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Structural epoxies are commonly used in aerospace-grade manufacturing for adhesion for a
variety of reasons, including convenience and bond strength. The strength of the epoxy bond in
shear is impacted by multiple factors including surface preparation and material properties.
This paper presents an experimental process to determine an effective surface preparation
method for producing sufficiently strong shear bonds of structural epoxy to support Georgia
Tech Experimental Rocketry (GTXR), a project team of the Ramblin’ Rocket Club (RRC)
at the Georgia Institute of Technology. The authors also present a novel method for surface
preparation, wherein sanding is performed over uncured epoxy. The specific materials tested
were woven fiberglass laminate (G10), steel, and aluminum in two different combinations:
aluminum bonded with aluminum and steel bonded with G10. All pairings underwent three
different surface preparations: dry sanding, wet sanding, and epoxy wet sanding. Additionally,
each combination was prepared with two epoxy systems: J-B Kwik Weld and Proline 4500. The
specimens underwent a single lap shear test loaded in compression on an Instron 5982 load
frame. The experimental shear strength of each specimen was calculated and compared to
the values provided by epoxy manufacturers. The experimental shear strengths varied from
those estimated from manufacturer data sheets. Dry sanding had a higher mean shear strength
for the tested epoxies when used for aluminum on aluminum. For G10 bonded with steel, wet
sanding had a higher mean shear strength for J-B Kwik Weld, while epoxy wet sanding had a
higher mean shear strength for Proline 4500. The results of this experiment will aid in future
manufacturing of GTXR vehicles by ensuring that the preparation process chosen for flight
components experiencing loads at supersonic and subsonic speeds produces sufficiently strong
bonds for expected loads.

I. Nomenclature

𝐴 = bonded surface area
𝑙 = length of bonded area
𝑤 = width of bonded area
𝐹 = applied force
𝜏𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ = shear strength

II. Introduction

Epoxy is widely used throughout the aerospace manufacturing industry for its versatility in applications, such as
bonding joints. Factors such as high adhesion strength and low residual stress of thermoset polymers make epoxy an

attractive option for a quick, cost-effective, durable bond [1][2]. The epoxy bond strength provided by the manufacturer
is often a deciding factor in choosing between epoxies for an application. This value, provided by a manufacturer data
sheet, is derived from industrial strength tests under conditions that are not easily replicated by the average consumer.
Furthermore, these tests are often limited to tensile and compressive strengths, not shear. Importantly, bonds in shear
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adhered with epoxy rely heavily on epoxy strength. The scope of this experiment focuses on shear bonds because of
their prevalence in aerospace vehicles, such as the vehicles created by GTXR including Fire On High [3], Material Girl
[4], and Strange Magic. In addition to the material properties of an epoxy, a crucial indicator of bond strength is the
preparation of the surface, as it determines the condition of the boundary/surface interaction between the material and
the epoxy. An incorrect expected strength can decrease the factor of safety without users realizing it, leading to possible
deformation and tearing. The preferred failure for the epoxy would be cohesive failure, as the epoxy itself would break
and indicate a strong bond between the epoxy and the bonded surface [5]. Poor or insufficient surface preparation,
however, would lead to adhesive failure and result in the shear bond not withstanding the expected shear forces [5].

This experiment presents a method for characterizing epoxies based on shear strength using a single lap shear test
while taking into account multiple surface preparations. Multiple 2.4 x 1.2 inch tabs of steel, G10, and aluminum were
tested in two different combinations—aluminum bonded to aluminum and steel bonded to G10—all undergoing dry
sanding, wet sanding, and epoxy wet sanding as surface preparations.

