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ABSTRACT 

 

The effect of embedding a cylindrical microwire temperature sensor on the mode-II 

interlaminar fracture behavior of 5320 unidirectional tape/epoxy laminates was investigated. The 

sensor was embedded orthogonal to the fiber direction resulting in the formation of an ‘eye’ shaped 

resin rich region around the sensor and causing localized fiber waviness. Monolithic laminates 

with sensor placed at mid-ply, one ply away from the mid- plane, two plies away from the mid- 

plane and without sensor were fabricated for this study. Delamination cracks were coincident with 

the mid-plane of the laminates. An increase in the apparent fracture toughness for specimens with 

sensor in the mid-ply configuration was observed, which can be attributed to the localized fiber 

waviness around the sensor and its effect on the material properties. No effect on apparent fracture 

toughness was noticed for the specimens with sensor located one ply away and two ply away from 

the mid-plane. The test data was subsequently used to develop a 2D, VCCT based plane-strain 

non-linear finite element model to understand the observed experimental behavior and the impact 

of the cure induced residual stress. The variation of the material properties with the fiber volume 

fraction in the vicinity of the sensor and process induced residual stress were also taken into 

account. A digital image correlation study was performed to monitor the surface strains during the 

crack propagation. The predictions from the finite element model which included the crack growth 

behavior, resistance curves and shear strain measurement compared satisfactorily with 

experimental data.  
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CHAPTER 1 

INTRODUCTION 

 

 

 

A composite material is a combination of two or more materials such that its overall 

properties is superior to that of the individual constituents. Generally, a composite comprises of 

two constituents i.e. a matrix and a reinforcement. The reinforcement, usually the fibers or 

particulates, are the discontinuous phase, it is much stiffer and stronger compared to the matrix. 

The matrix is the continuous phase usually a polymer, metal or ceramic [1]. Matrix binds the 

reinforcement together, transfers the applied load between fibers and acts as a shield to protect the 

reinforcement from extreme environmental conditions [1]. Depending on the application for the 

composite material, the matrix and/or the reinforcement play an important role. For medium to 

low strength applications, the matrix plays a vital role as it is the main load bearing constituent 

whereas the reinforcement provides limited stiffness and strength. For high strength applications, 

the reinforcing fiber carries majority of the load providing high strength and stiffness along its 

fiber direction while the matrix promotes adhesion and transfers the load and stresses between the 

fibers [2]. Different types of composites can be manufactured depending on the usage. The most 

commonly used composites in the aviation industries are the carbon fiber reinforced plastic 

(CFRP). Their high stiffness, strength and resistance to corrosion makes them ideal for most of the 

primary and secondary aircraft structures. 

In recent years, several studies [3, 4, and 5] have been undertaken to understand the 

intricacies associated with the fabrication of composites, the effect of stacking sequence, its effects 

on stiffness, the load carrying capacity of the composites, etc.  
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The curing of composite material is very important as it is the only stage where any 

processing induced defects can be eliminated. Based on the type of composite and its application 

there are several fabrication procedures such as oven or autoclave molding, fiber placement, resin 

transfer molding (RTM), pultrusion and filament winding, etc. [2]. Control of composites during 

the curing process has improved in recent years through development of real-time monitoring 

procedures [6]. Amongst the various real-time monitoring procedures, thermal profile monitoring 

is one of the most important, as it is a good indicator of the resulting mechanical properties of the 

laminate. Typically, we monitor the real-time cure temperature using surface thermocouples and 

capacitive sensors [7]. Since embedding thermocouples in the interior of the laminate may cause 

potential defects due to the length of the thermocouple wire passing through the laminate, we can 

measure temperature only along the edges of the laminate. Thermocouples also pose a problem 

during vacuum bagging as it causes leaks which results in presence of volatilities in the laminate 

or uneven pressure distribution in presence of large leaks. Irrespective of the size of the 

thermocouple wire, these problems can only be minimized and not eliminated. 

One of the ways to overcome these problems is to embed sensors without any wired 

connections in the concerned part. There are several wireless sensor technologies available in the 

market today for measurement of strains, crack growth, temperature, etc. [8-16]. The following 

are few types of sensor systems that are used for remote measurement purposes: 

 Multi-channel addressable sensing modules (ASM’s) [17] 

 Fiber optic sensor with RF wireless technology [18] 

 Remotely-queried embedded microsensors [19] 

 Microwire temperature measurement system [20] 
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The multi-channel addressable sensing modules (ASM’s) contain embedded semiconductor 

temperature sensors integrated in the patch which are embedded in a composite laminate. These 

modules wirelessly communicate with an interrogation unit outside the protective bagging via 

antennas using electromagnetic waves. These modules can also be connected with other types of 

sensors [17]. Optical fiber sensors and Remotely-queried embedded microsensors employ RF 

techniques for wireless communication. They have RF transceivers which convert the received 

signals into appropriate signal for communication [18, 19 and 21]. However, the disadvantage 

associated with this method is that these signals are susceptible to electromagnetic interference 

which can be a drawback in certain applications.  

The microwire temperature measurement system developed by AVPro Inc., [20] was used in 

this study. It utilizes magnetic sensors wires embedded in the laminate, which measure the change 

in temperature by measuring the change in magnetic properties. These magnetic sensors wires are 

encapsulated in a thin walled titanium tube measuring 0.25mm (0.01 inch) in diameter, which 

protects it from mechanical strains during the curing process. The changes in the magnetic 

properties are measured using an antenna placed outside the vacuum bagging which excites the 

sensor wire using magnetic field as shown in the figure 1.   
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Figure 1. Microwire temperature measuring system [20] 

 

Another advantage of using wireless sensors in the interior of the laminate is during on-

site repair using a heat blanket. Generally the heat distribution from a heat blanket is not uniform 

over the repair patch. Controlling the cure cycle using surface mounted thermocouples may lead 

to uneven curing. Thus, having microwire sensors embedded in the interior of the laminate gives 

an accurate measurement of the interior temperature. The antenna reads the temperature 

measurement from the microwire sensors. This information is processed in a control and 

processing unit where the needful alteration to the cure cycle can be done to achieve the required 

degree of cure [20]. 

The insertion of any foreign object by accident or by design could be detrimental to the 

structural integrity of the part. Therefore, it is imperative that the effects of the inserts, in our case 
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the microwire sensors, on the mechanically properties of laminated composites must be well 

understood prior to their widespread use. In the composite industry, the interlaminar fracture 

properties of the laminates are deemed to be a critical design parameter. Thus, the effects of these 

sensors on the interlaminar toughness might indicate any potential problems up front. 
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CHAPTER 2 

LITERATURE REVIEW 

 

The main objective of this thesis is to study the effect of embedding a microwire sensor 

tube in a unidirectional laminate coupon with a pre-existing delamination crack on the mode-II 

fracture behavior of the material by subjecting it to four point bend test. The position of the sensor 

was varied relative to the crack plane (also the mid-plane) for better understanding of its effects.  

However, before elaborating the details, foremost, an introduction to the different types of 

wireless measuring systems and their effects on the mechanical properties and fracture behavior 

has been provided. Subsequently, the damage in unidirectional laminated composites, in general, 

has been elucidated. The same is followed by explaining the different types of mode-II testing 

methods, why four point bending test was chosen, and the effects of test conditions is described. 

Finally, the effect of residual stresses generated during the ramp down (cooling) stage of the curing 

process is explained. 

2.1 Embedded Sensors 

Embedding sensors can have its advantages and disadvantages. On one hand it helps in real 

time structural health monitoring; on the other hand, it might degrade the mechanical properties of 

the overall composite and sometimes accelerate the failure process. Several studies have been 

performed to understand the best possible ways to avoid the negative impacts of embedding 

sensors in the structure. Currently sensors are being used in the following applications: 

a) Temperature measurement [8,9] 

 Cure Temperature Monitoring 

b) Strain measurement [10,11] 
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 Detecting Delamination [12, 13, 14] 

 Detecting direction of delamination [13] 

c) Shape control [15] 

d) Detecting acoustic emissions [16] 

Various types of sensors with different materials (i.e. titanium [3, 5], glass [22], semiconductor 

[17]), sizes, shapes (i.e. circular [3, 5], rectangular [23]) and orientation (i.e. along the fiber and 

against the fiber direction) are embedded into the structure for structural health monitoring 

purposes. The orientation of the sensor relative to the reinforcing fiber plays an important role. 

Embedding the sensor parallel to the reinforcing fibers does not cause any local perturbation of 

the surrounding adjacent fibers as shown in the figure 2. But if the sensors are embedded off axis 

to the reinforcing fiber, then it is observed that a local disturbance in the microstructure arises 

forming a resin eye or resin rich pocket also known as ‘obtrusivity’ [24] as shown in the figure 3. 

Extreme obtrusivity may either be caused by the size and shape of the sensor/embedment or due 

to its orientation. This may result in variation of the fiber volume fraction around the resin eye 

which can prove to be disturbing based on the orientation. Levin et.al [25] studied the change in 

the variation of the fiber volume fraction and found the effects were negligible. Conversely, the 

variation in the fiber volume fraction has a significant effect which will be discussed later. 

 

Figure 2. Sensor parallel to the reinforcing fibers [3] 
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Figure 3. Sensor perpendicular to the reinforcing fiber [3] 

 

Dasgupta et.al., [24]  and C. Y. Huang et.al., [26] have demonstrated that the shape and the 

size of the resin pocket depended on the diameter of the embedment, its orientation and laminate 

stacking sequence, pressure distribution during the curing process, etc., which varies in every case.  

As long as all the parameters are constant (which is difficult) the length of the rein rich region will 

increase along with the radius of the sensor. As the sensor diameter increases the severity of the 

fiber waviness around the sensor will also increase.  

 

 

2.2 Effect of Embedded Sensor on Mechanical Properties 

 

The presence of embedment in any structure will create geometric discontinuities inducing 

stress concentration. Numerous studies have been performed to study the effect of embedment’s 

on the mechanical properties of the host structure. Shivkumar et.al [27] studied the effect of the 

geometric distortion of the reinforcing fibers on embedding FOS (Fiber optic Sensor) in an off axis 

position causing an eye shaped resin rich region. High stress concentrations sites were noticed at 
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the root of the resin rich eye and at the interface between the FOS and the composite. On applying 

tensile loads due to the weak transverse properties, transverse matrix cracking was observed at the 

root of the resin rich eye leading to the specimen failure by fiber breakage. Under compression, 

the failure initiated due to high transverse tensile stress at the interface of the FOS and the 

composite. The variation of the stress distribution by altering the length of the resin rich region 

and the fiber disturbance height was studied. The residual stress induced during curing of the 

composites due to the difference in the CTE (Coefficient of Thermal Expansion) effects the 

expected strength of the composite.   

C.Y.Huang et.al [26] studied the effect of increasing the diameter of a hollow vasculature 

on the relative strength of the specimen under compressive loading. The study also showed the 

possible types of failure mechanisms under compressive load. It was shown that failure could 

either be initiated at the boundary of the resin eye causing fiber-matrix failure which would 

propagate along the edge of the resin eye to cause final failure by fiber fracture due to micro 

buckling, or the failure could initiate inside the resin eye cracking the vasculature and propagating 

to the root of the resin rich eye and eventually fail by micro bucking. More than 75% of the 

specimens fail on account of the latter mechanism. Thus, this mechanism was considered 

beneficial with regard to the proposed self-healing function as cracking of the vasculature can 

trigger the flowing of the healing agents thus constraining the failure process. 

