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Abstract: In this study, the mechanical properties of non-
crimp fabric (NCF) composite laminates under low-velocity
impact and compression after impact (CAI) tests were stu-
died by Scanning electron microscopy (SEM) and Digital
image correlation (DIC) techniques. The impact response
under different impact times, impact angles, and impact
distance is studied. Similarly, in CAI test, DIC technique is
used to reveal the whole process of NCF composite com-
pression failure, and SEM is used to reveal the microscopic
failure form. The experimental results show that the impact
damage process of NCF composites has strong directivity.
The concrete manifestation is that the internal failure will
extend along the paving direction at the failure layer. The
peak load generated under 20 ] impact energy is about 1/2 of
that under 40 ] impact energy. The impact distance is one
of the important factors affecting the coupling effect of
multiple impacts, and the impact angle has little effect on
the internal damage extension. The proportion of internal
damage area also supports the relevant view, that is, the
average difference in the proportion of internal damage
area under different impact distance is about 5%, while
the average difference in the proportion of internal damage
area under different impact angles is about 3%. During the
compression process, the main failure mode is shear failure
and the failure mode is brittle fracture. The oblique fracture
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occurs only when the oblique is 45° and the impact distance
is large (50 mm). The impact angle has little effect on the
residual compression performance of NCF.
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1 Introduction

Due to its higher specific strength, specific stiffness, and
other characteristics, composite materials are widely used
in aerospace, automobile manufacturing, medical equip-
ment, sports equipment, and other fields [1-3]. In advanced
engineering applications, although 2D woven fabric rein-
forced composites have high mechanical properties in the
in-plane direction, they are prone to delamination damage
under external loads such as impact and bending. Non-
crimp fabric (NFC) is a type of composite material consisting
of layers of different orientated thread fibers connected
together by means of braiding [4]. Laminate is a kind of
composite material with multi-layer structure. The perfor-
mance of the laminates is determined by the arrangement of
each layer, the layering angle, and the number of layers. The
manufacturing process of NCF composite material is shown
in Figure 1. NCF composites are often affected by dynamic
loads such as the impact during use. The impacts are gen-
erally divided into low-velocity impact and high-velocity
impact. Low-velocity impact (LVI) often produces barely
visible impact damage, in which the structure degenerates
in various hidden failure mechanisms, such as fiber breakage,
matrix cracking, kinking bands, and delamination [5]. There-
fore, it is necessary to carry out impact tests on NCF compo-
sites. Similarly, after the impact, the compression experiment
of the material will effectively measure its residual compres-
sion performance.

Although many scholars and institutions have made
certain research on the mechanical properties of compo-
site laminates, the research on LVI test and CAI test of NCF
composites is still limited [6]. Atas et al. [7] studied the
impact response of patched and unpatched glass/epoxy
composite plates. Shyr and Pan [8] studied the damage
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Figure 1: NCF manufacturing diagram.

characteristics and failure strength of composite laminates
in low-speed impact tests. Shyr et al [9] determined the
impact damage and growth behavior of T700 multi-axial
suture CFRP. Saito et al. [10] studied the effect of CF/GF
fiber mixture on the impact properties of multi-axial
warp-knitted fabric composites. Bouvet et al. [11] and
Shi et al. [12] proposed a model to predict the permanent
indentation caused by LVI and validate a single reference
layup for a given impact energy. Hongkarnjanakul et al.
[13] extended Bouvet’s work by changing the impact con-
ditions using different stacking sequences to verify the
initial model, with a single impact energy value of 25].
Other relevant studies have shown [14-21] that in terms of
structural properties, thin fabric layer has higher destruc-
tive capacity than thick fabric layer. Meanwhile, Garcia-
Rodriguez et al. [3] used NCF composites to study the
effect of fabric thickness on impact and CAI strength,
and proved the sequence of failure. In addition, damage
tolerance is defined as the ability to maintain unda-
maged or initial strength in the presence of damage. It
is quantified by measuring the tensile after impact, com-
pression after impact (CAI), and flexure after impact
[22]. Compared to 2D or 3D braided composites (3DBC),
NCF composites may have a higher CAI strength after
a single impact due to the superior compressive strength
despite larger lamination areas [23]. The failure mechanism
under compression was originally studied by Argon [24]
and it was determined that the initial fiber misalignment
relative to the laminate and loading direction led to
matrix shear failure, resulting in the formation of a
kink band. Recently, Shipsha et al. [25] studied the com-
pressive strength and damage mechanism of cross-ply
NCF composites at different off-axis angles and deter-
mined that the main failure mechanism for all samples
was fiber kink.
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Based on the existing literature, the whole process of
LVI and CAI testing of NCF composites is still lacking in a
variety of technical means. Though, in numerical simula-
tion, many models, more experimental damage criteria,
smaller representative volume element, etc., have been
established. However, in terms of experiments, observa-
tions and statistics are still carried out in a single way.
It is not conducive to propose more detailed damage
mechanism and more effective damage criteria. The pur-
pose of LVI experiment on experimental materials is
to study the influence of structural damage caused by
accumulative minor damage of the internal fibers and
matrix of NCF materials under multiple low-speed impacts.
This has an important impact on the actual service cycle of
NCF materials, and also has a certain guiding significance
for the impact resistance design of materials. At the same
time, CAI experiment is an effective way to study and
predict the damage growth dynamics of NCF composites.
Through CAI experiments, it is helpful to study the
damage evolution process of materials, and also help to
propose more accurate damage models [26,27]. Therefore,
this experiment innovatively combines the use of Digital
image correlation (DIC) with Scanning electron micro-
scopy (SEM) to test LVI and CAI on specimens. The failure
process was observed and the damage was assessed. At
the same time, there are few studies on multiple shock
effects at different spacings in the existing literatures.
Therefore, further experimental analysis is carried out
for multiple impact damage and residual compression
properties. This research not only has a certain guiding
significance for engineering practice, but also has a cer-
tain significance for improving numerical simulation.

