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Abstract

Bis-maleimides (BMI) and Supramolecular polymers (SP) exhibit healing functionalities on polymer
level. In the current investigation, the effect of both polymers into high performance aerospace carbon
fiber reinforced plastics (CFRPS) is assessed. More precisely, BMI and SP modified samples having
[45/-45/0/90],s stacking sequence, with similar fiber volume fractions have been tested under quasi
static tensile and tension-tension fatigue loading conditions. According to quasi static experimental
results, it was shown that the incorporation of the BMI SHA did not cause degradation to the entire
composite while SP modified CFRPs exhibited decreased tensile properties. In addition, tension-
tension fatigue tests revealed that the incorporation of these SHAs into composites architecture made
composites to slightly extend their fatigue life. Finally, three-stage stiffness degradation was observed
for all material sets while both healable composites were able to significantly extend their fatigue life
after the activation of the healing cycles.

1. Introduction

During the last decades, fiber reinforced composites (FRPS) are year by year replacing metals due to
their high specific stiffness and high strength in combination with corrosion resistance. However, a
primary limitation of these composites is the poor interlaminar toughness and strength. The mismatch
of anisotropic mechanical and thermal properties in between plies of different principal directions
promotes out of plane stresses at the edges of the structures as well as in the cases of stringer run out,
thickness variation, holes and structural stiffeners joined to composite skin, and these are only some of
the candidate areas for delamination under in plane and out of plane loadings. Delaminations are
among the most frequent modes of failure encountered in laminated composites [1] and are resulted
either from fatigue loadings or low velocity impact events. Conventional repair techniques of
composites are expensive, require extensive labor force, and cannot repair defects deep inside the
material. Self-healing polymers [2] is an approach which has not yet been incorporated to commercial
composites but promises to face some principal weak points.

Since the understanding of formation and propagation of damage within a composite during a fatigue
test is of great importance, the fatigue behaviour of these materials has been investigated in many
works according to relative literature. For example, Nixon-Pearson and Hallet [3], investigated the
quasi-static and fatigue damage development of bolted-hole FRPs. In [4], Liang et al. made a
comparative study related to fatigue behaviour of flax/epoxy and glass/epoxy composites. According
to this investigation, it was shown that flax/epoxy composites exhibited lower fatigue endurance than
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glass/epoxy ones. In addition, the overall failure of open hole tension specimens, particularly in fatigue
was investigated and characterized using X-ray Computed Tomography (CT) scanning in [5]. In [6],
Spearing et al. investigated the tension-tension fatigue behaviour of open holed Carbon/Epoxy and
Carbon/Poly-etheretherketone (PEEK) composites using an R ratio of 0.1 while images of the damage
were produced through X-radiography.

In the current investigation, the fatigue behaviour of two main categories of mendable CFRPs has been
studied. More precisely, quasi-isotropic CFRPs have been tested under tension-tension fatigue loading
conditions. The two categories of these mendable CFRPs that were utilized for the needs of the current
study are the following; CFRPs modified with BMI grains based on Diels-Alder (DA) reaction
mechanism and CFRPs modified with hydrogen-bonded SP in pre-preg form. Quasi-static open hole
tensile (OHT) tests were performed in order the ultimate tensile strangth (UTS) to be determined.
After OHT tests, three type of open hole fatigue (OHF) tests were conducted at 0.8 UTS for each
material set; tests with constant loading conditions, tests with "stops" every 10 k cycles and tests with
"stops" every 10 k cycles and application of the healing cycle. All tests have been stopped at
specimen's failure.

2.  Experimental
2.1. Materials and methods

2.1.1. Raw materials

The modified composite laminates, which are utilized for the needs of the current paper, were
fabricated by UD carbon fibre/epoxy resin pre-preg CE-1007 150-38. The pre-preg tape material
supplied by SGL Group, Germany having tensile strength of 2.4 GPa and axial Young modulus of 140
GPa. Two types of SHA were utilized in this investigation; the DA based BMI polymer and the
hydrogen-bonded SP. More information about these SHAs can be found in [7, 8]. The melting
temperatures (Ty) of both types of SHAs was measured to be approximately 110 °C and 77°C
respectively, using the Perkin-Elmer DSC 8500 differential scanning calorimeter. The DSC samples
were heated from ambient temperature to 150 °C at a rate of 5 °C/min. Above Ty, the interactions
between adjacent polymer chains of the material start to significantly diminish.

