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Abstract Carbon fiber reinforced carbon matrix composites

(C/Cs), as important candidate aviation and aerospace mate-

rials, have good prospects for application in extreme envi-

ronments. However, notch effects of C/Cs have not been

studied adequately. In this work, the notch effects of 3D-C/C

composites were investigated by the full-field measurement

digital image correlation method. Six kinds of specimens with

different notch patterns including one central hole, multi-

holes, and double edge notches, were examined to analyze

their mechanical properties. The tests were carried out on

MTS 809 testing machine and the deformations of specimens

were monitored by a CCD camera. Using the full-field mea-

surement, both the local mechanical properties (stress con-

centration, shear damage, and fracture behavior) and the globe

properties (notch sensitivity and tensile behavior) were stud-

ied. The results indicated that the fracture stress on the net

cross section was constant and it was independent on the

material heterogeneity, notch patterns, and notch depth.

Introduction

In aviation and aerospace applications, cutting notches and

holes are common and important ways to connect different

structure parts together. The notch effects, such as stress

concentration, local damages, stiffness, and strength loss,

are critical mechanical properties for structure designation.

The notch effects of advanced materials are initially

investigated in the ceramic matrix composites (CMCs)

[1–5]. Three classes of stress redistribution mechanisms

can lead to the excellent notched strength performance of

CMCs: class I, matrix cracking and fiber failure; class II,

matrix cracking; class III, shear damage by matrix cracking

[2]. As important candidate aviation and aerospace mate-

rials, carbon fiber reinforced carbon matrix composites

(C/Cs) have good prospects for application in extreme

environments, because of their ability to sustain high

modulus and high strength under elevated temperature

[6–9]. However, notch effects of C/Cs have not been

investigated adequately.

Recently, the notch effects of 2D-C/Cs have been sys-

tematically studied [10–13]. Kostopoulos and Pappas [11]

hypothesized the existence of a damage zone in the hole tip

and they considered that the stress in damage zone was

equal to the unnotched strength. Based on their assumption,

they successfully predicted the notched strength of 2D-C/

Cs. However, later investigation showed that the fracture

stress in the notch root was not always equal to the

unnotched strength. Using the double edge notched (DEN)

specimens, Aly-Hassan et al. [6] reported that the fracture

stress was higher or lower than unnotched strength when

the notch length was short or long. Another inconsistent

report was the mechanism of the high notched strength of

2D-C/Cs. Griesheim et al. [13] regarded an independent

damage mechanism existence to absorb energy but not to

alter the ultimate fracture load. Based on their study, the

candidates for the damage mechanism were fiber pull-out

and shear damages. However, many other experiments

showed that the mechanism of the high notched strength

was not the shear damages but the zigzag cracking or the
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fiber bundles splitting on the net cross section [6, 12, 14].

Moreover, the conflicts widely existed in the 2D-C/Cs,

while few reports were documented on the notch effects for

the 3D-C/Cs. One available work in the literatures was the

investigation on the comparison of fracture resistance of

2D- and 3D-C/Cs [6]. Their results indicated that the 3D-C/Cs

had much higher fracture resistance than 2D-C/Cs. It was

found that the net fracture stress of 3D-C/Cs was depen-

dent on the notch depth. However, only one notch pattern

was examined in their study and the notched fracture

behavior was not discussed. To solve these problems, a

full-field measurement is needed to analyze the notch

effects of 3D-C/Cs, because it can give not only the globe

tensile behavior (load-displacement curves) but also the

local mechanical performances such as stress concentra-

tion, damages, and fracture behavior. However, few full-

field investigations were carried out on the notch effects

of 3D-C/Cs in the literatures.

Full-field measurement digital image correlation (DIC)

technique has been widely applied in solid mechanics [15].

