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Abstract. Composite materials are widely used in aeronautic structures due to their high resistance and low density. In 

aeronautic sector the safety is the most important factor and little damage to the aeronautic structures can be a 

concern. The most common damage is the delamination, in order words, a failure mode that occurs between the layers 

due to the fragility of the resin caused by internal failures inserted during the material processing. This paper 

investigates the interlaminar fracture toughness of carbon fiber-epoxy laminates processed by VARTM (Vacuum Resin 

Transfer Molding) and HLUP (Hand Lay Up). The processed specimens by VARTM and HLUP were tested using DCB 

(Double Cantilever Beam) specimens for the Mode I and 4ENF (Four Point End Notched Flexure) specimens for the 

Mode II delamination to analyze the interlaminar fracture behavior of these composites. The results obtained for each 

manufacturing technology were compared and conclusions were drawn. 

  
Keywords: VARTM, HLUP, DCB, 4ENF, Carbon fiber-epoxy laminates, Delamination. 

 
1. INTRODUCTION  

 
Composite materials have significant advantage because of their high strength-to-weight ratio, energy absorption 

capabilities, flexibility in tailoring directional properties and ability to take complex shapes. Globally, composites are 
being extensively used for aerospace, defense, transportation and many other industries (Technology Focus, 2010). 
However, there is a big issue in the composites materials, their high costs of production. Traditional manufacturing 
process is very expensive, such as the autoclave usage to the prepreg treatment that provides an excellent mechanical 
property to laminated composite materials (Astrom, 1997). 

Therefore, new techniques are being developed to maintain and / or if it‟s possible increase the composite materials 
properties, reducing the manufacturing costs. One such technique with low cost is the Vacuum Assisted Resin Transfer 
Molding (VARTM) (Daniel et al., 2006).  

The Vacuum Assisted Resin Transfer Molding (VARTM) is widely used as an alternative to the open mold 
techniques to produce large components. The VARTM is being widely used by boat and wind turbine blades 
manufacturers. Significant advances in VARTM research all around the world led to improved quality of this technique. 
VARTM has been considered promising to replace high-cost fabrication techniques using conventional autoclave in 
aerospace industry (Matsuzaki et al., 2011).  

During the processing of composites obtained by VARTM, the components may exhibit the voids formation in its 
interior and on the surface. These voids are formed due to potential problems during manufacturing process, such as: 
bad locking of vacuum bag, resin permeability and low compression between layers of prepreg (Gomes, 2010). The 
presence of voids in the polymer matrix can be influence directly the shear strength interlaminar compressive and 
transversal tensile, where the matrix mechanical properties have a greater influence on the composite. Consequently, to 
increase the reliability of the use of these materials, it is important to know the delamination mechanism and 
characterize the interlaminar fracture toughness. 

In recent years, laminated composites have attracted considerable interest because of the multiple benefits that they 
offer in the engineering practice. However, it is known that they are susceptible to develop internal failures such as 
cracks and delamination in the matrix, which can be particularly dangerous for the structural stability leading to 
premature catastrophic failure. The internal damage are not easily detectable which increases the associated risks. In 
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most real applications, transverse cracks and delamination in the matrix are intrinsically linked and constitute a typical 
mechanism of damage in composites, especially when the structures are submitted to bending loads (De Moura et al. 
2010; Shiah et al. 2007). 

During progressive collapse, frond bending following the growth of a main central interwall crack due to 
delamination in the side wall causes a significant amount of energy absorption. The main central interwall cracks are 
Mode-I interlaminar crack propagation. Sliding occurs between lamina bundles during front bending, and they dissipate 
the energy in Mode-II crack propagation (Hadavinia et al., 2009). 

Determination of shear strength is a particularly important parameter in the design of these structures. This 
determination is a difficult task, due to the anisotropic nature of composites and their nonlinear response efforts under 
shear.  

This paper aims at experimental investigation on the interlaminar fracture toughness of carbon/epoxy composite 
specimens manufactured by VaRTM and HLUP when they are subjected to temperatures equivalent to those that occur 
in service in different applications, mainly aeronautics. For this purpose, specimens were tested in mode I and mode II 
loading at different operating temperatures: 25 °C (room temperature) and 80 °C in order to investigate the influence of 
temperature and the specimens processing type on the toughness GIC and GIIC values. 

