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1. Introduction 

 

Nowadays, carbon fiber reinforced plastics (CFRP) 

are earning high popularity in automotive industry. 

Continuous CFRP have already been widely applied in 

loading-bearing structures of airplane. Discontinuous 

CFRP are developed to manufacture structures of 

volume-production automobile on account of their 

remarkable process flowability. 

 

CFRP could be divided into carbon fiber reinforced 

thermosetting resin (CFRTS) and carbon fiber 

reinforced thermoplastics (CFRTP). Unlike 

thermosetting resins which remain in permanent solid 

state once cured, thermoplastics could be melted into 

liquid state and cooled back into solid state cyclically. 

CFRTP become more prevalent in automobile 

industry owing to their excellent recyclability and 

shorter manufacturing cycles [1]. Chopped carbon 

fiber tape reinforced thermoplastics (CTT) and carbon 

fiber mat reinforced thermoplastics (CMT) are in-

plane isotropic composites being developed to 

manufacture mass-production vehicles [2].  

 

Compared to CFRTS with cross-linked molecular 

chains in 3D space, CFRTP present noticeable 

viscoelastic properties because of their linear 

molecular chains without chemically bonds. 

Considerable experimental and theoretical research 

about time and temperature dependent mechanical 

properties has been focused on continuous CFRP [3-

6]. Modulus of CFRTP varied remarkably at dissimilar 

strain sates and temperatures. In case of CTT with 

different tape lengths, they present different 

temperature dependence. This viscoelastic 

phenomenon was investigated primarily by using 

micromechanics of discontinuous carbon fiber 

reinforced plastics composite. 

 

Due to the weak reinforcement along the thickness 

direction of CMT or CTT, the transversal shear effect 

has a significant influence on flexural deformation. 

The transversal shear modulus and flexural modulus 

could be determined by vibration test [7-12]. In this 

study, Timoshenko beam theory combined with an 

iterative algorithm was employed to determine the 

flexural and transverse shear moduli.  

 

Voids, resin-rich region, cracks, delamination are 

common flaws inside of CFRP. Peter Cawley [13] 

proposed simplified defect models to verify the 

applicability to inspect CFRP parts. In this study, one 

modified mathematic expression was derived to 

evaluate the health condition of CFRTP materials and 

structures. 

 

2. Materials  

 

Two types of modified thermoplastics were used as 

matrix, i.e., polypropylene (PP) and polyamide 6 

(PA6). CMT materials were provided by Toray 

Industries, Inc.. CTT materials were offered by 

Industrial Technology Center of Fukui Prefecture. 

Innumerable discontinuous fibers (6 mm in length) 

were dispersed randomly within in a plane (see Fig. 1). 

The unidirectional prepreg tapes were distributed 

randomly in a plane. The local representative volume 

element (RVE) with the stacking unidirectional 

prepreg tapes is more like a quasi-isotropic continuous 

fiber reinforced laminate (see Fig. 2). 

 

  

Fig. 1. CMT: (a) surface observation; (b) schematic 

of meso-level structure. 

 

  

Fig. 2. CTT: (a) surface observation; (b) schematic of 

meso-level structure. 
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3. Viscoelastic behavior 

 

3.1 Temperature dependence 

 

There is no chemical bonds between linear 

thermoplastic molecular chains, which contributed to 

the viscoelastic properties of CFRTP. The temperature 

dependence of CTT could be seen clearly from Fig. 3.  

 

   

Fig. 3. Temperature dependence of CTT (6 mm). 

 

3.2 Strain rate dependence 

 

CMT and CTT exhibit marked viscoelasticity (see Figs. 

4) when undergoing deformation. Both CMT (Vf 20%) 

and CTT (18 mm) present excellent log-linear 

relationship between modulus and strain rate. 

 

 
 

 

Fig. 4. Strain rate dependence: (a) CMT; (b) CTT; 

 

3.3 Tape length dependence 

 

The reinforcement of tapes with different lengths are 

different. As shown in Figs. 5 and 6, the tape length 

has significant influence on the mechanical properties 

of CTT. In order to explore the effect of tape aspect 

ratio on mechanical properties, the influence of fiber 

aspect ratio (L/d) was analyzed (see Fig. 7). 

