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Abstract A modified single fiber fragmentation test

(SFFT) procedure, that permits separation of the fiber break

and fiber/matrix (F/M) debond propagation events, was

employed to characterize the (F/M) interface toughness of

dry and water saturated E-glass/vinylester. By focusing

solely on the debond propagation event, and by measuring

the critical load for debond propagation, fracture mechanic

analysis enabled determination of the fracture toughness of

the fiber/matrix interface. After immersion in seawater, the

interface was substantially degraded. The fracture tough-

ness was reduced by approximately a factor of two.

Introduction

Fiber reinforced polymer matrix composites are used in

several structural applications since they offer several

advantages over traditional materials such as metals,

ceramics, and plastics. Moisture absorption, however, is a

common scenario which may lead to a number of unde-

sirable effects, such as degradation of fiber, matrix, and

fiber/matrix (F/M) interface.

In the study of polymer composite durability, more

focus is on the fiber/matrix interface region since the

structural integrity and lifetime of polymer composites are

critically dependent on the stability of the F/M interface

[1, 2]. Therefore, it is extremely important to characterize

the F/M interface to understand the overall performance of

polymer matrix composites. The single fiber fragmentation

test (SFFT) is one of the most popular tests used to evaluate

the fiber/matrix adhesion. The SFFT consists of a single

fiber embedded in a resin matrix molded into a dog-bone

shaped specimen. As the SFFT specimen is loaded in

tension, the fiber will be loaded through an interfacial shear

stress transfer mechanism (shear-lag) [3], and break into

several fragments until no further breaks occur. This state

is called fiber break saturation, and the final fiber frag-

mentation length is referred to as the critical length, 2Lc [4]

(Lc at each side of the fiber break). A stronger bond

between fiber and matrix enables more transfer of load into

the fiber which results in a shorter critical fragment length.

Several models such as the Kelly–Tyson shear lag

analysis [4] use the critical length to determine the F/M

interface shear strength [4, 5]. The Kelly–Tyson model,

however, assumes a constant shear stress along the F/M

interface and does not account for other failure processes

that are observed such as F/M interface shear failure

(debonding) [6–8]. Therefore, several other models [9–14]

have been proposed and utilized to characterize the F/M

interface by the use of an interface fracture toughness

quantity such as the energy release rate for propagation of

an interface debond. These fracture models, however,

combine the debond propagation event and the fiber break

event, and separation of the individual energy contributions

is not straight-forward since analysis of the fiber failure

event must consider the dynamic unloading of the fiber

ligaments after the fiber breaks.

In order to accurately determine the fiber/matrix inter-

face fracture toughness, a revised SFFT procedure and

associated fracture mechanics analysis that isolates the

event of debond growth were recently proposed by Ramirez

et al. [15]. The revised SFFT procedure consists of loading

the specimen under a microscope until the first fiber break

and associated instantaneous F/M debonding occur. Fol-

lowing these events, the specimen is unloaded and then
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loaded again until the existing debond is observed to grow.

Based on the critical load, the energy release rate for debond

propagation is determined.

The aim of this work is to utilize a revised single fiber

fragmentation test to quantify the degradation of the F/M

interface toughness by water absorption, and compare the

results to interface shear strengths determined at dry and

wet conditions using the traditional SFFT.

Experimental

Materials and specimens

The SFFT employs a single fiber embedded in a resin matrix

which is molded into a dog-bone specimen as shown in

Fig. 1 [16]. A rubber modified vinylester system, Ashland

Derakane vinylester 8084 (VE D8084), was used as the

matrix. The matrix was cured for 24 h at room temperature

followed by a 2 h post cure at 99 �C. The fiber was an

E-glass fiber obtained from 3TEX with silane sizing. The

properties of fiber and matrix [7, 17, 18] are listed in Table 1.

Note that previous experiments [7] showed that the modulus

and glass transition temperature of the vinylester matrix

used here are not significantly impacted by water exposure.