2 Materials and process

2.1 Materials and equipment

The carbon fiber model of NCF composite material selected
in this test is domestic CCF3003k (Toray T3003k carbon
fiber). Fabric layer structure of 0/+45/90/-45, laminated
layer of galley way for [0°/+45°/90°/-45°, +45°/90°/-45°/
0°]2s, and related parameters are shown in Table 1.

The size of NCF composite material selected for the
test was 100 mm x 150 mm x 5 mm, and the actual mea-
surement error was +0.5 mm. Figure 2 shows the upper
and lower surfaces and sides of the NCF composite used in
the test.



DE GRUYTER

Table 1: Material parameters

Couple effects of multi-impact damage and CAI capability on NCF composites

-_ 3

Fiber type Tensile strength (MPa) E (GPa) Elongation after breaking (%) Density (g~cm'3)
CCF300 3k 3,900 220 1.86 1.78
2.2 LVI Table 2: Name and model of the impact test equipment

The main experimental instruments used in LVI testing are
drop hammer impact testing machines, custom fixtures,
spherical punches, and C-scan (for non-destructive testing,
NDT).

The LVI test process is as follows: install the specimen
horizontally in the pneumatic clamp for positioning and
fixing, adjust the impact point position, set the impact
energy and other parameters, and start the experiment
after the adjustment. The equipment name and model
parameters are shown in Table 2 and Figure 3.

The working principle of the drop hammer impact testing
machine is based on the kinetic energy theorem. By setting the
required energy (20, 30, or 40 ]) in the Instron-9250HV system,
the system will automatically match the required hammer
height according to the total mass of the punch system so as
to ensure the energy required for impact. It is worth noting

a)

b)

Model Main parameter

Instron-9250HV Maximum impact energy: 826
Maximum impact velocity: 20 m-s™

Punch positioning accuracy: 0.1 mm

that the top of the testing machine is also provided with a
spring when higher impact energy is required. Through the
compression of the spring, the elastic potential energy is
further converted into impact energy. Since the main test
environment for this test is low-speed impact, this process is
not required. In the test, the testing machine can automatically
collect the data of punch energy, speed, displacement, failure
load, failure displacement, failure energy, etc., which provide
the data basis for subsequent analysis. The total quality of the
punch system is shown in Table 3.

c)

Figure 2: NCF composite specimens. (a) Specimen upper surface (impact surface), (b) lower surface of specimen, and (c) specimen side.

Figure 3: Impact test equipment. (a) Punch, (b) drop hammer impact testing machines, and (c) C-scan.
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Table 3: Total mass of punch system

Punch type m (kg)
Single head ball punch 7.29kg
12.5 mm pitch double head ball punch 7.36 kg
25 mm pitch double head ball punch 7.40kg
50 mm pitch double head ball punch 8.20kg

Table 4: Impact test group and specimen number

Experimen-  LVI-test angle/ Specimen number
tal group energy
12.5mm 25mm 50 mm
Group 1 Angles 1 12.5-20)1 25-20)-1  50-20J1
12.5-40J-1 25-40)-1  50-40J-1
Angles 2 12.5-20)-2 25-20-2  50-20)-2
12.5-40)-2 25-40)-2  50-40)-2
Angles 3 12.5-20)-3 25-20)-3  50-20)-3
12.5-40)-3 25-40)-3  50-40J-3
Angles 4 12.5-20)-4 25-20)-4  50-20)-4
12.5-40)-4 25-40J-4  50-40)-4
Group 2 20) 12.5-20)1 25-20-1  50-20}-1
12.5-20)-2 25-20)-2  50-20)-2
12.5-20)-3 25-20)-3  50-20)-3
12.5-20)-4 25-20)-4  50-20)-4
40) 12.5-40)-1 25-40)-1  50-40)-1
12.5-40)-2 25-40)-2  50-40)-2
12.5-40)-3 25-40)-3  50-40)-3
12.5-40)-4 25-40)-4  50-40)-4
Geometric center
Control group 20) 20J-1
30) 30)-1
40) 40)1

Angle1:0°

\1.\: - 2‘¢J -‘."_

/’ST»

/e Note:
Angle2:90 °

Figure 4: Description of impact angle category.

1)A group of impact positions marked with the same color (a total of 4);
2)Impact distance (marked “d”) =12.5mm, 25mm, 50mm;
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The specific groups of LVI experiments are as follows.
The specific specimen numbers and groups are shown in
Table 4.