 

 

Fig. 5. Tape length dependence. 

 

 

Fig. 6. Temperature dependence of modulus. 

 

 

Fig. 7. Aspect ratio dependence of discontinuous fiber 

reinforced plastics. 

 

As shown in Fig. 8, one innovative method was 

proposed to describe the aspect ratio of tape, and the 

corresponding aspect ratio of fiber was derived 

according to the volume equivalence principle. The 

process of derivation was listed in Eqs. (1) - (5) below.  

 

 
 

 

Fig. 8. Schematic of equivalent aspect ratio: (a) 

quasi-isotropic element; (b) two binding tapes; (c) 
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equivalent intermedia; (d) randomly orientated fibers. 

 𝑉𝑡 = 2𝐿𝑡 ∗ 𝑊𝑡 ∗ 𝑡   (1) 

 𝑉𝑖𝑛𝑡. = 𝜋𝐿
2 ∗ 2𝑡   (2) 

 

According to the volume equivalence principle 

 𝑉𝑡 = 𝑉𝑖𝑛𝑡.  (3) 

 (
𝐿

𝑑
)
𝑖𝑛𝑡.
=
1

√𝜋
(

 
√𝐿𝑡  * 𝑊𝑡

𝑑

)

   (4) 

 

(
𝐿

𝑑
) = 𝑘 (

𝐿

𝑑
)
𝑖𝑛𝑡.

  (5) 

where, 

𝐿𝑡= length of the tape  

𝑊𝑡= width of the tape 

𝑡= thickness of the tape 

𝐿 = length of the fiber  

𝑘= curve-fitting parameter 

𝑑= diameter of the fiber 

𝑉𝑖𝑛𝑡.= volume of the intermedia 

𝑉𝑡= volume of the tape 

 

 

Fig. 9. Equivalent aspect ratio for CTT (6 mm). 

 

The curve-fitting parameter (𝑘= 0.27) was obtained 

from the Fig. 9. Therefore, the aspect ratio 

correspondence between fiber and tape was calculated 

(see Table 1). 

 

Table 1. The aspect ratio correspondence between 

fiber and tape. 

Tape length (mm) 6.0 18.0 30.0 

Tape thickness (mm) 0.044 0.044 0.044 

Tape width (mm) 5.0 5.0 5.0 

Diameter of fiber 

(mm) 
0.007 0.007 0.007 

Equivalent aspect 

ratio of fiber 
120 200 260 

 

Fig. 10. Equivalent aspect ratio for CTT (18 mm). 

 

 

Fig. 11. Equivalent aspect ratio for CTT (30 mm). 

 

The validation was verified by the Figs. 10 and 11. By 

means of micromechanics (Mori-Tanaka method), the 

effective modulus of CTT was obtained by calculating 

modulus of randomly 2D short fiber reinforced 

plastics (SFRP). 

 

4. Determination of moduli by vibration 

 

Timoshenko beam equation was proposed to analyze 

effects of shear deformation during flexural vibration. 

Flexural modulus 𝐸  and transversal shear modulus 

𝐺 were obtained as illustrated in Figs. 12 and 13. 

 

 
 

Fig. 12. Flow diagram of the moduli calculation. 
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Fig. 13. Loop iterations of moduli calculation. 

 

Table 2. Sets of (𝐺𝑗 , 𝐸𝑖) obtained from different 

combinations of eigenfrequencies. 
 

