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Abstract

Terahertz imaging is applied to characterize a hybrid fiber-reinforced compos-

ite laminate subject to low-velocity impact in this study. The hybrid fiber-

reinforced composite laminate comprises unidirectional glass/epoxy and car-

bon/epoxy plies with a cross-ply stack pattern. Both impact-induced intra-

and inter-laminar damages are successfully detected, and the damage evolu-

tion throughout the thickness is also evaluated. The interaction between the

terahertz polarization and carbon-fiber orientation is investigated in detail.

Inter-laminar damage at the interface and the intra-laminar damage close

to the same interface can be differentiated via polarization-resolved imaging.

With a parameter fitting method based on multiple regression analysis, de-

lamination is characterized quantitatively. Terahertz C- and B-scan images
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clearly exhibit the propagation of the damage from the top to the bottom

surface in three dimensions.

Keywords: D. Non-destructive testing, A. Hybrid, A. Polymer-matrix

composites (PMCs), B. Impact behavior, Terahertz imaging

1. Introduction

Fiber-reinforced composites, such as carbon and glass fiber-reinforced

composites, are increasingly being utilized in the industrial world to pro-

vide an alternative to conventional structural materials due to their high

specific stiffness and strength, low weight and corrosion resistance. Hybrid

fiber-reinforced composites, which combine two or more types of fibers in the

same composites in order to benefit from the merits of each constituent fiber

type, have also been used in many applications which need to meet both the

requirements of cost and performance. Usually, one type of fiber in hybrid

composites is high-modulus and/or high-cost, such as carbon or boron and

the other type is low-modulus and/or low-cost, such as glass or Kevlar. The

high-modulus fiber provides the stiffness and load bearing capability, where-

as the low-modulus fiber makes the composite more damage tolerant and

reduces the cost [1]. Therefore, hybrid composites can provide the balance

of strength and stiffness, reduce the weight and/or cost while also improving

fatigue resistance, fracture toughness, and impact resistance.

Fiber-reinforced composite laminates are vulnerable to impact. The re-

sulting impact-induced damage in laminates involves a combination of intra-

laminar damage (such as matrix cracking or fiber/matrix debonding and

fiber distortion/fracture) and inter-laminar damage, which leads to the sep-
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aration of adjacent plies (delamination) [2]. High-velocity impact, with

speed up to 2500 m/s, results in perforations and the breakage of fibers. On

the other hand, low-velocity impact damage, with energy in range of 5 to

25 J or with speed between 5 m/s and 15 m/s, sometimes invisible on the

surface, involves a combination of matrix cracking and delamination within

the laminate [3]. Delaminations are considered the most important failure

mechanism, because they can severely degrade the strength and the integrity

of the structure, and may propagate undetected during service, leading to

a significant decrease in stability and durability. For these reasons, there

is an urgent need for advanced nondestructive evaluation (NDE) techniques

for impact damage in fiber-reinforced composite laminates over component

lifecycle—during service and maintenance.

Various NDE techniques have been developed for impact damage detec-

tion in composite structures over the last few decades, such as shearogra-

phy [4], ultrasonic testing [5, 6], eddy current [7], thermography [8] and X-

ray computed tomography [9]. However, not all these methods can provide

information in depth to observe the morphology and evolution of the impact

damage throughout the entire thickness of the laminate [3]. Ultrasonic C-

scans in pulse-echo mode can be utilized for imaging the evolution of impact

damage in carbon fiber-reinforced composite laminate [10]; however, the at-

tenuation of ultrasonic waves in glass fiber-reinforced composite laminate is

prohibitively high so that the operating frequency cannot in practice typical-

ly exceed 5 MHz, limiting the spatial resolution [11]. Ultrasonic C-scans also

frequently suffer from the problem of liquid coupling. The spatial resolution

of X-ray computed tomography is high and can provide three-dimensional
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imaging; however, it is difficult to implement for large composite laminates

and, as X-rays are ionizing radiation, it carries significant health risks.