1) Group 1: Influence of different shock times at the same
distance and angle;

2) Group 2: The influence of different impact angles at the
same distance and energy;

3) Control group: The impact energy of 20, 30, and 40 ] was
set for the experiment.

Test parts are labelled in the way of “impact distance —
impact energy — angle type.” For example, 12.5 mm to 20 J-1
indicates low-speed impact at 12.5mm impact distance,
with 20] impact energy and impact position in the direc-
tion of Angle 1. Different from groups 1 and 2, the impact
position of the control group is at the geometric center.
Except for the control group, there are four kinds of impact
angle positions, as shown in Figure 4.

2.3 CAI

The CAI test was carried out using an electronic universal
testing machine, and the compression failure process was
monitored by DIC. The equipment names and parameters
required for specific experiments are shown in Table 5.
The axial compression test was carried out by electronic
universal testing machine. The part of the testing machine is
composed of two pressure plates up and down and four
fixed fixtures, the lower pressure plate is used to undertake
the experimental fixture, and the upper pressure plate is
used to load the specimen at a constant speed. The

Angle 3:45 °

25-203- 7 2
x 5

Angle 4:Diagonal line
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Table 5: Name and model of the compression test equipment
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Table 6: Name and model of the C-scan

Model Main parameter

Model Main parameter

WDW-200 Maximum loading: 200 kN

Test force resolution: 1/500,000

Minimum read value of deformation: 0.01 mm
Repeatability relative error of test force indication
value <1%

Test force zero relative error: +0.1%

Loading speed range: 0.05-500 mm-min”"

maximum experimental load is 200 kN, and the testing
machine has an overload protection mechanism, that is,
when the maximum experimental load is exceeded, the
alarm is automatically generated and the loading is stopped.

During the experiment, the specimen was first
jammed, the four sides were completely fixed, and
the vertical of the specimen was kept. The specimen
was placed on the lower pressure plate, the loading
speed was set at 0.5mm-min~’, and the experiment
was compressed until the specimen was completely
destroyed. The experimental equipment is shown in
Figure 5. At the same time, DIC technology is used to
monitor the whole process of compression.

2.4 NDT process
2.4.1 C-scan
In this experiment, C-scan was used to detect the internal

damage area of the specimen. Since the emission direction
of the ultrasonic wave in C-scan is perpendicular to the

Sonoscan-D9500 Probe frequency: 5-400 MHz

Sound width: 0.25ns to 1pm

Maximum scanning area: 333 mm x 312 mm
X/Y-axis accuracy: 0.5 ym

Z-axis accuracy: +45nm

scanning plane, the image obtained after scanning is the
superimposed area of the specimen being scanned. Table 6
shows the equipment parameters used in this test.

C-scan in this experiment consists of “pre-test part
stage,” “internal damage detection stage after LVI experi-
ment” and “internal damage detection stage after CAI
experiment.” Through the above process, the shape of
the damaged area, the direction of damage expansion,
and the proportion of the damaged area inside the tested
part are recorded, which provides data support for further
damage mode analysis.

2.4.2 SEM

SEM enables the characterization and observation of
organic and inorganic materials on the nanometer to
micron (um) scale. SEM supports high magnifications up
to 300,000x and even 1,000,000%. The SEM equipment
used in this experiment was SU5000 produced by Hitachi
(Japan), and equipped with energy dispersive X-ray spectro-
scopy (EDS) function. The test process and equipment are
shown in Figure 6.

Figure 5: Universal testing machine and special fixture for compression test. (a) Electronic universal testing machine, (b) CAI test procedure, and

(c) specimen loading fixture.
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2.4.3 DIC

DIC is a kind of measurement technology based on optical
measurement methods. Its basic principle is to divide the area
of the tested object at pixel level through digital photography
technology. After the surface speckle treatment of the test
specimen in advance, the linear motion of the speckle is
monitored. By recording this offset, the shape variable of
the test area can be obtained. Reliable real-time damage mon-
itoring technology is very important for monitoring the struc-
tural integrity, global displacement field, and global stress
analysis of 2D laminates and 3DBC. DIC is particularly mean-
ingful when the structure is subject to invisible damage that
can lead to complete destruction. The experimental equip-
ment parameters are shown in Table 7. The experimental
process and specimen treatment are shown in Figure 7.

3 LVI test and experimental results

3.1 Analysis of impact behavior response

In general, the load-time curve obtained by the two dif-
ferent impact energies of 20 and 40 ] presents four stages
as a whole: an upward stage of approximately linear devel-
opment — a stratification phenomenon leads to an inflec-
tion point — the contact force continues to rise to the peak
load - and the strength of the specimen further decreases.
Peak load refers to the maximum load generated by the
impact, which indicates the maximum contact force received
by the test part during the entire impact process. The first
inflection point is the delamination threshold load (DTL).
Under DTL load, the internal layer of the specimen appears
for the first time, resulting in a sudden decline in the contact

Figure 6: (a) SEM test piece and (b) SEM equipment.
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Table 7: Name and model of the C-scan

Model Main parameter

VIC-3DSR Camera resolution: 1,920 x 1,200

Frame rate: 140 Hz

In-plane resolution: 0.000005 x FOV

Out-of-plane displacement resolution: 0.00001 x FOV
Strain resolution: minimum 10 pe

Strain range: 0.005 > 2.000%

force. It should be noted that due to the difference in damage
depth and damage region caused by different impact ener-
gies, DTL is different under different impact energies. Since
the remaining unbroken structure will continue to provide
structural strength, the contact force will continue to increase
after a brief reduction until it reaches a peak load and begins
to decrease.