The specific material pairings selected for this process were based on structural components of the upcoming
GTXR flight vehicle, Live and Let Fly. Aluminum-aluminum bonds are present in the rail guides, which are made of
aluminum and used to hold the rocket to the launch rail. Additionally, other exterior components such as the 3D printed
polyethylene terephthalate glycol (PETG) shrouds that protect the GPS and telemetry antennas from aerodynamic and
thermal forces are attached to the carbon fiber airframe and loaded in shear by drag. Not to mention, the fins of Live and
Let Fly are canted by 1.5 degrees, which causes the entirety of the sustainer to spin at up to 1020 rpm. The rotation
causes additional aerodynamic forces on the shroud in the tangential direction which loads it in shear as well. GTXR had
considered adding steel leading edges to the G10 fins for future vehicles to protect the carbon fiber from thermal heating
and ablative forces, which is why the authors decided to test steel in a shear bond with G10. The fins are especially
important because misalignment in the placement will cause the leading edge to be loaded in shear and would rely on
the strength of the epoxy. It is important to characterize the bond strength resulting from different surface preparations
in order to ensure that these crucial parts are sufficiently strong. The authors are interested in characterizing the epoxy
surface preparation procedure that provides sufficiently strong bonds, which are the ones that have the most verified
factor of safety, to use for the components that have been mentioned throughout this paper.

The surface preparations were chosen to address different concerns that arise during the epoxying process. Dry
sanding is the most common and simplest form of surface preparation due to the usage of only a few relatively low-grit
(60-120 grit) sandpapers [6]. Wet sanding works well with metals because it prevents an oxidation layer from forming
on the surface of the sanded piece, thus creating a stronger bond as the epoxy adheres directly to the metal instead of the
newly formed metal oxide [6]. Wet sanding also generally creates less dust, improving respiratory safety.

Epoxy wet sanding is a new surface preparation that is conceptually similar to regular wet sanding. Instead of
sanding with sandpaper and a surface wetted with water, epoxy wet sanding requires the user to sand with sandpaper
and a surface "wetted" with uncured epoxy. Sanding with the uncured epoxy prevents the oxidation layer from forming
on the metal without having to quickly wipe off the thin layer of water before applying more epoxy. Thus, it prevents a
short amount of time in which the metal is exposed to air and has the potential to oxidize. The authors also theorize that
epoxy wet sanding pushes the epoxy deeper into the grooves of the sanded surface, reducing the number of vacancies
within the bond.

III. Experimental Setup
The experiment was set up in two main stages: surface preparation and Instron testing. For surface preparation,

each half of the test article was sanded and epoxied to the corresponding other half according to the assigned surface
preparation. Multiple custom Instron fixtures were designed before constructing the final fixture that properly applied a
shear force on each specimen. The cured specimens were placed into these new fixtures and compressed until adhesive
failure.

A. Manufacturing and Design
Simple test articles made of steel, G10, and aluminum were constructed with a water jet. Each test article was 1.2

inches by 2.4 inches with a 0.5 inch diameter hole as shown in Fig. 1b. These articles were adhered together with the
respective epoxies and then were used as single lap shear test articles.

Multiple Instron fixtures were constructed before an effective test fixture was found. The initial fixtures were zero
tolerance, inducing unwanted axial tension in the direction normal to the plane of the epoxy and causing the test article
to experience shear before load was applied with the Instron. The next iteration of the Instron fixture introduced a degree
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(a) (b)

Fig. 1 Computer Aided Designs (CAD) of a) final Instron fixture and b) adhered test articles.

of freedom in testing to isolate the lap shear force; however, unwanted tensile stress throughout the fixture, especially in
the brackets, caused this design to fail.

The final fixture design (Fig. 1a) was successful, for it mitigated unwanted stresses within the fixture, and the applied
force was focused on the horizontal bar and the test piece. The final iteration of the Instron attachments included a
5-by-5 inch aluminum base plate with 2 inch wide L-brackets that contained a 0.5 inch diameter hole 1.375 inches
from the base of the brackets, in addition to a 0.5 inch diameter, 10 inch long steel carriage bolt through each bracket.
The two L-brackets were placed 0.5 inches apart from each other and were aligned with the center of the base plate.
The carriage bolt was chosen for its large tensile strength of 60,000 psi, since the bolt would not be affected by the
lower tension values estimated to be exerted on the bolt itself. The larger width L-brackets were chosen to allow for
more material on the sides of the 0.5 inch hole for the bolt, as the initial bracket borders were very close to the hole and
snapped while testing the attachment’s durability.