Environmental exposure

After post-cure of the specimens, they were considered dry

(defining dry conditions). A number of the specimens were

immersed in seawater (SW) at 40 �C. The weight change

was periodically monitored using a precision balance (Five

replicate specimens were used per measurement). The

moisture content, M, (in percent) is calculated using,

M% ¼ Wt �Wo

Wo

� 100 ð1Þ

where Wt is the measured weight of the specimen at time t

and Wo is the specimen initial dry weight.

Single fiber fragmentation test: modified procedure

The SFFT was conducted on dry and moisture saturated

specimens. The SFFT specimen, Fig. 1, was loaded in

tension using a small tensile stage (from Ernest F. Fullam,

Inc.) equipped with a 1 kN capacity load cell. The tensile

stage was placed under an optical transmission microscope

(Olympus BX41 with a QICAM-FAST 1394 camera) and

the specimen was examined using cross polarized light.

The vinylester matrix resin is transparent which allows the

use of photoelasticity to in situ analyze the distribution of

stresses around a fiber break. When the loaded specimen is

observed between crossed polarizers, the birefringence

patterns, schematically illustrated in Fig. 2 [6], reveal that

each fiber break is accompanied by a finite amount of F/M

debonding (or instantaneous debonding). The intensity of

the birefringence pattern over the debond zone near the

fiber break is weak as a result of the low shear stress over

the debonded region. The ends of the debonded region can

be identified by the transition of the photoelastic pattern.

The debond tip is located between the maximum width of

the photoelastic pattern and the fiber break [19]. Birefrin-

gence patterns were therefore used to identify both the fiber

break and the debond region around the fiber break.

We will first examine the energy release rate associated

with the initial fracture event, viz., fiber fracture. The load

required to achieve the first fiber break, Pf, was measured.

The energy release rate, Gf, when the fiber breaks in the

SFFT specimen is determined from the difference in

Fig. 1 Schematic representation of single fiber fragmentation test

(SFFT) specimen [16]

Table 1 Mechanical properties of E-glass fiber and vinylester matrix

[7, 17, 18]

Fiber

Axial modulus, E1f (GPa) 73

Transverse modulus, E2f (GPa) 73

Axial Poisson’s ratio, v1f 0.2

Fiber fracture toughness, Uf (J/m2) 10

Diameter, df (lm) 14

Matrix

Young’s modulus, Em (GPa) 2.7

Poisson’s ratio, mm 0.34

Strain to failure, e (%) 8–10

Fig. 2 Schematic representation of photoelastic patterns around a

fiber break with F/M debonding
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specimen compliance before and after the first fiber break

occurs (derived in Ref. [15]),

Gf ¼
4P2

f Li

pd2
f

1

AmEm

� 0:1478pA1d2
f

AcAmEcEm

� 1

AcEc

� �
ð2Þ

where Am, Ac, Em, and Ec are the cross-sectional areas and

moduli of the matrix (m) and composite (c), respectively,

df is the fiber diameter, Li is the distance over which the

fiber stress builds up after a fiber break to its far-field stress,

and A1 is a material parameter (see Appendix).

To determine just the debond fracture toughness, the

attention is focused on an isolated debond propagation

event. In order to circumvent analysis of the initial fiber

fracture and debond propagation events and consider just

debond propagation, the SFFT specimen was unloaded

after the first break and instantaneous debonding occurred.