Terahertz (THz) imaging, as a new promising NDE technique, can pro-

vide a noninvasive, noncontact, and nonionizing method to characterize non-

metallic materials. The THz portion of the electromagnetic spectrum extends

from approximately 100 GHz to 10 THz, and lies between the microwaves

and infrared; the wavelength range in this region is 3 mm down to 3 µm. THz

waves can penetrate numerous nonmetallic materials which may be opaque

in the range of visible and infrared light [12]. Moreover, as nonionizing ra-

diation, THz waves present minimal known health risks [13]. Due to these

remarkable properties, THz waves have already been used to characterize

various types of defects, such as impact damage, voids, delamination, and

intrusions in glass fiber-reinforced composites [11, 14, 15, 16, 17]. Moreover,

THz waves can also be applied to measure the optical material parame-

ters [18] and the fiber orientation [19] for glass fiber-reinforced composites.

However, the conductivity of carbon fibers hinders the applications of THz

waves to carbon fiber-reinforced composites to some extent, and THz waves

have to date only been demonstrated to detect the impact-induced matrix

cracking on the surface [20].

In this study, THz imaging is firstly applied to a hybrid fiber-reinforced

composite laminate, comprised of unidirectional glass/epoxy and carbon/epoxy

laminae with a cross-ply stack pattern. The evolution of intra-laminar and

inter-laminar damage throughout the thickness of the laminate (1.65 mm)

subject to low-velocity impact is evaluated. Inter-laminar damage at the

interface and the intra-laminar damage close to the same interface can be
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differentiated by taking advantage of the sensitivity of the carbon-fiber ori-

entation to the THz polarization. THz C- and B-scan images are obtained

to exhibit the propagation of the damage from the top to the bottom surface

in three dimensions.

2. Theoretical Background

The conductivity of carbon fibers severely limits the penetration ability of

THz waves into the material. For unidirectional carbon fiber-reinforced com-

posites, the conductivity is anisotropic and depends on the THz polarization

and fiber orientation, which can be expressed as [21]

σ(θ) = σlcos
2 θ + σtsin

2 θ (1)

where θ is the angle between the THz polarization and fiber orientation and σl

and σt are the longitudinal and transverse conductivities, respectively. Along

the fiber direction, the electric current flows through the carbon fibers, so

the longitudinal conductivity depends on the conductivity of carbon fibers

σf and on the fiber volume fraction νf ,

σl ≈ σfνf (2)

For the transverse conductivity, because the resin material is nonconductive,

the flow of electric current only occurs due to random contact between ad-

jacent carbon fibers, which depends on the manufacturing process and the

quality of the composites [21]. Therefore, the longitudinal conductivity is

much higher than the transverse conductivity. Based on the literature [22],
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longitudinal conductivity rangs from 1×104 S/m to 6×104 S/m, and the

transverse conductivity varies from 2 S/m to 600 S/m.

By analyzing the electric conductivity, one finds that (1) when the THz

polarization is parallel to the orientation of carbon fibers, the electric con-

ductivity is maximum and the THz reflectivity also reaches the maximum;

(2) when the THz polarization is perpendicular to the carbon fibers, conduc-

tivity and reflectivity achieve their minimum. The ideal amplitude reflection

coefficient R ideal can be expressed as

R ideal ≈ 1−

√

2ωϵ0
σ

(3)

where ω is the THz frequency, and ϵ0 is the permittivity of free space. The

reflection coefficient approximately equals to 1 when THz polarization is

parallel to the carbon-fiber orientation.

Monitoring the reflection coefficient across the surface of carbon fiber

composites with THz imaging can be utilized as a method to characterize

the impact damage on the surface. When carbon fiber-reinforced composites

suffer from impact damage, carbon fiber distortion and fracture will occur

in the damage area, which will lead to spatial variation of the reflection

coefficient as well as the polarization anisotropy. The reflection coefficient in

regions with and without impact damage can be more easily distinguished

with polarization parallel to the carbon-fiber orientation [23].