The single lap shear test was switched from one in tension to one in compression over concerns that the materials
available to use for constructing the Instron fixtures, as well as the specimens themselves, would not withstand the
estimated tensile forces experienced during each trial. These concerns arose during test trials after the Instron fixtures
continued to fail in tension despite structural improvements and the presence of significant deformation of the specimens
localized around the holes. There was a risk of the specimens buckling under compression; however, with precise
alignment, relatively small specimens, and multiple test trials before implementation into the experiment, buckling and
other unwanted deformations did not occur during the experiment’s trials under compression. The single lap shear test
does not have to be run under tension to still be a viable test for experimentally determining shear strength values [7].

B. Surface Preparation Procedure
In this experiment, three types of surface preparations were tested. The first preparation was traditional dry sanding.

For this method, a test article was sanded with an 80-grit sanding block, followed by a 120-grit sanding block. Once
the final pass of sandpaper was completed, the test article was cleaned with isopropyl alcohol (IPA) to remove dust
and oils. The second preparation was wet sanding. Similarly to dry sanding, each piece was sanded with 80-grit and
120-grit dry sanding and cleaned with IPA. After this, 1000-grit sandpaper was wetted with water, and then the test
articles were sanded for approximately forty-five seconds. The article was once again wiped with IPA to remove any
new particles or remaining water and was immediately epoxied. The final surface preparation was epoxy wet sanding.
This method also starts with an 80-grit sanding block followed by a 120-grit sanding block with standard dry sanding
methods and cleaned with IPA. The epoxy of choice was then applied in equal amounts to both halves of the test article
that were being adhered. This uncured epoxy was then sanded with 800-grit sandpaper until it was evenly distributed
and became more viscous and the two pieces were immediately attached. All specimens were promptly vacuum-bagged
and placed into the vacuum chamber to ensure consistent pressure throughout the appropriate cure time as given by the
epoxy manufacturers. Immediately after placing each specimen in the vacuum bag, the halves were manually adjusted
to ensure that they stayed parallel. The specimens were adjusted again immediately after pulling a vacuum to verify that
the vacuum did not shift the halves.
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C. Instron Procedure
Before testing, each sample was measured for its wetted length (𝑙) and width (𝑤) and entered into a data table. The

test piece was then placed on an Instron 5982 load frame and secured on the fixture with a 0.5 inch diameter, 10 inch
long steel carriage bolt as seen in Fig. 2. The specimen was checked to ensure that it was directly perpendicular to the
bolts. The bolt threads were used to keep the specimen from sliding on the bolt after checking its placement. Once in
place, the machine was turned on and zeroed. The articles were compressed at a rate of 0.1 mm/s until failure. The
maximum force at failure, 𝐹 was recorded for each article before removing the fragments from the machine. The bolts
were inspected after each test for deformation.

Fig. 2 Instron 5982 Setup
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IV. Results

Surface Preparation Sander 1 Sander 2 Sander 3 Mean Standard Deviation

Dry Sanding (psi) 2078.37 2184.72 2479.97 2247.69 169.89
Wet Sanding (psi) 2565.61 2184.15 1971.59 2240.45 245.75

Epoxy Wet Sanding (psi) 1390.22 2139.385 2188.78 1906.13 365.36
Table 1 Aluminum bonded to aluminum with J-B Kwik Weld shear strength values (psi).

Surface Preparation Sander 1 Sander 2 Sander 3 Mean Standard Deviation

Dry Sanding (psi) 2295.21 1980.29 2221.25 2165.59 134.46
Wet Sanding (psi) 436.50 2405.59 974.54 1272.21 830.98

Epoxy Wet Sanding (psi) 1972.605 1720.66 2186.24 1959.84 190.29
Table 2 Aluminum bonded to aluminum with Proline 4500 shear strength values (psi).