The DIC has many advantages, such as white light illu-

mination, relative simplicity of the sample preparation, no

sensitivity to the vibration, and sufficient accuracy of the

measurements. Due to its excellent convenience and

effectiveness, the DIC method has been increasingly

applied to measure the displacements and strains of the 2D

and 3D composite materials [16–18]. In this study, the DIC

method was used as a full-field measurement to study notch

effects of 3D-C/Cs. Both the local mechanical properties

such as stress concentration, shear damage, and fracture

behavior and the globe properties such as notch sensitivity

and tensile behavior were analyzed and discussed.

Experiments

Materials and specimens

The 3D orthogonal C/C composite, in which the fiber

bundles in three material directions are mutually orthogo-

nal, is used in this study. The composites are composed of

lots of periodic units. The in-plane unit cell size is

2.0 9 2.0 mm2 and ply thickness is *0.25 mm. The test

specimens are cut from the material plane 1–2. Six kinds of

specimens with different notch patterns are prepared,

including one hole H-I, two holes H-II-0 and H-II-90, three

holes H-III, double edge notches DEN-U and -V. The

purpose of these tests is to investigate the effect of different

notch patterns on the notched strength. The specimen

geometry and notch patterns are shown in Fig. 1. The

length, width, and thickness of the specimen are 140, 25,

and 3 mm. The holes and notches are drilled by wire-

electrode cutting. For DEN-U and -V the radius is *90 lm

in the notch root. The Aluminum tabs are used to avoid

premature failure in the griping regions, whose length and

thickness are 30 and 2 mm. The tests are carried out on

MTS 809 testing machine with a 25kN load sensor. The

speed of the crosshead is 0.05 mm per min.

Full-field measurement technique

The DIC is used as the deformation measurement, as it can

obtain both the global and local deformation information of

the specimen. The main idea of the DIC method is to

correlate the two surface feature images of object before

and after deformation, and then the displacement of any

point on the specimen can be calculated by correlation

algorithm. Displacement accuracy can reach 1 lm. More

details of DIC method can be found in the review [15]. In

this study, the sub-pixel search method is Newton–Raphson

[19], the step size is 5 9 5 pixels, and the sub-image size is

25 9 25–45 9 45 pixels. To smooth the displacement field

and obtain the accurate strain field, a local quadratic fitting

data technique is used. The smoothing window is

5 9 5–9 9 9. The experimental images are acquired by a

CCD camera and the image sampling rate is 1 picture per

second. The image gray-level is 256 and the resolution is

1624 9 1236 pixels. Two different magnification telecen-

tric lenses are used to obtain globe and local deformation.

Before the experiment, the random speckles are sprayed on

the specimen surface with the white and black paint.

Results and discussions

Dependence of strain distribution and stress

concentration on material heterogeneity

Due to the geometry discontinuity, the stress concentration

arises in the root of the notches or holes. Stress concen-

tration factor (SCF, K) is used to define the degree of local

maximum stress relative to the applied loading. However,

the measurement of stress in the experiment is difficult,

thus the stress analysis was always substituted by the strain

analysis in the experiment. Using the Hooke’s law, the

stress can be calculated based on the strain measurement.

Figure 2a shows the typical strain mapping under the load

value of 60 MPa. In order to illustrate the relationship

between the strain distribution and the fiber bundles

architecture, the fiber bundles in 1 and 2 direction are

plotted in the mapping as the solid lines and dash lines,

respectively. It is found that the fiber bundles in the vicinity

of the hole strongly influence the strain distribution. The

strain concentration locations do not appear at the hole tips

(the ±90� locations with respect to the loading direction),

while the locations shift away from the hole tips. However,
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the strain concentrates can be observed at the hole tips in

the homogenous materials.

