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Abstract
Epoxy is one of the widely used polymeric resin systems in composite industries, which is
a two-part resin system that requires the mixing of a hardening agent to trigger the
polymerization process. The mixing ratio and pot-life are usually specified and provided
by the manufacturer; however, the stirring time and the details of the mixing process
were left to the fabricator to configure, based on some visual observations, which may
vary from person to person. Although the mixing ratio is fixed by the resin manufacturer,
errors may occur during the weighing and transfer of resin parts. The hardener con-
centration and stirring time are two of the most important factors that can affect the resin
properties. In addition, air bubbles can be formed during the stirring process, which is
inevitable. Design of experiment (DOE) is one of the widely used tools to design, control,
and study the effects of multiple factors. In this research, DOE with a factorial design of
23�1 (2k�1) was used to study the effects of hardener concentration, stirring time, and air
bubbles on the tensile strength of epoxy resin. Test specimens were fabricated, cut, and
tested as per ASTM D638 standard (i.e., common test performed in the industry for
plastics) in a randomized order and then the results were statistically analyzed using
Design-Expert software. The test results showed that all three factors significantly affect
the tensile strength of the epoxy, and they should be carefully optimized and used for the
fabrication of composite materials with optimal properties.
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Introduction

Fiber-reinforced polymer (FRP) composites are widely used in several industries and
predominantly used to fabricate structural products such as aircraft and space structures,
wind turbine blades, and automotive components. The main advantages of using FRP
composites are superior mechanical properties (e.g., high specific-strength and specific-
stiffness), lightweight, and high damage tolerance.1 In addition, FRP composites can be
tailored to specific applications. The fibers used are either glass fibers or carbon fibers, and
the polymer used is usually epoxy-based polymers. Epoxy polymer does not cure on its
own and needs a hardening agent (i.e., a curing agent) to trigger the polymerization
process. Epoxy resin usually comes as a two-part system with a manufacturer-specified
ratio of mixing of the two parts. There are several manufacturing methods available to
fabricate composites such as hand-layup, automated fiber placement (AFP), resin transfer
molding (RTM), compression molding, liquid molding, filament winding, and pultrusion.
The hand-layup fabrication process is widely used in various industries and research labs.
The hand-layup process involves the preparation of fabrics, mixing of polymer with a
hardening agent, preparation of tool and caul plates, impregnation of the resin, stacking of
impregnated fabric layers onto the tool plate, vacuum bagging, application of vacuum
pressure, and curing.2,3 To fabricate a good quality (i.e., porosity-free, foreign object
debris-free, and delamination-free) composite laminate using the hand-layup technique,
one must follow the fabrication process carefully. The most common mistakes in the
hand-layup process are during the weighing and mixing of epoxy polymer with the
hardening agent. An uncontrolled fast stirring of two chemicals can trigger an exothermal
reaction which can cause the mixture to cure instantly and prematurely. Stirring can also
cause the formation of air bubbles in the epoxy mixture. Air bubbles are voids and make
the structure weak. To avoid this scenario, the stirring of epoxy and hardening agents must
be slow, steady, and controlled for a specific period. In this study, EPON Epoxy 815C4

was used along with the manufacturer-recommended hardening agent EPIKURE 3282.5

The manufacturer-recommended mixing ratio was 100:20.5. The manufacturer-
recommended curing condition for EPON epoxy 815°C is a minimum cure for 24 hrs
at a room temperature of 25°C. The gel time for EPON resin 815°C with EPIKURE curing
agent 3282 is less than 20 min and the manufacturer recommends 3–5 min of mixing of
resin and curing agent at a low or moderate speed. One study reported the tensile strength
of neat epoxy cured at room temperature as 59.6 MPa.6 Another study reported the tensile
strength of neat epoxy as 61.8 MPa.7 Similarly, the tensile strength of epoxy reported in
several studies could be slightly different and this is mainly due to various processing
factors influencing the results. Design of experiments (DoE) provides statistical analysis
methods to study the various input factors, their interactions, and resulting output. It has
been proven that DoE is very effective in controlling the process and techniques. In one
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study, the design of experiment methodology was used to statistically predict tire friction
based on factors such as load, speed, slip angle, and their interactions, where a factorial
design was used.8 In another study, the Taguchi DoE method was used to find the optimal
electrophoretic deposition process parameters for PEEK base coatings.9 In another re-
search, a factorial design of three main factors was used to find the optimal density of
sintered powder metallurgical hollow copper extrudates.10 Using DoE, the optimal design
for an injection molding process was also developed and reported in another article.11

