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A Methodology for Quality Control 
Evaluation for Laminated Composites 
Manufacturing 
Composites made by hand lay-up are directed influenced by some fabrication factors, e.g. 
the stacking sequence, fiber volume fraction, as well as the cure process This study takes 
into consideration an E-glass/epoxy plain weave woven fabric composite made by hand 
lay-up. After the stacking sequence is completed, three sets of plates are selected and each 
one is cured differently. The three selected cure processes are: cure on air, cure vacuum 
assisted, and cure under compression. A variance study based on stiffness from ASTM D 
3039/3039M tensile tests is performed to check the statistical differences caused by the 
cure processes.   Additionally, a microscopic analysis is performed to identify the voids 
formation rate. The coupling between macro and micro-mechanical analysis is done by a 
non-dimensional coefficient which is able to capture the rate of defects generated by each 
cure process. 
Keywords: Composite materials, micro-mechanics, macro-mechanics, manufacturing 
quality control evaluation 
 
 
 

Introduction 
According to Gutowski (1997), the most important 

manufacturing process of composites applied to aerospace industry 
is the hand lay-up of prepregs and autoclave cure. Although the 
manufacturing processes have been undergoing constant technical 
changes, the hand lay-up still persists as the method in use for more 
than half of all advanced aerospace composite structures.  Its large 
use results from the extreme flexibility which allows the 
manufacturing of a large variety of shapes. Additionally, hand lay-
up does not require large capital investments. In this type of 
manufacturing two distinct steps can be established; the first one 
consists of fibers impregnation and stacking, and the second one is 
the cure procedure.1 

During the last two decades most researchers focused on the 
composite’s mechanical properties estimation.  The manufacturing 
process was somehow neglected to a secondary place. Moreover, the 
cure process was treated for a long time as if it was a mere recipe, 
but this behavior is changing. To overcome this “cultural barrier”, 
two approaches are commonly used. The first one focuses on 
experimental data, e.g. Um et al (2002), where the cure kinematics 
was studied by differential scanning calorimetry (DSC). However, 
this technique is not suitable for low temperature cure where the 
reaction rate is too slow. As for the second one, numerical 
simulations have been developed with good results, e.g. Mantell and 
Springer (1992), Blest et al (1999).  A more comprehensive analysis 
was done by Fernlund et al. (2002) where, in addition to the 
experiments, a numerical analysis was performed. In all these cases 
the main focus was on the manufacturing process. 

Nonetheless, to improve the composite overall performance, it is 
needed not only to consider the mechanical properties estimation 
models but also the manufacturing processes with their advantages 
and limitations.  Daniel and Abot (2000) linked the two areas by 
taking into account the problem of void formation on laminated 
composites. According to them, voids can be formed either by 
mechanical entrapment of air or by nucleation from vapors or gases. 
The mechanical entrapment could be due to entrained gas bubbles 
from resin mixing operations, bridging from large particles, voids 
from wandering tows, broken fibers, to air pockets and wrinkles 
created during the lay-up. As acclaimed by Mallick (1988), void 
formation causes stiffness and strength reduction.  He went further 
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trying to correlate void formation with two key factors, i.e. time and 
temperature during the resin cure. One of his conclusions was that 
temperature and time were inversely proportional to each other. 
According to Yoshida et al (1986), the presence of voids leads to a 
severe degradation on strength and stiffness.  In some composite 
manufacturing processes, e.g. resin transfer molding (RTM), resin 
film infusion (RFI), and hand lay-up, the problem of void formation 
is also related to the manufacturing process parameters such as fiber 
volume fraction, fiber permeability, and resin viscosity. Han et al 
(2003) performed an experimental study on RFI manufacturing of 
stitched stiffened composite plates, and their conclusion was that 
void formation is mostly related to the two-dimensional resin flow 
inside the mould. Moreover, the stitches location can also induce 
void formation, as they somehow block the resin flow. Kang et al. 
(2000) had shown that void formation in RTM is directly related to 
imperfections on fiber architecture which leads to a non-uniform 
permeability. As a consequence of this non-homogeneity, the resin 
flow is perturbed bringing as a consequence void formation. For the 
hand lay-up procedure, however, the fiber impregnation is related to 
resin flow and fiber permeability. In all cases, RFI, RTM and hand 
lay-up, void formation can be induced in certain directions due to 
the manufacturing processes. For instance, a bad selection of 
stitches locations can lead to a narrow resin path that can trim down 
the resin flow which can direct to a series of voids in a preferential 
direction.  

