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1 Abstract 

The aim of the present work was fiber characterization through validity verification of 
the single fiber fragmentation test at different temperatures in carbon fiber composites. 
The SFFT has been used commonly to characterize interface in polymer composites. 
We expected that carbon fiber do not present any temperature influence during its 
behavior and assume that carbon fibers, as a brittle material, followed Weibull 
distribution. As we mentioned above, SFFT on single fiber composites has been 
performed at different temperatures with a strain rate of 2%. Neat resin specimens were 
tested at same parameters and conditions in order to obtain stress-strain curves and used 
them as reference curves for data analysis. Weibull parameters were found once SFFT 
data was corrected by using neat resin curves for each tested temperature, respectively.  
No temperature effect was observed for three mentioned experiments. Results for room 
temperature tests were compared with experimental results from single fiber tensile test 
(SFTT) and no difference in obtained results was noted. Thermal stress effect was also 
evaluated due to manufacturing temperatures changes and it is noted that this effect has 
to be taken into account in results obtained via SFFT. 

2 Introduction 

Fibers are often embedded in polymer matrices, of good resistance to chemical and 
environmental degradation, to constitute a polymer composite. A polymer composite 
can be defined [1] as a heterogeneous combination of two or more materials 
(reinforcing agents & matrix), differing in form or composition on a macro scale. The 
resultant material of such combination will have properties superior to those of either 
constituent alone. This is because reinforcing agents and matrix do not blend completely 
and thus normally present a fiber-matrix interface, which maintain their physical and 
chemical identities. 
 
The mechanical properties prediction caused by the effect of the heterogeneity and 
anisotropy of composite materials is mentioned in [2], prediction of composite materials 
mechanical properties is more difficult and complicated than prediction of the properties 
of materials that are isotropic and homogeneous. Prediction is made even more difficult 
by existence of an interface between fiber and matrix. The integrity of the interface is 
critical in transmitting the load from matrix to fiber, and in distributing it among the 
fibers. 
 
Past works [3] conclude that glass fiber composites characterization shown a significant 
influence of strain rate of fiber strength and also show differences in results obtained via 
SFFT and SFTT. However, this work presented some issues related to temperature 
during its development.  As it is well known that temperature do not cause any 
influence on the reinforcing agent behavior, the use of carbon fibers as reinforcement 
for this work is because they do not exhibit any strain dependence and can be 
considered as “model” fibers to be tested by SFFT. According to [4] carbon fibers are 
usually subjected to an oxidative surface treatment that leads to an improvement in the 
interface strength when they are incorporated to a polymer matrix. Thus, SFFT is 
widely used to estimate the interface properties but it is also necessary to measure fiber 
strength. Based on experimental strength results strain values are found, these strain 



 

data and the average fragment length obtained by SFFT will be used to determine shape 
and scale Weibull parameters. 
 
As is referred in [3] to perform SFFT, a straight-sided flat specimen of matrix 
containing a single fiber is subjected to uniaxial extension in a tensile machine. The 
presence of a fiber will be useful for the load transference, because the tension applied 
to each specimen will be transferred from weaker to stronger material, it means from 
matrix to fiber, by means of shear stress at the fiber-matrix interface. As [2] mentioned, 
force equilibrium requires that a tensile stress develop in the fiber in response of the 
shear stress at the interface. As the extension of the specimen is increased, the tensile 
stress in the fiber increases, and the fiber breaks into two fragments when its tensile 
strength is reached. As the extension of the specimen is increased further, the fragments 
become too short to develop within themselves the additional tensile stress need to 
produce additional breaks. After that, further increases in specimen extension produce 
no further fragmentation. This last situation is called saturation, and the fragment length 
at saturation is the dependent variable in the SFFT.  
 
As it is mentioned in literature [6] the interfacial parameters on a composite show an 
important dependence on the cooling rate because it is related to the build up of thermal 
stresses. The aim of the present work is to evaluate the effect of thermal stresses 
according to results obtained from SFFT. In this work, Weibull parameters where 
obtained in order to validate of SFFT for single-fiber composites (SFC). ests at different 
temperatures: 20°C (room temperature), 30°C and 50°C were performed at 2% strain 
rate. Neat resin specimens were tested at same parameters and conditions in order to 
obtain stress-strain curves and used them as reference curves for data analysis. 
 
The results of the present work were compared to those performed for single fiber 
tensile test (SFTT) at room temperature and 2% strain rate. 

