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In this study, the impact damage and the tension after impact (TAI) strength of a
carbon-fiber-reinforced sheet molding compound (CF-SMC) are analyzed. First, low-veloc-
ity impact damage is introduced to several CF-SMC coupon specimens for a variety of
impact energies. Next, the impact damage is observed by ultrasonic inspection and optical
microscopy to determine the damage state and quantify the damage area and depth. Then,
the TAI strength is measured and correlated with such parameters as maximum impact
load, impact energy, and damage area and depth. Finally, a simple fracture-mechanics
model for predicting the TAI strength is proposed. It is proved that the TAI strength
depends on the impact damage depth.

Keywords: sheet molding compound; impact behavior; nondestructive testing; ultrasonics

1. Introduction

Carbon-fiber-reinforced plastics (CFRPs) have recently been used for lightweight structural
components of transportation machinery to improve fuel consumption. It is assumed that
reducing the weight of an automotive body by 30% reduces life cycle energy consumption by
20%. In applying CFRPs to automobiles, both formability and short production time are
required for mass production. Therefore, press molding is usually adopted when sheet mold-
ing compound (SMC) composites are applied to automobiles. In particular, carbon-fiber-rein-
forced SMC (CF-SMC) composites are promising automotive structural materials because
they have better mechanical properties (e.g. high specific strength and modulus) than glass
fiber SMCs (GF-SMCs).

To date, several researchers have investigated the strength and fracture of GF- and CF-
SMCs. Fernberg and Jekabsons [1,2] used the bridging laws, or fracture process zone laws,
to predict progressive failure of GF-SMCs. Other studies have been conducted on flexural
strength,[3] the probabilistic failure model,[4] and micromechanical models [5,6] of SMCs.
Recently, the authors [7,8] developed fracture-mechanics models for predicting the tensile and
flexural strength of a CF-SMC by modifying the model for unidirectional arrayed chopped
strands (UACSs) [9,10] that exhibit fracture characteristics similar to those of the CF-SMC.
They reported that the strength of the CF-SMC depends on the size of the damage generated
at the early stage of loading (initial damage) and specimen dimensions (thickness and width),
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and that the variability of the flexural strength is also related to the variation of initial damage
location.

Several studies have been performed on impact damage and residual strength after impact
of SMC composites.[11-18] For example, Lee et al. [12] measured the dissipated impact
energy of SMC composites to examine the effect of mass and shape of impactor, initial veloc-
ity, and specimen thickness on the impact characteristics. Dear and Brown [13] investigated
the damage processes of a SMC to correlate them with load—displacement and absorbed
energy data. Chaturvedi and Sierakowski [16] proposed a fracture-mechanics model for pre-
dicting the residual strength of impacted GF-SMC composites, considering energy dissipation
associated with damage. Since the microstructure of a SMC is coarse, the strength of a SMC
is strongly affected by intrinsic damage or defects on a millimeter scale.[3] Hence, it is rea-
sonable to predict the residual strength of impacted SMC composites in light of fracture
mechanics. Therefore, to precisely predict the tension after impact (TAI) strength, it is neces-
sary to quantitatively evaluate three-dimensionally distributed impact damage.

This study seeks to characterize the impact damage and to investigate the TAI of a CF-
SMC composite. First, a low-velocity impact load was applied to composite specimens to
induce impact damage. Next, impact damage was observed using ultrasonic inspection and
optical microscopy. The impact damage area was measured from the C-scan images. Tensile
tests were then performed for the impacted specimens to measure the TAI strength. The corre-
lation between the TAI strength and maximum impact load, maximum deflection, incident
impact energy, absorbed energy, and impact damage area was examined next. In addition,
internal damage progress up to final failure during the tensile test was analyzed using soft
X-ray radiography. Damage extension on the edge surface was also observed by optical
microscopy. Finally, a simple formulation was proposed to predict the TAI strength based on
fracture mechanics.

2. Experimental procedure
2.1. Material

A SMC made out of carbon fiber and vinyl ester resin was used in this study. The CF-SMC
plates were cured at 130°C in the press-molding process. The weight fraction of CF was
50%. The chopped strands, which consisted of 12,000 carbon filaments, were 25.4 mm long,
6mm wide, and 0.3mm thick before fabrication. Due to pressing, the thickness of the
chopped strands after fabrication varies from 0.1 to 0.4 mm. This variation also causes the
width to vary from 4.5 to 18 mm, assuming that the length and volume of the chopped
strands remain constant.