 
2. EXPERIMENTAL PROCEDURE 

 
2.1 Specimen preparation  

 
2.1.1 Autoclaving process 

 
The material used to prepare the DCB and 4ENF laminated specimens by autoclaving process was the  HexPly® 

8552 plain weave carbon fiber AS4 and epoxy resin manufacturing by Hexcel Composites.  

A rectangular panel (300 mm x 400 mm) was laminated with 24 layers (0 º) and a Teflon® film of 0,085 mm 
thickness inserted in the midplane to represent the initial crack required to the test. The curing process was running at 
EMBRAER using an autoclave equipment. The panel curing cycle followed the manufacturer‟s instructions at 180 ºC 
with pressure of 0.70 MPa and vacuum pressure of 0.083 MPa and thermal rate of 0.5-2.7 ºC and a cooling rate of 
2.7 ºC. Then, the panel was demolded and inspected by ultrasonic scanning transmission to observe any discontinuity in 
the panel. 
 
2.1.2 Vacuum Assisted Resin Transfer Molding  

 
The materials used to prepare the DCB and 4ENF laminated specimens by autoclaving process were: a plain weave 

carbon fiber HexTow® AS4 and a bicomponent epoxy resin HexFlow® RTM6-2 both manufactured by Hexcel 

Composites.  

The plain weave carbon fiber layers was laid down in a plain mold forming a rectangular panel (300 mm x 400 mm) 
with 24 layers (0º) of dry carbon tissue and a Teflon® film of 0,085 mm thickness inserted in the midplane to represent 
the initial crack required to the test. A vacuum bagging was placed around the set. After that, it was tested the vacuum 
bag to observed any air intake. 

The components of resin was degassed during 2 h, mixed and heated at 80 ºC during 30 min. The mixture was 
injected by gravity action combined with the vacuum pressure into the bag. After the injection, the set was covered by a 
thermal blanket heated at 160 ºC during 75 min and then the set was brought to a heated oven at 180 °C during 120  min 
(heating rate: 1 °C/min) to pos cure process. Then, the panel was demolded and inspected by ultrasonic scanning 
transmission to observe any discontinuity in the panel. 
 
2.2 Test procedures 

 
2.2.1 DCB 

 
The specimens‟ dimensions used to characterize the interlaminar fracture in mode I was conducted in accordance 

with ASTM D5528-01 (2007) and they are shown in Fig.1. The specified dimensions resulted in a lay-up (0 º)24 named 
AS4/8552 (HLUP), assuming the thickness of 0.21 mm, and (0 º)24 named AS4/RMT6 (VARTM), assuming the 
thickness of 0.21 mm. The fiber direction is aligned with the longitudinal direction of the specimen, as shown by Fig. 1. 
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Figure 1. Specimens dimensions used for the interlaminar fracture in mode I characterization (h=4.5 mm to specimens 

manufactured by HLUP and h=5.1 mm to specimens manufactured by VARTM). 
To measure with accuracy the delamination extension, each specimen was painted white. After the ink drying, initial 

marks were made on the painted surface of 1 mm increments for the first 50 mm of growth from the delamination front 
and then in 5 mm increments for a further 30 mm. 

To the test, it was used alluminium alloy end blocks to apply the load to the specimens. The alluminium blocks were 
polished, cleaned and bonded with epoxy adhesive to the each side of specimens where there was the Teflon® film.  
The specimen was attached to the grip of a mechanical testing machine INSTRON 5500R (Fig. 2). equipped with a load 
cell of 2 kN (Fig. 3). The load was applied at a rate of 1 mm/min. The tests were conducted at 25 °C and 80 °C, relative 
humidity of 50 %. A thermal chamber was coupled to the testing machine to carry out the high temperature tests 
(80 °C).  

 

 
 

Figure 2. Experimental setup used to characterized Mode I and Mode II interlaminar fracture thoughnesses. 
 

 
 

Figure 3. The specimen attached to the mechanical testing machine. 
 
The delamination front extension,  in function of load and displacement, was recorded by a crack marker that was 

pressed every time the crack had been crossed a vertical line marked on specimen improving the observation of the 
delamination front using a CCD camera positioned on one side of the specimens. 