3 Experimental Techniques 

One technique to detect and locate fibers breaks during SFFT is the use of acoustic 
emission, as is referred in [5]. Acoustic emission (AE) consists of external stimuli (i.e. 
mechanical loading) that generate sources of elastic waves. AE occurs when a small 
surface displacement of a material is produced. This occurs due to stress waves 
generated when there is a rapid release of energy in a material, or on its surface. This 
technique was used for carbon, Kevlar and glass fiber composites and it was compared 
with other methods showing considerable accuracy of the number of acoustic emission 
events detected and fiber breakage observed by, in this case, optical microscopy. 

As it is mentioned before an experimental work using glass fibers was performed in 
order to evaluate strain rate effect on glass fiber via SFFT however this work presented 
some temperature limitations. At room temperature [3] and 2% strain rate fragmentation 
was never reached due to matrix brittleness. Then temperature was increased to 50°C in 
order to make matrix more ductile and reach higher strains but problems at 0.2% strain 
rate appeared.  

According to [2] the performance of SFFT at higher strain rates induce a larger 
occurrence of creep instead of produce fiber breaks shorter than a lower strain rate, thus 



 

tests are not valid for fracture mechanics purposes. By using a low strain rate it is 
expected that fiber and matrix present a linear elastic behavior. This will be possible if 
fiber-matrix adhesion is widely strong to not early pullout of the fibers. 

The influence of thermal stress history on the results of fragmentation tests in carbon-
fiber/polycarbonate composites was assessed in [6] by different techniques. High-
modules fibers with a negative thermal expansion coefficient were used and high values 
of compressive thermal stress were reached. Samples were prepared at different cooling 
rates and three different techniques were used to calculate compression fiber strain (c): 
fragmentation test at Minimat device under polarized light microscope, fragmentation 
tests monitored by acoustic emission and by heating the samples in a hot stage, under 
the polarized light microscope in order to determine at which temperature stress pattern 
disappears. It is observed that a high compression strain was developed on the fiber 
during sample preparation because of the difference between both (matrix and fiber) 
thermal expansion coefficients. Also, it is conclude that cooling rate can be very 
important to determine interfacial shear strength by SFFT. 

The effect of temperature on SFFT is also studied in [7], but in this case test is 
performed using coated carbon fibers. The use of fiber size coatings help to enhance the 
interphase alteration of the polymer structure. Usually the sizing is added on the surface 
of the fiber to promote adhesion with the matrix and improve handling and processing 
of the fibers. In this study, the effect of temperature on the critical aspect ratio of the 
polyamide coated fiber was investigated and it revealed a high sensitivity to the coating 
glass transition temperature and also verifies the existence of an epoxy interphase of 
reduced glass transition temperature near to the surface.  

It is demonstrate, also in [7] that at higher strain levels and room temperature an 
interfacial debonding occurred due to a stick-slip behavior and that at 80°C the number 
of breaks has decrease (compared to test at room temperature) and the fiber fragments 
are longer. It is also observed at same temperature (80°C) that the stress birefringences 
have the same ellipsoidal shape but much bigger and brighter. 

4 Theory 

4.1 Carbon fibers 

Carbon fiber is a material composed mostly of carbon atoms, which have a diameter of 
about 0.0002-0.0004 inches (0.005-0.010 mm). Carbon fibers are the closest to asbestos 
in a number of properties. Each carbon filament thread is a bundle of many thousand 
carbon filaments. A single such filament is a thin tube with a diameter of 5–8 
micrometers and consists almost exclusively of carbon. 

The density of carbon fiber is substantially lower than the density of steel, making it 
ideal for applications requiring low weight. In general, it is seen in [9] that the higher 
the tensile strength of the precursor the higher is the tenacity of the carbon fiber. Tensile 
strength and modulus are significantly improved by carbonization under strain when 



 

moderate stabilization is used. X-ray and electron diffraction studies have shown that in 
high modulus type fibers, the crystallites are arranged around the longitudinal axis of 
the fiber with layer planes highly oriented parallel to the axis. Overall, the strength of a 
carbon fiber depends on the type of precursor, the processing conditions, heat treatment 
temperature and the presence of flaws and defects. With PAN based carbon fibers, the 
strength increases up to a maximum of 1300oC and then gradually decreases. The 
modulus has been shown to increase with increasing temperature. PAN based fibers 
typically buckle on compression and form kink bands at the innermost surface of the 
fiber. However, similar high modulus type pitch-based fibers deform by a shear 
mechanism with kink bands formed at 45 to the fiber axis. Carbon fibers are very 
brittle. The layers in the fibers are formed by strong covalent bonds. The sheet-like 
aggregations allow easy crack propagation. On bending, the fiber fails at very low 
strain.  