Figure 8 shows the load-time curve of the specimen
under 20 ] multiple impact test and 40 J single impact test.
As can be seen from the figure, the peak load generated
under 40 J impact test is nearly twice that generated under
20 J impact test. It should be noted that the time-load curve
of 50-20]-2-2 shows obvious differences, showing a certain
energy absorption effect and damage evolution. The reason
for this phenomenon may be that the hygrothermal envir-
onment will increase the interlayer bonding force of the
laminates, and then reduce the peak contact load under the
impact [28]. Therefore, possible moisture exposure during
specimen storage is the most important possible factor for
the reduction in peak contact load. Similarly, the reduction
in peak contact load due to the manufacturing defects of
the specimen and the improper fixation of the specimen
process is also the cause of this phenomenon.

Two different groups are analyzed in detail. The load-
time of group 1 (different shock times) is shown in Figure 9.

(b)
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b)

Figure 7: DIC and pretreatment of test pieces. (a) DIC monitoring process, (b) specimen surface pretreatment process, and (c) pretreated specimen.

1) Under multiple impact experiments conducted at
20 ] impact energy.

The peak load generated by the second impact is
slightly lower than that generated by the first impact.
This shows that the first impact of the specimen leads to
the internal damage of laminates such as delamination and
spalling, which leads to the reduction in its strength. Thus,
it can also be shown that the increase in the number of
shocks will reduce the strength of the material. However,
whether this trend will stabilize with the further increase
in the number of shocks still needs to be supplemented
with further multiple impact specimens. Similar trends
are obtained under the four angles. Therefore, it can be
considered that different impact angles have little influ-
ence on the peak load.

To be specific, at the distance of 12.5 mm, because the
damage area generated by the first impact is larger than
12.5 mm, the impact point is in the first damage area when
the second impact test is carried out. This is the reason why
there is no inflection point (that is, DTL) in the load-time
curve generated at the second impact at a distance of
12.5mm. However, at 25 and 50 mm impact distance, due

10000

8000 -

6000

Load (N)

4000

DL

Time (ms)

to the large impact distance, the coupling impact effect of
the impact experiment is not obvious, and the independence
of the two impact experiments is stronger. Therefore, the
load-time curves of the two shocks almost coincide, and the
inflection point (DTL) occurs in the rising stage.

2) Under a single impact experiment at 40] impact
energy.

On the whole, it shows the same rule as 20 ] multiple
impact test. The load—time curve is consistent, the inflec-
tion point appears, and the peak load generation time is
almost the same. Therefore, it can be considered that the
impact response at 20 and 40 ] impact energies is almost
the same. Specifically, the peak load and DTL under a
single impact of 40 J is nearly twice that under two impacts
of 207J.

The load-time of group 2 (different impact angles) is
shown in Figure 10.

Since the number of shocks in 20] is two times, to
simplify the analysis results, only the data after the second
impact is selected from the load—time curve of 20 J impact
energy. According to the curve, it can be seen that the time
for the contact force of 20 and 40 7] to increase from O N to

b)

Figure 8: Load-time curves of specimens under (a) 20 and (b) 40) impact energy.
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Figure 9: Load-time curve of grouped specimens under different impact times. (a) 12.5 mm™, (b) 12.5 mm™2, (C) 12.5 mm~, (d) 12.5 mm™, (e) 25
mm™, (f) 25 mm™2, (g) 25 mm™3, (h) 25 mm™, (i) 50 mm™", (j) 50 mm2, (k) 50 mm~3, and (I) 50 mm™

the peak load is about 2 ms. However, under the impact
energy force of 20 ], the peak load is about 4.5-5 ms after it
returns to a stable state, and the distribution of 407 is
about 4.5ms. This is because an increase in the number
of shocks further leads to a decrease in strength compared
to a single shock. As can be seen from the load-time curve
in the same figure, the impact angle has little influence on
the peak load, that is, the strength of the material.

3.2 Damage of impact analysis by C-scan

After passing the LVI test, the surface damage was observed
first. The specimen was dented at the impact point, and the
fibers in the dented region were mainly compressed and
bent, but there were no obvious cracks and fiber fracture
traces. At the lower surface of the specimen, the fiber bundle
was broken along the 45° layup direction, and slight fault
signs began to appear. Because the main factors affecting
the strength of the laminates are the laying direction of each
layer and the bonding of matrix between layers, there is a

certain directional shape of the failure crack. External
characterization showed that the surface visible damage
decreased with the increase in impact distance. This is due
to the reduction in the impact coupling effect, resulting in
internal damage independent of each other at the impact
distance of 25mm and 50 mm.After that, C-scan was per-
formed on 20 J specimens. The C-scan results are shown in
Figure 11, and the proportion of damaged areas is shown in
Table 8. The overall results show that the impact damage
area “expands with the impact point as the center of the
circle and extends further along the direction of the damage
layer.”