2.1.2. Sieving process of BMI and preparation of the SP pre-preg plies

The integration process of the BMI prepolymer grains through sieving onto the CFRP plies is
illustrated in Figure 4-a. The BMI polymer (Figure 4-ai) was sieved onto pre-preg’ surface, as Figure
4-aii suggests. The resulting pre-preg ply containing BMI prepolymer grains on its surface is
illustrated in Figure 4-aiii. On the other hand the preparation process of the SP pre-preg plies is
illustrated in Figure 4-b. Raw SP pieces (Figure 4-bi) were placed on the top and bottom surfaces of
dry UD carbon fabric. Then, the system was placed in between two PTFE films and converted into SP
pre-preg by a two-step heating/pressing treatment (Figure 4-bii) using a hot press machine. Firstly, the
system was pressed under 80 bars at 100 °C for 1h. Then, heating was stopped and the SP prepreg
were left under 80 bars applied pressure overnight to cool-down and reach their final form (Figure 4-
biii). SP pre-pregs were fabricated in order to facilitate the introduction of the SP SHA into the
composite laminated structure.
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Figure 1: (a) Sieving process during manufacturing of modified CFRPs containing BMI prepolymer
grains, (b) Preparation process of the SP modified pre-preg plies.

2.1.3. Open-hole tensile and tension-tension fatigue tensing

A uniaxial tension test of a balanced and symmetric laminate is performed in accordance with test
method D 3039/D 3039M, despite the fact that the sample contains a centrally located hole. The
ultimate tensile strength is calculated based on the gross cross-sectional area, disregarding the
presence of the hole. While the hole causes a stress concentration and reduced net section, it is
common aerospace practice to develop notched design allow-able strengths based on gross section
stress to account for various stress concentrations (fastener holes, free edges etc.) The cross-head
velocity was fixed at 2 mm/min. Five samples were tested for each material type, at an Instron (250
kN) hydraulic machine. The ultimate open-hole tensile strength was determined using Eq. (1),

B

6= (MPa) (1)
where, o is the ultimate open-hole (notched) tensile strength, P is the maximum force carried by test
specimen prior to failure and A is the gross-sectional area (disregarding hole). On the other hand,
tension-tension fatigue tests were performed according to D 3479/D 3479M — 96, using also an Instron
(250 kN) hydraulic machine. These tests were conducted under load amplitude control, having a
loading ratio of R=0.1, with identical testing conditions to quasi static tests described above. The
recommended loading frequency (f) was that of 5 Hz and ensures a self-heating of specimens (AT) of
less than 10 °C during the test. Three types of fatigue tests were performed at a loading level of 0.8 of
the ultimate tensile strength (UTS); tests at constant loading conditions, tests with "stops™ every 10 k
cycles and tests with "stops" every 10 k cycles and application of the healing cycle. All tests have been
stopped at specimen’s failure.

2.1.4. Composites quality issues

C-scan inspection was performed on all the manufactured plates. A Physical Acoustics Corporation
(PAC) UT C-Scan system was used with a 5 MHz transducer. C-scan images of plates intended for
both type of tests confirmed good qualities and showed absence of porosity and delaminations due to
the manufacturing process.
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2.1.5. Healing procedure

After each consecutive stop the specimens were subjected to a simple healing cycle of heating under
controlled through-the-thickness compression. The cycle comprised a 5 min dwell at 150 °C for
CFRPs containing BMI prepolymer while 10 min dwell at 100 °C for CFRPs containing SP in pre-
preg form, both under compressive loading of 1 kN. The applied temperature was chosen to be higher
than the T, values of the SHAs, in order to be sure that both SHAs will flow within the damage and to
achieve the healing effect. The aforementioned healing profiles were chosen according to SHA
manufacturer's guidelines. Then, the samples were left to cool-down at room temperature (RT). After
the healing cycle, the samples were tested again using the same configurations.