The properties of carbon fiber such as high tensile strength, low weight, and low 
thermal expansion make it very popular in aerospace, military, motorsports, and other 
competition sports. Properties for different types of carbon fibers are shown in Table 1 
as it is referred in [10]. Recently, some new applications of carbon fibers have been 
found as it mentioned in [9] such as rehabilitation of a bridge in building and 
construction industry. Others include: decoration in automotive, marine, general 
aviation interiors, general entertainment and musical instruments and after-market 
transportation products. Conductivity in electronics technology provides additional new 
application. Table 2 illustrates some of the characteristics and applications of carbon 
fibers.  

Property Value

Material Units XAS,HT
A,T300

34-700, 
T650/35 UMS2526 HM HS40 P25 P100 F180 F500

Coefficient of thermal 
expansion -
Longitudinal

x10-6 K-1 -0.1to-0.5 -0.6 -0.7 -1.3 -0.5 - -1.5

Coefficient of thermal 
expansion - Transverse x10-6 K-1 +26 - +37 +25

Density g cm-3 1.76-1.8 1.77-1.8 1.78 1.86 1.85 1.87 2.15 - 2.1

Extension to break % 1.5-1.7 1.7-1.9 1.2 0.8 0.9 1.0 0.3 - 2.1

Filament diameter µm 7 7 4.8 8 5 11 10 - 9

Precursor PAN PAN PAN PAN PAN Pitch Pitch Pitch Pitch

Tensile modulus GPa 230-40 230-40 380 350-70 450 140-60 720 180 500

Tensile strength GPa 3.6-4 4.5 4.9 2.5-2.7 4.4 1.4 2.2 2.0 3.0

Thermal Conductivity W m-1 K-1 17-24 14 46 105 52 22 520

Volume Resistivity µOhmcm
1400-
1600 1500 1000 900 1000 1300 250 1100 400

 

Table 1: Carbon fiber properties [10] 



 

Characteristic Application
1. Physical strength, specific toughness, light weight Aerospace, road and marine transport, sporting

goods

2. High dimensional stability, low coefficient of 
thermal expansion, and low abrasion

Missiles, aircraft brakes, aerospace antenna and
support structure, large telescopes, optical benches,
waveguides for stable high-frequency (GHz) precision
measurement frames

3. Good vibration damping, strength, and toughness Audio equipment, loudspeakers for Hi-fi equipment,
pickup arms, robot arms

4. Electrical conductivity Automobile hoods, novel tooling, casings and bases
for electronic equipments, EMI and RF shielding,
brushes

5. Biological inertness and x-ray permeability Medical applications in prostheses, surgery and x-ray
equipment, implants, tendon/ligament repair

6. Fatigue resistance, self-lubrication, high damping Textile machinery, generaengineering

7. Chemical inertness, high corrosion resistance Chemical industry; nuclear field; valves, seals, and
pump components in process plants

8. Electromagnetic properties Large generator retaining rings, radiological 
equipment

 

Table 2: Characteristics and applications of carbon fibers [9] 

4.2 Epoxy resin 
The epoxide resins [11] (commonly named as epoxy resin) are characterized by the 
possession of more than one epoxy group (I) per molecule. 

 
Three-membered epoxy ring is widely strained and can be react with different 
substances, particulary with proton donors and the reactions can occur are followed by 
this schematic form:  

 
 
Aforementioned reactions allow chain extension, however they react by rearrangement 
polymerization type when the cross-linking occur without the elimination of small 
particles. Because of that epoxy resins exhibit a lower curing shrinkage than other types 
of thermosetting plastics. Nowadays, the formulation of encapsulating systems has 
become a great deal of attention. In order to reach adequate wetting and impregnation 
the viscosity of the epoxy resin has to be low, it is also necessary that the mix be free of 
volatile components. It is important to remark that the resin components characteristics 
can be strongly affected due to exothermic heat and shrinkage. Also, the thermal 
expansion coefficient has to approach that of the components as possible by wise use of 
fillers. 
 
While the properties of cross-linked resins depend on the curing system used and resin 
type, the properties that these materials present are their toughness, low shrinkage on 
cure, high adhesion, good alkali resistance and versatility in formulation. 



 

 
The epoxy-based materials application are extensive as is mentioned in [12]  and 
include coatings, adhesives and composite materials such as those using carbon fiber 
and fiberglass reinforcements (although polyester, vinyl ester, and other thermosetting 
resins are also used for glass-reinforced plastic). The chemistry of epoxies and the range 
of commercially available variations allow cure polymers to be produced with a very 
broad range of properties.  