 
 

frequencies used to calculate 𝐸 

 𝑓1 𝑓2 𝑓3 𝑓4 𝑓5 𝑓6 

F
re

q
u

en
ci

es
 u

se
d

 t
o

 

ca
lc

u
la

te
 m

o
d
u
lu

s 
𝐺

 𝑓2 (𝐺2, 𝐸1)      

𝑓3 (𝐺3, 𝐸1) (𝐺3, 𝐸2)     

𝑓4 (𝐺4, 𝐸1) (𝐺4, 𝐸2) (𝐺4, 𝐸3)    

𝑓5 (𝐺5, 𝐸1) (𝐺5, 𝐸2) (𝐺5, 𝐸3) (𝐺5, 𝐸4)   

𝑓6 (𝐺6, 𝐸1) (𝐺6, 𝐸2) (𝐺6, 𝐸3) (𝐺6, 𝐸4) (𝐺6, 𝐸5)  

𝑓7 (𝐺7, 𝐸1) (𝐺7, 𝐸2) (𝐺7, 𝐸3) (𝐺7, 𝐸4) (𝐺7, 𝐸5) (𝐺7, 𝐸6) 

 

As shown in Table 2, sets of (𝐺𝑗, 𝐸𝑖) were calculated 

accurately by combining any two of the 

eigenfrequencies. These sets of moduli were within 

certain small ranges, as listed in the following 

expression: 

 

 
𝑚𝑖𝑛(𝐺𝑖) ≤ 𝐺 ≤  max(𝐺𝑖)  

 

𝑚𝑖𝑛(𝐸𝑖) ≤ 𝐸 ≤  max(𝐸𝑖) 
(6) 

 
  

 
 

Fig. 14. Accurate determination of transverse shear 

and flexural moduli. 

 

As shown in Fig. 14, the set of moduli (𝐺, 𝐸) were 

obtained by choosing the lowest sum of squared 

relative difference between the first seven measured 

frequencies and the corresponding calculated 

eigenfrequencies. 

 

 

5. Nondestructive inspection by tapping 

 

 

 
 

Fig. 15. Simplified defect model: (a) schematic of 

tapping inspection; (b) DSHM model. 

 

The detection mechanism of local method was 

illustrated in Fig. 15 (a). Stiffness 𝑘𝑑  in the 

delaminated area was significantly lower than stiffness 

𝑘𝑐  in the sound area. The damped simple harmonic 

motion (DSHM) system (see Fig. 15 (b)) was adopted 

to describe inspection behaviour. m is mass of the 

hammer, c is damping of the local tapping point, k is 

the measured stiffness, x(t) is displacement of the 

hammer, 𝜃 is angle between horizontal plane and 

tapping surface. 

 

 

Fig. 16. Interactive force-time curve analysis: (a) 

comparison of force-time curves; (b) characteristic of 

force-time curve; (c) common force-time curve. 
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In order to simplify theoretical analysis, curve of 

force-time was viewed as strict sine curve. Eqs. (7) and 

(8) were obtained to express contact duration 𝑡𝑐 and 

force amplitude 𝑓max. 
 

 
c

m
t

k
   (7) 

 
max 0f kmv   (8) 

where 𝑣0 is initial velocity of hammer. The Force-

Time curve is effected significantly by the structures’ 

constraint, and is not strict Sine curve. Additionally, it 

is often difficult to measure the contact time owing to 

the un-closed Force-Time curve with time axis. 

Therefore, the peak of interactive force profile would 

be regarded as a significant alternative and an accurate 

parameter to identify defect when tapping velocities 

were fixed. 

 

6. Conclusions 

 

The critical length of tape increased with elevating 

temperature due to the reduction of shear strength 

between fiber and matrix. Both CMT and CTT present 

excellent log-linear relationship between modulus and 

strain rate.  

 

Under room temperature, the critical length of tape is 

a little longer than 6 mm with respect to the modulus, 

while the critical length of tape is much longer than 6 

mm in case of strength and impact energy absorption 

of CTT laminate. An innovative method was proposed 

to describe the aspect ratio of tape, and the 

corresponding aspect ratio of fiber was adopted to 

calculate the effective modulus of CTT using Mori-

Tanaka method. 

 

Timoshenko beam theory was combined with an 

iterative algorithm to calculate the moduli. Meanwhile, 

the least square method was employed to precisely 

locate the optimized moduli by fitting the measured 

frequencies and the calculated frequencies. 

 

One smart tapping system was designed to analyse the 

feasibility to detect defects. The peak of interactive 

force profile was derived theoretically. This parameter 

would be regarded as a significant alternative and an 

accurate parameter to identify defect when tapping 

velocities were fixed. 
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