3. Sample

The tested sample is a cross-ply hybrid fiber-reinforced composite lam-

inate, shown in Fig. 1. The dimension of the laminate is 120 mm (length:
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Figure 1: Schematic diagram of hybrid fiber-reinforced composite sample indicating di-

mensions and internal structure.

Matrix Cracking
Delamination

Top Surface

Interface I

Interface II

Bottom Surface

x

z

Figure 2: Schematic diagram (edge view) of sample subjected to low-velocity impact

damage with highlighted damage types.
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x direction) × 120 mm (width: y direction) × 1.65 mm (thickness: z direc-

tion). The laminate is formed from prepregs of unidirectional E-glass fibers

with epoxy resin, and prepregs of unidirectional carbon fibers with epoxy

resin. For the prepreg of glass/epoxy, the fiber volume fraction is 60 vol.%

and the resin content is 33 wt.%, the orientation of the glass fibers is along

the direction of length (x direction); for the prepreg of carbon/epoxy, the

fiber volume fraction is 60 vol.% and the resin content is about 42 wt.%, the

orientation of the carbon fibers is along the direction of width (y direction).

The stacking sequence of the laminate is [0 ◦G
2 /90

◦C
3 ]s , corresponding to the

thicknesses [0.400 mm/0.425 mm]s. The electric conductivity of the carbon

fiber is 5.88×104 S/m in our case. Damage was generated by controlled free-

fall impact: an impactor of 50 g struck the center of the top surface of the

laminate at a speed of 9.5 m/s, schematically shown in Fig. 2.

This damaged sample was firstly scanned with ultrasonic waves to get

initial knowledge of the damage pattern and also to provide a point of com-

parison for the THz imaging results. A customer-designed ultrasonic scanner

fabricated by Inspection Technology Europe BV was used for the ultrasonic

C-scan experiment. The transducers chosen for this investigation are focused

immersion transducers with a manufacturer-provided central frequency of 5

MHz, since this frequency provides a balance between the attenuation and

resolution. Ultrasonic C-scans were performed on the sample with water

coupling under both transmission (pitch-catch) mode and reflection (pulse-

echo) mode over an area of 50 mm × 30 mm with a 0.2 mm scan step size.

The ultrasonic C-scan in transmission, shown in Fig. 3(a), exhibits the ac-

cumulative damage pattern through the sample, since the surface bending,
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Figure 3: Ultrasonic C-scan results (a) in transmission and (b) in reflection modes. The

ultrasonic waves are incident from the top surface of the sample. The contrast is based

on the absolute value of the amplitude of the second-round signal in transmission and the

second echo in reflection.

inter- and intra-laminar damages all lead to the attenuation of ultrasonic

waves; the ultrasonic C-scan in reflection, shown in Fig. 3(b), can highlight

the inter-laminar damage region, since the delamination (gap) leads to higher

reflection.

However, due to the limited axial resolution, ultrasonic C-scans cannot

provide information in depth to observe the morphology and evolution of

the impact damage throughout the thickness of this laminate. Therefore,

polarization-resolved THz imaging is performed in the following.

4. Experiment

The THz time-domain spectroscopy (TDS) system (Teraview TPS Spec-

tra 3000), which is employed in this study, is shown schematically in Fig. 4.

The GaAs photoconductive antenna is excited by an ultrafast (femtosecond)

laser to produce roughly single-cycle THz pulses with bandwidth extending

from 60 GHz to 3 THz. The ultrafast laser used here is an Er-doped fiber

9
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Figure 4: Schematic diagram of THz time-domain spectroscopy (TPS) system in reflection

mode.
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Figure 5: Time-domain waveform (a) and frequency spectrum (b) of the THz reference

signal

laser that emits 780 nm pulses with sub-100 femtosecond pulse duration at

a repetition rate of 100 MHz and has an average output power in excess of

65 mW. Coherent detection of the THz radiation is performed in a similar

photoconductive antenna circuit. By gating the photoconductive gap with

a femtosecond pulse synchronized to the terahertz emission, a current pro-

portional to the THz electric field is measured. By varying the optical path

length, the THz time domain can be sampled, resulting in both amplitude

and phase information on a sub-picosecond timescale.