Hassan et al.12 studied the effect of heat treatment time and temperature on the hardness of
the aluminum-copper alloy using a design of experiment approach. Their study concluded
that in addition to the main effects, two-way interaction (i.e., the interaction of time and
temperature) was significant in improving the hardness. A five-factor with two levels of
each method was used to find the shrinkage porosity defect on mold casting. The ex-
periment and statistical analysis indicated two factors significantly affect mold casting. As
a result of implementing the corrective measures, the foundry achieved a 13% im-
provement in the annual scrap rate of the mold cast.13 Several other studies have also
reported significant improvement in the output variables through DoE analysis.14–17

In this study, the design of experiment principles18–21 were applied to statistically
understand the main effects of the amount of hardener concentration, stirring time, and air
bubbles caused by stirring on the tensile strength of epoxy samples. In the design of
experiment, there are several designs available such as single factor design, randomized
complete block design, Latin square design, 2k factorial design, two-level fractional
factorial design, fractional factorial design, 3k factorial design, experiments with random
factors, and nested and split-plot designs.18 Since the goal of this research was to find the
effect of two factors, per design of experiment guidelines, two factorial design was chosen
and employed in this research. The two factorial (2k) design means k factors tested at two
levels (i.e., low and high) which will result in 22 = 4 combinations of the effects. To
investigate the effects of these factors and their interactions on the response (tensile
strength), experiments need to be performed by altering the factors through each ex-
perimental run. A factorial design was chosen for this project since the scope of the study
is to understand the effect of hardener concentration, stirring time, and their interactions.
For this study, four epoxy panels were made, one with a 100:18 mixing ratio and 2 min
stirring time, the second panel with a 100:18 mixing ratio and 8 min stirring time, the third
panel with a 100:22 mixing ratio and 2 min stirring time, and the fourth panel with 100:22
mixing ratio and 8 min stirring time. The scope of this project was to utilize a statistical
approach to design and analyze an experiment to further understand the tensile properties
of the polymer matrix to determine the maximum tensile strength based on the effects of
selected factors. The interest was to study the effects of percent concentration of epoxy
hardener and the stirring time. Design-Expert version 11 software was used to design the
project and analyze the results statistically, post-experiment.

Response and method of measurement

The chosen response was the ultimate tensile strength of the epoxy material. Tensile testing
was performed per ASTM D638 (Standard Test Method for Tensile Properties of Plastics).
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The test specimen width and thickness were measured and documented. The specimen was
placed in the grips of the test machine by aligning the long axis of the specimen within the
grips. The speed of testing was set according to section 8 of ASTM D638 and the tensile
strength results were recorded (Table 1).

Factors and classifications

Design of the project

The following three factors were chosen for the experiment to study their effect on the
tensile strength of the samples.

· Factor A – Hardener Concentration
· Factor B – Stirring Time
· Factor C – Air Bubbles

Air bubbles are a nuisance, and they cannot be controlled. Since air bubbles cannot be
formed without stirring the mixture (i.e., the interaction of Factors A and B), Factor C was
aliased with the interaction of A and B. The “-1” and “1” for the “Factor C: Air Bubbles”
represent coded values for low and high levels of air bubble formation. Hence, a 23�1

Table 1. Different factors and classifications for the project.

Control variables Held-constant variables Nuisance factors
Response
variables

• Stir time
• Epoxy
concentration

• Operator/test conductor • Viscosity of epoxy and
hardener

• Hardener
concentration

• Test machine • Stirring rate (a manual
process)

• Specimen
dimensions

• Controller • Relative humidity • Tensile strength
in MPa

• Machine/specimen
alignment

• Caliper (measuring device) • Ambient temperature

• Grip pressure • Type of epoxy and hardener
used

•Air bubbles (cannot be
controlled)

• Pre-load • Type of mold used to
fabricate the panel

• Load rate (speed
of testing)

• Surface flatness of the table in
which the mold sits
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factorial design was chosen for the project. All the test samples were tested at two levels,
as listed in Table 2.