2.1.6. Test program outline

The scheduled experimental test campaign organized and realized for the needs of the current work is
outlined in Figure 2. The work was divided into three study levels as already mentioned in paragraph
2.1.3. The first study level investigates the fatigue life performance of CFRPs at constant loading
conditions. On the other hand, at the second study level the fatigue experiments were paused every 10
k cycles in order the damage evolution within the composite to be determined through C-scan
inspections. Finally, in the third study level the same route as in the second level study was followed
together with the application of the healing cycles. All samples were tested to failure. Thus, this
section thoroughly investigates the effect of the healing cycles on the fatigue life performance of
CFRPs.

, Quality control Open hole tensile Fatigue tests
Manufacturing |» ~(c_gcan) |[*  (OHT)tests »  at0.8UTS

___________ C-scan v
........... ooy Yo | Effectof SHAON the tensile
Constant “Stops”every | | “Stops” every " Healing and fatigue performance of
loading 10k Cycles 10k Cycles process the CFRP

Figure 2: Schematic presentation of the scheduled characterization campaign realized in the current
work.

2.1.7. Composites manufacturing

Three types of quasi-isotropic laminated plates containing 16 plies, with [45/-45/0/90],s stacking
sequence each were manufactured for the needs of the current study; the reference laminate, the
modified laminate with BMI prepolymer grains (between the primary layers of the CFRP at the
amount of 120 gsm) and the modified laminate with SP prepregs. All material groups (reference and
both modified) were tested under quasi-static tensile and tension-tension fatigue loading conditions.
Figure 3, shows schematically the configuration of the plates (Figure 3-a) and the position where the
SHAs (Figure 3-b, c, 4-c, e) were placed. The BMI prepolymer grains were placed in symmetrical
fashion, in between all -45%0° group layers (4 zones 38 mm wide onto the center of the pre-preg layer
as presented in Figure 3-b, 4-c) within the composite structure. The SP pre-pregs replaced all 90°
primary layers (as presented in Figure 3-c, 4-e)) of the composite. Following the lay-up, the laminates
were vacuum bagged and cured in an autoclave for 2 h at 130 °C under 6 bars applied pressure,
according to the prepreg manufacturer guidelines. The dimensions of the final plates were 300 mm x
150 mm x 2.1 mm. Five samples for each type of CFRP were exposed to quasi-static tensile tests
while fifteen samples were tested under fatigue loading conditions (five samples for each category of
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fatigue test described above respectively). The fiber volume fraction (Vy) of all material sets was
calculated to be close to 60%.
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Figure 3: Design of the (a) reference CFRP, (b) the modified CFRP with BMI prepolymer and (c) the
modified CFRP with SP pre-pregs.

Open hole test specimens were precisely cut out from each plate, whose geometry is illustrated in
Figure 5-b,d and f. The hole was made by using a vertical hole drill with diameter size of 6 mm for all
material sets. Special care was taken during the drilling process in order to ensure that creation of the
specimen hole does not delaminate or otherwise damage the material surrounding the hole. C-scan
images of samples after the drilling process showed minimal damage in areas and confirmed that
samples were not affected by the mechanical loading.

270 bd | 8]
el Healing area O] ]”

50 [50

Reference <35> [BMlImodified 5

Figure 4: Design of (a) the reference CFRP plate, (c) the modified CFRP plate containing 4 zones of
120 gsm BMI self-healing agent (SHA) and e) the modified CFRP plate containing 4 SP pre-pregs.
Schematic depiction of (b) the reference, (d) the BMI modified and (f) the SP modified open hole
specimen configuration. g) A snapshot during the test. Dimensions in mm.

