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Abstract-Polymer nanofiber interleaving is a novel technology to enhance toughness of composite laminates. This paper focuses on 
the comparison of low velocity impact damage resistance and tolerance of base (no interleaving) and polymer nanofiber interleaved 
composite laminates. A 24-ply aerospace grade AS4/3501-6 Carbon/Epoxy laminate was made in an autoclave. The interleaved 
laminate was made by placing a layer of Nylon-66 nanofiber between the adjacent plies and at the top and bottom of the laminate. 
The nanofabric was made by electrospinning 12% wt. of Nylon-66 solution made by dissolving Nylon-66 crystals in a mixture of 90% 
formic acid and chloroform in a weight ratio of 75/25, respectively. The average areal density of the fabric was 0.7 g/m2 and the 
AS4/3501-6 composite ply was 260 g/m2. Impacted panels were c-scanned and the measured damage of the two laminates was 
compared with each other. Compression was implemented to the specimens for impact test to measure the damage tolerance. Results 
showed that polymer nanofiber interleaving does have a potential to improve impact damage resistance and tolerance. Specifically, 
interleaving increased the threshold impact force by about 12% and the compression strength by about 10%. 

Keywords- Nanofiber; Impact Damage; Impact Resistance; Interleaving 

NOMENCLATURE 

CAI   = compression after impact 

D   = distance between the tip of the syringe needle and the collector, mm 

Da   = damage area, mm2 

E, E0, Ea, Ec = impact, maximum, dissipated and critical energy, J 

F1C   = weighted compressive strength of pristine laminate, MPa 

FCAI   = ultimate compressive residual strength, MPa 

g   = acceleration due to gravity, 9.81 m/s2 

h   = specimen thickness, mm 

H   = impact height, mm 

HV   = high voltage DC source 

kb, km, ks, kc = bending, membrane, shear and contact stiffness, N/m 

kbs   = bending and shear effective stiffness, N/m 

M   = impactor mass, kg 

Mp   = specimen test section mass, kg 

P0   = maximum force (analysis), N 

Pc, Pmax  = critical and maximum force, N 

Pcmax   = maximum compressive force, N 

R   = radius of rotating drum, mm 

SDOF   = single degree of freedom 

SEM   = scanning electron microscope 

t   = time, s 

V   = applied voltage, kV 
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B. Fabrication of Panels and Test Specimens 

A quasi-isotropic laminate of stacking sequence[-45/90/45/0] 
3S was used for making the 24 ply laminates. Complete stacking 

sequence of the laminate and one set of each are shown in Figs. 2 and 3 for the base and interleaved laminates, respectively. 
The interleaved laminates were made by placing one layer of the nanofabric in between two consecutive prepreg layers. In 
addition, a layer of the nanofabric was also placed on the top and bottom surfaces of the laminate. These laminates were made 
in autoclave as per guidance provided by the prepreg supplier. 

 

Figure 2 Schematic of base laminate stacking 

 

Figure 3 Schematic of interleaved laminate stacking 

The average thickness of the laminate was 4.15 mm for the interleaved laminates and 4.14 mm for base AS4/3501-6 
laminate. Averaged thickness difference between the base and interleaved AS4/3501-6 laminates was about 0.2%. Each 
laminate measured 356 mm x 762 mm (14 in x 30 in) and they were visually inspected for external damage and c-scanned for 
internal damage and were found to be satisfactory. The laminates were then cut into 70 test specimens (42 base and 28 
interleaved test specimens) measuring 102 mm x 152 mm (4 in x 6 in). 

III. IMPACT ANALYSIS OF LAMINATE 

Mechanics of the drop weight tower setup is shown in Fig. 4. The impact process consists of two distinct states. In the first 
state, the impactor with effective mass, M, is raised to the impact height, H. At this state, the velocity of the impactor is zero 
and the potential energy is MgH, where g is the acceleration due to gravity (9.81 m/s2). 

 

(a) Impactor positioned at impact height, H 

 

(b) Initial contact of impactor with laminate 

Figure 4 Impact event in a drop weight tower setup 
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After releasing the impactor, it is accelerated by gravity and just before making impact with the test specimen (the time set 
tot = 0), the velocityV(0) = V0is measured by an infra-red detector and can also be calculated by equating the potential energy 
to the kinetic energy of the impactor. The second state is the contact deformation of the test specimen as the impact energy 
from the impactor is transferred to the specimen. The impactor is constrained to strike at the center of the rectangular test 
specimen, of mass Mp. 