Figure 2b–f show the shear strain distribution with dif-

ferent notch patterns. All the results indicate that the nar-

row shear zones (called as shear bands [2]) exist at the

notch root. The period strain fluctuation in the shear bands

is dependent on the local fiber bundles architecture. Due to

the low shear stiffness and strength of 3D-C/Cs, shear

damages are expected to exist at the notch root along the

loading direction. However, these damages are difficult to

be observed in the fractured specimens after the loading

stage, because the damages (cracks) are closed after

removing the applied loading. Moreover, initial cracks or

splitting are easily induced during the cooling stage from

the processing temperatures [6, 20]. It is difficult to dis-

tinguish the loading cracks from the initial defects. In this

study, the DIC is used to monitor shear bands during the

loading stage. Although it is difficult to observe the micro-

cracks using the DIC, the large shear strain can also indi-

cate the existence of the damages. As shown in Fig. 2b–f,

all results reveal that the shear bands occur at the notch

tips.

Figure 3 shows the typical strain concentration with

different fiber meso-structures in the vicinity of the hole.

Because of the strain fluctuation within a unit cell, the

concentrated strain is averaged on a unit cell region

(2 9 2 mm2) at the hole tip (90� locations with respect to

the loading direction). The average strain should represent

the macro tensile behavior of the materials at the hole tip.

Since the strain e2 can be neglected, the concentrated stress

is proportional to the concentrated strain e1 (Hooke’s law).

Therefore, the slope of the curves, K, is almost equal to the

SCF. The meso-structure-1 and -2 are two typical meso-

strucutres at the hole tip. As shown in Fig. 3, the SCF of

meso-structure-1 is 46 % higher than that of meso-struc-

ture-2. That means the SCF is greatly dependent on the

meso-structures in the vicinity of the hole. Furthermore, the

results indicate the SCF of 3D-C/Cs is much lower than

that of homogeneous materials. This fact may be related to

the shear deformation of the 3D fiber bundle structures.

Fig. 1 Specimen geometry: (a)
and notch patterns b H-I, c H-II-

0, d H-II-90, e H-III, f DEN-U,

g DEN-V

Fig. 2 Strain contours under

60 MPa: a, b are the normal and

shear strain of one hole case, c,

d are the shear strain of two

holes case, e shear strain of

three holes case, f shear strain of

DEN-U case (1000 le)
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Notch sensitivity under different notch patterns

Generally, the effect of notches (holes) on the ultimate load

of specimen can be divided into two aspects. First, the

notches reduce the cross section area that lowers the

applied load. Second, the stress concentration introduced

by the notches makes the stress at the notch root high

enough to destroy the specimen even though the applied

load is relatively low. To evaluate the effect of stress

concentration on the ultimate load of the notched speci-

men, the notch strength ratio (NSR) [21] is defined as

NSR ¼ rn
net

rn , where rn is the unnotched strength, rn
net is the

net strength (notched strength). The net strength rn
net is the

average fracture stress on the net cross section, which can

be expressed as rn
net ¼ P

ðW�hÞt, where P is the ultimate load,

and W, h, and t are the width, notch depth, and thickness of

the specimen, respectively. Using the NSR index, the effect

of the notches on the tensile strength of the engineering

materials can be classified into three kinds [22]: notch

strengthening materials when NSR [ 1, notch weakening

materials when NSR \ 1, and notch insensitivity materials

when NSR = 1.

The influence of notch patterns on the NSR is shown in

Fig. 4. It is found that the NSR is close to 1 under different

notch patterns. For H-I, five specimens with different

meso-structures in the vicinity of the hole are tested. The

results indicate that the influence of the meso-structures on

the net strength is not strong. As discussed in ‘‘Dependence

of strain distribution and stress concentration on material

heterogeneity’’ section, the SCF is highly dependent on the

meso-structures; which shows that the notch sensitivity is

not greatly dependent on the SCF. Although the material

heterogeneity influences the concentrated stress at the

notch root, it slightly affects the net fracture stress before

specimen failure. As shown in Fig. 3, the concentrated

strain does not increase linearly with the applied strain.