Specifically, under the impact of 12.5 mm spacing, the
second impact is affected by the first impact because the
distance between the two impacts is relatively close. This
influence is mainly reflected in the two impacts, and the
support layer obtained at different angles is not the same,
so the damage direction under the four impact angles does
not have obvious regularity. At the same time, due to the
coupling effect of two shocks, the damage area overlaps.
This is also the main reason why the overall damage area
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Figure 10: Load-time curves of grouped specimens under different impact angles. (a) 12.5 mm-20J, (b) 12.5 mm-40), (c) 25 mm-20J, (d) 25 mm-40j,
(e) 50 mm-20J, and (f) 50 mm-40).

at 12.5 mm impact distance is larger than that at 25 mm
spacing and 50 mm spacing. For multiple impact experi-
ments at 25 and 50 mm spacing, the two impact experi-
ments are approximately independent of each other due
to the large impact distance. The observation results show

that the damage area, extension direction, and expansion
form are almost the same under two impacts, respectively.
Meanwhile, the damage development direction mainly
develops along the fiber layering direction of the damage
layer thickness, with strong directionality.
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Figure 11: Internal damage of the specimen under 20 ] impact. (a) 12.5 mm-20J-1, (b) 12.5 mm-20J-2, (C) 12.5 mm-20J-3, (d) 12.5 mm-20J-4, (e) 25 mm-
20J-1, (f) 25 mm-20J-2, (g) 25 mm-20J-3, (h) 25 mm-20J-4, (i) 50 mm-20J-1, (j) 50 mm-20J-2, (k) 50 mm-20J-3, and (I) 50 mm-20J-4.

Table 8: Proportion of internal damage area under 20 impact energy

Number Proportion of damaged areas (%)
12.5-20J-1 14.26
12.5-20)-2 16.93
12.5-20)-3 16.17
12.5-20)-4 16.63
25-20)-1 19.01
25-20J-2 16.72
25-20)-3 14.39
25-20)-4 16.04
50-20)-1 16.87
50-20)-2 15.86
50-20)-3 16.03
50-20)-4 14.24

After that, the 40 ] specimen was C-scanned. The C-scan

damaged areas is shown in Table 9. The overall results
are consistent with the impact energy of 207.

Specifically, because it is a single double punch impact
test, it will inevitably be affected by the horizontal accuracy of
the pneumatic fixture, the height difference between the two
points of the punch, the horizontal accuracy of the internal
laying layer of the specimen, and other factors in the test.
However, on the whole, the damage extension mode and
direction are the same as the trend obtained under 20 ] impact
energy. According to the statistical results in Table 9, it can be
found that the proportion of internal damage areas in 40] is
similar to that in 20 J. This shows that although the number of
shocks increases, the strength decreases. However, since there
is only one more test, whether this conclusion will show the
same result with the further increase in the number of shocks,
additional experiments are needed to prove it.

Finally, C-scan was performed on the control group.

results are shown in Figure 12, and the proportion of The C-scan results are shown in Figure 13, and the
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i)

Figure 12: Internal damage of specimens under 40 ] impact. (a) 12.5 mm-40J-1, (b) 12.5 mm-40J-2, (C) 12.5 mm-40J-3, (d) 12.5 mm-40J-4, (e) 25 mm-40}-
1, (f) 25 mm-40J-2, (g) 25 mm-40)-3, (h) 25 mm-40J-4, (i) 50 mm-40J-1, (j) 50 mm-40J-2, (k) 50 mm-40J-3, and (I) 50 mm-40J-4.

Table 9: Proportion of internal damage area under 40 impact energy ~ proportion of damage area, it can be found that the damage
area increases with the increase in impact energy.

Number Proportion of damaged areas (%) Specifically, because the control group is a single point
12.5-40}1 13.82 of impact at the geometric center. Thus, the circular form
12.5-40)-2 17.95 of destruction is more obvious. According to the data in
12.5-40})-3 15.95 Table 10, it can be found that the damage area as a whole
12.5-40)-4 16.44 increases with the increase in impact energy.

25-40}-1 16.21

25-40)-2 18.29

25-40)-3 15.86

25-40)-4 17.01 .

50-40)-1 14.03 4 CAI test and experlmental results
50-40)-2 12.04

50-40)-3 15.29

50-40)-4 14.36 4.1 Compression process analysis

By comparing the statistics of the ultimate load and the
proportion of damaged areas is shown in Table 10. The con- internal damage area during compression failure, the fol-
clusion of overall performance is the same. By calculating the lowing conclusions can be drawn: The ultimate damage
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a)

Figure 13: Internal damage of control group specimens. (a) 20J-1, (b) 30J-1, and (c) 40)-1.

Table 10: Proportion of internal injury area in the control group

Number Proportion of damaged areas (%)
20)-1 8.09
30)-1 11.21
40)-1 12.31

load and the internal damage area show an overall trend of
inverse proportion, that is, the greater the internal damage
area, the lower the ultimate damage load. The specific sta-
tistics are shown in Figure 14. It should be noted that the
damage area in Figure 14c is too large, which is inconsistent
with the conclusion. The reason for this phenomenon may
be caused by the inaccurate C-scan of the plate, or it may be
caused by the manufacturing defect of the specimen.