The SFFT specimen was then loaded again until debond

growth was observed, before any new fiber fracture

occurred. The load, Pc, required to extend the existing

debond was recorded and used to calculate the energy

release rate associated with debond growth, Gcd, [15],

Gcd ¼
P2

c

2pdf

1

AmEm

� 1

AcEc

� �
ð3Þ

Notice, however, that there typically is a radial pressure,

rR, acting on the F/M interface. This pressure arises from

cure shrinkage of the resin and larger Poisson’s contractions

of the matrix than the fiber upon axial loading. Moisture

induced swelling of the matrix will reduce the pressure. An

expression for rR accounting for these factors, derived in

Ref. [11], is provided in Appendix. As the debond grows, part

of the fiber becomes unloaded, and the fiber and matrix will

undergo sliding motions over the debonded region, and such

motions are opposed by friction. The expression for the

debond fracture toughness, Gcd(l), taking into account

friction is [15],

GcdðlÞ ¼
P2

c

2pdf

1

AmEm

� 1

AcEc

� �
� lrRPcLid

AmEm

ð4Þ

where l is the coefficient of friction over the F/M interface

debond zone. Notice that if friction is neglected (l = 0),

the value of Gcd is an apparent fracture toughness value

which neglects the energy dissipation due to friction

between the fiber and matrix in the debonded region. Gcd

(l = 0) will exceed the actual fracture toughness associ-

ated with debond propagation.

Results and discussion

Figure 3 illustrates a curve of weight change of E-glass/VE

D8084 SFFT specimens immersed in seawater (SW) at

40 �C versus square root of immersion time. The speci-

mens reached moisture saturation (M & 1.25%) after

approximately 700 h of immersion.

Dry and moisture saturated (wet) SFFT specimens were

loaded in tension until the first fiber break occurred. Fig-

ure 4 shows typical birefringence patterns observed after

the first fiber break for dry and wet specimens. These

birefringence patterns show that the fiber fracture is fol-

lowed by an extremely large increment of debond growth

in the water saturated specimens implying severe degra-

dation of the F/M interface. The strain values in Fig. 4

were calculated from the load using; e ¼ P=ðAcEcÞ.
The load required to break the fiber, Pf, and the

instantaneous debond length, 2Lid, obtained for dry and wet

specimens are listed in Table 2. After immersion in water,

the fiber breaks at a lower load since glass fibers degrade

by exposure to water [7]. Results in Table 2 also show that

the debond length is approximately 15 times larger after

immersion in seawater as a result of severe F/M interface

degradation. The scatter in debond length is substantial.

After determining the fiber breaking load and the length of

the instantaneous debond region, 2Lid, the SFFT specimen

was unloaded. Figure 5 illustrates photoelastic patterns in

dry and wet specimens near the fiber break after the

external load was removed. Even though the birefringence

patterns partially disappeared after unloading the SFFT

specimen, there are clear indications that the fiber/matrix

interface was damaged by the energy released at the first

fiber fracture.

The energy release rate, Gf, associated with fiber failure

as calculated from Eq. 2 is listed for dry and wet SFFT

specimens in Table 2. Nairn and Liu [10] reported that the

corresponding energy release for T50 carbon fibers in an

epoxy matrix at dry conditions is around 4.6 kJ/m2 which

is in reasonable proportion to the energy release rate

determined for our lower strength glass fiber specimens

Fig. 3 Weight change for E-glass/vinylester SFFT specimens in

seawater (SW) at 40 �C as function of square root of immersion time
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(2.04 kJ/m2). Nairn and Liu [10] argued that a minor

fraction of this released energy is consumed by propagating

a crack through the fiber, and attributed the additional

energy released to initiation of fiber fracture, F/M deb-

onding, and other dissipative processes.

After the first fiber fracture event, the SFFT specimen

was unloaded and loaded again. As the load was increased,

the F/M debond growth was monitored with the aid of

photoelasticity. Figure 6 shows examples of photoelastic

patterns near the fiber break at increasing levels of the

externally applied strain (load) in dry (Fig. 6a) and wet

(Fig. 6b) specimens. As indicated by the photoelastic pat-

terns, the F/M interface is severely degraded after exposure

to water, and the existing debond starts to propagate at a

lower strain (load) than for the dry specimens. Represen-

tative curves depicting total debond length (both sides of

fiber break) versus applied strain for the previously

unloaded SFFT specimens are shown in Fig. 7. For the dry

specimens, Fig. 7a shows that the existing debond starts to

propagate at a strain very close to the strain at the first fiber

break (i.e., Pc & Pf). For the specimens that were

immersed in seawater at 40 �C, the results in Fig. 7b show

that the debond starts to propagate at a strain below that

required to obtain the first fiber break (i.e., Pc \ Pf).