4.3 Carbon fiber composites 
Carbon fiber reinforced plastic (CFRP or CRP), as it is referred in [13] is a strong, light 
and expensive composite material or fiber reinforced plastic. Similar to glass-reinforced 
plastic, sometimes known by the genericised trademark fiberglass, the composite 
material is commonly referred to by the name of its reinforcing fibers (carbon fiber). 
The plastic is most often epoxy, but other plastics, such as polyester, vinyl ester or 
nylon, are also sometimes used. Some composites contain both carbon fiber and other 
fibees such as kevlar, aluminium and fiberglass reinforcement. The terms graphite-
reinforced plastic or graphite fiber reinforced plastic (GFRP) are also used but less 
commonly, since glass-(fiber)-reinforced plastic can also be called GFRP. 

Carbon fiber composites have many applications in aerospace and automotive fields, as 
well as in sailboats. Improved manufacturing techniques are reducing the costs and time 
to manufacture making it increasingly common in small consumer goods as well, such 
as laptop computers, tripods, fishing rods, paintball equipment, racquet sports frames, 
stringed instrument bodies, classical guitar strings, and drum shells. 

4.4 Statistical treatment 
As is mentioned in [14] the presence of defects along the fiber implies that the fiber 
strength will be affected. Owing to these defects, tensile tests for a sample of fibers that 
suppose to be similar will have scattered results.  

 

Fig. 1 Histogram of the strength 
distribution of T300 carbon 

fibers [15] 

This is assumed by the fact that fiber flaws are distributed 
randomly in location and severity. Due to that, the fiber 
strength is determined by strength as its weakest point. 
Fig. 1 shows T300 carbon fibers strength dispersion or 
25mm length specimens. 

Brittle materials generally follow the classical two-
parameter Weibull distribution; this is the case for carbon 
fibers. 

 



 

As it is explained in [3, 16] Weibull distribution consist in conceptually considering a 
fiber as a chain of element. The fiber is divided into a number of incremental lengths as 
is shown in Fig. 2. 

L1 L2 LN

Fiber as a chain of elements  

Fig. 2 Weibull approach illustration 
When a stress  is applied, the parameter n defines the number of flaws per unit length 
sufficient to cause failure under this stress. Fiber fracture begins when it has at least one 
incremental element with this kind of defect, due to that the analysis is commonly 
known as a weakest link theory (WLT). The probability of any given element failing 
depends on n and the length of the element. For this first element, 

11 LnPf    Eq. 1 

The probability, Ps, of the whole fiber surviving under this stress is the product of the 
probabilities of survival of each of the N individual elements which built up the fiber. 
So, 

)1)...(1)(1( )21 fNffs PPPP   Eq. 2 

 As the elements length can be taken as very small, the corresponding Ps values must be 
small. Using approximation (1-x) ~ exp (-x), applicable when x<<1, leads to 

)]...(exp[ 21 fNffs PPPP   Eq. 3 

Substituting from (1), and the corresponding equations for the other elements, gives 

]exp[ LnPs   Eq. 4 

An expression for n is required if this treatment is to be of any use. Weibull proposed 
that most experimental data for failure of brittle materials (i.e. carbon fibers) conforms 
to an equation of the form 



 









0Ln  

Eq. 5 

In which  is usually termed the Weibull modulus or shape parameter and  is a 
normalizing strength or scale parameter, which may for our purposes be taken as the 
most probable strength expected from a fiber of length lo. Making this assumption, the 
probability of failure of a fiber of length L, for an applied stress , is 
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Eq. 6 

and the graphic representation of (6) is illustrated in Fig. 3 

 

Fig. 3 Typical behavior for probability of failure vs tensile strength [16] 

However for the present work we are working in terms of strain not strength, so that 
Equation 6 can be rewritten as follows 
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Eq. 7 

That means the probability of failure of a length fiber L, for an applied strain  

It follows from distribution (6) that the average fiber strength depends on the fiber 
length as 
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where  stands for the gamma function. The associated standard deviation depends only 
on the shape parameter  and is expressed as 
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Eq. 9 

4.5 Single fiber fragmentation test (SFFT) 
In order to investigate fiber-matrix adhesion, Kelly and Tyson (1965) were the first to 
use a single embedded fiber specimen. This method consists on a embedded fiber in a 
matrix, the matrix material has to be three times higher in strain to failure than that of 
the fiber. It is referred in [17] that they observed fiber fracturing phenomenon upon 
application of a tensile force to a system consisting tungsten fiber and copper matrix. As 
strain increases are applied, the fiber breaks at points where the fiber strength is 
reached. If application of strain is continually applied to the specimen, fragmentation 
process will continue until remaining fiber lengths get short as the shear stress that is 
transferred along their lengths do not longer build up enough tensile stresses that cause 
more failures. Fig. 4 shows a SFFT diagram and Fig. 5 shows fragmentation reached in 
a carbon fiber. 