Before the final fracture occurs, both of the concentrated

strains come to the range between 0.2 and 0.25 % which is

in the range of unnotched fracture strain. This result indi-

cates that the stress redistribution mechanism may exist to

make the stress on the net cross section uniform before

specimen failure. As shown in Fig. 2b, the shear bands are

expected to be the mechanism to diffuse the stress con-

centration. Similar phenomenon has also been found in

CMCs [2].

In comparison to one hole case, the stress of multi-holes

cases (H-II and H-III) should be under multiaxial stress

states due to the interaction of holes. However, this stress

interaction does not affect the notch sensitivity, which

means the constant net strength rule is not broken by the

presence of multi-holes. It should be noted the net area to

bear the loading in the H-III case is slightly different with

other cases. As shown in Fig. 5, the net cross section in

H-III consists of tensile surface and shearing surface. Thus

the ultimate load can be expressed as tension force plus

shearing force. For the DEN-U and -V cases, the fact that

the net strength is not influenced by the notches patterns

can also be verified. The radius of curvature is only 90 lm

in notch root of DEN-U and -V specimens. Based on the

elastic theory, the stress concentration should be very high

at the notch root. However, this sharp corner shows few

influence on the net strength rn
net. All the tests indicate that

the fracture stress on the net cross section is constant and it

is not influenced by the notch patterns.

The influence of the notch depth on the notch sensitivity

is also not strong. As shown in Fig. 4, notch depth to width

ratio is varied from 16 to 58 %. However, the net strength

is almost the same (NSR = 1). The notch insensitivity

means the structure strength is only dependent on the net

cross section area. Thus, residual load can be easily cal-

culated using the minimum net cross section area to mul-

tiply by the unnotched strength.

Fig. 3 Stress concentration under different fiber meso-structures in

the vicinity of the hole

Fig. 4 Influence of notch patterns and notch depth on the notch

strength ratio (NSR)
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Full-field analysis of the fracture behavior

As shown in Fig. 6a, the fibers pull-out is found on the sur-

face of fractured specimen. However, sequent images

monitored by the CCD camera show the fibers pull-out just

occasionally occurs at the final fracture moment. Figure 6b

shows the fracture behavior before specimen failure. Little

visible fiber bundles failure can be observed in the net section

regions. In the experiment the total loading time is 16 min.

The image sampling rate is 1 picture per second. Thus, the

fracture behavior exhibits the catastrophic brittle fracture.

In order to get a better understanding of the fracture

behavior on the net cross section region, we calculate the

strain distribution in the dash line box in Fig. 6b by the

DIC method. It should be noted that if there exists geom-

etry discontinuity caused by fiber bundles fracture or

splitting, the speckle patterns will be de-correlated and the

DIC method will fail to obtain the accurate displacement.

The displacement error can lead the measured strain on the

discontinuity regions extremely high (larger than 0.01).

Therefore, by judging the maximum strain, the strain

mapping can still be used as an index to reveal whether the

discontinuity exists. Figure 6c–e show the strain distribu-

tion e1, e2, and c12 in the front of notch tip, where the dash

line is the position between the two notches. The results

show that the strain e1 is in the range of 1500–3000 le,

the strain e2 is *600–1400 le, and the shear strain c12 is

*-1000–1500 le. The strain fluctuation in the test region

should be related to the material heterogeneity. It is found

that the strain e2 and c12 are quite lower than the strain

limit, which indicates that no obvious fiber bundles failure

or splitting on the net cross section exists. The average

strain e1 in the test region is 2400 le, which is also in the

range of unnotched tensile strain limit (2000–3000 le).

Furthermore, the large concentrated strain is not found near

the notch root; which indicates the stress concentration has

been vanished before specimen failure. The normal stress

on the net cross section should be uniform before the final

fracture.

Figure 7 shows the typical fracture behavior. The frac-

ture occurs at the notch root where the cross area is min-

imum. The fibers pull-out is observed on the fracture

surface of the specimens. It can be found that the long pull-

out fiber bundles are only found outside of the specimen.

