desorbed samples

do not regain their initial mass but fall to a lower value of −0.48 ± 0.06 %. After more than 200 days of

desorption, the composite samples have not yet reached an equilibrium stage and the desorption, although

slowed, continues. With a negative mass uptake after desorption, the neat resin curve highlights irreversible

mass losses. Therefore, several reversible and irreversible phenomena take place simultaneously and may

be opposed during the moisture absorption phase. Indeed, an apparition of white particles is noticeable in

the water of the immersion beakers. These may be due to extraction from the neat resin and composite

samples. It results in mass losses that distort the gravimetric measurements by lessening the mass uptake.

Results in FTIR of materials at different ageing times and these white particles are shown in Figure 5.

Spectra of extracted particles are characterized by the large peak at 1090-890 cm−1 corresponding to Si–O

bonds. The band from 3650 to 3050 cm−1 is associated with O–H and Si–O–H bonds, while the peak at

3600 cm−1 is assigned to isolated silanol vibrations. These bands are linked to the infrared spectra of silica

[37, 40]. They are also found in the spectra of aged material surfaces. 1090 and 1025 cm−1 peaks present

on unaged spectra merge and intensify with ageing time. Particles may have moved and been deposited to

the surface due to ageing. Moreover, other chemical alterations are noticeable. The band from 3750 to 3150
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cm−1 linked to O–H bonds is marked by a strong increase caused by the absorption of water molecules. The

disappearance of the peaks at 3050 cm−1 and 2850 cm−1 is observed and can be related to the hydrolysis

of N–H and C-H bonds [43]. Finally, a peak appears at 1650 cm−1. It may correspond to oxygen grafting

leading to the formation of C=O bonds [44, 45]. Spectra of the pure resin and the composite material show

the same alterations after ageing.
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Figure 5: FTIR spectra of composite materials at different ageing times (unaged, 150, 200 and 300 days) and of extracted

particles.

SEM microscopies are performed with backscattered electron radiation on aged neat resins and com-

posite materials. Figures 6 and 7 highlight the particles. They appear white on the SEM pictures. The

hygrothermal ageing process causes agglomeration of particles on the surface of the neat resin and the com-

posite material. In addition, cracks and crevices are also visible. They can be linked, on the one hand,

to leaching of the material due to hydrolysis, and on the other hand, to a migration and deposition of the

particles. Abdessalem noted this migration of particles during ageing and highlighted the effect of osmotic

pressure [46]. Under the action of water, the additives rise to the surface and agglomerate. The resin also

appears lighter in colour on Figures 6 and 7, probably as a result of particle clustering and deposition.

3.3. Effects of plasma treatment on aged samples

3.3.1. Roughness measurements

Sample profiles measurements are presented in Table 1. In the state of reception (unaged, untreated

samples), roughness values of Ra = 10.20 ± 0.26 µm and Rq = 12.88 ± 0.22 µm are reported. It skewness

Rsk is less than 0. According to EN ISO 4287 standard, the profile shows more peaks, clipped, than valleys.
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(a) (b)

Particle
Particle

Figure 6: SEM pictures of neat resin (a) unaged untreated, (b) aged untreated (400 days) Backscattered electron images.

(a) (b)

Matrix

Fibres

Matrix

Fibres

Particles

Particles

Figure 7: SEM pictures of composite material (a) unaged untreated, (b) aged untreated (400 days). Backscattered electron

images.

Kurtosis Rku is greater than 3; the profile has very tight peaks or valleys, which is also found with the

maximum heights and depths Rp = 50.26± 7.36 µm and Rv = −74.34± 13.17 µm.

Plasma treatment slightly reduces the roughness Ra and Rq of the samples. The difference between

the zero level and the maximum depths Rv is smaller than untreated samples, suggesting material erosion.

With respect to the uncertainties, Rp does not vary considerably. Furthermore, SEM microscopies highlight

larger or agglomerated particles, which appear brighter in backscattered electrons. EDS cartographies reveal

silicon clusters and calcium increase in Figure 8. Plasma treatment will etch the polymer matrix at a faster

rate than silicon-based particles. Therefore, more particles will be agglomerated on the surface after plasma

treatment. These particle clusters may result in no decrease in Rp.