THz imaging is performed in reflection mode at almost normal incidence.

Before imaging the sample, a THz reference signal was recorded by setting a

metal plate at the sample position. The time domain waveform and the spec-

trum of this reference signal are shown in Fig. 5. The THz pulse [Fig. 5(a)] is

composed of approximately one electromagnetic cycle, and its duration is a

few picoseconds. The spectrum [(Fig. 5(b)], obtained by Fourier transforming
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the temporal pulse, extends from ∼100 GHz to ∼3 THz. Pronounced atmo-

spheric water-absorption lines can be observed [24]. The power of the THz

radiation is below 1 µW so no thermal strain is induced in the sample.The

sample is raster-scanned by a set of motorized stages moving in x and y direc-

tions with a 0.2 mm spatial step size over the center area (50 mm × 30 mm)

of the sample plane. THz waves cannot penetrate the entire sample thickness

due to the carbon fibers in the central layer. Therefore, we separately im-

aged the sample from both the top and bottom surfaces. In order to consider

the interaction between the THz polarization and carbon-fiber orientation,

the THz polarization was set first in the x direction (perpendicular to the

carbon-fiber orientation). After completing the scans from both surfaces,

the polarization was rotated to the y direction (parallel to the carbon-fiber

orientation). In total, four sets of images were acquired in this study.

5. Results and Discussion

Based on the sample structure, we expect THz temporal waveforms re-

flected off the various interfaces in Fig. 6. In the case of a region without

impact damage [Fig. 6(a)], the first echo is determined by the Fresnel reflec-

tion at the surface of the sample, and the second echo corresponds reflec-

tion at the interface between the glass/epoxy and carbon/epoxy layers with

multiple reflections inside the sample following. For normal incidence on an

interface between two media with refractive indices ni and nj , the amplitude

reflection coefficients rij and transmission coefficients tij are

rij =
ni − nj

ni + nj

(4)
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Figure 6: Estimated reflected THz waveforms (a) in undamaged region and (b) in region

with delamination.
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tij =
2ni

ni + nj

(5)

In our study, we consider the THz reference signal shown in Fig. 5(a) as the

incident THz pulse ETHz(t), and we also neglect the negligibe dispersion in

the relevant spectral range. The reflected THz waveform is

ETHz(t) = E1st(t) + E2nd(t) + E3rd(t) (6)

with

E1st(t) = ragEin(t) (7)

E2nd(t) = tagrgctgaEin(t−
2ngd

c
)e−2αd (8)

E3rd(t) = tagrgcrgargctgaEin(t−
4ngd

c
)e−4αd (9)

where c is the in vacuo speed of light, d is the thickness of the glass/epoxy

layer, ng is the refractive index of glass/epoxy layer, α is the absorption

coefficient in the glass/epoxy layer, tag and tga are transmission coefficients

from air to glass/epoxy and glass/epoxy to air, rgc are rga reflection coeffi-

cients from glass/epoxy to carbon/epoxy and glass/epoxy to air, and we only

consider one multiple reflection.

Typical THz waveforms with polarization parallel and perpendicular to

the carbon-fiber orientation from the undamaged region in experiments are

shown in Fig. 7. The significant difference of the amplitudes of the sec-

ond echoes, which reflect from the interface between the glass/epoxy and

carbon/epoxy plies, illustrates the change of reflection coefficient under dif-

ferent polarization. In addition to the difference in amplitude, a temporal

delay of the second echoes for the two polarizations is also observed, indicat-

ing that the group velocity depends on polarization in the glass/epoxy plies.
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The refractive index of glass/epoxy ng can be estimated from the time delay

∆T between the first and second echoes and the thickness of the glass/epoxy

layer d as

ng =
c∆T

2d
(10)

In our case, with the polarization parallel to the glass fibers, the refractive

index is ng,∥=2.124; with polarization perpendicular to the glass fibers, the

refractive index is ng,⊥=1.950. This polarization anisotropy underlies pre-

viously observed THz birefringence in unidirectional glass fiber-reinforced

composites [25].