Yi Huang et.al [28] studied the local stress fields created by embedment of a rectangular 

micro-sensor in an S-glass/ epoxy composite under tensile load and the corresponding failure 

modes. The results showed a high shear strain at the resin-sensor coating interface identifying the 

failure initiation point. Two stress hot spots were noticed, one at the root of the resin pocket and 

the other around the boundaries of the sensor. However, the magnitude of stress was observed to 
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be high around the sensor. Maximum stress failure criteria was applied to identify the failure 

initiating stress in the composite and Von-Mises criteria was employed for the resin area. Using 

these criteria, the initiation of failure was predicted due to micro cracks formed around the sensors 

during early stages of loading. 

2.3 Effect of Embedded Sensor on Fracture Behavior  

  

Interlaminar fracture is one of the most common modes of failure in the industry today 

[29]. If left unnoticed, it can lead to catastrophic failure of the structure. In a real time scenario, a 

structure is subjected to a mixed mode loading due to the geometric shape, its position or its ply 

stacking sequence that may promote interlaminar normal and shear stress [30]. It is really difficult 

to identify which mode plays a crucial role and consequently it is important to study how 

embedment influences the failure in every mode. Asimenia [22] studied the influence of 

embedding Comparative Vacuum Monitoring (CVM) sensor galleries on mode-I and mode-II 

delamination toughness. The sensors were placed in the mid-plane of a monolithic cross-ply 

composite laminate perpendicular to the adjacent plies. The crack direction was perpendicular to 

the orientation of the galleries, as shown in the figure 3. Two shapes of galleries were selected for 

the study i.e. elliptical and circular. Hollow silicon tubes and solid silica tubes were embedded in 

the laminate during the lay-up which led to the formation of elliptical and circular galleries 

respectively as a consequence of the compressive pressure applied during the curing process.  The 

effect of the shape and size of the galleries on the mode-I fracture toughness is shown in figure 4. 

In each of the cases, the galleries were placed 5mm apart from each other.  
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Figure 4. Effect of variation of GI with gallery size [22] 

 

 The study showed that the crack growth was quite stable in the absence of any galleries. 

However, in the presence of a gallery of any size and shape, the crack growth was unstable and 

followed a stick-slip trend. It was observed that the crack arrested at a gallery, which was expected 

to grow by 5mm, suddenly grew by 10 mm jumping across two galleries. This trend was more 

profound when the size of the galleries was increased. The resistance curve or the R-curve in figure 

5 shows the unstable growth in the presence of galleries. 
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Figure 5. R-curve showing variation of GI with crack length [22] 

 

The increase in the delamination resistance owing to the arrest of the crack tip ahead of the 

elliptical galleries can be attributed to the blunting effect caused by the shape crack. Since the 

silicon tube was removed after the curing of the laminate, it resulted in the formation of the 

elliptical shaped hole. The geometric stress concentration factor at the edge of a gallery is much 

lower than that of a sharp crack and this reduces further with increase in shape of the gallery. For 

circular galleries, the crack would either fracture the glass tube (since glass tubes are not removed 

after curing) and arrest, experiencing the blunting effect or take a path around the gallery as 

depicted in figure 6. In the latter case, the crack still arrested at the interface of the laminate and 

the glass tube as an effect of the asymmetric stress field created due to the mismatch of the elastic 

properties of the two materials. The asymmetric stress field toughens the material making it 

difficult for the crack to propagate.  
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Figure 6. Schematic of crack behavior for different galleries [22] 

 

 

End Notched Flexure (ENF) test method was chosen to study the effect of the galleries on 

mode-II fracture toughness property. Similar to the mode-I case, the crack growth direction was 

perpendicular to the galleries placed in the mid plane.  A Teflon film was inserted in mid plane to 

serve as a delamination initiator. Two approaches were followed for this test, first a pre-crack test 

was performed to generate a sharp crack before performing the main test; and in the second 

approach, the author used the blunt crack tip from the Teflon film as the initial crack. Both the 

approaches resulted in a catastrophic failure of the specimen at the first crack initiation. The load 

vs. displacement plot in figure 7 shows a sudden drop once the breaking load is achieved. For most 

of the cases, the crack propagation occurred away from the neutral axis avoiding the row of 

galleries. It was assumed that since the specimen is experiencing a mixture of tensile and shear 

loads and the mismatch of the modulus between the 0 ̊ and 90 ̊ generates high stress resulting in 

such a behavior. 

However, for cases where gallery size was greater than 0.5 mm, the crack path intercepted 

the galleries travelling around them on account of the high energy release rate from the blunt crack 

tip as shown in figure 8 and 9. 
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Figure 7. Load vs. displacement plot for CVM galleries [22] 

 

 

Figure 8. Crack path around 0.86 mm eliptical galleries [22] 

 

Figure 9. Crack path around 2.98mm elliptical galleries [22] 
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Norris et.al [31] studied the impact of propagating cracks on bio inspired self-healing 

vascules. The author used a 28 ply unidirectional glass fiber reinforced epoxy laminate with a  

0.5 mm diameter steel wire with a PTFE release spray for ease of removal after curing. Two 

vascule fabrication techniques were implemented. The transverse fabrication route A where the 

vascules were placed at the mid-ply of the laminate during the layup process. In the transverse 

fabrication rout B the author cut out four central plies (prior to curing) at the location where the 

vascules were to be placed. A total of 9 vascules were placed in every specimen maintain a gap of 

10 mm between the consecutive vascules. For both the techniques, the vascules were placed 

transverse to the reinforcing fibers as show in figure 10. 

 

 

Figure 10. Vascule placement for transverse fabrication rout A and rout B [31] 

 

DCB (Double Cantilever Beam) testing was used to measure the mode-I fracture toughness 

properties. The specimen without vascules showed a stable crack growth while the specimens 

containing the vascules followed the stick-slip pattern. The crack in the specimens fabricated by 

technique ‘A’ got arrested in the first vascule resulting in a sudden load drop followed by a sudden 



16 
 

jump to the third vascule which was subsequently followed by irrepressible unzipping leading to 

the failure of the specimen. For the specimens fabricated by the other technique, the crack got 

arrested at every vascule and had a relatively stable growth. The load vs. extension for both the 

fabrications routs shown in figure 11 explains the crack behavior discussed above.  

  

 

Figure 11. Load vs. extension for specimens fabricated by transverse rout A and B [31] 

 

End loaded split (ELS) testing method was used to measure the mode-II fracture toughness 

properties.  The load vs. extension for this testing was more or less similar to the DCB case for 

both the specimen fabrication techniques. The only difference was that the crack travelled around 

the vascule instead of passing through it avoiding blunting effect, as shown in figure 12. For the 

specimens fabricated by the transverse fabrication route ‘A’, the crack got arrested at the tip of the 

resin eye of the first vascule then jumped to a ply interface leading to rapid crack growth resulting 
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in failure of the specimen. For specimens manufactured by transverse fabrication route B the crack 

got arrested at ever vascule. 

 

Figure 12. Crack propagation for specimens fabricated by transverse rout A and B [31] 

  

The author compares the change in fracture toughness value for different sensor 

configurations in figure 13. A 160% increase in mode-I fracture toughness and 80% increase in 

mode-II fracture toughness was observed for transverse fabrication route ‘A’ specimens. A 32% 

increase in mode I fracture toughness and 6% increase in mode-II fracture toughness was noticed 

for transverse fabrication route ‘B’ specimens. 
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Figure 13.  Mode-I and Mode-II fracture toughness [31] 

 

C. Choi et.al. [4] Studied the effect of embedded optical fiber on the mode-I and mode-II 

interlaminar fracture toughness properties of unidirectional glass fiber epoxy matrix composite 

laminate. A 250 µm coating diameter and 125 µm cladding diameter optical fiber was placed in 

the mid-ply of the composite laminate. Two different stacking sequences [018/OF/018] and 

[06/904/08/90/OF/08/904/06] were used in this study, where the OF refers to the optical fiber. Optical 

fibers were place both parallel and perpendicular to the reinforcing fibers. For the case where the 

optical fiber was in the same direction as the reinforcing fiber the number of optical fibers varied 

1, 3 and 5. For the case where the optical fibers were perpendicular to the reinforcing fibers the 

number of optical fibers varies 65, 16, 8 and 4 which were placed at intervals of 2 mm, 12 mm, 24 

mm and 48 mm respectively. The variation of the mode-I fracture toughness value for the different 

orientations of the sensor is shown in figure 14. 
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Optical fiber embedded in 0 ̊  direction Optical fiber embedded in 90 ̊  direction 

Figure 14. GI vs. crack length for specimens with [018/OF/018] stacking sequence [4] 

 

DCB test method was used to measure the mode I fracture toughness properties. For the 

[018/OF/018] stacking sequence where the OF was placed parallel to the reinforcing fiber the OF 

seem to completely merge with the adjacent reinforcing fibers and consequently there was no 

significant effect on GI values. When the OF was placed at 90 ̊ to the reinforcing fibers the crack 

growth followed a stick-slip behavior. It was noticed that the crack propagated unstably through 

the resin rich eye as shown in the figure 15 causing a crack arrest at the laminar interface 

immediately after the resin rich eye responsible for the stick-slip pattern. 
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Figure 15. Schematic of crack path for DCB specimen [4] 

 

For the [06/904/08/90/OF/08/904/06] stacking sequence the OF generally gets merged into 

the adjacent fiber layer depending on its orientation causing a negligible effect on the GI values as 

shown in figure 16.  

 

  

Optical fiber embedded in 0 ̊  direction Optical fiber embedded in 90 ̊  direction 

Figure 16. GI vs. crack length for specimens with [06/904/08/90/OF/08/904/06] stacking 

sequence [4] 
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For both the stacking sequence laminates, when the optical fiber was placed parallel to the 

reinforcing fiber there was no significant effect on the GIIC value similar to the DCB case. But 

when the optical fibers were embedded perpendicular to the reinforcing fiber, crack arrest at the 

optical fiber was noticed. Two GIIC values were derived from each peak of the load vs. 

displacement, the second value was always double or more compared to the first value. The value 

of the GIIC also seem to increase with the number of optical fibers as shown in figure 17. The author 

concluded that the resin pocket formed when the optical fibers were placed perpendicular to the 

reinforcing fiber, played a vital role in crack arrest and increase in the value of GI and GIIC. 

  

For [018/OF/018] stacking sequence For [06/904/08/90/OF/08/904/06] stacking 

sequence 

Figure 17. GII vs. number of optical fiber for ENF specimen  with optical fiber embedded in 0 ̊  

direction [4] 
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2.4 Damage in Composite Material 

 

In recent years, composite materials are considered as ideal materials for manufacturing 

owing to their high strength to weight and stiffness to weight ratios and the fact that their properties 

can be judiciously altered to meet the various engineering requirements. Damage in laminated 

composite is an essential feature that should be taken into account in its application. Unlike metals, 

composites fail as a result of accumulation of several local damages. Abundant warnings can be 

witnessed between the first occurrence of the damage and the final failure, seldom it fails 

catastrophically.  Damage in composite can be of any form like fiber fracture, matrix cracking, 

fiber matrix de bonding or delamination. Thus, it is important to detect the initiation of the damage 

before it leads to the failure of the component. 