Figure 4 shows the scheme of load used in the DCB specimens, where P e δ are symbols that represent, respectively, 
the applied load and the transversal displacement in the beginning of load point, α the delamination extension and w the 
specimen width (Cândido et al., 2012a). 
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Figure 4. Scheme of specimen load in DCB tests. 
 

The beam theory expression for the strain energy release rate of a double cantilever beam is given as follows 
Eq.(1)(ASTM D5528-01, 2007): 

 
3
2I

P
G

wa


                                                                                                                                                      (1) 

where P = load, d = load point displacement, w = specimen width and a = delamination length.  
 

In practice, this expression will overestimate GI because the beam is not perfectly built-in (that is, rotation may 
occur at the delamination front). One way of correcting for this rotation is to treat the DCB as if it contained a slightly 
longer delamination, a + ||, where may be determined experimentally by generating a least squares plot of the cubic 
root of compliance, C

1/3, as a function of delamination length. The compliance, C, is the ratio of the load point 
displacement to the applied load, /P and Fc is the correction factor associated to larger displacements. The values used 
to generate this plot should be the load and displacements corresponding to the visually observed delamination onset on 
the edge and all the propagation values. The expression to compute the Mode I interlaminar fracture toughness 
including the corrections for large displacements and rotations is given by (ASTM D5528-01, 2007): 
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2.2.2 4ENF 

 
The specimens dimensions used to characterized the interlaminar fracture in mode II were chosen in accordance 

with a procedure developed by researchers of Material Engineering Research Laboratory Ltd (MERL)(Martin et al., 
1999) and they are shown in Fig.5. the specified dimensions resulted in a lay-up (0 º)24 named  AS4/8552 (HLUP), 
assuming the thickness of 0.21 mm, and (0 º)24 named AS4/RMT6 (VARTM), assuming the thickness of 0.21 mm. The 
fiber direction is aligned with the longitudinal direction of the specimen (Fig. 5). 

 

 
 

Figure 5. Specimens dimensions used for the interlaminar fracture in mode II characterization (h=4.5 mm to specimens 
manufactured by HLUP and h=5.1 mm to specimens manufactured by VARTM). 

 
To measure with accuracy the delamination extension, each specimen was painted white laterally. After the ink 

drying, initial marks were made on the painted surface of 1 mm increments for the first 50 mm of growth from the 
delamination front and then in 5mm increments for a further 30 mm. 
The specimen was set up in a apparatus experimental and this set was connected to the mechanical testing machine 
INSTRON 5500R equipped with a load cell of 30 kN (Fig. 6). The load was applied at a rate of 1 mm/min. The tests 
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were conducted at 25 °C and 80 °C, relative humidity of 50 %. A thermal chamber was coupled to the testing machine 
to carry out the high temperature tests (80 °C).  

 

 
 

Figure 6. The specimen set up used for mode II interlaminar fracture toughness characterization. 
The delamination front extension, in function of load and displacement, was recorded by a crack marker every that 

the crack had been crossed a vertical line marked on specimen improving the observation of the delamination front 
using a CCD camera positioned on one side of the specimens. 

Figure 7 shows the scheme of load used in the 4ENF specimens, where P e δ are symbols that represent, 
respectively, the applied load and the vertical point displacement. a0 is the initial crack length. 

 

 
 

Figure 7. Scheme of specimen loading apparatus used in the 4ENF tests (Cândido et al., 2013b). 
 

The data reduction for 4ENF test were carried out in accordance with Martin et al., 1999. The mode II interlaminar 
fracture toughness GIIc was calculated as follows Eq.(3): 

 
2

2II

P m
G

w


                                                                                                                                   (3) 
 

where w is the specimen width and P is the applied load. The constant m is the slope of the best fit straight line defined 
by the compliance against delamination length curve.  
 