First, we discuss the THz images when the THz pulse is incident on the

top surface of the sample. Polarization-resolved C-scans obtained from the

top surface and interface I are shown in Fig. 8 and Fig. 9. The selected con-

trast mechanism for all the THz images in this study is the peak-to-valley

amplitude difference of the corresponding echoes. Impact damage on the

surface can be clearly seen in Fig. 8, and there is no significant difference be-

tween C-scans with different polarization. However, polarization dependence

in the C-scans associated with interface I is pronounced due to influence

of carbon fibers, as shown in Fig. 9. Impact-induced matrix cracking and

fiber distortion/fracture in the carbon/epoxy layer lead to the decrease of

the reflection coefficient at interface I for both perpendicular and parallel

polarizations. By contrast, we observe parallel polarization is more sensitive

to the region with fiber distortion/fracture, and leads to a further decrease

of the reflected pulse amplitude compared with that for perpendicular po-

larization, which provides better contrast for locating the damage area in

C-scan. B-scan images across the section y=0 provide depth information,

15
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Figure 7: Typical time-of-flight waveforms from an undamaged region with THz polariza-

tion parallel and perpendicular to the carbon fibers.
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Figure 8: THz C-scans of the top surface with polarization perpendicular (a) and parallel

(b) to the carbon-fiber orientation.
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Figure 9: THz C-scans of the Interface I with polarization perpendicular (a) and parallel

(b) to the carbon-fiber orientation.
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as shown in Fig. 10. Indentation on the surface and damaged regions can

also be located in THz B-scans. The combination of the THz C-scan and

B-scan images exhibit the evolution of the impact-induced damage from the

top surface to the first interface between glass/epoxy and carbon/epoxy in

three dimensions.

Images incident on the bottom surface of the sample are now discussed

in the following. Fig. 11 shows C-scans of the bottom surface, which evi-

dence the protrusion on the bottom surface introduced by the propagation

of the impact damage from the top surface. Again, no significant polarization

dependence is observed for this glass/epoxy layer. C-scans of interface II be-

tween the carbon/epoxy and glass/epoxy layers are shown in Fig. 12. Unlike

the previous results, the C-scans in this case show quite different damage

patterns for the two polarizations. For parallel polarization, the damaged

region shows lower contrast due to the existence of matrix cracking and fiber

distortion/fracture, which is consistent with the previous results. However,

for perpendicular polarization, the damaged region shows higher contrast.

This higher contrast indicates the existence of an air gap originating in the

separation of the carbon/epoxy and glass/epoxy plies, i.e., delamination.

The THz waveforms in region of delamination can also be estimated, as

shown in Fig. 6(b). Usually, the air gap associated with the delamination

is thin; thus, the second echo E2nd(t) received is the superposition of the

two echoes reflected from the glass/epoxy-air interface Ega(t) and from the

18
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air-carbon/epoxy interface Eac(t), which can be expressed as

E2nd(t) = Ega(t) + Eac(t)

= tagrgatgaEin(t−
2ngd

′

c
)e−2αd′

+ t2agract
2
gaEin(t−

2ngd
′

c
−

2dgap
c

)e−2αd′

(11)

where d′ is the thickness of the glass/epoxy layer with deformation due to

the impact damage, dgap is the thickness of the air gap, and the absorption in

the narrow air gap is neglected. Because of the opposite sign of the reflection

coefficient rga at the interface between glass/epoxy and air gap, the THz

pulse will be inverted at this interface.

The change in the peak-to-valley difference of the second echo in the dam-

aged region depends mainly on two factors: (1) the thickness of the air gap

dgap (a narrower air gap leads to a smaller difference in the peak-to-valley

differences due to partial cancellation of the negative and positive peaks)

and (2) the reflection coefficient rga ( impact-induced matrix cracking and

fiber distortion/fracture in the carbon/epoxy will lower the value of the re-

flection coefficient, which will further decrease the peak-to-valley difference).