Figure 1 schematically illustrates a CF-SMC. The irregularly shaped chopped strands are
randomly oriented, lying on top of one another. An interlaminar region exists between the
strands, as well as in a multidirectional continuous fiber laminate. As a result, damage modes,
such as matrix cracking and delamination, are analogous to those of a multidirectional lami-
nate, although the final failure mode is not fiber breakage but delamination or splitting.[7,8]

The CF-SMC plates were cut into 17 coupon specimens 130 mm long, 25.4 mm wide,
and 3.0mm thick. Ten specimens were employed for the impact tests, while the rest of the
specimens were used to measure the initial tensile strength and Young’s modulus. After the
impact test and ultrasonic inspection, 25-mm-long GFRP doublers were adhesively bonded to
the specimens for the subsequent tensile test. Table 1 lists the mechanical properties of the
CF-SMC.[7,8] Variations of the strength and modulus are relatively large compared with
those of a continuous fiber laminate, mainly because the strength depends on the size of
initial damage that is generated at the interfaces of the strands at a low stress level.[7,8]
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Figure 1. Schematic of a CF-SMC.

Table 1. Properties of a CF-SMC composite.[7,8]

Mode-II interlaminar
Tensile strength ~ Flexural strength  Elastic modulus fracture toughness

aT10 (MPa) OF( (MPa) ESMC (GPa) GIIC (J/mz)
149 312 339 600
Coefficient of variation 0.13 0.17 0.12 N/A

2.2. Impact test

Low-velocity impact tests were performed using a drop-weight impact-testing machine
(Dynatup 9210, Instron). Figure 2 presents a photograph and a schematic of the specimen
setup. Both edges of a CF-SMC specimen were rigidly clamped between two jig plates with
a 76-mm-diameter circular hole. The impactor is a circular rod with a 16-mm-diameter hemi-
spherical aluminum tip. The impactor weighed 1.1kg. The impact load, impact velocity, and
specimen displacement were measured with the instrumented impactor. The incident impact
energy varied from 1.1 to 3.5J by adjusting the drop height of the impactor from 10.5 to
32.3cm. The energy absorbed in the specimen was calculated from the incident and rebound
velocities of the impactor. The incident impact energy, absorbed energy, and impact velocity
for each specimen are listed in Table 2. Any damage losses due to friction are not considered
here.

2.3. Impact damage observation

Internal impact damage was nondestructively evaluated using ultrasonography (G-SCAN
6AX500, GNES), which allowed us to detect damage near the back surface by adjusting the
acoustic wave sensitivity depending on the depth.[19] Ultrasonic inspection was conducted
from both impacted (front) and back surfaces using an acoustic wave probe with a frequency
of 15MHz, at a scanning pitch of 0.2mm x 0.2 mm. Planar images (C-scope) and tomo-
graphic images (B-scope) were obtained for an area of 50 mm x 25 mm around the impact
point. For C-scope in particular, images were taken in both ECHO and Beam Path Measure-
ment (BPM) modes. The ECHO mode image is based on the intensity of the echo, while the
BPM mode image reflects the depth of the echo. In addition, Specimen No. 10, which was
impacted by the greatest energy, was cut in a plane that passed through the impact point to
observe the detailed internal damage using an optical microscope.
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Figure 2. Configuration of specimen setup in the impact test.

Table 2. Summary of impact test.

Impact Maximum
Specimen Incident velocity v (m/ Absorbed deflection dpax Maximum load
number energy Ei, (J) s) energy E,, (J) (mm) Fax (kKN)
1 1.14 1.44 0.794 2.57 0.700
2 1.74 1.78 1.03 3.20 0.935
3 1.73 1.78 0.959 3.10 0.964
4 1.77 1.79 1.31 3.46 0.885
5 2.29 2.04 1.87 4.78 0.817
6 2.27 2.03 1.31 3.59 1.08
7 2.35 2.07 1.68 3.68 1.080
8 2.26 2.03 1.60 3.43 1.05
9 2.94 2.31 2.60 6.53 0.851
10 3.48 2.52 N/A (2.43)* 3.46 0.944

Note: “N/A denotes failure in data acquisition. The value in parenthesis is estimated by linear approximation of the
experiment results.