Generally it is observed that the longitudinal modulus of composites is always higher than 

the transverse modulus. Thus, during application, the composites should be tailored to utilize their 

high longitudinal strength and minimize the use of through thickness strength. On application of 

in-plane tensile stress, elongation is observed in the direction of applied stress and contraction in 

the transverse direction for isotropic material. However, the response of the orthotropic composite 

material is more complex. For orthotropic composites, in plane tensile stress will not only cause 

elongation in applied direction and transfers contraction but also lead to bending, twisting and in 

plane shear deformation. To minimize these effects it is advised to use a symmetric and balanced 

laminate [32-33]. 
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2.5 Damage Mechanism in Unidirectional Composite Material 

 

 For composite materials the first failure does not mean final failure, accumulation of 

several local level (fiber level or matrix level) failures will lead to the final failure of the composite 

structure [38]. In general the damage mechanism of unidirectional composite material can be 

classified as shown in figure 18. 

 

 

Figure 18. Damage mechanism in composite material 

 

2.5.1 Fiber Level Damage Mechanism 

 

Fiber level Damage Mechanism can broadly be classified as following [34]:- 

a) Fiber fracture/Breaking 

b) Fiber buckling/ Kinking 

c) Fiber bending 

d) Fiber splitting 

e) Fiber radial cracking 
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The fiber fracture damage occurs because the axial tensile stress/strain experienced by the 

fibers exceeds the allowable stress/strain causing it to break along the length of the fiber into 

two or more fragments. This type of fracture can also occur when the shear stress exceeds the 

shear strength causing cataclysmic failure. Formation of kink band or fiber kinging is observed 

when compressive loading is applied on the fiber. This bucking/ kinging also depends on the 

material properties and location of the fiber and matrix. When flexural load is applied on the 

fiber, it results in fiber bending. When the hoop stress in the fiber exceeds the allowable limit, 

the fiber cracks either transversely or radially. This can also happen when interface region 

between the fiber and the matrix is subjected to high stresses. The various fiber level damage 

mechanisms are shown in figure 19. 

 

Figure 19. Fiber level damage mechanism [34] 
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2.5.2 Matrix Level Damage Mechanism 

 

The matrix level damage mechanisms can broadly be classified into the following [34]:- 

a) Matric cracking perpendicular to fiber 

b) Matrix cracking parallel to fiber 

c) Fiber matrix interface cracking 

The matrix can either crack parallel to the fiber or perpendicular to the fiber depending on 

the load applied. Tensile stress applied along the axial direction generally causes the matrix to 

crack perpendicular to the fiber. When the in-plane transverse stress is tensile in nature then the 

matrix cracks parallel to the fiber as shown in the figure 20. It is observed when the matrix cracks 

are parallel to the fiber, the modulus reduces significantly. However, the matrix cracks 

perpendicular to the fiber have lesser effect on the modulus and is generally unnoticed. The various 

matrix level failure mechanisms are shown in figure 20. 

 

Figure 20. Matrix level damage mechanism [34] 
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2.5.3 Fiber-Matrix Coupled Damage Mechanism 

 

The fiber-matrix coupled damage mechanisms can broadly be classified into the following [34]:- 

a) Fiber pullout 

b) Fiber breakage and interfacial deboning 

c) Transverse matrix cracking 

d) Fiber failure due to matrix cracking 

e) Interfacial shear failure 

The fiber subjected to high axial tensile stress accompanied with weak fiber matrix 

adhesion leads to fiber pull out. When the fiber slides out, the interface at the tip of the broken 

fiber acts as a region of stress concentration leading to fiber matrix interfacial deboning. 

Interfacial failure may act as a region of stress concentration for in plane transverse tensile 

stress causing the matrix to crack open transversely between the fibers. The matrix cracks 

perpendicular to the fibers may have high strains at the fiber matrix interface exceeding the 

fiber fracture stress causing it to crack open. The interfacial shear failure is a combination of 

all the above mentioned failures. When the fiber fractures due to matrix cracking (as mentioned 

above) it propagates as a macro-crack until a fiber matrix interface. High shear stress may 

cause it to advance in the sliding mode resulting in a laminate failure. The various fiber matrix 

coupled damage mechanisms are shown in figure 21. 
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Figure 21. Fiber-matrix coupled damage mechanism [34] 

 

Delamination is the macro level damage mechanism that plays an important role in this 

study. The matrix bonds the fiber together in a laminate, a layer of resin is sandwiched between 

two adjacent layers of fiber. The resin transfers the applied displacements and loads to the 

adjacent fibers. When this interface layer is damaged or cracked, it loses the integrity of the 

laminate and the adjacent fiber layers get disbonded as shown in the figure 22. This failure 

mechanism is called as delamination. This creates an instability stress concentration in the 

neighboring fiber layers causing it to delaminate further. This also causes a reduction in 

stiffness and reduces the life of the material. 

Delamination can be caused due to several reasons. Incorrect manufacturing procedures, 

uneven curing of the laminate or existing of impurities in the laminates are a few reason which 

can cause delamination from manufacturing methods. Transverse tensile stress applied normal 

to the laminate may cause delamination at the interface between the fiber and the matrix. Axial 

compressive stress can cause fiber bucking/crimping producing a delamination. Appling 
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tensile stress to a laminated with different fiber orientation may cause fiber realignment to 

match the loading direction resulting in delamination. Mismatch in poison’s ratio, Coefficient 

of Thermal Expansion (CTE) and fiber orientation produces interlaminar stresses to maintain 

a state of equilibrium. 

 

Figure 22. Delamination mechanism [34] 

 

At the coupled micro-macro level, a matrix cracking across through the lamina is 

considered very dangerous. There are three possible ways how this damage mechanism can 

lead to failure. Firstly the transverse matrix can ingress into the adjacent lamina breaking it. 

Secondly the matrix crack can cause an interface cracking leading to delamination. This 

delamination can either cause failure of the laminate or might create a transverse crack into the 

neighboring layer as shown in figure 23 [34]. 

 

Figure 23. Coupled micro-macro level damage mechanism [34] 
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The delamination occurring in mode-II testing is generally matrix dominated. This failure 

is a resultant of out of plane shear stress which arises from a variety of sources such as impact 

loads, curvature, stress waves, etc. Mode-II delamination propagation is also known as hackle 

formation or ridge formation in the matrix between two fibers running parallel in the fiber direction 

[33-35]. On a microscopic scale, the direction of the crack changes according to the maximum 

principle tensile stress. But due to constrain offered by the fiber it tends to remain in the matrix 

region between the fibers forming the hackle pattern [33]. 

 

2.6 Fracture Mechanics 

 

Fracture mechanics is a method for predicting the failure of a structural component 

containing any defect. Laminated composites are prone to several defects during manufacturing or 

usage in extreme weather conditions, wear and tear or improper maintenance procedures, etc.  

Fracture mechanics is a tool that helps identifying certain defects or flaws which are 

unstable and will eventually lead to failure of the structure. Not all cracks or other flaws have 

tendency to grow. Fracture mechanics help evaluate the strength and calculate the service life of 

components. In this study we will be focusing on the sliding mode or the shearing mode as shown 

in the figure 24. 
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Figure 24. Mode-II –sliding failure 

 

 

2.6.1 Linear Elastic Fracture Mechanics 

 

Linear Elastic fracture mechanics (LEFM) is generally used to predict flaws in component 

which is isotropic and linear elastic. It is assumed that the yielding at the crack tip is localized or 

small scale yielding and the stress fields is calculated using theory of elasticity. LEFM applies 

when the nonlinear deformation of the material is confined to a small region near the crack tip, in 

other words when the loading process is still reversible.  

The modified Griffith theory published in 1924 was placed on an energy balance principle. It 

was applicable to brittle materials already containing a crack like defect. According to the theory, 

the potential energy that stands decreased due to crack growth can be balanced by the generation 

of surface energy that is created by two new crack surfaces. However, this theory was only 

restricted for brittle materials and was not applicable for determining fracture strength of ductile 

materials as they undergo a significant plastic deformation prior to failure [36-37].  
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Thirty years later, individual studies performed by both Irwin and Orowan pointed out that 

work done in plastic deformation at the crack tip should be taken into account along with the 

increase in surface energy on creation of two new crack surfaces for ductile materials. Irwin 

proposed the concept of strain energy release rate, G, which is rate of change of potential energy 

with respect to change in crack length not time, must be larger than a critical value, Gc, also known 

as fracture toughness a material property, for crack to grow [37]. Thus LEFM is applicable to 

brittle materials only when a finite initial crack is present in the structures having blunt notches 

and in case of ductile materials the size of the plastic zone is non negligible. Elastic- plastic fracture 

mechanics was introduced to address these issues. 

 

2.7 Experimental methods to determine mode-II interlaminar fracture toughness 

 

A comparative study was done on the various test methods to determine mode-II interlaminar 

fracture toughness of unidirectional composite of carbon fiber reinforced epoxy (T800/#3631) by 

Wen-Xue Wang et al [38] in 2009. The following four test methods (figure 25) were evaluated in 

this study, 

1) End Notched Flexure (ENF) 

2) End Loaded Split (ELS) 

3) Over Notched Flexure (ONF) 

4) Four point bending End Notched Flexure (4ENF) 
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Figure 25. Different test methods for measuring mode-II interlaminar fracture toughness     

[38] 

 

The ENF was the original method for measuring the mode-II fracture toughness. Under 

this method, it was observed that the crack growth was unstable and only the initiation fracture 

toughness value could be derived from one specimen. The ELS test method produced a stable 

crack growth but the specimen was clamped at one end and the fixture had a relatively complex 

sliding mechanism. 

The load vs. displacement curves for the different test methods is shown in figure 26. The 

results of ENF and ELS look similar except the hysteretic energy loss from the repeated loading-

unloading cycles in ELS. The final unloading curve of the ELS specimen does not return to zero 

as a result of compressive damage on the specimen surface caused by the clamping forces. These 

clamps prevent its horizontal movement which results in a higher value of fracture toughness 
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compared to the ENF test and higher effects of geometric non-linearity. To overcome the 

disadvantages of the ENF and ELS test methods, Martin and Davidson [39] introduced the 4ENF 

test method. This method results in a stable crack growth and has a very simple test fixture. Similar 

to the 4ENF test, another test method i.e. ONF test method was introduced by Tanaka et.al [40]. 

The ONF test produces a stable crack growth, its test fixture being similar to the ENF. Both the 

4ENF and ONF test methods have the loading nose over the crack. This however increases the 

effect of friction on the calculation of the fracture toughness. However, experiments have shown 

that the effect of friction is very minimal in 4ENF compared to ONF. 

 

 

Figure 26. Load vs. displacement for various test methods [38] 
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It can be seen from figure 26, the peak load or critical load decreases slightly as the crack 

growth occurs in 4ENF test, while the peak load increases continuously for the ONF test. The 

hysteretic energy loss is observed to be higher in ONF than in 4ENF. This energy loss can be owed 

to the effects of friction due to the presence of the loading nose above the crack sliding surface. It 

can also be observed from the experiments that the deflection of the specimen is much higher in 

ELS and ONF compared to ENF and 4ENF. Larger deflection implies greater effect of geometric 

non-linearity on the results.  