The results of all specimens subjected to CAI tests were
analyzed, and the “Displacement-Load” curve obtained
according to the data is shown in Figures 15 and 16. All
“displace-load” curves appear as a whole: “slow rise —
linear growth — peak Load after a sharp decline” three
stages. The slow growth stage of the curve at the beginning
of compression is caused by the false contact between the
top of the specimen and the bottom of the pressure plate.
Then, with the continuous increase in positive pressure,
the compression stage begins. When the specimen reaches
the ultimate load stage, the displacement and load value
continue to maintain a linear increase trend. After the
failure load is reached, brittle fracture occurs at the same
time as the specimen, and the strength decreases sharply,
and maintains a downward trend until the structural sup-
port is regained. During the experiment, the structure is
brittle with loud fracture sound.

Specifically, first of all, for different shock times, with
the increase in the number of shocks, the strength of the
structure will decrease, but only one increase in the number
of shocks has little effect on the strength decline. Therefore,

b)

DE GRUYTER

there is little difference between the internal damage of the
specimen under two impacts and that under a single impact,
which is intuitively reflected in that the damage loads
obtained by most curves are almost the same. Among
some curves that produce peak load difference, most 20]
impact group produces lower damage load.

In the CAI test under different impact angles, the
impact angle has little influence on the failure load. The
reason for this is because the NCF composite material
selected in this test is eight-layer composite board, in the
impact test, the thickness of the failure layer is not uni-
form, so the failure direction is not uniform, resulting in
this situation.

The displacement-load curve obtained from the experi-
mental data of the control group is shown in Figure 16. The
experimental results of control group show that the peak
load decreases with the increase in impact energy. This is
due to the increase in the internal damage area with the
increase in the impact energy, resulting in a reduction in the
strength of the material structure, so the peak load is
reduced. The overall conclusion is the same as above.

4.2 Analysis of DIC monitoring damage
evolution process

By monitoring the typical stages of compression damage of
specimens 25-40]-3, the development form of failure can be
seen. With the increase in vertical positive pressure, the
impact point of punch and the damaged area of fiber are
further subjected to vertical pressure and shear action, and
the phenomenon of stress concentration occurs. The local
stress increases further until the brittle fracture occurs
when the failure load is reached. Cracks often penetrate
the impact point and extend laterally until a penetrating
fracture is formed. See Figure 17 for details, where “V”
represents “vertical displacement,” “Ey,” represents
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Figure 14: Comparison between maximum load and internal damage area. (a) 12.5-20J, (b) 25-20), (c) 50-20), (d) 12.5-40, (e) 25-40), and (f) 50-40).

Figure 15: Displacement-load curves from compression experiments after different impact times. (a) 12.5-1, (b) 12.5-2, (c) 12.5-3, (d) 12.5-4, (e) 25-1,
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100 2051 “vertical stress,” and “E,” represents the principal stress in
—— 30J-1| the second direction.
80 40J-1 The main recorded data “V” in the CAI test process,

and the results of all its groups are shown in Figures 18-20.
The results show that the form of compression failure is
60 usually transverse fracture, and the impact angle has little
effect on the fracture direction. The oblique fracture occurs
only when the oblique fracture is 45° and the impact dis-
tance is large (50 mm). When compression failure occurs,
the upper part is under pressure and the lower part is
20 under tension. The displacement increases with the dis-
tance from the failure. In other words, the closer to the
. failure, the more sensitive the displacement change; the
0 J ) 3 J s farther away from the damage, the less sensitive the dis-
Displacement (mm) placement changes. This is due to the phenomenon of

stress concentration at the failure site, resulting in a rapid
increase in local stress, so its displacement change is more
drastic. It is worth explaining that some of the cloud
images show that the displacement around it is not

Load (kN)

40

Figure 16: Displacement-load curve from compression experiment of
control group specimens.

Middle period of Before Failure time
CAl destruction

v

Eyy

E,

Figure 17: DIC of compression damage in different stages of 25-40J-3.
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k)

Figure 18: DIC-von mises of 20 ] impact energy group compression experiment. (a) 12.5-20}-1, (b) 12.5-20)-2, (C) 12.5-20)-3, (d) 12.5-20)-4, (e) 25-20J-1,
(f) 25-20J-2, (g) 25-20J-3, (h) 25-20J-4, (i) 50-20J-1, (j) 50-20J-2, (k) 50-20J-3, and (I) 50-20)-4.

uniform, which is caused by not completely vertical fixa-
tion when fixed in the attachment, as shown in Figure 19c
and others.

4.3 Damage analysis after compression by
C-scan and SEM

The external representation picture of compression failure
on the side of the specimen is shown in Figure 21. When the
material is impacted, vertical pressure is applied to the
center and vicinity of the impact point. Due to the existence
of different angles of material layering, shear deformation
will also occur between different layering angles, resulting
in damage. Under the compression of vertical positive pres-
sure, the failure mainly extends to the impact point and its
vicinity. In the process of reaching the ultimate failure load,
the installation of the specimen is not completely vertical,

resulting in bending deformation in addition to compression
deformation during the compression process. Due to the
small transverse moment of inertia, the failure section is
extended along the transverse.