Taking into consideration all the points discussed above, it is 
possible to conclude that there is a need for a study on 
manufacturing processes effects on mechanical properties. The 
purpose of this paper is to make a statistical study on hand lay-up 
manufacturing process with cure to air, under compression and 
assisted by vacuum and their influence on composite’s stiffness and 
strength. Additionally, a new methodology to estimate the rate of 
defects generated during each manufacturing process is proposed 

The Hand Lay-Up Performance Analysis 

Gutowski (1997) stated that it is virtually impossible to obtain a 
defect-free composite. Therefore, a good parameter for comparison 
between manufacturing processes is the level of defects generated 
during each manufacturing process. The composite designer must 
have in mind that variations on stiffness and strength can be due to 
the choice of the manufacturing process. According to Kassapoglou 
(1999), the use of the same technology with slight differences can 
lead into completely dissimilar mechanical properties. To prove his 
point, Kassapoglou mentioned the composite wing box case. This 
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wing box was made by hand lay-up and parts of it were submitted to 
different co-curing cycles. As a consequence, complete dissimilar 
mechanical properties from one section to another were obtained. 
Based on these arguments, it is possible to concluded that   there is a 
need for a performance study taking into consideration the 
manufacturing parameters, in special the cure procedures. 

One model for composite manufacturing evaluation was 
introduced by Avila et al (2001), who proposed a non-dimensional 
coefficient, called Yoke Ratio, where a relation between the actual 
and the designed stiffness was established.  Later on, Morais and 
Avila (2003) extended the concept and the Generalized Yoke Ratio 
(GYR) was developed. In their original work, the GYR 
mathematical representation is given by: 
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macro) is the vector which contains the Young’s modulus 
variation, evaluated at macroscopic level, at x direction. Notice 
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to the x, y, and z directions, and Ω is the degrees-of-freedom non-
dimensional coefficient. The superscript micro and macro are 
indication of micro and macro-mechanics analysis. Moreover, the 
symbol  denotes the L-2 norm, also known as the Frobenius norm 
(Golub and Van Loan, 1996), defined as: 
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As the GYR definition involves two scales of analysis, 

macro- and micro-mechanical, the proposed methodology 
must reflect both. The macro-mechanical analysis is based on the 
tensile test described by the ASTM D 3039/3039M-00 (2000) 
standard, while the micro-mechanical analysis involves not only the 
porosity determination via optical microscopy but also a 
mathematical modeling based on unit cell approach. The linkage 
between micro- and macro-mechanics is performed considering the 
following method. The first step is the ASTM D 3039/3039M-00 
specimen preparation and testing. From the results, a vector κ is 
created. This vector contains the stiffness variation based on tensile 
tests. From each ASTM specimen group a set of longitudinal and 
transversal cuts are performed and the composite porosity and 
packing factor is obtained via optical microscopy. Once these data 
are obtained, a micro-mechanical analysis is performed using the 
mmTEXlam code (Challa and Shivikumar, 2001). From the 
numerical simulation, a similar κ vector is constructed based on 
micro-mechanics. Based on these two vectors, the GYR can be 
calculated. 

The interesting feature about the GYR is its capacity of 
representing the rate of defects or voids generated during the 
manufacturing process. Notice that the micro-mechanical model is 
considered as a defect-free model, which will lead to stiffness upper 
bound value. On the other hand, the results given by the GYR can 
only be interpreted in an average sense as the Frobenius norm acts 
as a mathematical function of homogenization. To be able to capture 

how the mechanical properties sensibility to void formations a 
different concept must be introduced. 

Before introducing the new parameter, some issues must be 
addressed. In some composites manufacturing processes the void 
formation is directly influenced by fabrication parameters. 
According to Patel et al. (1995), RTM and RFI are some of these 
manufacturing processes in which parameters such as fiber 
permeability, resin viscosity, resin velocity have influence on void 
fraction. They also stated that void sizes in the resin flow direction 
decrease with the increase of flow rate.  For the hand lay-up case, 
however, a non-uniform pressure during the manual resin 
impregnation can lead to a path of fiber imperfections that brings 
non-homogeneous fiber permeability and, as consequence, void 
formation. Therefore, it seems reasonable to consider void 
formation as a directional quantity. To be able to numerically define 
this quantity, the three mutual orthogonal axes (x,y,z) are coincident 
to the composite three principal axes X1,X2,X3. Moreover, the 
composite is considered as an orthotropic material.  As a 
consequence, the directional yoke ratio (DYR) can now be defined 
in its vector form: 
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As the composite is orthotropic, a susceptibility coefficient (ξ) 