2.2. Results and discussion

2.2.1. Quasi-static tensile tests
In this paragraph, initial quasi-static tensile tests of open holed reference and both modified CFRPs are

examined. For this purpose stress (o) vs. strain % (¢) measurements were performed according to
specifications described in paragraph 2.1.3. These tests were carried out by using a batch of open
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holed specimens manufactured from the same plates used in the fatigue work (that will be presented
within the next paragraphs of the current section). The resulting o vs. € (%) curves are illustrated in
Figure 5-a. For all material sets the general trend does not present any dramatic difference; the applied
stress was increased linearly to failure. Figure 5-b compares the critical quasi-static tensile
characteristics omax and E for the three material sets. According to these results, it was shown that the
tensile properties of CFRPs were not affected by the incorporation of the BMI prepolymer that plays
the role of the SHA. More precisely, BMI modified CFRPs exhibited slightly decreased on.x value at
the amount of 2.3% (from 661 MPa to 645 MPa) while the apparent E value was retained at the same
levels for both material sets (45.4 GPa). This behaviour is attributed to the rigid and resin type nature
of the SHA that made the composites not to deteriorate their mechanical properties. On the other hand,
samples containing SP exhibited decreased tensile properties at the amount of almost 30% for both
tensile characteristics due to the elastomeric nature of the SP material. After failure both type of
samples showed a pull-out type failure mechanism which was caused by fibre failure within the 0°
plies, accompanied by delamination between some of the off-axis, one or more of which failed via
matrix cracking. The splitting failure of the off-axis plies propagated from the hole and occurred
roughly where the fiber direction was tangential to the hole boundary.
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Figure 5: (a) Representative stress (o) vs. strain % (g) curves during quasi-static tensile testing of open
holed reference and both modified CFRPs, (b) Comparison between the reference and both modified
CFRPs in terms of the tensile strength (omax) and young's modulus (E) values, respectively.

2.2.2. Fatigue testing

Tension-tension fatigue tests were performed for both material sets according to specifications
described in paragraph 2.1.3. The introduction of SHAs into the CFRP architecture is expected to have
an impact on the materials' fatigue performance. At this part of work the fatigue behaviour of
reference and both modified CFRPs is assessed. More precisely, fatigue tests were performed
following three different routes; at constant loading conditions, with "stops" every 10 k cycles and
with "stops" together with the application of the healing cycles.

2.2.2.1. Tension-tension fatigue behaviour of CFRPs at constant loading conditions

According to fatigue experimental results for tests conducted at constant loading conditions, it was
shown that both modified samples exhibited slightly improved fatigue life by almost 8% (from 34300
to 37000 cycles respectively). This behaviour is believed to be attributed to the increase of the fracture
toughness properties (both mode | and 1I) that the BMI and SP causes to the entire composite
according to extended work presented in previous published works by the authors [9-11]. This
behaviour made the composites to withstand more fatigue cycles as slightly delayed the damage
evolution within the composite structure at interfaces where the maximum stiffness mismatch appears.
Typical stress-strain hysteresis loops of the early (n/N#=0) and last loading cycles (n/N&=1) of
reference and both modified CFRPs are presented in Figures 6-a, b and c respectively. In general, both
material sets present similar behaviours; the loops move towards higher strains and the apparent
modulus exhibit degradation due to damage evolution, for constant stress levels applied for the needs
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of the current study (0.8 UTS). As it is seen in both pictures the final hysteresis loops shows
significant apparent modulus degradation and the area of the loop constantly increases as expected,
since it is directly related to the fatigue damage.
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Figure 6: Depiction of the first and the final hysteresis loops of (a) Reference, (b) BMI modified
CFRPs and (c) SP modified CFRPs at 0.8 UTS.