Figure 22 shows the SEM image after CAL From Figure
22, it can be seen that the stripping and failure of the
matrix and the fracture of the carbon fiber bundle are
relatively obvious. From the analysis of the fracture sur-
face, the main failure is compression and shear. Specific
analysis of the reason, laminate materials because of the
arrangement of fiber bundles is two-dimensional arrange-
ment, compared with three-dimensional braided materials
with stronger integrity, its ability to resist shear failure is
lower. Therefore, when the vertical compression test is
carried out after the impact damage, the fiber bundles
whose alignment angle is inconsistent with the direction
of the positive pressure load are more susceptible to shear
failure. At the same time, the bonding between the matrix
and the matrix mainly depends on the physical high
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Figure 19: DIC-von Mises of 40) impact energy group compression experiment. (a) 12.5-40}-1, (b) 12.5-40}-2, (C) 12.5-40}-3, (d) 12.5-40}-4, (e) 25-40)-1,
(f) 25-40)-2, (g) 25-40)-3, (h) 25-40)-4, (i) 50-40)-1, (j) 50-40J-2, (k) 50-40J-3, and (I) 50-40J-4.

temperature compression, rather than the connection of
the structure itself. As a result, its shear strength is also
low, so it is seriously affected by shear deformation during
compression, and there are often damaged forms of fiber
bundle fracture and matrix destruction.

C-scan was also used to scan the specimen, and
internal damage areas were obtained. The analysis is as
follows.

b)

Figure 20: DIC-von Mises of control group compression experiment. (a) 20}-1, (b) 30J-1, and (c) 40J-1.

Figure 23 shows the internal damage diagram of the
specimen after compression when the single impact energy
is 20] and the number of impacts is two. The damage
location is mainly at the impact location, and the form of
failure is penetrating transverse failure, matrix failure and
shear failure are the main damage modes, brittle fracture
failure is the main failure mode, and the relationship
between the damage area and the impact angle of
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Matrix layering

Inter-layer crack 2

Compression after impact

Figure 21: Microscopy images of the cross section of NCF specimen after CAI test.

compression damage is not obvious. In Table 11, the pro-
portion of internal damage of specimens under this group
of compression tests is calculated. The size of the damage
area has little relationship with the impact angle, and has a
positive relationship with the internal damage caused by the
impact. This indicates that the larger the area of the original
damage area, the greater the damage caused by compres-
sion. The comparison of data is shown in Figure 24.

Figure 25 statistically shows the internal damage dia-
gram of the specimen after compression when the single

Original specimen for SEM

Figure 22: Failure mode under SEM after compression test.

impact energy is 40 ] and the number of impacts is one. It is
concluded that the failure form and evolution mode are
almost the same as the 20 ] impact group. Because the 20]
impact panel is subjected to more shocks, its strength is
slightly affected. The internal damage is mainly reflected
in the impact distance of 12.5mm. This is because the
smaller the impact distance, the greater the impact cou-
pling effect, resulting in the impact of the number of
impacts on the damaged area increased. The proportion
of internal damage area after compression of specimens




Yuxuan Zhang et al.

DE GRUYTER

k) 1)

Figure 23: Internal damage of specimens after compression test under 20 J impact. (a) 12.5-20J-1, (b) 12.5-20J-2, (C) 12.5-20J-3, (d) 12.5-20)-4, (e) 25-20)-
1, (f) 25-20)-2, (g) 25-20J-3, (h) 25-20J-4, (i) 50-20J-1, (j) 50-20J-2, (k) 50-20J-3, and (I) 50-20J-4.

Table 11: Internal damage proportion of specimens after compression
test under 20 impact

Number Proportion of damaged areas (%)
12.5-20J-1 27.73
12.5-20)-2 23.65
12.5-20)-3 22.50
12.5-20)-4 23.23
25-20)-1 26.98
25-20)-2 23.86
25-20)-3 25.61
25-20)-4 25.01
50-20)-1 24.73
50-20)-2 21.93
50-20J-3 23.66
50-20)-4 26.34

in the 40] impact group is shown in Table 12, and the
conclusion is the same as above. The relationship between
the damage caused by initial impact and the internal
damage caused by compression is shown in Figure 26.
The internal damage statistics of the control group are
shown in Figure 27. The following conclusions can be
drawn: the failure is mainly centered on the impact center,
and extends horizontally until the failure occurs, and the
failure plane runs through the impact point. The impact
position of the control group was located in the geometric
center of the plate, and the impact number was single.
Therefore, its failure mode under impact and compression
is relatively simple. It can be seen from the C-scan figure
that the fibers at the impact point are fractured under
compression and shear. In the overall vertical compression



DE GRUYTER Couple effects of multi-impact damage and CAI capability on NCF composites == 19

B inpact damage
[ CAI damage
I Vaximum compressive load

100

12.5-20J-1 12.5-20]-2 12.5-20]-3 12.5-20]-4
B

50
25

100 25-20]-2 25-20]-3

50-20J-1 50-20J-2 50-20]-3 50-20J-4
Test piece type

Figure 24: Comparison of impact damage, CAI damage, and maximum
compression load in 20].