All the runs were replicated 5 times per ASTM standard and Table 3 shows the final
design for our project without replicates. Table 3 was printed on an A4 sheet with five
replicates for each before the fabrication and testing process. After the testing of
specimens, the “Response: Tensile Strength” column was completed with tensile strength
values.

Fabrication of the test samples

Based on the project design, four epoxy panels were made for testing, as detailed below.
The size of the panels were 180 mm in length, 180 mm in width, and 3 mm thick.

· Epoxy Panel 1: Hardener concentration of 18wt% and stirring time of 2 min were
used

· Epoxy Panel 2: Hardener concentration of 18wt% and stirring time of 8 min were
used

· Epoxy Panel 3: Hardener concentration of 22wt% and stirring time of 2 min were
used

· Epoxy Panel 4: Hardener concentration of 22wt% and stirring time of 8 min were
used

For each panel, the required amount of epoxy (i.e., EPON 815C) was mixed with the
required amount of hardening agent (i.e., EPIKURE 3282) according to the design
mentioned in Table 2 and Table 3. The epoxy and hardener mixture was then slowly
stirred manually in a circular motion using a glass rod for the required amount of stirring
time for the design mentioned in Table 2 and Table 3. After this step, the polymer mixture
was carefully poured into silicone molds for each panel in a randomized order, as shown in
Figure 1(a). All the silicon molds were laid on a flat and leveled granite surface table and
named with the two levels of Factors A and B, shown in Figure 1(a). This setup was left
undisturbed for 24 hrs and allowed to cure at room temperature. The solidified epoxy
panels were then removed from the silicon molds and marked with the sample names. The
panels were cleaned, trimmed, and then cut into test coupons using a diamond cutter to
meet the ASTM 638-03 standard requirements for the tensile testing of unreinforced
plastics, as shown in Figure 1(b). Figure 1(c) shows the dimensions of the tensile test

Table 2. Two factors and two levels.

Factor Low level High level

Factor A: Hardener concentration 18% 22%
Factor B: Stirring time 2 min 8 min
Factor C: Air bubbles �1 1
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specimen per ASTM standard and Figure 1(d) shows the prepared tensile test coupons
ready for testing.

Mechanical testing of the epoxy specimens

The tensile test was performed using MTS universal testing machine. To prevent sliding
of the test samples during tensile testing and to provide sufficient gripping hold, wedge
grip jaws with saw-tooth profiles were used. All the test coupons were taped with
sandpaper in the grip section. All the samples were tested based on the ASTM standard’s
recommended test parameters. All the runs were randomized during testing per design.
From each set of tensile test specimens prepared (see Table 2 and Table 3), five of the best
test specimens (i.e., higher quality samples with more consistent and uniform size di-
mensions) were selected and tested in a randomized order, as per ASTM D638-03
recommendations. Figure 2(a) shows a typical tensile test specimen loaded on the MTS
machine and ready to be tested. Figure 2(b) shows the tensile specimens post-failure. The
red arrows in Figure 2(b) indicate the grip lines marked on the specimens and as the failed

Table 3. Project design without replicates.

Run
Factor A: hardener
concentration by weight (wt%)

Factor B: stirring
time (minutes)

Factor C: air
bubbles

Response: tensile
strength (MPa)

1 22 2 �1
2 18 8 �1
3 22 8 1
4 18 2 1

Figure 1. (a) Silicon molds after pouring of the epoxy resin for curing at room temperature; (b)
cutting of the cured epoxy panels into test coupons using a diamond cutter; (c) tensile test
coupon dimensions per ASTM 638–03; and (d) the prepared test coupons ready for testing.
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samples indicate, all the failures happened at the gauge length of the test specimens. The
tensile strength results were all recorded and analyzed using Design-Expert software and
discussed in the next section of this report.

Results and discussions

Statistical analysis of the test results

The tensile strength test results are shown in Table 4 and they were later entered into the
project design with the replicates in the Design-Expert software. This table shows two
levels for each of the stirring time and hardener concentration factors. For each com-
bination of stirring time and hardener concentration, five responses (i.e., tensile strength)
were listed. The analysis of variance (ANOVA) table is shown in Table 5, which includes
the sum of squares, degrees of freedom, mean square, and p-value of the main effects and
their interactions.