During ageing, a deposit seems to be created during immersion. It could be caused by extraction of

material, such as particles present in the sample, highlighted by SEM and EDS in the Figure 9. After 400

days of ageing, the silicon and calcium compositions on the surface rise uniformly. It is possible to observe
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Table 1: Roughness parameters of unaged and aged (400 days), untreated and treated samples: Arithmetic average roughness

Ra, root mean square roughness Rq , skewness parameter Rsk, kurtosis parameter Rku, maximum peak Rp, maximum valley

Rv and maximum peak to valley Rz .

Unaged, untreated Unaged, treated Aged, untreated Aged, treated

Ra (µm) 10.20 ± 0.26 9.07 ± 0.64 9.84 ± 0.06 8.33 ± 1.59

Rq (µm) 12.88 ± 0.22 10.98 ± 0.78 12.39 ± 0.06 11.04 ± 1.93

Rsk -0.37 ± 0.24 -0.36 ± 0.39 -0.26 ± 0.17 0.025 ± 0.75

Rku 3.45 ± 0.36 3.09 ± 0.11 3.24 ± 0.04 4.00 ± 0.36

Rp (µm) 50.26 ± 7.36 51.47 ± 10.32 57.53 ± 9.10 61.31 ± 25.69

Rv (µm) -74.34 ± 13.17 -55.52 ± 4.44 -64.53 ± 6.75 -55.74 ± 5.14

Rz (µm) 124.60 ± 20.54 106.98 ± 14.76 122.06 ± 15.84 117.04 ± 30.82

(a) (b)

Fibres

Matrix

Fibres

Matrix

Particle

clusters

Particle

clusters
Particles

Figure 8: SEM picture with EDS maps of unaged composite material (a) unaged untreated, (b) unaged treated. Backscattered

electron images.

this on the EDS maps where the presence of silicon has strongly increased compared to the unaged samples

maps (Figure 8). Ra and Rq are very slightly reduced. An increase in the height of peaks Rp and a reduction

in the depth of valleys Rv are observed (Table 1). They may be caused by the migration and deposition of

the particles on peaks and valleys.

Concerning the aged treated samples, the roughness parameters Ra and Rq are reduced enough compared

to unaged untreated samples. The valleys Rv are shallower. The variability of the Rp value is very high
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Figure 9: SEM picture with EDS maps of 400-days aged composite material (a) aged untreated, (b) aged treated. Backscattered

electron images.

and does not confirm its increase. However, this high standard deviation reflects a significant irregularity

of the aged treated surface. While the epoxy resin seems sensitive to the plasma’s heat, the silicon-based

particles withstand much higher temperatures. By EDS, particle deposition related to ageing and particle

agglomeration linked to plasma-induced matrix degradation (circled spot) are visible (Figure 9). Particle

deposition due to ageing, matrix erosion and particle cluster formation due to plasma could explain this

significant irregularity in the highest peak values Rp. For the four specimen types, the parameter Rku is

always respectively higher than 3. Despite treatment and conditioning, the valleys and peaks remain tights.

While the unaged untreated, unaged treated and aged untreated samples all show a negative Rsk, it is greater

than 0 for the aged treated ones. However, a significant standard deviation is noticeable, suggesting that

the surfaces are pretty irregular. Some areas are probably more provided with particles that will decrease

the plasma heat’s action and thus impact the size and shape of the peaks. Therefore, the silicon particles

extraction during ageing seems to increase the maximum heights and decrease the maximum depths by

covering the surface. In contrast, the plasma treatment reduces maximum heights and depths by eroding

the surface.

3.3.2. Surface chemistry

To obtain information on the surface chemistry, X-ray photoelectron spectroscopy (XPS) measurements

are carried out. Table 2 gives the relative proportions of the different chemical elements. 7 chemical elements

are identified: oxygen, nitrogen, carbon, chlorine, silicon and calcium. Table 3 gives some of their ratios:

O/C, N/C, Si/C and Cl/C. Figure 10 regroups the high resolution C1s spectra for each case and allows the
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identification of the chemical groups related to carbon. The C1s peak of unaged untreated samples is fitted

with 5 components: C=C and C–Si, C–C, C–O and C–N, C–Cl, COO–C and CON–C. Table 4 gives the

proportions of some functional groups of C1s and O1s spectra.

Table 2: Element composition (%) according to the plasma treatment and ageing (250 days), performed by XPS.