The plots of the maximum (emax) and minimum (eqi,) Strains with respect to the life ratio are presented
in Figure 7-a. These figures highlight a continuous increase of both strain values for all material sets
(Reference and both modified ones). This behaviour is supposed to be related to the hot creep effect
due to the fact that the fatigue loading consists of a positive mean stress superimposed with sinusoidal
variations [12]. Because both extreme strains present almost similar trends, only the minimum strain,
indicating the permanent deformation of the samples during the test is of significance. The overall
development of the ¢, was calculated to be close to 0.04% for reference and SP modified CFRPs
while and 0.084% BMI modified ones. One can observe that e, evolves into an almost quasi-linear
stage for the whole life ratio up to failure. Figure 7-b present the normalized dynamic modulus
evolution for both material sets. The evolution of the specimens' dynamic modulus is important factor
as it gives valuable information on the material's damage evolution. This modulus was calculated as
the slope of the straight line connecting the maximum and minimum stress tips of a hysteresis loop.
Figure 7-b show typical and global evolutions of the normalized modulus (E/E,) with respect to the
specimens' life ratio, where E and E, are respectively the actual cyclic and average modulus measured
during the first cycles. As expected and according to these figures, it was shown that the modulus in
both cases decreases in three stages; a first and third stage with a sharp decrease of the modulus and a
second steady stage (the middle one) between the other two. The modulus decrease was calculated to
be close to 20% for reference and BMI modified CFRPs while for SP modified CFRPs close to 12%.
This range for the decrease of the dynamic modulus is similar to the general behaviour of common
CFRPs loaded under fatigue conditions according to other investigations [13].
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Figure 7: (a) Typical minimum and maximum cycle strains evolutions and (b) modulus ratio evolution
of reference and both modified CFRPs at 0.8 UTS.

2.2.2.2. Tension-tension fatigue tests with "'stops"*

In this section, tension-tension fatigue experiments with interuptions every 10 k cycles were
performed according to specifications described in paragraph 2.1.3, for both material sets. Results for
reference and both modified CFRPs are presented in Figure 8. In this type of experiments, the damage
evolution within the composite was determined through C-scan inspections after each consecutive stop
applied to the fatigue loading of the samples. The white regions represent the damage areas induced by
the fatigue loading.

Typical stress-strain hysteresis loops of the early and last loading cycles after each consecutive stop
for reference, BMI modified and SP modified CFRPs are illustrated in Figure 8-a, b and ¢
respectively. In general, the trend does not significantly differ with that observed at constant loading
conditions. The hysteresis loops move towards higher strains for the constant stress levels applied to
the specimens during the fatigue loading. Also as it is seen, the hysteresis loops gradually moved very
far from the first cycle. The overall development of the gy, for all material sets was calculated to be
0.027%, 0.084% and 0.15% for reference, BMI modified and SP modified respectively. The emi,
curves are not presented here but evolve into an analogous almost quasi-linear stage for the whole life
ratio up to failure, as shown in Figure 7-a. The global evolution of the normalized modulus (E/E,) with
respect to the specimens' life ratio presented an analogous behaviour with that observed at constant
loading conditions (Figure 7-b). According to these results, it was shown that the modulus also
decreased in three stages; a first and third stage with a sharp decrease of the modulus and a second
steady stage between the other two. The loss of the modulus was calculated to be approximately 20%
for reference and BMI modified CFRPs while SP modified CFRPs exhibited 25% reduction. Finally,
typical C-scans for reference and BMI modified samples prior and after each consecutive stop during
the fatigue experiments are depicted in Figure 8-d and e. The damage evolution within the composite
structure is prominent according to these images provided. At this point, it must be mentioned that C-
scan images were not able to be obtained for SP modified samples. The high SP quantity (4 pre-pregs)
within the composite structure led to wave energy absorption during C-scan process.
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Figure 8: Tension-tension fatigue experiments with “stops” every 10 k cycles for (a) Reference, (b)
BMI modified and (c) SP modified CFRPs at 0.8 UTS. First and final hysteresis loops after each
consecutive “stop” during fatigue experiments. C-scan inspection images after each consecutive “stop”
for (d) Reference and (€) BMI modified CFRPS in order the damage area within the composite
structure to be determined.
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To summarize, both material sets exhibited similar behaviours at both continuous loading and loading
with stop and go according to results discussed above. The main difference was that reference and
BMI modified CFRPs during fatigue tests with stops exhibited slightly decreased fatigue life, if
compared with them tested under constant loading conditions (13-18% reduction). Only SP modified
samples exhibited the same fatigue life (37 k cycles) in both cases. This is not a usually expected
behaviour, where under interrupted fatigue loading the life of the material normally extends. However,
in the present case one has to take into consideration the used high onax Which is at the level of 0.8
UTS. This behaviour (scatter in results) which is clearly visible is also attributed to the nature of fiber
reinforced composites. Composite materials are known to show scatter in their fatigue lives due to
statistical variations in the rate of damage development [14].