The analysis of variance (ANOVA) table evaluates the impact of all the main factors
and their interactions on the response quantity. Table 5 shows the ANOVA table after the
response was recorded into the design in the Design-Expert software. The ANOVA table
helps to identify the effect of the variables and it helps to determine if the model is
significant (i.e., statistically significant differences between the means of the samples).
Variance is a measure of how far the response values are spread from the average value of
the response. Degrees of freedom is the number of independent observations in the
sample. In statistics, F-value is the value obtained through F-test which follows
F-distribution. The F-value is the ratio of variation between the sample means to the
variation within the samples. The higher F-value indicates the variation between the four
different sample responses is significant. A p-value is a probability value calculated using

Figure 2. (a) Tensile test specimen loaded on the wedge grip of the load frame and (b) tensile
specimens post-failure.
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the Z score table. The p-value higher than α = 0.05 indicates the effect of Factors A and B
is less significant to influence the response. The p-value less than α = 0.05 indicates the
effect of Factors A and B significantly influences the response and hypothesis is valid and
the model is significant.

Figure 3 shows the histogram average of tensile strength test results of four different
sets of samples along with standard deviations. The highest tensile strength was obtained
for the epoxy sample with 22 wt% hardener concentration stirred for 2 min. The lowest

Table 4. Design matrix with replicates and measured responses.

Design
order

Run
order

Factor A: hardener
concentration (wt%)

Factor B: stirring
time (minutes)

Factor C: air
bubbles

Response: tensile
strength (MPa)

1 2 18 2 1 2.51
2 12 18 2 1 2.76
3 11 18 2 1 3.74
4 18 18 2 1 2.02
5 10 18 2 1 2.46
6 9 22 2 �1 49.95
7 6 22 2 �1 51.3
8 17 22 2 �1 38.25
9 13 22 2 �1 41.74
10 15 22 2 �1 53.33
11 5 18 8 �1 45.07
12 19 18 8 �1 42.46
13 8 18 8 �1 42.43
14 16 18 8 �1 42.26
15 7 18 8 �1 46.36
16 14 22 8 1 36.86
17 3 22 8 1 49.26
18 1 22 8 1 40.48
19 20 22 8 1 35.62
20 4 22 8 1 39.49

Table 5. Analysis of variance for the model before transformation.

Source of variation Sum of squares DOF Mean sum of squares F-value p-value

Model 6399.25 3 2133.08 113.02 <0.0001
Factor A 2085.09 1 2085.09 110.48 <0.0001
Factor B 1483.16 1 1483.16 78.59 <0.0001
Factor C 2831.01 1 2831.01 150.00 <0.0001
Pure error 301.97 16 18.87 — —

Total sum of squares 6701.22 19 — — —
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tensile strength was obtained for the epoxy sample made with 18 wt% hardener con-
centration stirred for 2 min. The panel made with the lowest hardener concentration and
lowest stirring time resulted in panels that were not fully cured/solidified and had very
poor stiffness. And as expected, the tensile strength of these panels were significantly
lower than other sets of samples. After the response was fed into the model using the
Design-Expert software, the analysis of the results showed that the model needs
transformation as shown in the Box-Cox plot in Figure 4.

The transformation was made per the recommendation of the software to normalize the
data and the analysis of variance results after the transformation is shown in Table 6.
Based on the ANOVA for the regression model, the p-value (observed level of signif-
icance) of all the main effects and the overall regression model were less than 0.0001
which indicate that the model was significant. In other words, the model describes the
response (tensile strength) as significantly influenced by the hardener concentration,
stirring time, and air bubbles caused due to stirring.

The analysis also showed that the percentage contribution of all the main effects is
significant for the model by itself, and Factor C (Air bubbles) is the largest contributor to
the model. The defining word for the model is I = ABC. The resolution of the model is III
and all the two-factor interactions are aliased (confounded) with the main effect. A design
is of resolution III if all main effects are not confounded with any effects containing less
than (3–1) two factors.18 The resolution is also represented by the length of the defining
word for the model (i.e., I = ABC).