2.4. Tensile test and observation of damage evolution

Tensile tests were performed at room temperature and at a loading speed of 0.5 mm/min using
a hydraulic testing machine (INSTRON 8516), except for Specimen No. 10, where the dam-
age on the cross section was observed. Moreover, the tensile test was stopped at several loads
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to observe damage evolution for the two specimens impacted at low and high energy (Speci-
men Nos. 2 and 8). The damage on the edge was detected using optical microscopy, and the
damage inside of the specimens was detected using soft X-ray radiography (M-100, SOF-
TEX). A contrast medium containing zinc iodide was injected into the specimen to obtain a
clear radiograph of the damage.

3. Results and discussion
3.1. Impact characteristics

Figure 3 depicts typical results of load—time, energy stored in the specimen—time and load—
displacement diagrams. Load and stored energy increase nonlinearly with time up to the max-
imum values, whereas the time to the maximum energy, or incident impact energy Ej,, is
slightly behind the time to the maximum load. When the load reaches zero, the stored energy
evolves to a constant value defined as the absorbed energy, E,,. The load—displacement curve
is approximately linear for small deflection (<1.5mm) but becomes nonlinear as deflection
increases. Figure 4 plots the load—displacement curves of specimens impacted at various inci-
dent impact energies. Maximum load and deflection increase with an increasing incident
energy, as long as the results of Specimen Nos. 1, 3, and 7 are compared (Figure 4(a)). How-
ever, maximum load does not always increase with increasing incident energy when impact
energy becomes greater (Figure 4(b)). Specimen Nos. 5 and 7, which are subjected to almost
the same impact energy (2.3J), exhibit quite different load—displacement diagrams: namely,
Specimen No. 5 is ductile, which results in it having an absorbed energy slightly higher than
that of Specimen No. 7.

Figure 5(a) presents the relationship between the maximum impact load and deflection.
These values are added to Table 2. The maximum impact load increases almost linearly for
deflection less than 3.5 mm but decreases for greater deflection. Figure 5(b) plots absorbed
energy and maximum impact load against incident energy. The absorbed energy is approxi-
mately proportional to the incident energy with a proportionality factor of 0.7. However, the
maximum load is not proportional to impact energy. It decreases at impact energies exceeding
2.3J. This nonlinearity is presumably due to accumulation of microscopic damage.

3.2. Impact damage

Figure 6 presents legends of colors in ECHO and BPM mode images. In the ECHO mode
images, red denotes the damage area with high-intensity echo, while blue denotes the intact
area with low-intensity echo. In the BPM mode images, the echoes from the front surface are
denoted by black, and those from the back surface are denoted by red.

C-scope images (ECHO and BPM modes) and B-scope images for Specimen Nos. 2, 3,
5,7, 8,9, and 10 are tabulated in Figure 7. For all specimens except No. 9, only C-scope
images inspected from the back surface are presented in Figures 7(a)—(c); however, C-scope
images of Specimen No. 9 (Figure 7(d)) were obtained by inspection from both front and
back surfaces. In all the images, the lateral direction represents the length direction. The verti-
cal direction represents the thickness direction in B-scope images and the width direction in
C-scope images. The white area in the C-scope images of Specimen Nos. 9 and 10 represents
the nonplanar part resulting from permanent bending deformation. The shape of the damage
is irregular, not spiral, as is observed in a quasi-isotropic laminate.[19] In addition, impact
damage tends to propagate in the width direction because the specimen has a coupon shape
rather than a square shape. Hereafter, the discussion focuses on damage area and depth that
can affect residual strength.
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Figure 3. Typical (a) load—time and energy stored in the specimen—time diagrams and (b) load—
displacement curve (Specimen No. 6).

Table 3 summarizes the damage area. In most specimens, the damage area inspected from
the back surface is larger than that observed from the front surface. Generally, impact damage
expands from the front surface toward the back surface in a conical shape. Therefore, the ech-
oes caused by damage are more sensitively detected when inspected from the back surface.
This characteristic is also found in the optical micrograph of the cross section in Figure 8,
where matrix cracks as well as cracks at the strand edges are connected with each other by
delamination.
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Figure 4. Load-displacement curves of specimens impacted at various impact energies. (a) Specimen
Nos. 1, 3, and 7 and (b) Specimen Nos. 5, 7, and 9.