Figure 5 shows the schematic of the specimen deformation during impact. The deformation can be modeled by an 
equivalent nonlinear spring-mass model[24]shown in Fig. 6(a), where kc, km, kb and ks are the contact, membrane, bending and 
shear stiffness, respectively. If geometric nonlinearities due to indentation, membrane, and damage are neglected, the nonlinear 
model will result ina single-degree-of-freedom (SDOF) model, shown in Fig. 6(b). 

 

Figure 5 Schematic of specimen deformation during impact 

 

(a) Nonlinear contact model 

 

(b) Equivalent single-degree-of-freedom model 

Figure 6 Spring-mass models 

In the SDOF model, the impactor and laminate mass ratio must be greater than 2[26] and the combined bending-shear 
stiffness of the laminate is represented by the spring with equivalent stiffness (kbs). The equation of motion for the SDOF 
model is given by: 

 bsMW k W  0  (1) 

The assumed general solution to this free undamped system in Eq. (1) can be found in any text book on vibrations. Solving 
for the deflection (W), using the initial conditions; V(0) = V0 and W(0) = 0, the exact solution is: 

   sin
V

W t t


 0  (2) 

M, V0 , H = 0, t = 0h

MpW

W1

W2

W
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where
M

kbs  is the fundamental frequency of the laminate in radians.The force-time response is given by: 

     .
sinbs

t
P t V k M

T




 
 
 

0 5

0

0

 (3) 

where the contact duration, T0, is defined as: 

 
bs

M
T

k





 

0
 (4) 

For the undamaged laminate, Eqs. (2-4) accurately describe the impact response of the laminate. Just before striking the 
laminate, the force measured by the load transducer is zero and the force increases with time, reaches a maximum and then 
decreases to zero. The time interval between two consecutive zero force is the impact duration. The bending-shear stiffness (kbs) 
which is the effective spring stiffness of bending(kb) and shear(ks)connected in series. Because of the uncertainty of the 
boundary condition of the experimental set-up, the kbs was experimentally measured by pressing the impact tub statically into 
the laminate. The stiffness (kbs) for the base and interleaved laminates is 2.5 and 2.6 N/m, respectively. 

By the principle of conversion of energy, the potential energy of the impact tup is converted to kinetic energy and the 
velocity at impact (V0) can be expressed as: 

 V gH
0

2  (5) 

Whereg is the acceleration due to gravity (9.81 m/s2) and H is the impact height in meters. 

The impact energy (E0), which is the kinetic energy of the impactor of mass Mcanalso be expressed by: 

 
elastic aE MV E E  2

0 0

1

2
 (6) 

where the elastic energy(Eelastic)is the energy released by the target and is calculated based on the rebound acceleration, force 
and displacement. The dissipated energy (Ea)is the difference between E0 and Eelastic and is the energy used in creating damage 
in the laminate and the energy dissipated by the target in the form of vibration and heat, and by the impact setup in the form of 
inelastic behavior of the impactor and support[24, 25]. 

IV. TESTING 

A. Impact Testing 

The impact set-up used was a Dynatubdrop weight tower. The impactor and average laminate masses were 5.41 and 0.0641 
kg, respectively. The impactor and laminate mass ratio was about 84 which is much greater than 2[24], hence the laminate mass 
is neglected in the analysis. The impactor mass, M, had a hemispherical tup of diameter 25.4 mm (1.0 in) and was instrumented 
with an accelerometer to measure the acceleration versus time response. The response is recorded by a high-speed data 
acquisition system. The data recorded include impact force-time, the impact force-deflection, and the energy-time responses. 
The tower was equipped with a pneumatic rebound brake system to prevent multiple impacts on the laminate and 
instrumentation to measure the velocity just before the impact. 