J)

Table 12: Internal damage proportion of specimens after compression

test under 40 impact

Number Proportion of damaged areas (%)
12.5-40)-1 25.94
12.5-40)-2 26.44
12.5-40)-3 22.90
12.5-40J)-4 21.80
25-40)-1 28.35
25-40)-2 27.92
25-40)-3 25.49
25-40)-4 27.03
50-40J-1 25.07
50-40J-2 25.41
50-40)-3 26.80
50-40)-4 24.03

)

Figure 25: Internal damage of specimens after compression test under 40 | impact. (a) 12.5-40J-1, (b) 12.5-40)-2, (C) 12.5-40J-3, (d) 12.5-40)-4, (e) 25-40}-
1, (f) 25-40J-2, (g) 25-40)-3, (h) 25-40)-4, (i) 50-40)-1, (j) 50-40J-2, (k) 50-40J-3, and (I) 50-40J-4.
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] CAT damage
I Vaximum compressive load

100
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12.5-40]-2
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25-40]J-1 25-40J-2 25-40]-3 25-40]-4

50-40]J-1

50-40]-2 50-40J-3
Test piece type

50-40]-4

Figure 26: Comparison of impact damage, CAI damage, and maximum
compression load in 40 ).

process, penetrating cracks occur along a relatively obvious
transverse path until the bearing capacity is completely lost
and brittle failure occurs.

The statistics of the internal damage area under the
control group test are shown in Table 13, because there is
no difference in impact angle in the control group. In the
statistical section of the damage area of 30J-1 and 40]J-1, the
situation is less than the above conclusion. This is because
the shadow part in C-scan reflects the sum of all the
damaged patterns superimposed from this thickness to
the surface layer. Because the thickness selected in the
scanning process is not the thickness of the maximum
damage, the scanning area is small. In Figure 28, the pro-
portion of internal damage area produced under impact,

a)

Figure 27: Internal damage of control group specimens after compression test. (a) 20J-1, (b) 30J-1, and (c) 40)-1.

b)
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Table 13: Internal damage proportion of control group specimens after
compression test

Number Proportion of damaged areas (%)
20)-1 29.11
30J-1 23.10
40)-1 26.23
100 X
impact damage
CAI damage
Maximum compressive load
80
60 [
40 F
20

20J-1 30J-1

Test piece type

40]J-1

Figure 28: Comparison of impact damage, CAI damage, and maximum
compression load in control group.

proportion of damage area produced under compression,
and failure load during compression were statistically ana-
lyzed, which further confirmed the above views.
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5 Conclusion

5.1 LVI test

The LVI test mainly studied the multiple-impact and single-
impact response and failure process of NCF composites. The
experiment was mainly conducted in three groups: under the
impact distance of 12.5, 25, and 50 mm, 20 ] impact energy was
set for single-point, two-time low-speed impact experiment;
under the impact distance of 12.5, 25, and 50 mm, 40 J impact
energy was set for two-point, single-time low-speed impact
experiment; and control group. During the LVI test, the con-
clusion is as follows:

1) With the increase in the number of shocks, the damage
generated inside the NCF composite material is further
extended, resulting in the strength of the material
decreasing with the increase in the number of shocks;

2) The increase in impact distance will lead to coupling impact
effect, making the two impact tests more independent;

3) Different impact angles have little impact on the impact
response, which is reflected in the peak load, stability
time, time-load curve, internal damage, etc., which are
almost the same;

4) The ultimate load generated under 40 ] impact is almost
twice as high as the ultimate load generated under 20 ]
impact. This indicates that there is a linear increasing
relationship between the ultimate bearing capacity and
the impact energy before the specimen is completely
crushed and loses its strength

5) After the impact, the upper surface of the specimen
showed a depression, and the fibers in the depression
were mainly compressed and bent. However, there
were no obvious cracks and fiber fracture traces, and
fiber bundle fractures along the 45° layup direction on
the lower surface, and slight fault signs began to appear.
The impact failure extension direction is consistent with
the fiber layering direction of the failure layer, which has
strong directivity.

6) When the impact distance is 12.5 mm, internal damage
occurs during the impact process (mainly layered damage).
After multiple shocks, the strength of the material is
reduced, and the failure direction is not significant due
to the impact coupling effect.

5.2 CAI test

According to the results of displacement - load curves, C-
scan and SEM, CAI test mainly discusses the influence of

Couple effects of multi-impact damage and CAI capability on NCF composites
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LVI test on load limit and compressive properties of speci-

mens. Through direct observation and NDT technology (C-

scan, SEM) to explore its failure mode, the conclusion is as

follows:

1) In the failure process, the main failure forms are matrix
fracture and fiber fracture. The main damage failure
form is shear failure. The main failure mode is brittle
fracture. The main failure position appears at the impact
position, which is manifested in the form of penetrating
lateral failure. The maximum stress occurs at the failure
layer, and the impact angle has little effect on the frac-
ture direction. The oblique fracture occurs only when the
oblique is 45° and the impact distance is large (50 mm).
During the failure, the overall failure tendency is divided
into upper compression and lower tension. The displace-
ment increases with the distance from the failure place,
that is, the closer to the failure place, the more sensitive
the displacement change. The farther away the damage
place is, the less sensitive the displacement change is.

2) The area of the damaged area has little relationship
with the angle of impact, but it is proportional to the
internal damage caused by impact, that is, the larger
the area of the original damaged area, the greater the
damage caused by compression;

3) The greater the number of shocks, the greater the
decline in strength, and the greater the internal damage
area caused by external loads.
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