Figure 9 depicts the damage area calculated using C-scan (ECHO mode) images observed
from the front and back surfaces, plotted as a function of maximum impact load, maximum
deflection, incident impact energy, and absorbed energy. The maximum deflection (threshold
3.5mm), incident impact energy (threshold 2.0J), and absorbed energy (threshold 1.3J) are
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Figure 6. Legends for the C-scope images in Figure 7.
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Figure 7. Ultrasonic inspection images of impacted specimens. (a) Specimen Nos. 2 and 3; (b)
Specimen Nos. 5 and 7; (¢) Specimen Nos. 8 and 10; and (d) Specimen No. 9.
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Table 3. Impact damage area and TAI strength.

Damage area (mm?)

Specimen number Front side Back side Average TAI strength o1a; (MPa)
1 0 0 0 140
2 5.28 11.6 8.41 141
3 8.508 18.7 13.6 173
4 109 131 120 88.4
5 185 135 160 60.6
6 36.8 55.0 46.0 165
7 0.075 0.200 0.138 175
8 93.7 88.1 90.9 165
9 91.3 237 164 43.9
10 105 209 157 N/A*

Note: *No tensile test was conducted for Specimen No. 10 because it was cut for observation of the cross section
(see Figure 8).

Impact load

Figure 8. Impact damage observed on the cross section of Specimen No. 10.

correlated with the damage area (see the solid lines in Figure 9(b)—d)). In contrast, the corre-
lation between the maximum load and damage area is considerably low.

3.3. TAI strength and damage evolution

The TAI strength is presented in Table 3 and is plotted against maximum impact load, maxi-
mum deflection, incident impact energy, and absorbed energy in Figure 10. Maximum
deflection, incident impact energy, and absorbed energy are correlated with the TAI strength
to some extent, having thresholds below which the TAI strength remains constant (see the
solid and dotted lines in Figure 10(b)—(d)). Figure 11 illustrates tensile stress—strain diagrams
of one intact and three impacted specimens. The diagrams for Specimen Nos. 4 and 5 almost
overlap that of the intact specimen, although tensile strength and failure strain become lower
than those of the intact specimen. This result means that Young’s modulus is not reduced
even for these two impacted specimens exhibiting strength degradations of 40 and 60%. In
contrast, the modulus of Specimen No. 9, retaining only 30% of its original strength, is
decreased. However, Young’s modulus does not decrease after impact for most of the
impacted specimens.

Figure 12 plots the TAI strength against the averaged damage areca. The correlation
between the TAI strength and damage area is more obvious than in Figure 10. The TAI
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Figure 9. Damage area calculated using C-scan images observed from the front and back surfaces
plotted against (a) maximum impact load, (b) maximum deflection, (c) incident impact energy, and (d)
absorbed energy.

strength is constant until the damage area reaches a critical value Ac (100 mm?), above which
the TAI strength abruptly decreases.

Figure 13 presents soft X-ray radiographs of damage evolution in Specimen No. 2, and
Figure 14 presents those in Specimen No. 8 at several tensile stresses. The observed damage
area is smaller than that in the C-scan images (Figures 7(a) and (c)) because a contrast med-
um was not always injected over the entire damage area. Specimen No. 2 fractures near the
right-hand doubler, although the impact damage hardly extends even after final failure
(Figure 13). In Specimen No. 8 (Figure 14), final failure occurs around the impact damage
that progresses slightly just before the final failure. Figure 15 depicts edge views of
damage evolution in Specimen No. 8 loaded in tension. The specimen reached final failure
when large-scale damage near the back surface propagated through the thickness. Neither
specimen exhibited reduced the TAI strength. In contrast, the impacted specimens with
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Figure 10. TAI strength vs. (a) maximum impact load, (b) maximum deflection, (c) incident impact
energy, and (d) absorbed energy.

damage areas exceeding A¢ exhibited final fracture at impact damage and reduction of the
TAI strength (Table 3).

These results imply that the TAI strength is dominated only by damage areca. However,
the TAI strength of the CF-SMC is actually controlled by damage depth. This is because
damage area is also correlated with damage depth, as will be described in the next section.

3.4. Fracture-mechanics model

Our previous study [7,8] proved that the strength of the CF-SMC depends on the depth of
the initial damages, consisting of damage at the edge of strands and the adjacent matrix
cracks generated at low stress levels. Therefore, the critical impact load for delamination and
the relationship between the TAI strength and impact damage depth are discussed here,
assuming that the final failure is caused by delamination propagation. Moreover, we can
assume that the original Young’s modulus is maintained after impact (Figure 11).
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According to the models based on fracture mechanics, the tensile and three-point flexural
strengths of a nonimpacted CF-SMC specimen are predicted by:

2FE H—h b 6E H-—h
010 = \/%Guc, OfF) = b 5\/ SM;;h O) Gc (1)
0 - 0

where Esyce denotes Young’s modulus, Gye is mode-II interlaminar fracture toughness, H is
half thickness, /¢ is initial damage depth, b is a half span, and ¢ is the distance of the initial
damage from the central line. The average value of J is a quarter of the strand length
(6.35 mm). From Equation (1), we obtain:
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Figure 13. Soft X-ray radiographs of damage evolution in Specimen No. 2 loaded in tension. (a) After
Impact, (b) 110 MPa, (c) 140 MPa ,and (d) Fracture (141 MPa).