2.2.2.3. Tension-tension fatigue tests with "'stops™, healing activation and assessment of healing
functionality

In the current section, tension-tension fatigue experiments with stops every 10 k cycles together with
the application of the healing cycles are provided. These tests were performed only for samples having
healing functionality (BMI and SP modified samples), according to specifications described in
paragraph 2.1.3. Results for this type of fatigue experiments are presented in Figure 9. In this type of
experiments, the damage evolution within the composite was determined through C-scan inspections
after each consecutive stop. The damage recovery was also determined through C-scan inspections
prior and after the each healing cycle applied to the samples.
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Typical stress-strain hysteresis loops of the early and last loading cycles for BMI and SP modified
CFRPs, after each consecutive stop and healing activation are illustrated in Figure 9-a and b
respectively. In general, the trend does not significantly differ with that observed at other type of
fatigue tests described previously (at both constant loading conditions and with stops). All hysteresis
loops captured move towards higher strains for the constant stress levels applied to the specimens
during the fatigue loading. Also as it is seen, the consecutive hysteresis loops moved far from the first
cycle. In this case, the main difference is that the application of the healing cycle after each
consecutive stop retarded the damage evolution within the composite structure as a result the fatigue
life of the BMI and SP CFRPs to be extended by 75% and 23% respectively (see Figure 9-a and b).
This behaviour is also confirmed by C-scan inspections for BMI modified CFRPs presented in Figure
9-c, where is clearly visible that part of initial damage area has been healed. The overall development
of the e, was calculated to be close to 0.08% for both mendable composites. Global evolution of the
normalized modulus (E/Ey) with respect to the specimens life ratio is illustrated in Figure 9-d.
According to this figure, it is seen that the modulus decreases in three stages; a first and third stage
with a sharp decrease of the modulus and a second steady stage between the other two. The loss of the
modulus was calculated to be approximately 35% and 20% for BMI and SP CFRPs respectively.
Finally, after healing process the dynamic modulus presented an increase of almost 2-3% for both
material sets.
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Figure 9: Tension-tension fatigue experiments with “stops” every 10 k cycles at 0.8 UTS for BMI and
SP modified CFRPs, together with the application of the healing cycles. First and final hysteresis
loops after each consecutive “stop” and healing cycle during fatigue experiments for (a) BMI modified
and (b) SP modified CFRPs, (c) C-scan inspection images after each consecutive “stop” and healing
cycle for BMI modified CFRPs (d) Modulus ratio evolution for both mendable CFRPs.

3. Conclusions

The current work, investigated the quasi-static tensile and tension-tension fatigue behaviour of notched
BMI and SP modified CFRPs. According to OHT experimental results, it was shown that BMI-
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modified samples exhibited tensile properties at the same levels as the reference ones while SP-
modified samples slightly decreased. Tension-tension fatigue results, revealed that under constant
loading conditions both modified CFRPs exhibited higher fatigue life by almost 8%. C-scan inspection
images validated the increase of the induced delamination area within the composite, with the
application of the fatigue cycles. In addition, all material sets exhibited a three-stage stiffness
reduction with the stiffhess reduction for all type of fatigue experiments. After the application of the
healing process, mendable CFRPs were able to heal part of the induced delamination area according to
C-scan images while extended the fatigue life of the entire composites by 75% and 23% for BMI and
SP modified samples respectively, if compared with the unhealed ones tested at the same fatigue
loading conditions. Finally, a slight recovery of the stiffness was observed after the application of the
healing process.
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