Table 3 lists the critical debond propagation loads (notice

that Pc = Pf was used for specimens at dry conditions).

The apparent fracture toughness values, obtained by

neglecting friction (l = 0), determined by substitution of

the critical debond load, Pc, into Eq. 3 are listed in Table 3.

Table 3 also includes previously reported [7] apparent F/M

interface shear strengths for E-glass/VE D8084 at dry and

wet conditions. The apparent debond fracture toughness

(l = 0) was reduced by approximately 60% after exposure

to seawater at 40 �C, which is similar to the reduction of

the F/M interface shear strength (70%).

In order to quantify the influence of friction on the

fracture toughness, it is necessary to determine the radial

pressure at the F/M interface caused by residual stress

introduced during cure shrinkage of the resin, rRS, mois-

ture induced swelling of the matrix, rRSW, and differential

Poisson’s contractions of the fiber and matrix upon axial

loading, rRP. The cure shrinkage strain was determined in a

previous study [15]. Furthermore, the matrix swelling in

sweater at 40 �C is eSW = 0.22%. [20]. The Poisson con-

traction strain induced by differential Poisson ratios for the

isotropic glass fiber and matrix was calculated as a function

of applied load based on v1f = v2f = 0.2 and vm = 0.34

obtained from Ref. [17].

The radial pressure components (rR,P, rR,S, and rRSW) at

the F/M interface are calculated at the critical load for

debond propagation as described in the Appendix. Table 4

Fig. 4 Photoelastic pattern of

the first fiber break in an

E-glass/VE D8084 SFFT

specimen; a dry and b wet

Table 2 Energy release rate, Gf, associated with fiber failure at dry

and wet conditions

E-glass/VE D8084

Ac (mm2) P (N) 2Lid (lm) Gf (kJ/m2)

DRY 4.0 ± 0.4 237 ± 9 48 ± 10 2.04 ± 0.44

SW 40 �C 3.9 ± 0.4 181 ± 6 618 ± 248 1.27 ± 0.07

Fig. 5 Photoelastic pattern near

fiber break point after

unloading; a dry and b wet

E-glass/VE D8084 SFFT

specimens
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presents the results of the radial pressure components and the

magnitude of total radial pressure at the interface obtained

from Eqs. 12–15. The results in Table 4 show that residual

stress introduced by the cure shrinkage of the vinylester resin

is the dominating factor for the radial pressure.

Fracture toughness values, calculated from Eq. 4, for a

range of coefficients of friction (l = 0–1) are summarized

in Table 5. When friction is considered, the fiber/matrix

interface fracture toughness is reduced since the apparent

fracture toughness includes the frictional work. Notice that

friction has a very large effect on the interface fracture

toughness of the specimens immersed in seawater since the

debond lengths are extremely large (approximately 15

times larger than for the dry specimens, Table 2 and

Fig. 6). Therefore, large values for the coefficient of fric-

tion will imply that a large amount of energy is consumed

in frictional work and thus it will significantly decrease the

values of the actual interface fracture toughness.

Without a known value of the coefficient of friction over

the debonded region of the fiber/matrix interface, it is not

possible to appropriately determine the interface toughness.

Several researchers [21, 22], however, have estimated val-

ues for the coefficient of friction at the interface at dry

conditions. Chua and Piggott [21] report coefficient of

friction for dry glass/epoxy between 0.5 and 0.8. A coeffi-

cient of friction of 0.8 in Eq. 4 gives an interface frac-

ture toughness Gcd = 47.9 ± 20 J/m2 for the E-glass/VE

D8084 specimens at dry conditions. Chua and Piggott report

a fracture toughness, Gcd, of 50 J/m2 (dry conditions) for

glass/epoxy (based on pull-out testing) which is close to the

fracture toughness of glass/vinylester found in this study.