V3b
:b_éo'”m. (2)

OFo

When a specimen regarded as a beam rigidly fixed at both edges is subjected to a three-
point impact load, the fracture load is given by:

2WHa
Fo=""5 ®)

where ¢ = 2 H is the thickness of the specimen and W is its width. Substituting the material
properties and specimen dimensions into Equation (3) leads to Fc = 1.24kN, which exceeds
the experiment result (0.8—1.0kN) in Figure 9(a). It should be noted that the fracture load is
overestimated by the present analysis because (i) the load—displacement curve (Figure 4(a)) is
nonlinear even for Specimen No. 7 with slight damage and (ii) the actual impact load is
applied as a point load, which generates local stress concentration.

Next, the TAI strength of a specimen having impact damage with depth #; is expressed as:
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Figure 14. Soft X-ray radiographs of damage evolution in Specimen No. 8 loaded in tension. (a) After
Impact, (b) 110 MPa, (c) 160 MPa, and (d) Fracture (164 MPa).

2F H— I
O1Al = \/%1) Gic- (4)
From Equations (1) and (4), we obtain:
hi ho

ﬁ:ho-i-(H—ho)rz (5)

where r = ara1/0T1o denotes the residual-to-initial strength ratio. Substituting the properties in
Table 1 into Equation (1), we obtain 4y/H = 0.55. It was demonstrated in our previous study
[7,8] that this value is reasonable. Accordingly, 4i/H can be calculated for a given value of r
using Equation (5). Calculated #;/H is plotted against the TAI strength and averaged damage
area in Figure 16. The impact damage depth 4;/H decreases monotonically with increasing the
TAI strength (Figure 16(a)). In contrast, the impact damage depth is kept approximately con-
stant for a damage area smaller than 4 (Figure 16(b)). However, it increases and approaches
unity as damage area becomes larger than A¢. Impact damage depth measured from the B-scope
images (Figure 7) and the optical micrographs (Figures 8 and 15) are also plotted in Figure 16.
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Figure 15. Edge views of damage evolution in Specimen No. 8 loaded in tension. (a) After Impact, (b)
100 MPa, (c) 160 MPa, and (d) fracture (164.5 MPa).

Although the damage depth obtained from the B-scope images has some scatter, measured data
are in reasonably good agreement with predictions using Equation (5). For example, in Speci-
men No. 8 with no strength degradation, 4;/H is predicted to be 0.50. The experiment result in
Figure 15(a) (hi/H = 0.6) confirms the reasonableness of this prediction.

It is concluded that the impact damage depth dominates the TAI strength. Since the dam-
age depth is correlated with damage area, it is also related to impact energy. When the impact
energy exceeds a critical or threshold, the damage tends to extend in the thickness direction by
way of matrix cracks and strand edges, rather than in the in-plane direction as delamination.
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Figure 16. Measured and calculated relative impact damage depth vs. (a) TAI strength and (b)
averaged damage area. The solid lines in (b) are obtained by linear fitting of the plots calculated using

Equation (5).

Consequently, the impact damage depth becomes greater than the initial depth; as a result, the
TAI strength decreases. Conversely, when impact energy is less than the critical energy, the
TALI strength remains at the initial strength, as long as the damage depth remains constant.

4. Conclusions

The impact damage and the TAI strength of a CF-SMC composite were investigated. Impact
damage states were quantitatively characterized using ultrasonography and optical microscopy
to relate the damage area with incident and absorbed energy and maximum impact deflection.
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The TAI strength was also correlated with these parameters. Consequently, a clear correlation
between the TAI strength and damage area was identified. However, the TAI strength was
found to be expressed as a function of initial and impact damage depth based on fracture
mechanics. Hence, damage extension in the in-plane and thickness directions must be consid-
ered for estimating the TAI strength. In addition, the critical impact load for delamination
was predicted using flexural strength.
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