The comparison of the fracture toughness as a function of crack extension for the various 

test methods is shown in figure 27. The results of five specimen for each configuration are shown 

below. The ELS test showed 2% higher initiation fracture toughness and 3.4% higher propagation 

fracture toughness compared to the ENF test. This may be due to cramped constrain on the 

specimen as explained earlier. The average ONF fracture toughness was 13% higher than the ENF 

test, and the fracture toughness increased continuously not because of fiber bridging but probably 

effect of friction. The exact reason for this is not yet determined and further study is required. The 

initiation and propagation fracture toughness of the 4ENF test were close to the ENF test and the 

average value of 4ENF test is only 2% higher than ENF. Thus, this proves that the effect of friction 

between the crack sliding surfaces has only slight effect on the results if the compliance is 

determined from the load vs. displacement plot. For the aforementioned reasons discussed, the 

4ENF test method was chosen as the most effective method for this study. 
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Figure 27.  Fracture toughness vs. crack extension for various test methods [38] 

 

The fixture of the 4ENF test is designed in such a way that the loading nose is free to rotate 

about the loading pin, thus equal forces are applied by the loading nose. This ensures that the 

bending moment is constant in the inner span and shear force is zero. Thus, pure bending can be 

observed at the crack tip. 

C. Fan et.al [41] performed a similar study on the various test methods used for determining 

the mode-II fracture toughness. It was shown that the 4ENF had the most stable crack growth 

compared to other test methods as shown in the figure 28. 
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Figure 28. Crack growth stability for different test methods [41] 

 

2.8 Factors affecting mode-II interlaminar fracture toughness 

 

There are several factors affecting the value of mode-II interlaminar fracture toughness such as: 

1)  Influence of fiber volume fraction 

2) Influence of nose distance 

Taking into account the influence of these factors is very necessary as the accuracy of the 

results is dependent on these factors. Several studies [42] have been published in the past stressing 

the importance of these factors. 
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2.8.1 Influence of fiber volume fraction 

 

Davies et.al [43] studied the effect of fiber volume fraction on mode-II interlaminar 

fracture toughness of glass/ epoxy composite using 4 ENF test method. He showed that both the 

initiation and propagation fracture toughness significantly reduced with increase in fiber content. 

It can be observed from figure 29, as the fiber content increases the propagation fracture 

toughness value reduces. Initially it was thought that this behavior resulted because of the extent 

to which the resin was cured in panels containing low fiber content than the ones containing higher 

carbon content. But on carful observation of Tg (Glass transition temperature), this was ruled out. 

Later, when the specimens were examined under a scanning electron microscope, it was noticed 

that low fiber content specimens had a higher resin rich zone at the crack tip which allowed 

formation of larger damage zones. Consequently larger plastic deformation and matrix shear micro 

cracks near the crack tip. Thus the energy release was high for low fiber content specimens. Large 

number of shear micro cracks developed in the matrix for this case. On the other hand, fewer 

number of shear micro cracks were developed in the high fiber specimen and would soon die out 

at the fiber-matrix interface causing less matrix deformation and clean fiber were seen along the 

fracture surface. 

 

Figure 29. GIIc vs. fiber content [43] 



38 
 

 

2.8.2 Influence of nose distance 

 

 The effect of the vertical distance between the loading pin and specimen was 

studied by Kageyama et.al [42]. This study used two four point bending fixtures, each with a 

vertical distance between the nose and support (d) of 56 mm and 12 mm. PTFE film was placed 

between the delamination surfaces of the specimen for both the configurations. 

A stick-slip effect was noticed with larger nose distance (d=56 mm) and a more linear 

relation was noticed between the load and displacement for shorter nose distance (d=12 mm) as 

shown in figure 30. The effect of geometric non linearity is clearly seen for a larger nose distance. 

This stick-slip effect can be avoided by placing PTFE film at the supports, loading nose and 

between delamination surfaces when the specimen will be allowed to slide. Hence, the nose 

distance should be as small as possible to avoid the effect of geometric non linearity. 

 

  

d=56 mm d=12 mm 

Figure 30. Load vs. displacement for different nose distance [42] 
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2.9 Residual stress 

 

Composite material structures are bound to have residual stress since they are made up of 

different types of materials which are oriented differently having different coefficient of thermal 

expansions (CTE). Generally, residual stresses are caused in composite materials during the 

manufacturing process which involves heating up the materials with different values of CTE to 

elevated temperatures and then cooling them down to room temperatures. Other factors that cause 

residual stresses include difference in mechanical properties of constituents at micro levels, 

different fiber volume fractions, uneven curing of the laminate, high post cure temperatures and 

cure shrinkage [44]. 

Residual stress can be categorized into three levels namely micro-mechanical level present 

between individual fibers of each ply, the macro-mechanical level present between each individual 

ply and the laminate level [45]. Difference in the thermal properties affect all of the above 

mentioned levels. At the micro level, the differences in the CTE values of the fiber and the matrix 

makes them behave differently during the ramp down phase of the cure cycle where the matrix 

shrinks considerably more than the fiber causing residual stresses. At the macro level, the residual 

stresses are generated by the difference in the CTE of different plies of the lamina stacked in 

different orientation. At the meso or the laminate level, residual stress arises due to the difference 

in the thermal strains and the hydroscopic strains of two adjacent laminas. This can be caused by 

respective lay-up stacking sequences or their thermal properties, etc. 
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Several composite structures fail owing to residual stress. Residual stress largely effect the 

interaction between matrix and fiber which influence fiber matrix disbonding and fiber pullout. 

Residual stresses have been proven to cause failure mechanisms such as matrix cracking which 

lead to catastrophic failure of the structure reducing service life. When the residual stress exceeds 

the yield strength, it leads to formation of cracks which weaken the fiber matrix interface. High 

residual stresses might lead to transverse ply cracking which when merge with micro cracks can 

act as delamination initiation areas. 

Shivakumar et.al [27] studied the effect of curing stresses on the stress field generated 

around an embedded fiber optic sensor during ramp down process post curing from 350 ̊  F to room 

temperature using finite element analysis. The author found that the first 100 ̊ F in the ramp down 

process does not have any significant impact on the residual curing stresses because of the high 

viscoelastic relaxation. The variation of normal stress along the X- axis is shown in figure 31. 

 

Figure 31. Variation of normal stress along the X- axis [27] 
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2.10 Objective 

 

It has been evident from the literature review that embedding the sensor perpendicular to 

the adjacent reinforcing fibers disturbs the fiber waviness effecting the crack behavior. In most of 

the previous studies authors have used ENF test method, resulting in an unstable crack behavior. 

Additionally all the authors have investigated the case when the crack is in the same plane as the 

sensor. In real time application there is no guarantee that the delamination might initiate in the 

same plane as the sensor.  Thus in the current study the crack was grown stably using the 4ENF 

test method and the effect of the crack behavior when the sensor is placed in other planes apart 

from the crack plane was investigated. Digital image correlation was performed for all specimens 

to study the strain distribution across the thickness of the specimen in the presence of the crack, 

which cannot be analyzed using strain gauges. 

 

In all the previous studies the authors have only studied the effect of the presence of sensors 

on the mode-II interlaminar fracture behavior experimentally. The other researchers who have 

performed finite element study to investigate the effect of sensors on the mechanical properties of 

the specimen have not considered the effect of the change in the material properties around the 

sensor due to varying fiber volume fraction. In the current research this effect was taken into 

account while developing the finite element model. The objective of this research was to study 

the effect of embedding a cylindrical sensor on the mode-II interlaminar fracture behavior of 
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unidirectional composite. The effect of crack propagation behavior was investigated for the 

following specimen configurations,  

 In the absence of sensor (Without sensor configuration) 

 With sensor located along the crack plane (Mid-ply configuration) 

 With sensor located only ply distance away from the crack plane (One-ply configuration)  

 With sensor located two plies distance away from the crack plane (Two-ply configuration) 

 Specimens of each configuration were tested on the universal testing machine using a 4 

End Notched Flexure (4ENF) test fixture. The crack behavior in the specimens of various sensor 

configurations was further visualized by finite element analysis using MSC Marc Mentat 2014 

[46]. The effect of the process induced residual stress was investigated in the finite element study. 

The effect of the varying fiber volume fraction and the fiber waviness of each ply around the sensor 

has been discussed in detail in this study. 
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CHAPTER 3 

 

EXPERIMENTATION 

 

 This chapter discusses the specimen preparation, experimental setup of the 4 point bend 

end notched flexure test fixture, the crack growth detection and monitoring method used, the 

testing procedure and digital image correlation in order to analyze the effect of embedding a 

cylindrical sensor on the mode-II interlaminar fracture behavior.  

3.1 Specimen Preparation 

 

The material used for mode-II fracture toughness study was Cytec Cycom 5320 

unidirectional tape composite [47]. Illustration of the different specimen configurations is shown 

in figure 32. The stacking sequence of the four different specimen configurations is summarized 

in table 1. 

Table 1. Stacking sequence 

Configuration Stacking Sequence Description 

Without Sensor [010 /T/010]* Without sensor 

Mid-Ply 
[010 /T S/010]* 

 
Sensor located along crack plane 

1-Ply 
[010 /T/0 /S/09]* 

 

Sensor located at one ply distance away 

from crack plane 

2-Ply 
[010 /T/02 /S/08]* 

 

Sensor located at  two plies distance away 

from crack plane 

*-T-Teflon film, S-Sensor                               
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Without Sensor 

  
Mid-ply 

 
 

One-ply 

 
 

Two-ply  

 

Figure 32. Specimen configuration 

 

Two sub laminates were fabricated, each containing ten 0° plies measuring 14"×14" 

stacked one on top of each other. The initial delamination was introduced using a Teflon film 

(0.0005" thick) placed between the two sub laminates during the layup. The Teflon film extended 

3" into the specimen (4.5" into the laminate, figure 34) from the cracked end, as shown in figure 

33. It was ensured that the edges of the Teflon film were parallel to the edges of the laminate. The 

sensor tube (a hollow tube without the ferromagnetic wires was used for testing purpose) made of 

Titanium having an outer diameter of 0.0102" was placed in the laminate as per the stacking 

sequence of different specimen configurations. The sensor tube was placed 3.5" from the cracked 
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end of the specimen, shown in figure 33. The laminate was debulked after placing every three plies 

to ensure the uniform compaction.  

 

 
Figure 33. Specimen dimension 

 

 After the layup, laminates were debulked for 8 hours at 28" Hg and the same pressure was 

maintained during the curing process.  Panels were cured to 100% degree of cure using the 

manufacturer recommended cure cycle shown in figure 34. A J-type thermocouple (5TC-TT-J-24-

72, 0.2" thick) [57] was attached to the base of the laminate and was used to monitor the cure cycle 

unlike the case when the cure cycle is controlled by the air temperature. This ensured that the 

laminate was cured as per the desired cure cycle.  

 
Figure 34. Cure cycle 
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Specimens were machined from the cured laminate and sanded to achieve the precise final 

dimensions of 11"×1"×0.1", as shown in figure 35. The dimension for each specimen can be found 

in Appendix A. Before proceeding to the experimentation, lines were drawn across the thickness 

of the specimen indicating the crack tip and the location of the loading nose and the supports for 

ease of placement of the specimen in the fixture. 