Low velocity impact tests were conducted in accordance with the ASTM Standard D 7136. The test specimen was placed 
on a rigid steel frame with 76 mm x 127 mm (3 in x 5 in) rectangular cut-out test section. The specimen was centered over the 
cut-out by means of three guiding pins and held in place by four adjustable, rubber-tipped toggle clamps as shown in Fig. 
7.The impact height, H, was set between the tip of the impactor and the top surface of the specimen (see Fig. 4a). After 
properly centering and clamping the specimen, the impactor was released. After impacting the specimen, the impactor re-
bounces. The pneumatic rebound brake system automatically arrests the impactor and prevents multiple impacts on the 
specimen. Impact damage area was measured by c-scan. 
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(a) Plan View (b) Sectioned View 

Figure 7 Impact test fixture and set-up 

The impact acceleration Vs. time is recorded by the Dynatub data acquisition system. From that, derived quantities such as 
impact force, velocity, laminate central displacement and energy are calculated. Figure 8 shows the combined experimental 
and analytical impact responses. The analytical impact force response was obtained from Eq. (3),andit represents one-half 
sinusoidal wave. The duration of impact (Eq. 4) is about 4.6 ms and the maximum load (Pmax) obtained by experimental and 
analytical (Eq. 3) are the same for no-damage impact. 

 

Figure 8 Typical experimental and analytical impact force-time response of an undamaged 

Laminate 

The impact height used in this study ranged from 57 to 254 mm. The base and the interleaved test specimens were 
impacted at 8 and 9 different heights, respectively. At each height, 2 or 3 specimens were impacted. The complete test matrix 
is shown in Table 1. 

TABLE I IMPACT TEST MATRIX 

H, mm 57 64 76 83 89 102 127 152 254 

Base          

Interleaved       x   

B. Standard Compression Test 

Baseline compression strength of the pristine quasi-isotropic base and interleaved laminates of dimensions 4.14 mm (0.163 
in) x 146 mm (5.75 in) was measured according to the ASTM Standard D3410M[26] to compare the residual strength of the 
specimen after the impact test. The mean compression strength, F1C, and standard deviation of the pristine base laminate were 
650 and 21MPa, respectively, while the mean compression strength and standard deviation of the pristine interleaved laminate 
were 620 and 31MPa, respectively. At a confidence coefficient of 95%, there was no significant difference in the compression 
strength of the base and the interleaved laminates[27]. The compression strength of the pristine laminate (base or interleaved) 
(F1C) and standard error for both the base and the interleaved laminates were calculated as 635 and 31MPa, respectively[27]. 
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impact force Vs. time response), and the impact energies. The impact energies include initial energy (E0), the critical energy 
(energy at the critical impact force, Pc), and the dissipated energy. 

TABLE II IMPACT TEST RESULTS FOR BASE LAMINATES 

Test Specimen  
ID# 

Impact Height, H,  
mm 

C-Scan Damage Area, 
Da,  

mm2 

Impact Force, kN Energy, J 
Critical,  

Pc 
Maximum, 

Pmax 
Impact,  

E0 
Critical,  

Ec 
Dissipated, 

Ea 
3_3 

57 
54 -- 3.980 3.22 -- 0.05 

3_12 96 -- 3.945 2.93 -- 0.00 
3_4 

64 
266 -- 4.091 3.46 -- 1.32 

3_10 262 -- 4.251 3.41 -- 1.17 
3_8 76 305 4.344 4.344 4.10 3.57 1.43 

3_14 
83 

334 4.231 4.231 4.43 3.60 1.35 
1_3 356 4.428 4.428 4.36 4.06 1.66 

3_11 
89 

288 4.179 4.179 4.65 3.50 1.46 
1_14 362 4.638 4.638 4.85 4.23 1.64 
3_6 

102 
428 4.508 4.508 5.54 3.96 1.70 

3_7 359 4.214 4.214 5.38 3.46 1.28 
2_7 403 4.498 4.498 5.49 4.08 1.67 

1_10 
127 

500 4.909 4.958 6.80 4.61 2.11 
2_10 494 4.533 4.697 6.84 4.04 1.97 
2_12 482 4.570 4.676 6.72 4.07 1.83 
3_13 

152 
537 4.416 5.189 8.07 3.76 1.84 

3_5 567 4.572 5.161 8.08 3.97 1.92 
2_9 -- 4.934 5.048 7.92 4.62 2.40 
3_9 

254 

831 4.235 7.329 13.22 3.58 2.47 
1_6 865 4.882 7.214 13.45 4.67 3.29 
1_7 848 4.840 7.292 13.55 4.64 3.32 
1_9 840 4.580 6.788 13.50 4.30 3.95 

   
4.5* 

(0.4)** 
  

4.0* 
(0.7)** 

 