 

 
 
    

Extension Increases
Tensile stress Increases

Saturation is reached

Tensile strength is 
reached

Fiber breaks

 

Fig. 4 SFFT diagram. Fragmentation process as it occurs in 
the gauge section, in which 3>2> 

 

 

 

 

 

Fig. 5 Fragmentation reached in a carbon fiber 
(MINIMAT miniature tester  on Zeiss Optical 
Microscope) 

 
The stress distribution in discontinues fibers in composites has been an important topic 
for a large number of investigators. It is mentioned in [18] that the use of Raman 
spectroscopy helps to determine strain profiles along fragment length in carbon fibers 
with surface treatment and without it. Is also reported that “for the treated fiber 
debonding as the crack tip initiates as the fiber fractures”. In [19] is proposed that SFFT 
is useful to calculate shear stress components, i.e. bond strength and matrix yield 
strength. 
 
It is known that flaws along fiber are cause of strength variation and that this value may 
or may not prevent the fiber from fracturing once the average strength to failure (f) is 
reached. This problem is analyzed in [20], in which the two-parameter Weibull 
distribution was used to characterize the distribution of fiber fragment length. The use 
of Weibull distribution was confirmed years later in [21] which found that Gaussian and 
Weibull distribution can be used as statistical tools for fragmentation length.  
 
It is shown in Fig. 6 and according to [22] that stress transfer along the fiber fragment 
involves three stages: debonded, bonded yielded and bonded unyielded. 
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Fig. 6 : Zone ab – debonded fiber zone; zone bc – matrix plastic flow region; zone cd – 

elastic load transfer. 
 

So that, for a fiber with Weibull strain distribution (according to equation 7) the average 
number of breaks during initial fragmentation step, in which fiber break interaction is 
minimal is given by 
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Eq. 10 

 
and during same initial fragmentation step, the average fragment length <l> is 
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Eq. 11 

 
Thus, 
 
 
 
















 0ll  

Eq. 12 

In an experimental fragmentation diagram (Fig. 7), average length <l> logarithm is 
plotted against applied strain logarithm, in which the first part (fragmentation small 
debond) is used to obtain Weibull scale and shape parameters according to Equation 10 
and 12. Reference parameter l0 is set to 1mm. 
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Eq. 13 
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Fig. 7 Fragmentation diagram [16] 

4.6 Thermal stress effect 
Due to post fabrication curing, thermal contraction is main generator of residual stress, 
which influences the interfacial contact between fiber and matrix. Other sources of 
residual stresses are plastic deformation of the matrix and phase transformations 
concerning volume changes. However, volume changes can appear during the curing of 
thermosetting resins. 



 

Polymer composites often presents compressive and tensile stresses, this is owing to 
thermal expansion coefficients. The thermal expansivity in a fiber is smaller than in the 
matrix, because when matrix contracts fiber is compressed. 

Residual thermal fiber strain, r, for thermoset and thermoplastic matrix can be 
estimated according to [23] by following relation: 

  Tfmr    Eq. 16 

Where m and f are thermal expansion coefficients for matrix and fiber, respectively 
and T corresponds to the difference between test and fabrication temperature.  

5 Experimental 

5.1 Materials 
The material system used in this project was carbon fiber 
T700SC (Fig. 8) and epoxy Araldite LY 5052 and Aradur 
5052 as a matrix. Table 3 shows basic properties of both 
components. 

Fig. 8 Carbon fiber bundle 

Properties Carbon Fiber
T700SC

AralditeLY5052/
Aradur5052

Density 1.8g/cm3 1.14g/cm3

Thermal expansion coefficient -0.6x10-6°C-1 71x10-6°C-1

 

Table 3: Basic properties of carbon fiber T700SC and epoxy system  

5.2 Procedure  

5.2.1 Sample Preparation  

5.2.1.1 Single fiber specimens 
Single fiber specimen preparation is based on Standard Test Method ASTM D3379-75 
for high-modulus single fiber. 