 

 

 

 
Figure 35. Panel dimensions 
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3.2 Experimental setup 

 

 Prepared specimens were tested using 4 point bend End Notched Flexure (4ENF) 

test method as shown in figure 36. The outer span is the distance between the outer supports 

measuring 4" and the inner span is the distance between the loading noses measuring 2". The inner 

span was centered between the outer supports. As shown in figure 36, the loading noses are free 

to rotate about the loading pin, thus equal forces are applied by the loading nose. This ensured that 

the bending moment was constant in the inner span and shear force was zero. The delamination 

length (a) was always measured from the outer support. The distance between the loading pin and 

the specimen was kept at 0.45" as to avoid the effects of geometric non linearity. The loading pin 

was engaged with the bottom edge of the clevis using a plastic bushing, ensuring the free rotation 

of the clevis about the loading pin.  The free body diagram for the four point bend test setup is 

shown in figure 37. All the specimens were tested using a 5 kip capacity MTS testing machine. 

The diameter of the loading nose, loading pin and the supports were 0.5", 0.25" and 0.4" 

respectively. The testing was conducted under displacement control at a cross-head displacement 

rate of 0.03 inches/min. A 5000 lbs capacity load cell was used for load measurement. The load 

and crosshead displacement data were recorded at a rate of 2 sample points/second.   
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Figure 36. Experimental setup 
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Figure 37. Free body diagram for four point bend setup 

 

 

3.3 Experimental Procedure 

 

Compliance calibration was the first step in the experimental procedure. Each specimen 

was loaded up to 50 lbs and gradually unloaded. This step was repeated 7 times (figure 38), by 

incrementing the delamination length by 0.125" by altering its position between the loading noses 

before each loading segment.  The data obtained from this calibration was used to plot a 

compliance vs. delamination length graph shown in figure 64. 
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Figure 38. Loading-unloading curves from compliance calibration tests 

 

Once the compliance calibration was completed, the specimen was ready for testing. The 

test was monitored using two travelling microscopes mounted on the MTS crosshead, as shown in 

figure 39. A Dino-premium microscope [48] (maximum magnification of 250×) with a 

magnification of 50× was used to monitor the speckle side of the specimen, shown in figure 40. 

Pictures were taken at interval of 10 lbs. during the loading segment to record the displacement of 

the specimen and calculate the strain. A thin layer of white paint was sprayed on the other side of 

the specimen, shown in figure 41. This was monitored using a Dino-Pro microscope [48] 

(maximum magnification of 200×) with a magnification of 80× microscope. The thin coat of flat 

white, fast dry paint manufactured by The Color Place Inc. [58], helped track the delamination 

growth upon fracture. Both sides of the specimen had measuring stickers placed to measure the 
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change in delamination length (in mm) during testing. Delamination on both sides of the specimen 

grew proportionally to each other during every load cycle. 

 
 

Figure 39. Image of experimental setup 

 

  
 

Figure 40. Specimen face speckled 

 

Figure 41. Specimen face painted white 

 



52 
 

Each specimen was loaded until the delamination advanced, following which the 

specimens were completely unloaded and the microscopes were moved to measure the new 

delamination tip for the next loading segment. It was observed that the delamination always stayed 

in the mid plane and did not jump to the adjacent plies for all specimen configurations. As the 

breaking load of the specimens was relatively small, no slippage of specimen was noticed. This 

loading-unloading process was repeated until the delamination tip passed the loading pin i.e., 

crossed half the span between the loading noses. Images of the specimen after the delamination 

crossed the resin rich eye is shown in figure 42. 

  
 

Figure 42. Delamination around sensor 

 

Compliances were calculated from the load vs. crosshead displacement graph for every 

loading segment. Using the travelling microscope the delamination length was recorded for every 

test. This data was used to plot the true compliance vs. delamination length. The slope of this plot 

∂c/∂a was used in the fracture toughness calculation. The fracture toughness of the specimen was 

calculated using the following formula [49]: 

 

2

2
IIc

P C
G

B a
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where, 

P -Breaking load (lbs.) 

B –Width of Specimen (in) 

∂c/∂a – Slope of true Compliance vs. Delamination Length (1/lbs.)  

 

3.4 Digital Image Correlation 

 

As mentioned earlier, the surface strains were measured for each specimen by using digital 

image correlation. Images of the specimen (shown in Figure 40) were captured at every 10 lbs 

increments during the loading segment. These images were processed by a DIC software ARAMIS 

[50] which tracks the two dimensional displacement components of the speckle surface. The 

software divided each image into small facets used to measure deformation. Each facet is 

recognized by its individual gray scale distribution. For all the specimens 9×11 facet size was used. 

The image measured 869 pixels across its thickness of the specimen, thus having approximately 4 

facets per ply and 8 facets across the sensor.   

For every image of the specimen a specific region was selected as the focus region, also 

known as the unmasked region (Figure 43), which had the best focus and was used to calculate 

displacements and strains. A slit was created in this unmasked region to mark the existing 

delamination in the frame with intent to get a better strain distribution. To suppress any noise and 

to focus on the localized effects the data was processed by a post processing procedure called filter. 

Average filter type was used for this analysis. 
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Figure 43. Focus region for strain calculation 
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CHAPTER 4 

 FINITE ELEMENT ANALYSIS 

  In order to have better understanding of the experimental study, finite element analysis was 

conducted on the discretized model of test specimen geometry to investigate the crack behavior 

and stress-strain distribution within the specimen for all configurations using the commercial 

software MSC MARC 2014 [46]. A non-linear implicit finite element analysis was performed with 

an expectation to capture the experimental crack behavior of 5320-UD monolithic specimen and 

further investigation were directed to examine the effect of geometric non-linearity on crack 

behavior due to the sensor embedment. The effect of process induced residual stress has been 

studied in this chapter. The change in the ply thickness around the sensor and the variation of the 

material properties with the change in the fiber volume fraction around the resin rich eye is 

explained in detail in this chapter.  

4.1 Microscopy 

 

Manoj [3] and Akhil [5] performed the microscopic analysis to study the effect of 

embedment of sensor on the fiber waviness. Cytec Cycom 5320 unidirectional tape composite [47] 

laminates with stacking sequence [05/S/05] where S represents the sensor aligned perpendicular to 

the fibers, were fabricated.  Small samples were cut along the cross section of the laminate showing 

the fiber disturbance caused by the sensor as shown in the figure 44. These samples were potted 

and polished to enhance the surface finish for examination under the microscope. 
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Figure 44.Fiber disturbance around the sensor [3] 

 

Zeiss AxioCam MRc camera [51] was used to capture image of the specimen and Zeiss 

Axio Imager microscope [51] was used to analyze the fiber waviness. The images of the specimens 

captured were further analyzed using the Axio Vision software [52]. A coordinate system with its 

origin at the center of the sensor was defined to study various parameters such as the length of the 

resin rich region Lr, height of the fiber wavy region Hr and the waviness amplitude λ. Sets of points 

were plotted relative to the origin to measure the various parameters as shown in the figure 45.  

 

Figure 45. Schematic defining the length of resin rich region Lr, Height of fiber wavy region 

Hr and waviness amplitude λ [3] 
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From figure 46, it can be clearly seen that the fibers are packed more closely packed around 

the sensor and this distance between the fibers gradually increases as we move away from the 

sensor in the Y-coordinate. It can also be observed that the fiber disturbances die out beyond the 

resin rich region. The fiber waviness amplitude vs. distance from the sensor along Y axis is plotted 

in figure 47. It was observed that the amplitude of fiber waviness reduces as we move away from 

the sensor. It was also observed that the length of the resin rich region Lr spans to about 3.68 mm 

when the sensors were placed perpendicular to the adjacent fibers. 

 

 

Figure 46. Fiber waviness around sensor with sensor along 90 ̊ [3] 
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Figure 47. Amplitude variation with sensor along 90 ̊ [3] 
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4.2 Modeling and Meshing 

 

The schematic of the finite element model for without the sensor configuration specimen 

is described in figure 48. Each specimen mesh was divided in four deformable bodies. On the left 

end of the specimen, the Top Left and Bottom Left sub laminates are in touching contact with each 

other indicating the crack in the specimen. The Top Right and the Bottom Right sub laminates 

maintain a glued contact. Both the loading noses were permanently glued to the loading rectangle 

and the specimen maintains touching contact with the supports and the loading noses. 

 

Figure 48. Schematic explaining the contact bodies 

 

The dimensions of the resin rich region and the sensor tube were taken from the data 

obtained from microscopy images. Since the width to thickness ratio is greater than 8, bending of 

specimen is assumed to follow the plane strain condition [53]. The disturbance in the fiber 

waviness due to the embedment of the sensor was also studied under the microscope. It was 

observed that the thickness of every ply around the sensor was not uniform. Due to the resin bleed 
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from the prepreg which cause the formation of the resin rich region around the sensor during the 

curing process, the thickness of the ply right above the sensor was less than its thickness at the end 

of the resin rich region as shown in the figure 49. It was also observed that the thickness of every 

ply right above the sensor continued to increase moving away (Y-coordinate) from the sensor until 

it reached the nominal thickness of the ply 0.005" where the fiber were no longer disturbed from 

the embedment of the sensor. The equations in the figure 50 was used to calculate the fiber 

waviness of each ply around the sensor in the FEA model. The calculated fiber waviness for the 

first seven plies around the sensor is shown in figure 51. 

 

Figure 49. Variation of ply thickness around the sensor 

 

 

 

  



61 
 

 

Figure 50: Calculation of ply thickness variation along sensor 

 

Figure 51. Fiber waviness distribution 

 

Class 4, element type 11, four node isoparametric element with bilinear interpolation [46] 

was used for meshing the finite element model. An additional assumed strain interpolation 

formulation was used to enhance the elements’ bending behavior. Element type 11 with four 

Gaussian integration points is shown in figure 52. 
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Figure 52. Element type 11 with gaussian integration points and nodes [40] 

4.3 Material Properties 

 

Titanium, 5320-1 resin and 5320 unidirectional tape composite material properties were 

used for modelling the sensor, resin rich region and the composite in the finite element model 

respectively. The loading noses and the supports were made of steel. The composite properties 

listed in the table 2 were taken from Cytec Cycom datasheet [47]. Embedding the sensor in the 

composite disturbed the fiber waviness causing a change in the fiber resin distribution in its vicinity 

which in turn altered the fiber volume fraction around the sensor. Fiber volume fraction seemed to 

be highest right above the sensor and kept reducing as we moved away from the sensor along both 

X and Y directions, as shown in figure 53. 