* average value 

** standarderrormean 

TABLE III IMPACT TEST RESULTS FOR INTERLEAVED LAMINATES 

Test Specimen ID  
# 

Impact Height, H,  
mm 

C-Scan Damage Area, Da, 
mm2 

Impact Force, kN Energy, J 
Critical,  

Pc 
Maximum, 

Pmax 
Impact,  

E0 
Critical,  

Ec 
Dissipated, 

Ea 
P2_10 

57 
64 -- 3.930 2.94 -- 0.00 

P1_1 100 -- 3.858 2.98 -- 0.00 
P1_7 40 -- 3.980 2.98 -- 0.00 
P1_14 

64 
70 -- 4.138 3.35 -- 0.00 

P2_9 85 -- 4.047 3.34 -- 0.10 
P2_14 73 -- 4.074 3.32 -- 0.06 
P1_2 

76 
78 -- 4.369 3.93 -- 0.08 

P1_6 116 -- 4.477 3.87 -- 0.00 
P2_1 135 -- 4.315 3.93 -- 0.16 
P2_12 

83 
279 4.571 4.571 4.39 4.35 1.53 

P1_10 104 4.582 4.582 4.26 4.26 0.09 
P1_11 103 -- 4.533 4.15 -- 0.00 
P1_5 

89 
284 4.678 4.678 4.60 4.48 1.56 

P1_13 289 4.705 4.705 4.61 4.43 1.52 
P2_3 357 4.589 4.589 4.53 4.32 1.33 
P2_4 

102 
405 4.717 4.717 5.46 4.58 1.70 

P2_7 434 4.777 4.777 5.55 4.66 1.80 
P1_4 422 4.555 4.555 5.39 4.23 1.79 
P2_6 

152 
571 4.631 5.204 8.06 4.39 2.24 

P2_8 556 4.701 5.159 7.90 4.43 2.02 
P2_5 529 4.672 5.188 7.97 4.42 2.10 
P1_3 

254 
884 4.850 7.031 13.26 4.80 5.02 

P1_8 1071 4.786 7.207 13.33 4.63 3.20 
P1_9 926 4.831 7.056 13.24 4.72 4.49 

   
4.7* 

(0.2)** 
  

4.5* 
(0.3)** 

 

* average value 

** standard error mean 

The critical force is the force at the damage initiation[29], which is reflected in the sudden loss of stiffness[30]. From Tables 2 
and 3, the average critical force and standard error mean for the base and interleaved laminate are, respectively, 4.5 kN(0.4) 
and 4.7 kN (0.2).It can be observed from the tables that the critical force is almost constant and independent of the impact force. 
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Figures 10 and 11 show the impact force Vs. time response curves for the range of impact height tested for the base and the 
interleaved laminates, respectively. Except for H = 57 mm, impact force-time response curves for all specimen were shifted by 
2 ms for the purpose of comparing the data and for clarity. For H = 57, and 64 mm for the base laminate and, for H = 57, 64, 
and 76 mm for the interleaved laminate, the impact force-time response curves are smooth sinusoidal, which is a characteristic 
of the undamaged specimen. This response can be described by Eq. (3). 

 

Figure 10 Impact force-time response of base laminate showing critical force 

 

Figure 11 Impact force-time response of interleaved laminate showing critical force 

However, for H = 76 mm and greater, for the base laminates, and H = 83 mm, and greater, for the interleaved laminates, the 
impact force-time response curves are not smooth, which is an indication of damage to various degrees. Critical force is 
represented by solid circle, at this force, the response curve suddenly drop. This force represents the transition from the 
undamaged to the damaged laminate. The associated force at these points is the critical force as previously explained. 

The average critical force for the base and the interleaved laminates is plotted in Fig. 12. The standard error is specified in 
the plot for the base and the interleaved laminate. Polymer nanofabric interleaving increased the average critical force from 4.5 
to 4.7 kN, about 4.4%. 

 

Figure 12 Critical impact force versus impact height for base and interleaved laminates 

B. Damage Analysis by C-Scan 

Damage resistance was ranked in terms the damage growth rate with respect to impact force and the threshold impact force. 
Structural Diagnostics Inc. (SDI) ultrasonic C-Scan equipment was used for assessing internal damage in the test specimens. 
Typical c-scan micrographs for the base and the interleaved test specimens are showed in Fig. 13. 
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Figure 13 Typical C-Scan results at low impact height 

Figure 14 shows the damage area versus impact force. The threshold impact force increased from 4.0 to 4.5 kN 
representing about 13% improvement (contrast with 4.5 ad 4.7 kN in Tables 2 and 3). Note that the impact threshold force is 
different from the critical impact force. Critical impact force corresponds to the force measured at the sudden load or 
compliance drop. However, the threshold force depends on the c-scan setting. In our previous preliminary study[12], the impact 
threshold force was increased from 1.0 to 1.6 kN, representing a 60% improvement, there the laminate was interleaved with 
1.0% of the ply weight in contrast the present interleaving is only 0.27%of the ply weight. 