3. RESULTS AND DISCUSSION 

 
3.1 Double cantilever beam tests 

 
Figures 8 and 9 show the results obtained for five specimens manufactured by HLUP process and submitted to the 

DCB tests at 25 ºC and 80 ºC. 
In the Fig. 8a and Fig.9a it is observed that the load increases linearly until it reaches the maximum load where the 

crack starts, which is followed by a gradual decrease due to crack propagation. It is also observed some „stick–slip‟ 
behavior, in all cases, due to local variations of the material systems, particularly on the first increment, where there is 
an artificially high toughness induced by the region rich in resin ahead the crack tip (Martin and Davidson, 1999; 
Siddiqui et al, 2007). Others variations can influence this phenomenon such as fiber-rich region along the longitudinal 
direction, misalignment of fibers and void as well as fiber bridging or fibers bundles (Kim et al., 1992). 
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Figure 8 . Mode I Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by HLUP process and analyzed at 25 ºC. 
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Figure 9 . Mode I Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by HLUP process and analyzed at 80 ºC. 
 

Figures 10 and 11 show the results obtained of five specimens manufactured by VARTM process and submitted to 
the DCB tests at 25 ºC and 80 ºC. 

In the Fig. 10a and Fig.11a it is observed the same behavior in the results compared that obtained in specimens 
processed by HLUP process, but the „stick–slip‟ phenomenon is more pronounced in the specimens manufactured by 
VARTM due to the quantity of voids presents in the material inherent to the manufacturing process. 

GI values variation (Fig. 11c and Fig. 12c) decrease according to the crack propagation mainly in the specimens 
tested at 80 °C. This decrease has been observed because of a slight decrease in stiffness along the specimen with the 
test temperature increasing (Coronado et al, 2012). 
 
(a)

-5 0 5 10 15 20 25 30 35
-10

0

10

20

30

40

50

60

70

Displacement(mm)

L
o
a
d
 (

N
)

 

 

CDP1

CDP2

CDP3

CDP4

CDP5

 

(b)

50 60 70 80 90 100 110 120 130 140
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

a(mm)

C
1
/3

 (
m

m
/N

)1
/3

 

 

CDP1

CDP2

CDP3

CDP4

CDP5

 

(c)

50 60 70 80 90 100 110 120 130 140
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

a(mm)

G
I (

N
/m

m
)

 

 

CDP1

CDP2

CDP3

CDP4

CDP5

 

 
Figure 10 . Mode I Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by VARTM process and analyzed at 25 ºC. 
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Figure 11 . Mode I Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by VARTM process and analyzed at 80 ºC. 
 

A summary of GI average value of the strain energy release rate at crack propagation is showed in Table 1. It is 
observed that the GI values are higher with increasing of test temperature. According to the Coronado et al., 2012, in 
general, the analyzed composite shows more brittle behavior at low temperatures and a significant increase in the 
ductility of the matrix as the temperature increases.  

Comparing the GI values (Table 1) for the manufacturing processes, it can be observed that those specimens 
manufactured by VARTM have a lower GI values than those manufactured by HLUP which showed the opposite trend 
due to less void content in these materials which is favored by the higher layers compression due to the high pressure in 
autoclave during the manufacturing process. 

It is possible to compare the GI values to the same manufacturing process in different temperatures. It can be noticed 
that to the HLUP process the GI value at 80 ºC is 21 % higher than at 25 °C. The same behavior can be observed in 
specimens processed by VARTM, the GI value at 80 ºC is 8 % higher than at 25 °C. According to Hutapea and 
Yuan, 1999, high temperature increases both GI values at test temperature near Tg due to the strongest bond between 
the fibers and the matrix.  
 

Table 1. Mode I Interlaminar Fracture Toughness values for both manufacturing process. 
 

Manufacturing Process Temperature (ºC) Mean GI (N/mm) Standard deviation GI (N/mm) 
HLUP 25 0.6118 0.1748 
HLUP 80 0.7382 0.1389 

VARTM 25 0.4648 0.0478 
VARTM 80 0.5022 0.0508 

 
3.2 Four-point end-notched flexure tests 

 
Figures 12 and 13 show the results obtained of five specimens manufactured by HLUP process and submitted to the 

4ENF tests at 25 ºC and 80 ºC.  
It can be noticed that the load increases linearly until it reaches the maximum load where the crack subtly initiated 

and the „stick-slip‟ appears. Once the lamination had grown a small amount, the load was observed to remain constant 
with the delamination length and with a minor evidence the „stick-slip‟ phenomenon (Martin and Davidson, 1999; 
Siddiqui et al, 2007).  
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Figure 12 . Mode II Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a  of specimen manufactured by HLUP process and analyzed at 25 ºC. 
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Figure 13 . Mode II Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by HLUP process and analyzed at 80 ºC. 
 