can be associated to each of the three principal directions. By 
assuming this condition, we can track the stiffness variation as a 
function of void formation in each one of the three principal 
directions. The ξ mathematical representation is defined as: 
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where υ is the amount of voids intercepted by each principal axis. 
This parameter will lead to information about the manufacturing 
process homogeneity, i.e., any problem during the manufacturing 
that could lead to void formation can be detected by the number of 
voids generated in each direction. The coefficient of sensibility 
represents the DYR variation as a function of the percentage of 
voids in each direction, or simply the slope of the DYR versus voids 
percentage plot. ξ represents the composite sensibility, in terms of 
stiffness variation and void formation, to a specific manufacturing 
process. 

Although the non-dimensional coefficients can provide an 
estimation of the manufacturing process effects on composite’s 
mechanical properties, to be able to carry out the hand lay-up 
performance analysis a study on statistical consistency must be 
done.  The design of experiments methodology proposed by 
Montgomery (2001) is applied to find the number of samples 
needed for a statistically significant data.  First, a pilot sample of 10 
specimens for each manufacturing process is prepared. Then, the 
tensile tests are performed and the stiffness and strength are 
obtained. For the Young’s modulus and the ultimate stress, the mean 
value (µ), standard deviation (σ) and the maximum error (E’) are 
computed.  

The procedure suggested by Montgomery (2001) takes into 
consideration the sample size of various groups of specimens, with 
different mean values. In this case, we have: 
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where   
 

−−
−= xxiτ   (7) 

 

∆ is the number of processes compared, and 
−−
x,xi are the mean 

value for each sample and for all populations together, respectively, 
while, the estimate variance is defined by σ2. Once the Φ parameter 
is obtained and the degrees-of-freedom are known, it is possible to 
fit the sample size (n) using the operating characteristic curves (OC 
curves). 
The largest value of n is assumed as the uniform sample size.  
Tensile tests are performed and the following parameters are 
evaluated: Young’s modulus and ultimate strength. To be able to 
carry out a comparison among the different manufacturing 
parameters, a variance analysis was applied. Montgomery (2001) 
mentioned that for a normal distribution, the ANOVA model is 
more convenient while when a normal distribution is not applicable, 
a non-parametric model, e.g. Kruskal-Wallis, is more adequate. 
These two methodologies are used in this study.  

Experimental Procedures  
The performance study is carried out considering three different 

cure processes of a hand lay-up composite, i.e. cure on air, cure 
under compression and cure vacuum assisted. The composite is 
made of 8 layers of plain weave woven fabric E-glass (Texiglass, 
2002), surrounded by an epoxy matrix (Huntsman, 2005) with a 
nominal weight fraction of fibers of 50%. During the compression 
procedure, a pressure equivalent to one atmosphere is applied, while 
for the vacuum bagging operations a pressure close to 30 mmHg is 
used. For both cases, the pressure was kept constant up to 24 hours. 
Notice that according to the resin manufacturer, Hunstman (2005), 
after 24 hours at room temperature the resin is completely cured. 

The tensile tests are performed considering the ASTM D 
3039/3039M-00 standard. The methodology applied to compute the 
elastic moduli via micro-mechanical models, however, involves not 
only the recognition of a unit cell but also the use of optical 
microscopy techniques to measure the fiber volume fraction, the 
distances between the tow fibers, the packing factor, and the 
filaments diameter. The micro-mechanical model used is based on 
the unit cell approach for woven fabric composites as defined in 
Challa and Shivakumar (2001). The public domain micro-
mechanical code mmTEXlam  is employed to compute the elastic 
moduli estimations. To measure the unit parameter, a series of 
longitudinal and transversal cuts are performed for each group. The 
optical microscopy samples have an area equivalent to 100 mm2. 
The procedure of encapsulating, polishing and attacking the surface 
followed the one proposed by Sawyer and Grubb (1996). The image 
measure software QUANTIMET® is used to obtain the 
measurements. At least 10 measurements in each specimen are 
performed, and the average values are computed.  

Data Analysis 
Although the ultimate strength values are evaluated during the 

tensile tests, we will focus on stiffness as the relationship between 
micro- and macro-mechanical analysis is performed in terms of 
stiffness. The data analysis must be divided in three categories, i.e. 
micro-mechanical modeling and optical observations, macro-
mechanical results and statistical analysis, and finally the non-
dimensional parameters calculations.  