 

Figure 14 Damage area versus impact force for base and interleaved laminates 

Figure 15 shows the damage area versus the impact energy for the base and interleaved laminates. The impact energy 
thresholds are 3.0 and 4.0 J, respectively, indicating an increase of 33% energy level. This modest increase may be because of 
the small percentage (0.27%) of Nylon 66 interleaved fibers. The threshold could be increased by increasing the percentage 
interleaving. The damage growth rate is almost the same for both base and interleaved composites. This trend agrees with the 
trend that large increase in GIC compared to GIR in Mode I fracture[11]. A conclusion from these results is that interleaving 
increases the impact damage threshold but may not increase the impact damaged growth rate. 

 

Figure 15 Damage area versus impact energy for base and interleaved laminates 
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Figure 19 Base laminate compressive stress versus cross-head displacement for impact height 
57 to 83 mm 

 

Figure 20 Base laminate compressive stress versus cross-head displacement for impact height 
89 to 254 mm 

 

Figure 21 Interleaved laminate compressive stress versus cross-head displacement for impactheight  
57 to 83 mm 

 

Figure 22 Interleaved laminate compressive stress versus cross-head displacement for impactheight 
 89 to 254 mm 
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Damage tolerance was assessed by the ratio of the residual compressive strength(FCAI) to the average compression 
strength(F1C) of the undamaged laminate. The average compression strength (F1C) of the undamaged base and interleaved 
laminate was 635 MPa. The percentage bending strain in all these tests was within the +10% range allowed for in the standard. 
The normalized residual compression strength plotted against impact energy is shown in Fig. 23. The open symbols refer to the 
base laminates while the solid symbols refer to the interleaved laminates. The limit of edge compression is shown by the 
vertical line with a shade. The shaded region to the left of the vertical line represents the edge failure and the region on the 
right of the line represents the compression failure at the impacted specimen. In the compression failure region, as expected, 
the residual strength decreases with impact energy. The two laminates show similar trend, even though the interleaved 
composites have higher residual strength than the base laminate for a given impact energy. Therefore, it can be concluded that 
the impact damage tolerance of the interleaved composites is better but not decisively better than the base laminate. 

 
Figure 23 Residual compression strength ratioversus impact energy 

The CAI test results showed that the minimum impact energy to cause the failure of the impact site was 3.0 J for the base 
laminate whereas it was 4.0 J for the interleaved laminate. The residual compression strength ratio increased from 0.45 to 0.50. 
The compression residual strength ratio decreases at increasing impact energy for both laminates. 

VI. CONCLUSIONS 

A 24 ply quasi-isotropic base and Nylon-66 nanofiber interleaved AS4/3501-6 composite laminates were tested in low 
velocity impacts to assess the impact resistance. The impacted specimens were then subjected to compression testing to assess 
the impact damage tolerance. The interleaving nanofabrics were prepared by electrospinning, and its areal density was 0.7 g/m2. 
This areal weight translates into 0.27% of the ply weight. The impact velocity ranged from 1.03 to 2.22 m/s and the height 
ranged from 54 to 254 mm. The impactor mass was 5.41 kg. The following observations were made regarding the influence of 
interleaving on the impact damage resistance and tolerance: 

1. Polymer nanofabric interleaving marginally increased the laminate thickness. This increment in thickness is unlikely to 
cause measurable loss of in-plane stiffness and strength of the composite as previously demonstrated by the authors. 

2. Polymer nanofiber interleaving increased the threshold impact force from 4.0 to 4.5 kN, for delamination damage on-set 
by about 7%. 

3. Polymer nanofiber interleaving increased the threshold impact energy from 3.0 to 4.0 J, an increase of 33%. 

4. Residual compression strength after impact increased by about 10%, from a factor of 0.45 to 0.50, by polymer 
interleaving. 

5. Finally, the polymer nanofiber interleaving has the potential to improve impact damage resistance and tolerance without 
replacing the presently utilized matrix system. However, more study is needed in optimizing the amount and dispersion of 
polymer the nanofibers in the composite laminate to realize the full potential and limitation. 
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