Fig. 9 shows the specimen mounting method in a graphic way. In order to review step 
by step sample preparation for single fiber specimens the Test Method ASTM D3379-
75 has been added to Appendix 1. 



 

 

Fig. 9 Tab showing typical specimen mounting method 
 

5.2.1.2 Single fiber composites 
Single fiber composite samples were prepared by separating carbon fibers from the 
bundle by hand using latex gloves to be carefully mounting on an aluminum frame; 
fibers were attached to it using double side tape. 

A Mylar film was attached to both sides of a metallic mould and cleaned with a water 
based release agent in order to remove dust and make the final plate easy to remove. 
The metallic mould plates are separated by a silicon tube sealing and 2mm thickness 
spacers. Fig. 10. 

 

 

(a) 

 

(b) 

Fig. 10  (a) Mounting carbon fibers on aluminum frame, (b) Metallic mould 
 

Resin was prepared by mixing Araldite and Aradur in ratio 125g: 47.5g respectively. In 
order to obtain optimum properties it is necessary to mix thoroughly and to follow 
mentioned ratio.  

Because of the reaction between two resin components is totally exothermic, degassing 
was needed, resin was vacuum treated for 15min. Once the degassing step is completed, 
the mold is filled in with resin guided by the silicon tube sealing. Fig. 11. 

  

(b) 



 

(a) 

Fig. 11  (a) Resin degassing process, (b) Mould filling 
 

Mold is cured at room temperature during 1 h and then is placed into an oven at 80°C 
for 8 h to complete the resin post-cured. Once the plate is obtained, specimens have to 
be cut in 120mmx12mm dimensions. Fig. 12. 

 

(a) 

 

(b) 

Fig. 12  (a) Resin post-curing at 80°C, (b) Single fiber composite specimens 
 

5.2.2 Test Equipment 

5.2.2.1 Single fiber tensile test 
Single fiber tests were performed in 4411 Instron test machine by using BIOPAC 
software. Fig 13. 

5.2.2.2 Single fiber fragmentation test 
Single fiber fragmentation tests were performed in 3366 Instron test machine supported 
by Bluhill Instron software. To observe and count fiber fragments, an optical Zeiss 
microscope was used. Fig 13. 

First tests were performed by using a MINIMAT (miniature material tester) machine 
mounted on the optical microscope, in which load is manually controlled, in order to get 
a better image of fragmentation process at lower displacements. 

5.2.3 Test Procedure 

5.2.3.1 Single fiber tensile test 
Single fiber specimen testing is also based on Standard Test Method ASTM D3379-75 
for high-modulus single fiber. 

A total of 34 specimens of 20mm length were tested in order to have accurate values. 
The speed for each test was calculated in order to have a test time to specimen fracture 
of about 1 min. As the strain rate at which all specimens were tested was 2%/min, the 
test crosshead value used was 0.4mm/min. 



 

5.2.3.2 Single fiber fragmentation test 
As the aim of the project was to verify validity of Single Fiber Fragmentation (SFF) at 
different temperatures a temperature keeping hand made device and a hair dryer 
machine were used. We assured temperature values attaching an electronic thermometer 
to both sides of tensile machine clamping area. The work temperatures were: 20°C 
(considered as room temperature), 30°C and 50°C. 

Specimens were tested increasing the extension from 7% until saturation or yield point 
of the matrix was reached. After each time the specimen was loaded, fiber fragments 
were observed at microscope under polarized light and counting for further analysis.  

For this project, SFF tests were performed at 2% strain rate, between five and seven 
specimens were tested as mention this section and specimen gauge length was set at 
40mm, so that an average fragment length could be calculated for each specimen easily 
by dividing the gauge length by number of fragments.   

Because we wanted to verify that there is no influence of temperature in fibers behavior, 
neat resin specimens were tested until yield point was reached by using extensometer in 
order to obtain stress-strain curves that will be used as reference curves. 

 

(a) INSTRON 3366 

 

(b) MINIMAT miniature tester  on Zeiss Optical 
Microscope  

 

(c)  INSTRON 4411 
 

(d) Optical Microscope 

Fig. 13 Test equipment. (a) and (b) for SFFT, (c) and (d) for SFTT 



 

6 Results  

6.1 Neat resin 
In order to obtain real values of strain, neat resin specimens were tested until failure 
under different temperatures (20°C, 30°C and 50°C) and 2% strain rate. From these 
experiments, stress-strain curves were obtained. Fig. 14 shows three different curves for 
each test temperature. It can be noticed that matrix has a nonlinear viscoelastic 
behavior, which is characteristic of amorphous polymers.  