Element O1s N1s Ca2p C1s Cl2p Si2s Si2p

Position (eV) 533 400 348 285 201 169 103

Unaged untreated 18.2± 0.9 4.3± 0.2 0.45± 0.02 68.9± 3.9 0.91± 0.05 1.0± 0.05 5.9± 0.3

Unaged treated 29.4± 1.5 2.9± 0.1 0.50± 0.02 55.3± 2.8 0.65± 0.03 1.4± 0.05 9.5± 0.5

Aged untreated 26.2± 1.3 2.1± 0.1 2.20± 0.11 58.2± 2.90 0.11± 0.01 1.47± 0.07 8.98± 0.04

Aged treated 23.9± 1.2 1.30± 0.06 4.9± 0.2 41.2± 2.0 0.10± 0.05 1.47± 0.07 23.2± 1.2

Table 3: Chemical elements ratios according to plasma treatment and ageing (250 days), performed by XPS.

Ratio O/C N/C Si/C Cl/C

Unaged untreated 0.26 0.06 0.10 0.013

Unaged treated 0.53 0.05 0.19 0.011

Aged untreated 0.45 0.04 0.18 0.002

Aged treated 0.58 0.03 0.60 0.002

Plasma causes strong surface oxidation [14, 47], illustrated by the increase in the O/C ratio and the pro-

portions of –(C=O)–O bonds, as well as the decrease in the bonds: C–OH, C–O–C, –(C=O)–O, –(C=O)–N

and Si–O–Si [48]. Surface degradation of the matrix and fibres is also suspected. Indeed, the proportions

of carbon, nitrogen and chlorine decrease while those of oxygen and silicon increase. In addition, satellite

shake-up π − π∗ band appears on the high-resolution spectrum C1s after processing. Representative of the

aromatic and graphitic structures, it is not or hardly detectable on epoxy resins. The shake-up π−π∗ band

appearance implies the exposure of carbon fibres [49, 50]. The proportion of Csp2 is as well accentuated

with treatment. These different variations confirm plasma-induced erosion of the epoxy matrix.

Various phenomena illustrate the ageing of samples. Moisture absorption can be observed by the decrease

of C–C bonds and the increase of C–O [51]. These variations could also be due to oxidation, mainly in the

form of hydroxyl or ether. Although weaker than with plasma treatment, oxidation is noticeable, illustrated

by the increase in the O/C ratio. As previously, the shake-up band π−π∗ appears, a sign of the exposure of

the carbon fibres. The decrease in the N/C and Cl/C ratios is noticeable, reflecting a disappearance of the
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Figure 10: XPS spectra of C1s according to plasma treatment and ageing (250 days).

Table 4: Functional groups proportions for C1s and O1s (%) according to plasma treatment and ageing (250 days), performed

by XPS.

Functional group C=C,

C–Si

(C1s)

C–C

(C1s)

C–O,

C–N

(C1s)

C–Cl

(C1s)

COO–C,

CON–C

(C1s)

–(C=O)–O,

C–O–C,

C–OH,

–(C=O)–N,

Si–O–Si

(O1s)

–(C=O)–O

(O1s)

–(C=O)–O–

(C=O),

O–(C=O)

–O (O1s)

Position (eV) 284.5 285.4 286.4 287.7 288.7 532.4 533.4 534.0

Unaged untreated 58.9 19.2 12.6 5.1 4.2 72.4 27.6 -

Unaged treated 53.0 19.0 25.3 7.0 3.7 21.7 68.4 9.9

Aged untreated 48.9 11.7 13.2 10.4 7.8 58.2 41.8 -

Aged treated 70.7 15.4 3.0 3.7 7.2 64.9 35.1 -

epoxy-curing bonds (–COH–CHx–NH–), which could be caused by hydrolysis [51]. These different variations

suggest leaching of the matrix during ageing. The various chemical degradations observed irreversibly alter

the resin, which can embrittle the surface of the samples and reduce their mechanical properties.
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In addition, a strong increase in the silicon and Si/C ratio is observed after moisture absorption especially

when followed by plasma treatment, which seems to be related to the extraction of the silicon particles.