63 
 

Table 2. Material properties 

Property 
5320-UD 

Composite 

5320-1 

Resin 

Titanium 

Alloy 

Sensor 

Steel 

E1 (Msi) 20.1 

0.5 15.67 29 E2 (Msi) 1.58 

E3 (Msi 1.58 

ν12 0.33 

0.35 0.3 0.29 ν23 0.5 

ν31 0.0235 

G12 (Msi) 0.68 

      G23 (Msi) 0.39 

G31 (Msi) 0.68 

α1 (in/in/ ̊ F) -2.891×10-8 

24.93×10-6 5.111×10-6   α2 (in/in/ ̊ F) 18.51×10-6 

α3 (in/in/ ̊ F) 18.51×10-6 

GIIc (lb in/in2) 7.22    
 

 

 

 

 Figure 53: Variation of fiber volume fraction in the vicinity of the sensor 

 

Microscopy was performed to study the variation of fiber volume fraction around the 

sensor. A linear reduction of the fiber content was noticed, as shown in figure 54. To capture this 

in FEA, the material properties were linearly varied horizontally (until the end of resin rich region) 
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and vertically (until 7th ply where the fiber alignment was no longer effected due to the sensor 

embedment). The effect of the residual stresses generated due to the post cure ramp down process 

was simulated using the thermal properties of the sensor, resin rich region and the composite. The 

Coefficient of thermal expansions were also varied with the fiber volume fraction using the micro 

mechanics model by Schapery (α1) and Hashin (α2) [2]. 

 

Figure 54. Fiber volume fraction variation above sensor 

 

Fracture toughness is a material property and cannot change with the specimen 

configuration. A default value of 7.22 lb in/in2 was used for all configurations. This value was 

derived experimentally from the specimen without sensor.  Since fracture toughness is also a 

material property it has to be changed along the crack path according to the variation in fiber 

volume fraction, as shown in figure 55. Davies et.al [43] showed the effect of variation of GIIC 

with fiber content for quasi-unidirectional glass/epoxy composite. We followed the same 

percentage decrease of GIIC with increase in fiber content as shown in figure 29. Thus the fracture 

toughness value also decreases linearly from the root of the resin region edge till the sensor and 

increased every ply above the sensor as the fiber content decreased.  
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Figure 55. Variation of GIIc with variation in fiber volume fraction along the crack path 

 

 

4.4 Initial and Boundary Conditions 

 

A thermal structural analysis was performed on the model. Initially the specimen was set 

at a temperature of 77 ̊ F. Next thermal loading is applied by cooling down the specimen to -193 ̊ 

F. This cooling process mimics the ramp down of the laminate during the post cure cycle which 

induces the thermal residual stresses. Due to mismatch in the coefficient in the thermal expansion 

properties of the different material the effect of this process induced stress is simulated along the 

interface of the different materials in the finite element model on application of thermal load. This 

is followed by applying displacement to the specimen as shown in figure 56 while maintaining an 

isothermal temperature condition. A downward displacement of 0.236 inch was applied on the 

selective node of loading fixture which acts as the loading pin.  The selected node captures the 
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overall response of the specimen. From the selected node, corresponding load under displacement 

throughout the analysis was calculated to generate the load-displacement curve for the overall 

specimen. The displacements of this node was constrained in the X direction. All the elements in 

the supports are fixed along the X and Y directions, shown in figure 57. Double nodes were 

maintained along the crack path. A 0.5 friction coefficient is maintained between the Top Left and 

Bottom Left sub laminates and 0.1 coefficient of friction was maintained between the specimen 

and loading nose and supports to prevent the specimen from sliding. 

 

 

Initial Temperature @ y=0, 77°F 

Final Temperature @ y=1, -193°F 

Initial Displacement @ y=0, 0 inch 

Final Displacement @ y=1, -0.236 inch 

Figure 56: Thermal loading and structural loading applied on the specimen 
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Figure 57. Schematic describing the boundary conditions 

  

 In order to analyze the contact behavior, normal and shear component of the stress 

distribution were analyzed along the crack path in the finite element model for all configuration. 

The shear strain distributions were calculated across the thickness of the specimens at specific 

distances from the crack tip to compare with the DIC results.  

4.5 Virtual Crack Closure Technique 

 

Virtual crack growth method is one of the several methods used for determining the strain 

energy release rate for crack propagation in numerical models. This method was proposed by 

Kanninen and Rybicki [54] where only one analysis was performed to obtain crack opening force 

“F” and crack opening displacement “∆a” unlike the Crack Closure Technique (CCT) technique 

where two analyses were performed to obtain the said data [55]. The Virtual Crack Closure 

Technique (VCCT) approach is based on the following two assumptions by Irwin [55], 

1) The energy released when the crack grows by ∆a is equal to the energy required to close 

the crack back to its initial length. 
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2) Also the state of the crack tip does not alter when it grows from one node to another i.e., 

when the crack grows from node i to j, the displacement “ℓ” at node i is same as 

displacement at j when the crack proceeds to k, as shown in the figure 58.   

 

 

 

Figure 58. Crack extension [55] 

 

This method has been studied in detail by Kruger and its application to the various 

quadratic elements has been shown in [55]. The energy release rate for the 4 nodded quad element 

is calculated using the formula shown in figure 59 [55]. 
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𝐺𝐼 =
−1[𝑍𝑖(𝑤𝑙−𝑤𝑙∗)]

2∆𝑎
        𝐺𝐼𝐼 =

−1[𝑋𝑖(𝑢𝑙−𝑢𝑙∗)]

2∆𝑎
 

Figure 59. Energy release rate calculation [55] 

 

The VCCT option in MSC.Marc computes the energy release rates automatically, the user 

only specifies the crack tip node [56]. Direct crack propagation mode was used with release 

constrains crack growth method. In the direct crack growth mode, the crack extension takes place 

only when the crack growth condition (Total energy release rate criterion, were the crack 

propagates when G total > G c, Where G c is experimentally determined fracture toughness value) is 

fulfilled. For a stable crack growth (the crack propagates in small increments) this takes place 

within an increment and the increment iterates until crack growth is achieved. For an unstable 

crack growth condition the crack grows in large steps in a single increment. The release constrain 

crack growth method involves crack growth in the direction where glued or tying contact are 

released [56]. As shown in the figure 60, the cracked region nodes are in touching contact and the 

uncracked region nodes are glued to each other. Ones the crack grows, the nodes change from 

glued contact to touching contact. 
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Figure 60. Defining of a crack 
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CHAPTER 5 

 

RESULTS 

 

  The results of embedding the sensor for various configurations in the 5320 unidirectional 

composite laminate are discussed in this section. The results of the various configurations with and 

without the sensors will be compared in this section.  

5.1 Experimental Results 

 

4 point End Notched Flexure test was performed on the specimen.  Since the test fixture 

was manually assembled, any slack in the crosshead displacement recorded by the MTS software 

had to be checked. For this purpose the displacement reading from the MTS crosshead was 

compared with the displacement obtained from the laser extensometer. The laser extensometer 

recorded the displacement of the loading pin by measuring the distance between the two reflective 

tapes, as shown in the figure 61. The first tape was placed on the loading pin and the other tape 

was placed on a stationary reference position. No other reflective surface was present along the 

laser beam from the extensometer to avoid any undesired errors. The displacements recorded by 

the laser extensometer and the MTS crosshead is compared in figure 62. The slope of the curves 

showed that the reading were fairly accurate. The slope of the laser extensometer vs. the crosshead 

displacement in figure 63 proves the effect of slack in the loading fixture was negligible. 



72 
 

 

Figure 61. Laser extensometer measuring applied displacement 

 

 

Figure 62. Comparing the load vs. displacement measured by laser extensometer and MTS 

crosshead 
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Figure 63. Comparing the laser extensometer displacement and crosshead displacement 

 

The comparison of the slope (∂c/∂a) of the compliance obtained from compliance 

calibration procedure and compliance obtained during testing (true compliance) is shown in figure 

64. It was observed that the slopes of both the curves are almost equal to each other. 
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Figure 64. Comparing the slope of compliance vs. delamination length curves from 

compliance calibration procedure and experimental testing 

 

The load vs. displacement curve and the resistance curve or the R-curve i.e. The GIIc vs. 

the Delamination length for the without sensor configuration specimen is shown in figure 65 and 

figure 66 respectively. The first test performed on each specimen was called the insert crack test 

and the following test were called the pre crack test. It was observed that the fracture toughness of 

the insert crack test was slightly higher than the pre crack test owing to the blunt crack tip from 

the Teflon insert embedded to generate the artificial crack [22, 41, and49]. A higher breaking load 

is required for the blunt crack to propagate compared to the sharp crack, thus the initiation fracture 

toughness is high. The crack growth is stable and the fracture toughness remains constant beyond 

the initiation point. 
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Figure 65. Load vs. displacement curve for specimen without sensor 

 

Figure 66. Resistance curve for specimen without sensor 

4

5

6

7

8

9

10

0 0.2 0.4 0.6 0.8

𝐺
𝐼𝐼
𝑐

(l
b

s-
in

/i
n

2
)

Delamination Length (inch)



76 
 

The load vs. displacement curve and the R-curve for the mid-ply configuration specimen 

is shown in figure 67 and figure 68 respectively. For this case when the sensor is located along the 

crack plane, the initiation fracture toughness was higher compared to the precrack fracture 

toughness similar to the without sensor configuration. However, on further propagation the crack 

arrests at the sensor. At this point the specimen took a higher load before further crack propagation. 

The amount of energy released was very high and the crack zipped across the specimen till the 

next loading nose. This observation clearly shows the effect of sensor for the mid-ply 

configuration.  

 

 

Figure 67. Load vs. displacement curve for specimen with sensor at mid-plane 
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Figure 68. Resistance curve for specimen with sensor at mid-plane 

 

The load vs. displacement curve and the R-curve for the one-ply configuration specimen is 

shown in figure 69 and figure 70 respectively. For the case when the sensor was located at one ply 

distance from the crack plane, the initiation fracture toughness was higher compared to the pre 

crack fracture toughness similar to the without sensor configuration. Beyond this point a stable 

crack growth was noticed for the rest of the specimen. No crack arrest was noticed at the sensor. 

This observation indicates no effect of sensor was noticed for the one-ply configuration.  
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Figure 69. Load vs. displacement curve for specimen with sensor one ply away from mid-

plane 

 

Figure 70. Resistance curve for specimen with sensor one ply away from mid-plane 
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The load vs. displacement curve and the R-curve for the two-ply configuration specimen 

is shown in figure 71 and figure 72 respectively. For the case when the sensor was located two 

plies distance from the crack plane, no trend in the data points was observed. The breaking load of 

these specimens was also less compared to the other configurations. It was noticed the specimen 

thickness was a little bigger than expected. The specimen configuration has to be tested again. 

 

 

 

Figure 71. Load vs. displacement curve for specimen with sensor two plies away from mid-

plane 
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Figure 72. Resistance curve for specimen with sensor two plies away from mid-plane 

  

The comparison of the resistance curves for the various configurations is shown in figure 

73. Apart from the two ply configuration for all other configuration the initiation fracture 

toughness was higher than the pre crack fracture toughness. The trend of the one ply configuration 

was almost over lapping the without sensor configuration, this implies that no effect of sensor was 

noticed for this configuration. When the sensor was located in the same plane as the crack plane, 

crack arrest was noticed at the sensor. This resulted in the high value of fracture toughness at the 

sensor showing the clear effect of sensor for the mid-ply configuration. A similar trend was 

observed by Norris et.al [31] and C. Choi et.al [4]. The load vs. displacement plots and the 

compliance comparison plots for the rest of the specimens can be found in Appendix B. 
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Figure 73. Comparison of resistance curves for all configurations 

 

5.2 Digital Image correlation 

 

DIC is a non-contact way of measuring surface strains. It provided a strain map for the 

gage length and the region around the microwire sensor tube during testing and a better 

understanding of effect of sensor. The edge strain distributions for all specimen configurations at 

various load levels is explain in this sub section. 