 

Fig. 14 Matrix behavior at different temperatures 

Also we can see in Table 4, the same behavior as in past works for same kind of resin 
[3] in which when temperature increases, Young’s modulus and yield stress decreases, 
this is explained due to matrix becomes more ductile if temperature increases and 
therefore the stress needed to deform polymer at same strain rate is lower. 

Test Temperature E (MPa) y (MPa)
20°C 3,094 91.65

30°C 2,795 73.04

50°C 2,633 60.70
 

Table 4: Young’s modulus and yield strength for resin tests at different temperatures 
 

6.2 Single Fiber Fragmentation Test  

6.2.1 Temperature effect on SFF 
From Fig.15 it was observed that carbon fiber composites performed at 2% strain rate 
presented first breaks at around 2.5% strain for all test temperatures. This failure 
process can be observed easily under polarized light in an optical microscope. It is also 
noted that a 3.5% strain, curves for 30°C and 50°C are very similar and for both 
experiments saturation seems to be reached between 3.5% and 4%, before than for 



 

20°C. This can be possible due to matrix ductility because of the high temperatures 
reached. 

 

Fig. 15 Number of breaks in specimens tested by SFFT at different temperatures 

In order to calculate Weibull parameters to obtain mean fiber strain the fragmentation 
diagram has to be built. From strain-stress curve for neat resin at different temperatures 
a third order equation is obtained, using this equation and experimental stress data, 
values for strain are “recalculated”, in the other hand fragmentation length (l) is 
estimated dividing gauge length by number of breaks. 

A straight line equation is obtained from linear part of fragmentation diagram and 
according to equation 13, 14 and 15 shape and scale parameters are calculated. After 
that and by using equation 8, mean fiber strain is determined. 

Fig. 16, 17 and 18 present fragmentation diagram and its linear part for all test 
temperatures. 
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Fig. 16 SFFT at 2%strain rate and 20°C: a) Fragmentation diagram and b) Linear part of fragmentation diagram 
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Fig. 17 SFFT at 2%strain rate and 30°C: a) Fragmentation diagram and b) Linear part of fragmentation diagram 
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Fig. 18 SFFT at 2%strain rate and 50°C: a) Fragmentation diagram and b) Linear part of fragmentation diagram 

 

 

Table 5 shows experimental strain and stress, Weibull parameters and strain and stress 
values calculated taken into account Weibull parameters  and . 

Test 
Temperature

f
(%)

f 
(GPa)

WEIBULL
PARAMETERS

<f>
(%)

 f> 
(GPa)

  (%)

20°C 2.99 6.72 5.52 4.04 1.91 4.28

30°C 2.59 5.80 5.69 3.96 1.92 4.29

50°C 2.87 6.45 9.38 3.71 2.37 5.33
 

Table 5: Weibull strain parameters for carbon fiber composites tested at 2% strain rate and different temperatures 
by SFTT. (f and f = Experimental values , <f> and <f> = Calculated values using Weibull Parameters) 

 

According to table 5, for all different temperatures strain and stress after calculation 
using Weibull parameters are quite similar to those obtained without this correction. 



 

6.3 Comparison between SFTT and SFFT 
Single Fiber Tensile tests were performed in order to compare their results with the aim 
of this work. Table 6 shows tests performed at 2% strain rate and room temperature for 
SFTT. Strain and stress values calculated with and without use of Weibull parameters 
are similar each other. Comparing SFTT and SFFT data, it is found that for both fiber 
characterization methods results do not present any considerable difference. 

Test 
Temperature

f
(%)

f 
(GPa)

WEIBULL PARAMETERS <f>
(%)

f> 
(GPa)

  (%)  (GPa)

20°C 1.95 4.38 5.39 3.69 8.34 1.81 4.06
 

Table 6: Weibull strain parameters for 20mm specimens tested at 2% strain rate and 20°C (room temperature) by 
SFTT. (f and f = Experimental values , <f> and <f> = Calculated values using Weibull Parameters) 

6.4 Thermal stress effect 
Aforementioned results seems to be good, however it is required to take into account the 
thermal stress effect. Due to post-fabrication curing, thermal contraction is main 
generator of residual stress which influences the interfacial contact between fiber and 
matrix. (Other sources can be plastic deformation and phase transformation concerning 
volume changes).  

The residual strain (r) produced in the fiber by residual stress due to thermal expansion 
coefficient is calculated according to equation 16 and the results are shown in table 7.  