The next step is the design of experiment. From each laminated 
plate, five ASTM D 3039/3039 M specimens are prepared. On the 

experiment first phase, sample size estimation, 10 specimens for 
each type of cure are made and tested. Following Montgomery 
(2001) the probability of type I error, often called the level of 
significance of the test, (α) and the probability of type II error (β) 
are fixed equal to 0.01 and 0.05, respectively. The sample size 
calculation is performed considering separately Young’s modulus 
on axial direction (stiffness) and ultimate stress (strength).  By using 
the operating characteristic curves from Montgomery, it is possible 
to compute a sample size population (n) equals to 23 with a 
probability (1-β) of 95%.  To be on a safe side, a sample size of 25 
specimens is selected.   

As it can be observed in Figures 1A-1C, the typical fracture 
shape does not change much with the cure process. However, a 
larger delamination on the gage is noticed on those specimens from 
cure under vacuum.  

 

 
(a) Cure on air 

 

 
(b) Cure under compression 

 

 
(c) Cure vacuum assisted 

Figure 1. Typical failure shape. 
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Figures 2A-2C show dissimilar array formations due to the 
different cure processes.  The black dots are voids formation.  Table 
1 shows that there are fewer voids when the cure is under 
compression. The void formation also leads to local rearrangement 
of tows, which reflects in a non-uniform stress distribution through 
the thickness. This could guide to premature local failure and 
therefore affect the composite strength. Moreover, the formation of 
voids can also affect the fiber volume fraction. 

 

 
(a) Cure on air 

 

 
(b) Cure under compression 

 

 
(c) Vacuum assisted cure 

Figure 2. Micrographs (60 X) – void formation. 

 
The image analysis shows a slight variation from cure on air to 

under compression and vacuum assisted, i.e. the volume fractions 
were 47.86%, 49.03% and 48.15%, respectively. The fiber tow 

packing factor, however, presents a larger variation. For cure on air, 
the packing factor is 61.95%, while, for cure under compression, the 
result is 63.96% and for vacuum assisted 61.03%. From Figures 3A-
3C it is possible to conclude that the tow packing factor is really a 
function of the cure process, in other words, the resin infiltration and 
its location is influenced by the cure process.  The large void 
observed in Figure 3C can be an evidence of a problem during the 
vacuum formation. This void can be the result of an air bubble 
trapped during the cure.  Note that for the cure under compression, 
the void sizes are much smaller and homogeneously distributed 
among the filaments, as it can be seen in Figure 3B. This can be due 
to the compressive force distribution through the entire composite. 
The mmTEXlam numerical estimations for all processes studied are 
listed into Table 2. 

 

Table 1. Void formation versus cure process. 

 Void [%] 
 A• C◊ V  

Mean value 2.14 0.70 1.85 
Std. deviation 1.48 0.43 1.55 
Median 1.63 0.58 1.47 
Variance 2.18 0.18 2.41 
CI Mean value 1.45-2.84 0.50-0.90 1.13-2.58 
CI Std. deviation 1.12-2.16 0.33-0.63 1.18-2.27 
CI Median 1.17-2.51 0.36-0.78 1.08-2.29 

CI = 95% of confidence interval 
A• = cure on air, C◊ = cure under compression, V  = cure vacuum assisted 

 

 
(a) Cure on air 

 

 
(b) Cure under compression 

Figure 3. Micrographs (800 X) – tow packing. 
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(c) Vacuum assisted cure 

Figure 3. (Continued).. 

 

Table 2. mmTEXlam estimates. 

Hand lay-up lamination with cure Properties 
A• C◊ V  

Exx [GPa] 21.980 23.060 22.380 
Eyy [GPa] 21.980 23.060 22.380 
Gxy [GPa] 3.966 4.198 4.027 

νxy 0.126 0.128 0.124 
A•  = cure on air, C◊ =  cure under compression,V   = cure vacuum assisted 

 
The stiffness results, represented by Young’s modulus, are 

summarized on Table 3. An analysis on Table 3 shows that, 
although the results are not very dispersed, they don’t seem to be 
equivalent to each other. To be able to check this statement, a series 
of statistical tests must be performed. The first one is the normality 
check. The normality charts considering the stiffness are shown in 
Figures 4A-4C. It seems that none of the three cure processes 
follows the normal distribution when stiffness parameter is 
considered. Therefore, as mentioned by Montgomery (2001), 
Levene’s test must be used to check if they have the same variance. 
Figure 5 is an indication that none of the three cure processes have 
the same variance, as the P value is smaller than the level of 
significance used 5%. As this study deals with three processes with 
different variances and with a non-normal distribution, the most 
indicated variance analysis method is Kruskal-Wallis. After 
performing this non-parametric variance analysis method, the output 
from MINITAB is shown on Table 4, and it is observed that its P 
value is less than the level of significance. Therefore, it is possible 
to deduce that the three processes must be considered different. 