Fig. 5 Net cross section illustration of the three holes case

Fig. 6 Fracture behavior and

strain distribution on the net

cross section: a after failure,

b before failure, c–e are strain

contour e1, e2, and c12 in the

strain mapping region (1000 le)
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Inside of the specimen, the fibers pull-out is short and

fracture surface is relatively flat. The fibers pull-out length

near the notch root has no distinct differences with that far

away from the notch root. Based on the above analysis, it

can be deduced that the stress on the net cross section

should be constant.

Influence of shear damages on the tensile behavior

The tensile response is discussed in this section. The rel-

ative displacement of the gauge length is measured by the

DIC method. The gauge length is 20 mm. Due to the

presence of the notches (holes), the displacement in

the width direction of the specimen is not uniform. The

apparent displacement in the Fig. 8 is the average dis-

placement on the width direction, which represents the

globe tensile deformation of the specimen. The net dis-

placement is the deformation on the net section region,

which characterizes the tensile behavior on the net section.

For specimen H-I, the net displacement is the elongation of

the edge line of the specimen. For specimen DEN-V, the

net displacement is the elongation of the central line of the

specimen. The net displacement is used to investigate

whether the notches affect the tensile behavior on the net

section.

The pictures of shear damages evolution in Fig. 8 are

obtained based on the full-field measurements. First, the

full-field shear strain mapping is measured by DIC method.

Then, the binaryzation image of the mapping is obtained

through adaptive threshold segmentation, where the strain

lower than 0.01 is set to 0 (blue regions) and the strain

larger than 0.01 is set to 1 (red regions). Based on our

previous study [23], the in-plane shear strain limit of 3D-C/

Cs is *0.01. Thus, the red regions are considered as the

damage zone.

Figure 8 shows the typical load–displacement curves

(r–s). From the apparent r–s curve, it is shown that tensile

Fig. 7 The typical fracture morphology: a globe fracture, b fibers pull-out outside of specimen, c fibers pull-out inside of fracture plane

Fig. 8 Load-displacement curves and shear damage evolution:

a specimen H-I, b specimen DEN-V
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behavior of notched specimen exhibits a nonlinear char-

acteristic and the stiffness of notched specimen decreases

gradually. It is found that the nonlinearity is caused by the

growth of the shear damages. As shown in Fig. 8, when

shear damages occur, the apparent r–s curve begins to

exhibit nonlinearity. With extending of the damaged

regions, the degree of nonlinearity increases. However, the

net r–s curve is still linear which is similar with the tensile

behavior of the unnotched specimen; which reveals that the

presence of notches does not affect the tensile behavior

on the net cross section. Due to the low shear strength of

3D-C/Cs, the shear bands cannot transmit enough large shear

stress to affect tensile behavior of the net section. Finally,

the net section region can be considered as unnotched

specimen under uniaxial tensile load. The elongation, d, on

the net cross section is also similar with the unnotched

results. For H-I case, elongation d = 0.26 %; for DEN

case, d = 0.23 %, both of them are in the unnotched

elongation range between 0.2 and 0.3 %.

Conclusions

In this study, the notch effects of 3D C/Cs were investi-

gated with different notch patterns by DIC method. Based

on the experiment data, several conclusions were obtained.

1) For 3D-C/Cs, the stress concentration was different

from that of homogeneous materials. First, the meso-

structures in the notch root greatly affect the SCF. For

another, the SCF was much lower than the results of

the homogeneous materials.

2) The NSR was approximately equal to 1, which was

independent on the material heterogeneity, notch

patterns, and notches depth. Thus, the ultimate loading

of a notched specimen could be simply predicted using

the minimum cross section area to multiply by the

material strength.

3) The full-field strain mapping revealed that there were

no large inelastic normal and shear strain on the net

cross section. The stress on the net cross section

should be uniform before the final fracture.

4) The tensile behaviors of the net cross section, such as

linear r–s relation, catastrophic brittle fracture, and the

elongation, were not influenced by the presence of

notches.
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