Plasma treatment on aged samples leads to the following observations. The C–O and C–N bonds which had

increased with the presence of water decreased strongly with the plasma which induces a desorbing effect

of the plasma. Finally, according to the O/C ratios, the oxidation induced is similar to that of an unaged

treated sample.

4. Discussion

Figure 11 illustrates the 4 types of samples studied in this paper.

Fibre

Particle

Matrix

Water desorption
Water absorption

Hydrolysis

Cracks
Particle extraction

Chain scission

Chemical activation

Matrix erosion

Exposed fibre

Particle clusters

(a) Unaged untreated (b) Unaged treated

(d) Aged treated(c) Aged untreated

Figure 11: Ageing and plasma induce phenomena schematisation.

In the unaged untreated state, the 3D woven composite material samples are constituted of an epoxy-

amine matrix reinforced with carbon fibres. Small particles composed of silicon and calcium are observable

by SEM, EDS and XPS (Figure 11 (a)).

During the study, some unaged samples were treated with plasma (Figure 11 (b)). Effects of atmospheric

plasma treatment on unaged surfaces are known: oxidation by oxygen grafting, surface free energy increase

by polarization, higher wettability, slight topological changes. Some chain scission due to the thermal action

of the plasma are nevertheless observed as it happened in other papers [14, 16, 52–56].

Concerning aged samples (Figure 11 (c)), water absorption causes oxidation and hydrolysis of the matrix,

which leads to some scissions of the epoxy/hardener chains and microcracks, as observed in other studies

[21, 22, 45, 57]. This water absorption is counterbalanced by mass losses observed in desorption during
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gravimetry. Theses mass losses are linked to hydrolysis but also particles extraction and deposition in the

surface [46, 58–61]. These phenomena are confirmed in different analyses. SEM coupled with EDS allows

observing a modification of the surfaces, including cracks on the aged neat resin and an increase of silicon and

calcium atom numbers. XPS analyses demonstrate the oxygen and silicon percentages increase, highlighting,

on the one hand, oxidation and moisture absorption and, on the other hand, migration of particles to the

surface. Comparing the plasma treated specimens, the same oxidation phenomena are observed by XPS

whether the specimens are unaged or aged. The decrease of bonds associated with the amine percentage

shows hydrolysis of this one as reported in the literature [51]. The FTIR analyses show the appearance of

peaks associated with silicon particles and water molecules absorption on the surface and bands linked to

amine bonds attenuation.

Different actions of atmospheric plasma on hygrothermal aged samples are reported (Figure 11 (d)).

Using plasma treatment on aged samples, irreversible ageing effects remain, such as the breaking down of

epoxy/hardener bonds by hydrolysis and particles extraction and accumulation on the surface, which may

embrittle the surface matrix. Nevertheless, XPS has revealed a desorbing effect in surface compared to

aged untreated samples. Although having a slightly degrading thermal action, atmospheric plasma on aged

samples allows the recovery of dry surfaces before in-situ bonded repair. Comparing the surface topologies

makes it possible to see that aged treated samples have similar Rp values to aged untreated ones and similar

Rv values to unaged treated specimens. A substantial variability is still observed. It is due to the particles

rise and carbon fibre exposure, increasing the size of the peaks and to the thermal erosion of the matrix by

plasma, decreasing the differences between maximum and minimum peaks size.

5. Conclusion

This paper aims to analyse atmospheric plasma surface contributions for a bonded repair on car-

bon/epoxy 3D woven composite materials that are no longer in their initial state. The surfaces chemical

evolution following hygrothermal ageing was analysed. It shows different phenomena: water absorption

on the surface, hydrolysis, bond breaks, oxidation, migration of particles, which can impact the surface

adhesion. The visible results of these alterations are cracks and a deposit of particles on the surface. At-

mospheric plasma treatment allows, despite slight thermal degradation, to chemically activate unaged and

aged surfaces by oxygen grafting. Desorption is found on the aged treated surfaces because of the thermal

action of plasma.

Therefore, the surface to be treated and repaired can be dry, even though the rest of the sample may

have absorbed water and thus aged. Nevertheless, the migration of particles on the surface has caused

contamination and irregular topology variations. Considering these findings, repair bond adhesion could

be affected. As a result, interfacial strength measured by adherence tests on the four types of 3D woven
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composite surfaces coated by an adhesive layer will be analysed related to the multiple phenomena previously

exposed.
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