5.2.1 Without Sensor Configuration 

 

The strain contour εxy for without sensor configuration specimen at various load levels is 

shown in figure 74. Two sections were marked, the solid line representing the first section 0.039" 

away from the crack tip and the dashed line representing the second section 0.078" away from the 

crack tip. The εxy strain distribution along these sections is compared at various loads in figure 75. 

It can be noticed that the strain concentration is highest in the plane of the crack. As the load 
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increases the strain concentrations at the crack tip increases. At high load levels the speckles tend 

to fall off as a result of the specimen bending. This can be seen as gaps in the contour plots (at 

160lbs) and broken curves in figure75. As the crack propagates the section closest to the new crack 

tip has the highest strain concentration. For this case the crack propagates at 200 lbs and since the 

second section is closer to the new crack tip, it has a higher strain magnitude.  

 

 

Figure 74. Strain contour εxy  for without sensor configuration specimen 

 

 



83 
 

 

 

Figure 75. εxy distribution along sections for without sensor configuration specimen 
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5.2.2 Mid-ply Sensor Configuration 

The strain contour εxy for mid-ply configuration specimen at various load levels is 

shown in figure 76. The εxy strain distribution along three sections are compared at various 

loads in figure 77. The solid line across the sensor is the second section, the dotted line and 

the dashed line are the first and the third section located 0.039" before and after the second 

section respectively. The crack tip was located at a distance of 0.07" from the sensor. Upon 

crack arrest at the sensor the strain concentrations increase with increase in load (160 to 

300lbs). This indicates the effect of sensor for this configuration. As the crack propagates 

the section closest to the new crack tip has the highest strain concentration. Micro crack 

growth was noticed at 160 lbs where the highest strain concentrations where noticed along 

the second section (figure 77). The crack remain arrested at this location until 337 lbs when 

it rapidly grew along the length of specimen crossing all the three sections. As a result all 

the three sections recorded zero strain at 337 lbs. 
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Figure 76.  Strain contour εxy  for mid-ply configuration specimen 

 

 

 
 

Figure 77. εxy distribution along sections for mid- ply configuration specimen 
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Figure 78. εxy distribution along sections for mid- ply configuration specimen (continued) 
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5.2.3 1-ply Sensor Configuration 

 

The strain contour εxy for mid-ply configuration specimen at various load levels is shown 

in figure 78. The εxy strain distribution along three sections are compared at various loads in figure 

79. The solid line across the sensor is the second section, the dotted line and the dashed line are 

the first and the third section located 0.039" before and after the second section respectively. The 

crack tip was 0.075" before the sensor. A micro crack growth was noticed at 190 lbs where the 

highest strain concentration was noticed along the third section. As the load increases the 

delamination advanced crossing the sensor and the resin rich region, showing no effect of the 

sensor. At 208 lbs the crack crosses the resin rich eye and the highest strain concentrations are 

noticed along the third section. 

 

  

Figure 79. Strain contour εxy  for one-ply configuration specimen 
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Figure 80.  εxy distribution along sections for one-ply configuration specimen 



89 
 

5.2.4 2-ply Sensor Configuration 

 

The strain contour εxy for mid-ply configuration specimen at various load levels is shown 

in figure 80. The εxy strain distribution along three sections are compared at various loads in figure 

81.The delamination tip was right before the resin eye. Since the crack tip was quite close to the 

sensor the first and the second sections show the same strain concentrations up till 80 lbs.  As the 

load increased the delamination advanced passing the sensor and the resin rich eye, showing no 

effect of the sensor. At 180 lbs the crack propagated around the senor and the highest strain 

concentrations are noticed along the third section. 

 

 

Figure 81. Strain contour εxy  for two-ply configuration specimen 
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Figure 82. εxy distribution along sections for two-ply configuration specimen 
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5.3 Finite Element Analysis 

 

In this sub section we will discuss the results from the finite element model. The effect of 

residual stress, the load vs. displacement comparison for the experimental and various FEA cases 

will be discussed in detail. The normal and shear stress distribution along the crack path for various 

specimen configuration is shown in this sub section. The comparison of the shear strain 

distributions from the DIC and the FEA results for all specimen configuration will also be 

discussed. 

5.3.1 Residual Stress  

 

A residual stress field was generated at the sensor, resin and bulk composite interface 

during the ramp down process after curing of the laminate. This was due to the difference in 

coefficient of thermal expansion for these different materials. A similar effect was simulated in the 

finite element analysis by cooling down the specimen by 270°F from room temperature and further 

maintaining an isothermal condition during loading process. The Normal stress or the crack 

opening stress (𝞂N) in the y’ direction and Shear Stress (𝞂S) in the x’ direction in the local 

coordinate system along the crack path around sensor is represented in figure 82. 

 

Figure 83. Schematic explaining the local coordinate system along the crack path 
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 The contour plot of the normal and shear stress distribution for the mid-plane 

configuration specimen is shown in figure 83 and figure 84. Normal and shear stress distribution 

along the crack path for all configurations containing sensors is shown in figure 85 and figure 86. 

The normal stress distribution is symmetric about the sensor. Due to the high CTE of the bulk 

composite compared to the sensor, it was noticed that there was high compressive stress at the 

sensor. The high CTE of the resin compared to the bulk composite created a high tensile stress 

field along the slopes of the resin eye. A self-equilibrating compressive stress field was created at 

the end of the resin eye to balance this effect. Due to the application of the thermal load the radial 

expansion of the resin eye created a diagonally symmetric shear stress field about the sensor. In 

the comparison plots it can be seen that the normal and shear stresses are highest in the mid-ply 

configuration, followed by the one ply configuration, and two ply configuration. Thus, it was 

observed that the effect of the residual stresses gradually reduces as we move away from the 

sensor. In every configuration the high compressive stresses at the edges of the resin rich region 

and at the sensor can be the reason why the crack growth arrests in these places. The high tensile 

stress over the resin rich region created an opening path for crack to grow. This could be the reason 

why the crack never arrested over the resin rich region. 
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Figure 84. Contour plot showing the normal stress variation in the bulk composite region for 

sensor at mid- ply configuration 

  

 

 

 

 

Figure 85. Contour plot showing the shear stress variation in the bulk 

composite region for sensor at mid- ply configuration 
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Figure 86. Variation of normal stress component of residual stress along the resin-composite 

interface for all configurations 

 

 

Figure 87. Variation of shear stress component of residual stress along the resin-composite 

interface for all configurations 
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The absence of residual stress can cause the crack to behave in a similar manner because 

the crack will have to change direction to grow around the sensor. The change in material 

properties and fiber waviness will cause the crack to arrest at the tip of the resin rich eye and at the 

sensor. However, the normal and shear stress around the sensor along the crack path will be 

negligible for all sensor configurations in the absence of residual stress as various load levels, as 

shown in figure 87, 88 and 89. 

 

  

Figure 88. Normal and shear plots for 1-ply configuration with and without residual stress 

  

Figure 89. Normal and shear plots for 2-ply configuration with and without residual stress 
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Figure 90. Normal and shear plots for mid-ply configuration with and without residual stress 

5.3.2 4 Point End Notched Flexure 

 

Finite element analysis was performed for cases with different sensor locations varying in 

the thickness direction. A few tests were performed to verify the material properties used for 

simulation. The experimental and FEA load vs. displacements plots, for a specimen without sensor 

when the crack tip was placed 1" outside the outer support, was compared. The slope of the 

experimental and the FEA curves were in good agreement, as shown in figure 90.  
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Figure 91. Load vs. displacement for the case where crack was 1" outside the outer support 

 

For the second test strain gauges were placed along the width of the specimen on the top 

and bottom surface to record the longitudinal surface strains. These longitudinal strains along the 

fiber directions were compared with the strains derived from the finite element analysis, as shown 

in figures 91 and 92. This comparison shows that the specimen in the simulation behaves similar 

to the fabricated specimen, thus proving that the material properties used in the finite element 

analysis were accurate 
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Figure 92. Schematic of the position of strain gauge on the top and bottom surface of the 

specimen  

 

Figure 93. Load as a function of longitudinal strain measured on the top and bottom surface of 

the specimen 
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It was observed from the finite element study that when the crack tip is located away from 

the resin eye the top and the bottom sub laminates are glued to the resin eye. But when the crack 

has crossed the sensor, the resin eye acts as a wedge and creates a mechanical locking preventing 

the free sliding of the top and bottom sub laminates, as shown in figure 93. This effect is more 

predominant for the mid-ply configuration because of the highest fiber waviness. As we move 

away from the sensor the fiber waviness reduces and the effect of mechanical locking also reduces.  

 

 

Figure 94. Mechanical locking between the upper and lower sub laminates 

 

Five specimens were fabricated for each configuration, out of which four specimens 

followed the loading-unloading test pattern as explained previously. One specimen from each 

configuration was loaded until failure, i.e. the crack was allowed to grow around the sensor in a 

single loading cycle. The experimental load vs. displacements plots were compared with the finite 
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element analysis results in figure 94. The FEA curves for all configurations containing the sensors 

show a sudden raise in load beyond the initiation point. This peak was the result of the crack 

growth arresting at the sensor because of the mechanical locking, consequently taking higher load 

to propagate further. The above comparison plots show that the effect of the sensor looks more 

predominant for the FEA results. The experimental mid-ply configuration alone shows two peaks. 

The first indicating the initial crack propagation and the crack arrest at the sensor and the specimen 

taking higher load before further crack propagation. It can also be seen that the experimental 

breaking load corresponding to the initial crack growth are similar to the FEA results except for 

the case when the sensor is two plies away from crack plane. The specimen stiffness match quite 

accurately for both, experimental and FEA results up to the crack initiation points for all 

configurations. 

  

Without Sensor Mid-ply 

Figure 95. Load vs. displacement plots for all configurations 
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2-ply 1-ply 

Figure 96. Load vs. displacement plots for all configurations (continued) 

 

The FEA always over predicts the breaking load after crack arrest at the sensor for all 

configurations.  A component of mode-I fracture toughness is created when the crack tip climbs 

the resin eye, since the crack is grown in pure mode-II conditions in the FEA study this mode-I 

component is not taken into account. If this component is taken into account the crack might 

propagate at a lower load reducing the gap between the FEA and experimental curves. 

The comparison of the R-curve for all specimen configuration from the FEA study is shown 

figure 95. It was noticed that the fracture toughness tends to raise a little near the sensor as a result 

of the crack arresting at the sensor. It can be observed that the fracture toughness trends to decrease 

back to normal once it crosses the sensor. For the mid-ply configuration the specimen took the 

highest load before crossing the sensor compared to the other configurations and has the highest 

apparent fracture toughness around the sensor. As mentioned earlier if the mode-I component is 

taken into account over the resin rich region, the fracture toughness value can be brought down. 
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Figure 97. Resistance curves for all configurations 
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The normal and the shear stress distribution for all sensor configuration specimens along 

the crack path is shown in the figures 96 to 101. The stress appears maximum at the crack tip and 

as the crack propagates the stress peak moves along the crack path. The longer the crack tip stays 

in a location the higher the stress at that location. For the mid-ply configuration the crack arrested 

at the sensor and the right edge of the resin rich eye. In the other two configurations the crack 

arrested at both the edges of the resin rich eye and at the sensor. The location of the crack tip along 

the specimen is indicated by the red pointer for better clarity. 