T test (°C) T (°C) r (%)

20 -60 -0.43

30 -50 -0.35

50 -30 -0.21
 

In Fig. 19 is shown fragmentation diagram taking into account thermal stress effect 
(curve 20C-Ths), and once residual strain is obtained it is necessary to calculate Weibull 
parameters from the linear part of the diagram in order to obtain Weibull parameters and 
normalized strain and stress values. In Appendix 2 fragmentation diagram for tests at 
30°C and 50°C can be found.  



 

  

Fig. 19 Fragmentation diagram for test at 2% strain rate and 20°C showing normalized data calculated with thermal 
stress effect 

 

Table 8 shows the results with this correction and it is noticed that strain and stress 
values after Weibull parameters application decrease in around 30%. 

Test 
Temperature

f
(%)

f 
(GPa)

WEIBULL
PARAMETERS

<f>
(%)

f> 
(GPa)

  (%)

20°C 2.56 5.75 4.41 3.64 1.52 3.41

30°C 2.24 5.02 5.05 3.62 1.60 3.59

50°C 2.66 5.97 8.78 3.51 2.18 4.88
 

Table 8: Weibull strain parameters for carbon fiber composites tested at 2% strain rate and different temperatures 
by SFTT with thermal stress effect taken into account. (f and f = Experimental values , <f> and <f> = 

Calculated values using Weibull Parameters) 
 

Single fiber fragmentation test for normalized data for thermal stress is compared to 
past results obtained in this work. Table 9 shows these results and a difference 
between each other is considerable. 

 

Test 
Temperature

SFFT SFFT Thermal Stress Diff.

<f> (%) f> (GPa) <f> (%) f> (GPa)

20°C 1.91 4.28 1.52 3.41 20%
30°C 1.92 4.29 1.60 3.59 16%
50°C 2.37 5.33 2.18 4.88 8%

 

Table 9: Comparison between SFFT results with and without thermal stress effect. (<f> and <f> = Calculated 
values using Weibull Parameters) 

 

 



 

7 Conclusions 

In the present work, the effect of thermal stresses on results obtained from single fiber 
fragmentation test was evaluated. By using a Minimat machine mounted on an optical 
microscope with polarized light, it is possible to visualize fragmentation due to SFFT. 
We can see that approximately the number of breaks is 50 breaks at 4% strain rate, for 
all samples at different temperatures.  

According to the statistical treatment, Weibull Distribution parameters were determined 
for different temperatures via SFFT and SFTT and it is noticed that no considerable 
differences were found. 

Following the aim of the project, residual fiber strain for tests at different temperatures 
was taken into account in results obtained, however rather significant thermal effect has 
been considered and it is observed that strength values decrease.  

It can be also concluding that for statistical sampling SFFT helps to identify events in 
situ and less parameters can be used for fiber characterization. Likewise, SFFT 
performed at different temperature present differences due to matrix becomes too soft. 
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9 Appendix  

Appendix 1: Test Method ASTM D3379-75 
 

Test Specimen Mounting 

1. Loosely place a strand bundle from the material to be tested on a suitable work 
surface. A dark surface was used in order to make it easier. 

2. Randomly choose and carefully separate a suitable single-filament specimen 
from the strand bundle. 

3. The specimen gage length test should be the same for a given test group.  

4. Use a tab (Fig.3) for specimen mounting. Center the specimen over the tab slot 
with one end taped to the tab. 

5. Lightly stretch the filament and tape its opposite end to the tab. 

6. Carefully place a small amount of adhesive on the filament at each edge of the 
slot and bond the filament to the mounting tab. 

7. Repeat these steps to complete the test group. 

Filament Specimen Testing 
1. Stabilize the tensile test machine in accordance with manufacturer´s instructions. 

2. Calibrate the test machine before testing begins and at 4-h intervals throughout 
the work period. 

3. Set the crosshead and chart recorder speeds to provide a test time to specimen 
fracture of about 1 min.  

4. Grasp a mounted test specimen in one tab grip area by the faces of the stationary 
jaws. 

5. Position the crosshead so that the other tab grip area may be grasped as in step 
before. Visually check the axial specimen alignment. 

6. With the mounting tab unstrained, cut both sides of the tab or burn it away very 
carefully at mid-gage as shown in Fig.3. If specimen damage occurs, discard the 
specimen. 

7. Tension the specimen with the chart continuously recording the test load to 
failure and the indicated elongation.  

8. Repeat these steps to complete the test group. 



 

 

Fig. 3 Tab showing typical specimen mounting method 
 

Appendix 2: Fragmentation diagrams for 30°C and 50°C with thermal stress effect 
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