Figures 14 and 15 show the results obtained of five specimens manufactured by VARTM process and submitted to 
the 4ENF tests at 25 ºC and 80 ºC. 

It can be noticed that the „stick-slip‟ behavior is less pronounced than that observed in the specimens manufactured 
by HLUP. This phenomenom may be explained due to a significant increase in the ductility of the matrix as the 
temperature increases.  

It is also interesting that GII appears to decrease to a constant value with increasing amounts of delamination 
advance. 
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Figure 14 . Mode II Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by VARTM process and analyzed at 25 ºC. 
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Figure 15 . Mode II Results: (a) Curve P versus δ (b) 1/3C versus delamination extension a e (c) Curve GI versus 
delamination extension a of specimen manufactured by VARTM process and analyzed at 80 ºC. 
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Table 2 summarizes the results obtained for the interlaminar fracture toughness in Mode II to the specimens 
manufactured by HLUP and VARTM, respectively.  

 
Table 2. Mode II Interlaminar Fracture Toughness values for both manufacturing process. 
 
Manufacturing Process Temperature (ºC) Mean GII (N/mm) Standard deviation GII (N/mm) 

HLUP 25 3.103 0.6496 
HLUP 80 3.110 0.5075 

VARTM 25 4.871 0.7853 
VARTM 80 5.030 0.9352 

 
GII values in Table 2 show that specimens manufactured by VARTM have a higher GII values than those 

manufactured by HLUP.  
It is possible to compare the GII values to the same manufacturing process in different testing temperatures. It can be 

noticed that to the HLUP process the GII value at 80 ºC is 0.22 % higher than at 25 °C. The same behavior can be 
observed in specimens processed by VARTM, the GII value at 80 ºC is 3.26 % higher  than at 25 °C. These values 
suggest that there are a strongest bond between fibers and matrix promoted to the higher temperature. 

Comparing the values obtained to the Mode-I (Table 1) and Mode-II (Table 2) for both manufacturing process, it is 
observed the GI values are smaller than GII.  

GII value was calculated as total fracture toughness energy at the maximum load sustained by the material 
as the delamination extended. Mode-II interlaminar fracture toughness energy values were naturally higher 
than mode-I values as expected due to loading conditions that fibers can resist the crack growth better since 
they are perpendicular to crack opening (Saidpour et al, 2003). 

A possible explanation for this unique phenomenon may be the semi-contact situation because of friction between 
the upper and lower beams of the specimen before Mode II delamination onset, when bending moment slid the upper 
and lower beams and forced some parts into a semi-contact situation; this can be viewed as a reversal of the 
delamination growth (similar to „„crack closure‟‟). In contrast, the semi-contact situation does not exist in the DCB 
specimen before Mode I delamination onset, when a tensile force separates the upper and lower beams and keeps them 
in a complete non-contact situation (Wang et al, 2012).  

 
4. CONCLUSIONS 

 
Mode I and II interlaminar fracture toughness and delamination crack growth behavior at 25 ºC and 80 ºC 

were investigated for the carbon/epoxy composite specimens manufactured by HLUP and VARTM process. The 
results are summarized as follows: 

1- In the DCB tests it was observed that the specimens manufactured by HLUP have higher GI values than 
specimens manufactured by VARTM, in both temperatures, that can be caused because of void content in the 
matrix. 

2- The specimens manufactured by VARTM have higher GII values indicating that they are more resistant under 
in-plane shear deformation mode.  

3- In HLUP and VARTM process, it was noticed that the high temperature the GI and GII values are higher than 
the room temperature maybe because the high temperature increased both values at test temperature near Tg 
due to the strongest bond between the fibers and the matrix. 

4- The values obtained to the Mode-II is higher than Mode-I values for both manufacturing process indicating that 
the high value is due to the semi-contact situation because of friction between the upper and lower beams of the 
specimens promoting a reversal of the delamination growth (similar to „„crack closure‟‟).  
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