The area (𝐴) was calculated with the 𝑙 and 𝑤 values measured before placing the specimen into the Instron load
frame. The shear strength (𝜏𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ) was computed using Equation 1.

𝜏𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝐹

𝐴
(1)

In all results tables, the "Sander" columns indicate which of the three people doing the sanding obtained that shear
strength. Each table presents the shear strength in psi of the three surface preparations across the three people sanding,
as well as the mean and standard deviation of the shear strengths obtained.
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Fig. 3 Mean Shear Strengths of J-B Kwik Weld and Proline 4500 Bonding Aluminum to Aluminum
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Surface Preparation Sander 1 Sander 2 Sander 3 Mean Standard Deviation

Dry Sanding (psi) 1619.85 2137.92 1731.28 1829.69 222.65
Wet Sanding (psi) 2271.50 1753.56 1831.68 1952.25 227.99

Epoxy Wet Sanding (psi) 1900.60 1614.96 1842.03 1785.86 123.19
Table 3 G10 bonded to steel with J-B Kwik Weld shear strength values (psi).

Surface Preparation Sander 1 Sander 2 Sander 3 Mean Standard Deviation

Dry Sanding (psi) 994.95 1063.88 1206.96 1088.60 88.30
Wet Sanding (psi) 1000.68 1450.37 1193.03 1214.70 184.22

Epoxy Wet Sanding (psi) 1436.96 1310.80 1323.66 1357.15 56.68
Table 4 G10 bonded to steel with Proline 4500 shear strength values (psi).
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Fig. 4 Mean Shear Strengths of J-B Kwik Weld and Proline 4500 Bonding Steel to G10

V. Discussion
Table 1 presents the shear strength values obtained for aluminum bonded to aluminum with J-B Kwik Weld, with

dry and wet sanding producing very similar mean shear strengths. Epoxy wet sanding with this combination had a
lower mean shear strength, but a larger standard deviation in comparison to the other surface preparations. The larger
variance may be due to the inability to control how much J-B Kwik Weld remained on the halves of the test pieces during
epoxy wet sanding, as J-B Kwik Weld is a relatively thick epoxy and was removed by the sandpaper while sanding.
Comparatively, Table 2 presents the shear strength values for aluminum bonded to aluminum with Proline 4500. Wet
sanding for this combination varied substantially, indicating great error during the surface preparation and epoxying
process, considering the relatively low variance in the dry and epoxy wet sanding shear strengths. Figure 3 displays
the mean shear strengths and one standard deviation of each surface preparation for both epoxies tested for aluminum
bonded to aluminum. The authors plan to retest the aluminum bonded to aluminum with Proline 4500 and wet sanding
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to investigate the unacceptably large standard deviation and produce a more accurate range of shear strength values for
this combination.

Table 3 displays the shear strength values for steel bonded to G10 with J-B Kwik Weld. The mean shear strength
values are relatively close with relatively small variance in strength. In comparison, Table 4 presents the shear strength
values obtained with steel bonded to G10 by Proline 4500. The mean shear strengths are also relatively similar, with dry
sanding and epoxy wet sanding having distinctly small variances in shear strengths across the three sanders. As with
aluminum bonded to aluminum, figure 4 displays the mean shear strength and one standard deviation of each surface
preparation and both epoxies tested for steel bonded to G10.

Through inspection of the specimens after the completion of testing, it is apparent that each J-B Kwik Weld bond for
both material combinations, failed cohesively, while Proline 4500 failed adhesively. This indicates that the applied
surface preparations of basic dry sanding, wet sanding, and epoxy wet sanding are not substantial enough to provide the
bonding surface that Proline 4500 requires to reach its maximum shear strength.