  The crack arresting at the ends of the resin rich region and above the sensor, can be either 

due to the residual stress or the change in direction of crack growth. As explained earlier 

compressive normal stresses are generated at these locations preventing the crack from 

propagating further. The crack has to propagate around the sensors for all configurations. Due to 

the disturbance in the local fiber waviness around the sensor, the crack has to change the direction 

to cross it. The effect of variation of the material properties, due to the variation of the fiber volume 

fraction, resulting from the disturbance in waviness can also be a possible reason for the crack to 

arrest at these locations. 
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Figure 98. Variation of normal stress along the crack path for Mid-ply configuration 

 

Figure 99. Variation of shear stress along the crack path for Mid-ply configuration 
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Figure 100. Variation of normal stress along the crack path for 1-ply configuration 

 

Figure 101. Variation of shear stress along the crack path for 1-ply configuration 
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Figure 102. Variation of normal stress along the crack path for 2-ply configuration 

 

Figure 103. Variation of shear stress along the crack path for 2-ply configuration 
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5.3.3 Digital Image Correlation 

 

The comparison of the shear strains measured from DIC and FEA along sections 0.039" 

and 0.078" away from the crack tip at various loads for the specimen without sensor is shown in 

the figure 102. The magnitude of the shear strain depends on the distance of the crack tip from the 

location of the section where the data is extracted, which is not something we can control. However 

the edge effect are not taken into account in the FEA analysis and the strain data is average for the 

DIC results. Thus the magnitude of shear strains measured in the FEA were always less compared 

to the DIC. But for both DIC and FEA the magnitudes are highest at the crack tip along the mid-

plane.  

 

   

Figure 104. Shear strain distributions along sections in without sensor configuration 
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Figure 105. Shear strain distributions along sections in without sensor configuration 

(continued) 
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For the cases when the sensor was embedded in the specimen, strain was measured along 

three sections. One section along the sensor and the other two sections 0.039" before and after the 

sensor as shown in figure 103. For this case the sensor was embedded in the mid-ply of the 

specimen. High shear strains was noticed along the crack path. The closer the crack is to the 

sections, the higher the shear strains. This magnitude continues to increase with load. For this 

specimen the crack propagated under the sensor. The gap in the FEA curve for the section along 

the sensor represents the hole in the sensor tube which is absent in the DIC specimen because of 

the base paint from the speckle. At 180 lbs the FEA shows higher magnitude of shear strain 

compared to the DIC. This is because the crack is closer to the first section in the FEA compared 

to DIC.  

 

    

Figure 106. Shear strain distribution along sections for the case senor located at mid-plane 
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Figure 107. Shear strain distribution along sections for the case senor located at mid-plane 

(continued) 
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For the case below the strain were measured along three sections. One section along the 

sensor and the other two sections 0.039" before and after the sensor, as shown in figure 104. In 

this case the sensor was placed at one ply distance away from the mid-plane. The crack for this 

specimen followed the same trend as compared to the other specimens with sensors. The crack 

propagated one ply below the sensor for this specimen. The gap in the FEA curve for the section 

along the sensor represents the hole in the sensor tube which is absent in the DIC specimen because 

of the base paint from the speckle. 

 

 

   

Figure 108. Shear strain distributions along sections  for the case senor located 1 ply away from mid-
plane 



112 
 

   

   

   

Figure 109. Shear strain distributions along sections  for the case senor located 1 ply away 

from mid-plane (continued) 
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 For the next case the strain were measured along three sections. One section along 

the sensor and the other two sections 0.039" before and after the sensor, as shown in figure 105. 

In this case the sensor was placed at two plies distance away from the mid-plane. The crack for 

this specimen also followed the same trend as compared to the other specimens with sensors. The 

crack propagated two plies above the sensor for this specimen. The gap in the FEA curve for the 

section along the sensor represents the hole in the sensor tube which is absent in the DIC specimen 

because of the base paint from the speckle. 

 

 

   

Figure 110. Shear strain distribution along sections for the case senor located 2 plies away from mid-
plane 
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Figure 111. Shear strain distribution along sections for the case senor located 2 plies away 

from mid-plane (continued) 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 

6.1 Conclusions 

  

 The effect of embedding a cylindrical microwire temperature sensor on the mode-II 

interlaminar fracture behavior of 5320 unidirectional tape/epoxy laminates, at different locations 

along thickness was investigated in this study. The embedment of sensor perpendicular to the 

direction of crack growth and the adjacent fiber direction resulted in the formation of an ‘eye’ 

shaped resin rich region around the sensor. Moreover, this also caused localized fiber waviness 

which had a significant effect on the apparent fracture toughness value. Experimentally no 

significant effect of sensor was noticed for specimens with sensor located one ply and two plies 

away from mid-plane. For specimens with sensor located at mid-ply, the crack growth arrested at 

the sensor and the specimen took further load before it rapidly unzipped leading to failure. This 

type of rapid failure of the specimen is undesirable for any engineering application especially in 

aircrafts. However, these long periods of crack arrests can potentially be a window of opportunity 

wherein these cracks get noticed and the required corrective measures are taken. 

 The finite element analysis results showed crack arrests at the sensor for every 

configuration. However, the increase in the fracture toughness was higher for the mid-ply 

configuration and the specimen took a higher load for further crack propagation compared to any 

other configuration. Similar to the experimental behavior, an unstable crack extension was 

observed in the mid-ply configuration beyond the sensor in the FEA results. For all specimen 

configurations the FEA over predicted the breaking load after crack arrest at sensor. This value 

can be reduce if the mode-I component of fracture toughness is taken into account when the crack 
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tip climbs the resin rich eye. The crack arresting at the resin rich eye and the sensor for all 

configurations can be owed to the change in the crack direction due to the localized fiber waviness 

around the sensor and the change in the material behavior due to the change in the fiber-resin 

distribution because of sensor embedment.  

6.2  Future study 

 

 The following recommendations are suggested based on the experimental and FEA 

findings: 

1) A 3D (three dimensional) finite element model can be studied to incorporate the edge 

effects of real time specimen for better approximation  of  experimental results. 

2) Different materials and shapes of sensor tube can be investigated. 

3) Better crack growth detection and monitoring techniques can be used for precise 

measurements. 

4) Specimens of the two-ply configuration have to be tested again. 

5) The effect of the localized mode-I fracture toughness can be taken into account around the 

sensor for FEA results. 

6) The high energy release after the crack got arrested at the sensor for the mid-ply 

configuration caused the crack to unzip rapidly. Thus the crack behavior beyond the sensor 

is not clear. Another finite element model with the crack the crack tip beyond the sensor 

can be made to understand the trend of the resistance curve beyond the sensor, as shown in 

figure 106. 
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Figure 112. Possible trends of the resistance curve for mid-ply configuration beyond the sensor  
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APPENDIX A 

 

SPECIMEN DIMENSIONS 

Table 3. Dimensions of Tested Specimens 

Specimen-ID 
Thickness 

(in) 

Width 

(in) 

Length 

(in) 

Length of 

Teflon Film 

inside 

Specimen 

(in) 

Insert Crack 

Length 

measured 

from outer 

support, a (in) 

FT-M2-NA-NS-1 0.1056 1.000 11.0 2.99 1.5 

FT-M2-NA-NS-2 0.1080 0.999 11.0 3.01 1.5 

FT-M2-NA-NS-3 0.1093 0.999 11.0 3.01 1.5 

FT-M2-NA-NS-4 0.1077 0.999 11.0 3.00 1.5 

FT-M2-NA-NS-5 0.1087 0.999 11.0 2.99 1.5 

FT-M2-NA-2PLY-2 0.1180 1.005 11.0 3.00 1.5 

FT-M2-NA-2-PLY-3 0.1160 1.002 11.0 3.00 1.5 

FT-M2-NA-2PLY-4 0.1170 1.001 11.0 3.01 1.5 

FT-M2-NA-2PLY-5 0.1170 1.002 11.0 3.01 1.5 

FT-M2-NA-1PLY-1 0.1063 1.002 11.0 2.74 1.5 

FT-M2-NA-1PLY-1 0.1060 1.001 11.0 2.79 1.5 

FT-M2-NA-1PLY-3 0.1063 1.000 11.0 2.76 1.5 

FT-M2-NA-1PLY-5 0.1072 1.000 11.0 2.82 1.5 

FT-M2-NA-1PLY-7 0.1070 1.001 11.0 2.95 1.5 

FT-M2-NA-MPLY-1 0.1120 1.001 110 2.95 1.5 

FT-M2-NA-MPLY-2 0.111 1.000 11.0 2.93 1.5 

FT-M2-NA-MPLY-3 0.1110 1.000 11.0 2.97 1.5 

FT-M2-NA-MPLY-4 0.1103 0.999 11.0 2.95 1.5 

FT-M2-NA-MPLY-5 0.1103 1.000 11.0 2.96 1.5 
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APPENDIX B 

Load vs. Displacement plots for all specimen configurations 

Without Sensor Configuration 

 

Figure B1. Load vs. Displacement curve for without sensor configuration specimen-2 
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Figure B2. Compliance comparison for without sensor configuration specimen-2 
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Figure B3. Load vs. Displacement curve for without sensor configuration specimen-3 

 

Figure B4. Compliance comparison for without sensor configuration specimen-3 
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Figure B5. Load vs. Displacement curve for without sensor configuration specimen-4 

 

Figure B6. Compliance comparison for without sensor configuration specimen-4 
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1-ply configuration 

 

Figure B7. Load vs. Displacement curve for one-ply configuration specimen-2 

 

Figure B8. Compliance comparison for one-ply configuration specimen-2 
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Figure B9. Load vs. Displacement curve for one-ply configuration specimen-3 

 

Figure B10. Compliance comparison for one-ply configuration specimen-3 
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Figure B11. Load vs. Displacement curve for one-ply configuration specimen-4 

 

Figure B12. Compliance comparison for one-ply configuration specimen-4 

Mid-ply configuration 

y = 0.0004x + 0.0002

y = 0.0003x + 0.0002

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0 1 2 3

C
o

m
p

lia
n

ce
 (

in
ch

/l
b

s)

Delamination Length (inch)

Compliance
Calibration

True
Compliance



135 
 

 

Figure B13. Load vs. Displacement curve for mid-ply configuration specimen-2 

 

Figure B14. Compliance comparison for mid-ply configuration specimen-2 
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Figure B15. Load vs. Displacement curve for mid-ply configuration specimen-3 

 

Figure B16. Compliance comparison for mid-ply configuration specimen-3 
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Figure B17. Load vs. Displacement curve for mid-ply configuration specimen-4 

 

Figure B18. Compliance comparison for mid-ply configuration specimen-4 
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Two-ply configuration 

 

Figure B19. Load vs. Displacement curve for two-ply configuration specimen-2 

 

Figure B20. Compliance comparison for two-ply configuration specimen-2 
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Figure B21. Load vs. Displacement curve for two-ply configuration specimen-3 

 

Figure B22. Compliance comparison for two-ply configuration specimen-3 
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