The half-normal probability plot is shown in Figure 5(a) and it helps to identify
which factors are important and unimportant. From the half-normal plot, we can
conclude that all the main effects (Factors A, B, and C) are important, and Factor C (air

Figure 3. Tensile strength test results for the epoxy samples.
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Figure 4. Box-Cox transformation plot.

Table 6. Analysis of variance for the model after transformation.

Source of variation Sum of squares DOF Mean sum of squares F-value p-value

Model 6.27 3 2.09 392.61 <0.0001
Factor A 2.06 1 2.06 386.43 <0.0001
Factor B 1.80 1 1.80 337.29 <0.0001
Factor C 2.42 1 2.42 454.12 <0.0001
Pure error 0.0852 16 0.0053 — —

Total sum of squares 6.35 19 — — —
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bubbles) is the most important factor. A normal probability plot of the residuals is a
scatter plot, and it is used to test the normality assumptions for the model. Figure 5(b)
shows that the relationship between the normal percentage probability and the residuals
is approximately linear and passes the standard pencil test. In this figure, the studentized
residuals are plotted on a horizontal axis against the observed cumulative probability. In
addition to the scatter plot, Figure 5(b) also shows a fitted line, and it is obtained by the
Design-Expert software through a linear transformation of the cumulative density
function of the normal distribution. All the points in Figure 5(b) are closer to the fitted
line; therefore, the normal probability plot of the residuals suggests that the error terms
are indeed normally distributed and not skewed.

The residual is the difference between the observed or actual tensile strength value
from Table 4, and the predicted or fitted tensile strength value obtained using the Design-
Expert software. Residuals are usually used in the studentized form by dividing the
residuals by their standard deviation. It is very useful in predicting the unusual response
called outliers which usually fall outside the range of (�2, +2). Outliers can provide
significant information about the errors and other reasons for the significant deviation.
The positive values for the residual mean the prediction was too low, and the negative
value means the prediction was too high; if it is 0, then the prediction is accurate. Figure 6
shows a plot of studentized residuals against predicted or fitted values at two levels and are
evenly distributed around the zero line. These points do not show any patterns between the
two levels, which indicate the residual variance is constant and there are no outliers. This
random pattern indicates that a linear model provides a decent fit to the data.

Figure 7 shows the predicted effect of hardener concentration and stirring time on the
tensile strength of the samples with the assumption that there exists neither low nor high,
but average amount of air bubbles in the resin system. From Figure 7(a), we can conclude

Figure 5. (a) Half-normal probability plot and (b) normal probability plot for the studentized
residuals.
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that when all the factor levels are low, the observed tensile strength is at its lowest (i.e.,
2.7 MPa). Figure 7(a) also indicates that when the hardener concentration is increased
(i.e., 22 wt%), the tensile strength improves slightly to the predicted value of 26.5 MPa.
From Figure 7(b), we can conclude that when the stirring time is high, the predicted
tensile strength improves for both the levels of hardener concentration (i.e., low level =
24.6 MPa and high level = 67.6 MPa). Figure 7(c) and (d) show a similar effect on the
tensile strength. This also indicates that at the lowest level of hardener concentration, the
curing rate of epoxy is poor. We can conclude that at the lowest stirring time, the hardener
was not mixed very well in the epoxy resin system leading to poor homogeneity of the
hardener and thereby resulting in poor tensile properties. When the stirring time was
increased, the rate of dispersion/mixing of the hardener was also increased which resulted
in better tensile properties.

Air bubbles are a nuisance, and it affects the mechanical properties of the material. In
our experiment, the cause of the air bubbles was mainly due to the stirring of the epoxy

Figure 6. Plot of studentized residuals against the predicted value.
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and hardener mixture. The more stirring the more the air bubbles ere induced that affect
the response. Figure 8 shows a three-dimensional surface plot for the fitted (i.e., predicted)
tensile strength as a function of hardener concentration and stirring time. This type of
graphical representation helps to visualize the relationship pattern between the tensile
strength, stirring time, and hardener concentration. It can be seen in the figure that the
maximum value in tensile strength can be achieved when both the stirring time and
hardener concentration is at a high level. The slight twist in the graph indicates that there is
an interaction between Factors A and B.