To the author’s knowledge, information regarding val-

ues for the coefficient of friction at the interface of

specimens subjected to water has not been published. The

coefficient of friction, however, must be less than 0.3.

Otherwise, according to this analysis, it would not be

Fig. 6 Photoelastic patterns

near a fiber break at increasing

levels of applied strain; a dry

and b wet E-glass/VE D8084

SFFT specimens
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possible to propagate the debond (Table 5). Moreover, it

might be possible that the F/M interface is so degraded by

water that the specimen has a relative open interface

(frictionless). To examine this hypothesis, cross-sections of

wet SFFT specimens were inspected in an environmental

scanning electron microscope (ESEM). Figure 8 shows an

example of an ESEM micrograph of a cross section of a

Fig. 7 Total debond length as a function of applied strain; a dry and

b wet E-glass/VE D8084 SFFT specimens. The filled diamond-shaped

symbol represents the instantaneous debond length (1st loading), and

the open circles represent debond length measured during the 2nd

loading

Table 3 SFFT results: apparent debond fracture toughness and F/M

interface shear strength

E-glass/VE D8084

P (N) Gcd (J/m2) s (MPa) [7]

DRY 237 ± 9 62 ± 13 63.0 ± 25.1

SW 40 �C 153 ± 16 27 ± 7 19.5 ± 13.9

Table 4 Total radial pressure at the F/M interface (|rR|) caused by the differential Poisson’s contractions of the fiber and matrix upon axial

loading (rRP), residual stress introduced during cure shrinkage of the resin (rRS), and moisture induced swelling of the matrix (rRSW)

E-glass/VE D8084

rRP, MPa (eo, %) rRS, MPa (e*, %) rRSW, MPa (eSW, %) |rR| (MPa)

DRY -6 (2.2) -26 (1.1) 0 (0) 32

SW 40 �C -4 (1.5) -26 (1.1) 5 (0.22) 25

The quantity in parenthesis is the associated linear strain

Table 5 Effect of friction on the interface fracture toughness: dry

conditions: Pc = 237 N, 2Lid = 48 lm, rR = 32 MPa, and Ac =

4 mm2; wet conditions: Pc = 153 N, 2Lid = 618 lm, rR = 25 MPa,

and A = 3.9 mm2 (averages)

l Gcd (J/m2)

Dry SW 40 �C

0 61.5 26.9

0.1 59.7 15.8

0.2 58.1 4.6

0.3 56.4 –

0.5 53 –

0.8 47.9 –

1.0 44.5 –

Fig. 8 ESEM micrograph of a cross section of a wet E-glass/VE

D8084 SFFT specimen
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wet E-glass/VE D8084 SFFT specimen. The microphoto-

graph shows the presence of a relative large gap between

the fiber and the matrix indicating a severely degraded

interface, lack of contact and hence a frictionless interface.

This hypothesis is also supported by water absorption data

for vinylester matrix composites where the F/M interface

was found to dominate the water uptake (wicking) [7].

Conclusions

The main objective of this work was to utilize a revised

single fiber fragmentation test to characterize the influence

of water absorption on the F/M interface fracture toughness

of E-glass/VE D8084. Experiments were performed on dry

and wet SFFT specimens. The fracture toughness values

obtained for dry SFFT specimens, Gcd = 62 J/m2 (apparent-

frictionless) and 48 J/m2 (friction), are in good agreement

with toughness data determined for glass/epoxy by other

investigators and test methods. After immersion in seawater,

large extents of F/M debonding observed in the SFFT

specimens indicate that the interface was severely degraded.

Moreover, ESEM microphotographs taken of cross sections

of the SFFT specimens confirm that interface degradation

leads to relative large gaps between the fiber and the matrix.