Therefore, for C-scans with perpendicular polarization, the thickness of the

delamination dominates the change of the contrast, and the C-scans reveal

the delamination area at the interface. For C-scans with parallel polariza-

tion, the reflection coefficient at the interface dominates the change of the

contrast. Thus, the C-scan in this case evidences the matrix cracking and

fiber distortion in the carbon/epoxy layer.

We implemented a numerical parameter fitting method based on multi-

ple regression analysis [26] to estimate the delamination thickness and the
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Figure 11: THz C-scans of the bottom surface with polarization perpendicular (a) and

parallel (b) to the carbon fiber orientation.
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Figure 12: THz C-scans of the Interface II with polarization perpendicular (a) and parallel

(b) to the carbon fiber orientation.
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Figure 13: Temporal waveforms for perpendicular THz polarization at selected positions

on sample (see Fig. 11).

reflection coefficient at the interface between the air gap and carbon/epoxy

layer. The measured second echo is considered as the objective function, and

a model function Emodel is defined based on the equation (11) to stimulate

the objective function as

Emodel = a1Ein(t− t1) + a2Ein(t− t1 −∆t) (12)

where a1, a2, t1 and ∆t are the regression parameters. Initial values should

be carefully set so that the regression analysis can converge to a character-

istic global minimum. Then multiple regression analysis with least-squares

minimization is performed to estimate the regression parameters. In our

case, our desired parameters are a2 and ∆t, which contain the information

about the delamination thickness and the reflection coefficient between the

air gap and the carbon/epoxy layer. Fig. 13 shows the temporal waveforms

with perpendicular THz polarization at selected points (shown in Fig. 12)

and the estimated parameters [a2,∆t] obtained by the multiple regression
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analysis. The coefficient of determination R2 is also used here to provide

information about the goodness of fit of the regression model function [27].

The corresponding delamination thicknesses are 118.67 µm, 139.61 µm and

150.08 µm for Points A to C respectively. Although dgap is largest at Point

C, the signal here does not exhibit the highest contrast in Fig. 12(a). The

reason is that a2 is smaller at Point C compared with at Point B, indicating

matrix cracking and fiber distortion is more severe at Point C, which is also

observed in Fig. 12(b).
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Figure 14: B-scans incident from the bottom surface (along section y=0) and with polar-

ization perpendicular (a) and parallel (b) to the carbon-fiber orientation.

B-scans obtained incident from the bottom surface are shown in Fig. 14.

Typical damage features can be observed in depth, including surface bending,

inter- and intra-laminar damages. Therefore, the total set of C- and B-scans

exhibits the evolution of the impact-induced damage from the top to the

bottom surface in three dimensions, which fits quite well with theoretical

simulation results in Ref. [28, 29]. The size of the delamination area can

be calculated by applying the ‘50% rule’ to the THz C-scan [11], and the

thickness of the delamination can also be obtained with the parameter fitting

method based on multiple regression analysis. Therefore, the delamination
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can be characterized quantitatively in three dimensions.

6. Conclusion

In this study, polarization-resolved THz imaging was explored to char-

acterize the evolution of the damage in a hybrid fiber-reinforced composite

laminate subjected to low-velocity impact. The hybrid fiber-reinforced com-

posite laminate is composed of unidirectional glass/epoxy and carbon/epoxy

laminae with cross-ply stack pattern. Both intra-laminar (matrix cracking

and fiber distortion/fracture) and inter-laminar damages (delamination) in

the sample are successfully detected. THz C-scans exhibit the great capabil-

ity of evaluating the morphology of the damage at various interfaces, which

provide a clear representation of the propagation of the damage throughout

the thickness. Moreover, depth information is obtained from THz B-scans,

together with a parameter fitting method based on multiple regression anal-

ysis, enabling us to characterize the delamination quantitatively.

We also studied the effect of THz polarization in distinguishing features

around the interface, where both intra- and inter-laminar damages exist.

Inter-laminar damage at the interface and the intra-laminar damage close

to the same interface, which most NDE techniques are ill-suited to resolve,

are successfully differentiated by exploiting the sensitivity of the carbon-fiber

orientation to the THz polarization.
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