 

Table 3. Stiffness versus cure process. 

 Young’s modulus [GPa] 
 A• C◊ V  
Mean value 17.25 19.13 17.66 
Std. deviation 0.37 0.70 0.38 
Median 17.26 18.97 17.64 
Variance 0.14 0.49 0.14 
CI Mean value 17.08-17.42 18.81-19.44 17.48-17.85 
CI Std. deviation 0.28-0.53 0.53-1.01 0.28-0.57 
CI Median 17.10-17.38 18.70-19.32 17.46-17.72 

CI = 95% of  confidence interval 
A•  =  cure on air, C◊  =  cure under compression, V   = cure vacuum assisted 

 
(a) Cure on air 

 

 
(b) Cure under compression 

 

 
(c) Cure vacuum assisted 

Figure 4. Normality charts considering the Young’s modulus. 
 

 
Figure 5. Levene’s test for Young’s modulus. 
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Table 4. Kruskal-Wallis Test on Stiffness. 

Cure process N Median Mean Rank Z 
On air 21 17,26 14,4 -5,25 
Under compression 21 18,97 49,4 6,16 
Vacuum assisted 18 17,63 27,2 -0,95 
Overall 60  30,5  
 
H 43,19 DF 2 p 0,000 
H 43,20 DF 2 p 0,000* 

* Adjusted for ties 
 
As already discussed, the three cure processes will produce 

composites with statistically different stiffness, even though they 
have the same volume fraction and the same fiber orientation and 
stacking sequence. Therefore, the cure process has direct influence 
on the composite’s mechanical properties. Finally, it is desired to 
know the  rate of stiffness reduction  as a function of void 
formation. 

Once the micro- and macro-mechanical analysis were 
performed, it is possible to compute the DYR and the susceptibility 
coefficient.  The composite is made of plain weave woven fabric 
with the same yarn density in both directions, x and y, and under 
plane stress condition. As a consequence, the DYR will be the same 
for axial and transverse directions. Moreover, as the composite 
thickness is small, the DYR at z direction can be assumed equal to 
zero without loss of generality. The susceptibility coefficients (ξi) 
are listed in Table 5, while Figure 6 shows the ηi-υi for the three cure 
processes studied.  So far, two major conclusions can be draw. First 
of all, although the percentage voids generated during the cure under 
compression is reduced to a small percentage (< 1%), this type of 
cure is highly susceptible to stiffness variations due to voids. This 
effect can be translated by a large variation on DYR, and as a 
consequence on stiffness. Second, a small susceptibility coefficient 
can be decoded in a small variation on stiffness due to void 
formation. This is the case for cure on air and vacuum assisted. 

 

Table 5. Susceptibility coefficient. 

Cure  Process Susceptibility Coefficient 
On air 0.01269 
Under compression 0.06825 
Vacuum assisted 0.01145 

 

 
Figure 6. DYR versus void formation. 

 
 
 

Closing Comments 
A new methodology for composite manufacturing evaluation 

has been proposed.  This new methodology successfully associated 
the macro-mechanical and the micro-mechanical approaches.  
Moreover, a statistical study considering variance analysis was also 
employed during the macro-mechanical tests. By doing this, it is 
possible to guarantee data consistency.  

It was statistically proven that cure on air, cure under 
compression, and vacuum assisted cure result in different amount of 
voids and, as consequence, dissimilar stiffness. According to the 
new methodology proposed, the probability of stiffness variations 
due to void formation is higher on composites cured under 
compression. Furthermore, the influence of void formation on 
stiffness variations of composites cured on air or vacuum assisted is 
small. 

The proposed methodology can be used as a quality control 
routine for laminated composites. This routine can be easily 
implemented in an industrial environment. Furthermore, once the 
concept of continuum monitoring is implemented, the  constant 
retrofitting process can be established.  
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