The fracture toughness value obtained for the SFFT speci-

men after immersion in seawater, Gcd = 27 J/m2 (friction-

less), represents a substantial reduction in interface fracture

toughness from the dry state. The fracture toughness was

reduced to a similar extent as the interface shear strength by

exposure to seawater.
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Appendix

Ineffective length, Li, material and specimen properties

The zone over which the fiber stress builds up to its far-

field value has been termed the ineffective zone. The length

of this zone, Li, is defined as the distance required to

recover the stress in the fiber to 95% of the far-field stress

[23] (the total ineffective length is 2Li). The ineffective

length, Li, is provided by an axisymmetric model of the

SFFT developed by Whitney and Drzal [23]:

Li ¼ 2:375
df

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E1f

Gm

� 4v1f

r
ð5Þ

A1 is a material property constant for the combination of

fiber and matrix given by,

A1 ¼ E1f þ
4KfGmv1f

ðKf þ GmÞ
ðm1f � vmÞ ð6Þ

where Kf is the plane strain bulk modulus of the fiber,

Kf ¼
E2f

2ð2� E2f=2G2f � 2v2fE2f=E1fÞ
ð7Þ

where E1f, E2f, m1f, and m2f are the axial and transverse moduli

and Poisson’s ratios of the cylindrically orthotropic fiber

(glass fibers are isotropic), G2f is the transverse shear mod-

ulus of the fiber, and Gm is the shear modulus of the matrix.

The cross sectional area, Ac, and effective Young’s

modulus, Ec, of the SFFT specimen are:

Ac ¼ d2 ð8Þ
Ec ¼ VfE1f þ VmEm ð9Þ

where d is the side length of the square cross section of the

SFFT specimen, Em is the Young’s modulus of the matrix,

and Vf and Vm are the volume fraction of the fiber and

matrix calculated as:

Vf ¼
Af

Ac

and Vm ¼
Am

Ac

ð10a; bÞ

where Af and Am are the cross section areas of fiber and

matrix in the SFFT specimen,

Af ¼
p
4

d2
f and Am ¼ Ac � Af ð11a; bÞ

Radial pressure, rR, at the fiber/matrix interface

The radial pressure, rR, at the F/M interface is caused by

cure shrinkage introduced during cure of the resin, differ-

ential Poisson’s contractions of the fiber and matrix upon

axial loading, and moisture induced swelling of the matrix.

Assuming that the fiber is embedded in an infinite matrix,

the radial pressure due to Poisson contraction of fiber and

matrix, rR,P is given by [11]:

rR;P ¼ �
eoðmm � m1fÞ

ð1�m2fÞ
E2f
þ ð1þmmÞ

Em
� 2m2

1f

E1f

ð12Þ

where the far field strain applied to the SFFT specimen is

given by eo ¼ P=ðAcEcÞ and vm is the Poisson ratio of the

matrix.

The radial pressure, rR,S, caused by matrix cure

shrinkage is [11]:

rR;S ¼ �
e�ð1þ v1fÞ

ð1�m2fÞ
E2f
þ ð1þmmÞ

Em
� 2m2

1f

E1f

ð13Þ

where e* is the magnitude of the matrix cure shrinkage

after the gel point of the resin expressed as a linear strain.
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The radial pressure, rR,SW, caused by moisture-induced

swelling of the matrix is [11]:

rR;SW ¼
eSWð1þ v1fÞ

ð1�m2fÞ
E2f
þ ð1þmmÞ

Em
� 2m2

1f

E1f

ð14Þ

where eSW is the moisture-induced swelling of the matrix

expressed as a linear strain.

The magnitude of the total compressive radial pressure,

rR;P þ rR;S þ rR;SW

�� ��, at the interface is then,

rR ¼
eSWð1þ v1fÞ � eoðmm � m1fÞ � e�ð1þ v1fÞ

ð1�m2fÞ
E2f
þ ð1þmmÞ

Em
� 2m2

1f

E1f

������
������ ð15Þ
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