Figure 9 is a cube plot, and it helps us better understand the design and the predicted
response based on the actual response. The cube plot for the Design-Expert software
indicates that if all the three factors are high (i.e., 22 wt% of hardener concentration, 8 min
of stirring time, and no air bubbles), the resulting tensile strength could be 106.813 MPa
(highlighted in Figure 9 using a red circle). The highest tensile strength of this epoxy resin

Figure 7. Predicted effects of hardener concentration and stirring time on the tensile strength
with the average amount of air bubbles.
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system (i.e., EPON 815C and EPIKURE 3282) cannot exceed 70 MPa, based on the
manufacturer’s reported data. Later, using the optimization tool in Design-Expert soft-
ware, the maximum upper limit for the response (i.e., tensile strength) was set to 60 MPa
since it is a room temperature cure. The Design-Expert predicted 100 different solutions
and the best of all is highlighted using a green color box in Figure 9. The best solution
selected based on the closest tensile strength was 22 wt% of hardener concentration with
4 min of stirring time and the lowest level of air bubbles (assuming this could be achieved
by degassing).

Optical inspection of test specimens

Post fabrication of the epoxy panels, the panels were visually examined for voids or air
bubbles. The visual inspection of the panels revealed few air bubbles that can be seen with
the naked eye. Figure 10 shows the epoxy panels with air bubbles formed at the surface
highlighted using red arrows. The epoxy panels were opaque and were not clear and see-
through; hence, voids cannot be spotted visually. Later, after the mechanical testing of the
test specimens, a portions of the broken test samples were cut for laser microscopic
analysis. Figure 11 shows the laser confocal microscopic images (i.e., at with various

Figure 8. Three-dimensional surface plot showing fitted tensile strength as a function of stirring
time and hardener concentration.

14 Journal of Elastomers & Plastics 0(0)



magnifications) of the fractured surface of a test specimen after the tensile test, where
some microscopic voids are visible.

A large void on the fractured surface of the test specimen after failure is shown in
Figure 12. Figure 12(a) shows a 10,000-magnification image of the test specimen under

Figure 9. Cube plot showing the actual and optimized solutions.

Figure 10. Optical images of the epoxy panels highlighting surface air bubbles.
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Figure 11. 3D laser confocal microscopy images of the fractured surfaces of the test samples at
various magnifications, (a) 5000, (b) 10,000, (c) 20,000, (d) 50,000, (e) 100,000, and (f) 150,000,
respectively.

Figure 12. (a) 3D laser confocal microscopic images of the fractured surface of the test samples
with an air bubble, (b) 3D color variations highlighting the surface topography of the broken
sample, and (c) a section cut highlighting the depth and diameter of the void (i.e., air bubble).
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laser and optical light, where the section cut location of the void/air bubble is highlighted
using a yellow line. Figure 12(b) shows the surface roughness profile of the fractured
surface on a color-coded scale from 0 μm to 187 μm. The void can be seen as it is
highlighted in dark blue showing the deepest part on the fractured surface of the test
specimen. Further, a section cut image was created to show the depth and diameter of the
void, shown in Figure 12(c). From the section cut profile, it can be concluded that the
depth of the void is about 60 μm and the diameter is approximately 100 μm.

Conclusion

From the results obtained through experimental testing, the design of experiment analysis,
and microscopic inspection, valuable conclusions can be made. The statistical model
showed that the stirring time, hardener concentration, and their interactions have a
significant effect on the tensile strength of the epoxy test samples. There were no outliers,
no patterns in the data, and the results were normally distributed. The adjusted R2 value
was 98% which shows the data is close to the fitted regression line. When all the factors
are low, the tensile strength is low and when they are at a high level, the tensile strength is
high. Of all the main effects, Factor C (air bubbles) was the largest contributor by itself.
The one-factor plot of all the factors showed non-linearity between the low and high
levels. This indicates that the gap between the low and high levels of hardener con-
centration (i.e., 18 and 22 wt%) and stirring time (i.e., 2 and 8 min) is very high. The
epoxy panel with a low level (i.e., 18 wt% hardener concentration and 2 min stirring time)
showed very poor tensile strength. This is mainly due to insufficient hardener and in-
sufficient stirring time. This conclusion was reached from the analysis of variance and the
graphical plot obtained. As for future work, the design difference between the two levels
could be reduced to avoid non-linearity.
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