Neither manufacturer of J-B Kwik Weld nor Proline 4500 directly list the shear strength of their product; however,
using the von Mises criteria (Eq. 2), shear strength can be approximated as 1/

√
3 of tensile strength [8]. Using this

relationship and the tensile values provided by the manufacturers, the shear strength of J-B Kwik Weld is approximately
1876 psi; which suggests the test article is undergoing cohesive failure since the resulting shear strength was similar to
the epoxy properties. The shear strength of Proline 4500 is approximately 5700 psi, which suggests adhesive failure
since the bond failed long before the epoxy structurally failed.

𝜏𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝜏𝑦𝑖𝑒𝑙𝑑√

3
(2)

When sanding metal, a metal oxide layer is created once the surface is exposed to air which can interfere with
bonding between materials. Instead of the raw materials being in contact, the oxide layers are adhered together [6]. By
wet sanding with water, the water coats the piece of metal, preventing it from oxidizing, thereby creating a more direct
contact between the epoxy and metal. Epoxy wet sanding was theorized to be best for composite materials due to the
texture. Most composites such as G10 have rough grooved surfaces even after sanding. Therefore, by sanding with
epoxy, the user is ensuring the epoxy gets into the small crevices, theoretically preventing voids in contact. Based on
the results from the experiment, it appears that there might be a slight improvement in performance for wet sanding
compared to dry and epoxy wet sanding, but not large enough to be significant according to a standard t-test. Thus when
taking into account time, resources, labor, and raw data, standard dry sanding with J-B Kwik Weld is the preferred
option for bonds between aluminum components. For G10 and steel bonds, wet sanding produced slightly better results
when using J-B Kwik Weld. If one were to use Proline 4500 for a G10 and steel shear bond, epoxy wet sanding produces
the stronger bond. However, the results show that Proline 4500 is not the recommended epoxy for this application,
rather J-B Kwik Weld is a safer option.

Overall, J-B Kwik Weld seems to be the better choice of epoxy for the specific uses of aluminum with aluminum
and G10 with steel bonds when utilizing common surface preparations. Typically, Proline 4500 is used for its thermal
properties and viscosity to create fillets, and is a relatively brittle epoxy once dried. This results in a weaker shear
strength despite having a higher tensile strength. It does appear that the results are based on the individual who did
the sanding, therefore skill and human factor does impact this test more than previously assumed. Despite following
the same procedure, including using sandpaper from the same original piece, there is still a large amount of variance
between individual test articles. For certain trials, three vastly different strengths were recorded such as wet sanding
aluminum with Proline 4500. Through this combination the difference between each trial was off by a factor of two. This
variability stems from three different sanders each producing one specimen per combination, which may be overcome
by either reducing the number of sanders to one person, or by increasing the quantity of specimens per combination per
sander. This would allow a better comparison between specimens under each sander to eliminate this variance. There
may also be some error in this experiment based on the materials used. For sustainability purposes, the researchers
used spare aluminum and steel to create the test articles. These materials were stored outside prior to their use in this
experiment. Due to this, there was uneven weathering of the multiples pieces of the steel stock used which emphasized
the importance of surface preparation to the epoxying process. Through proper surface preparation, a fresh layer of
material was obtained, allowing the results of this test to still be accepted. By using spare stock, the authors also do not
know for certain the grade of the materials used in this experiment. The shear strength values obtained from this test can
be used as a range of realistically attainable strengths, rather than a singular value assumed to be attainable in every
bond.
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VI. Conclusion
The purpose of this test was to experimentally characterize the shear strength of bonds between varying materials

based on the style of surface preparation and type of epoxy. The results from this experiment showed that when taking
into account time, resources, and calculated strengths for aluminum-aluminum bonds, J-B Kwik Weld with dry sanding
was the preferred combination. For steel and G10, wet sanding with J-B Weld was the preferred combination of tested
materials. This experiment showed that Proline 4500 paired with basic surface preparation is not as strong in shear
strength as J-B Kwik Weld. To continue investigation of this experiment, this test will be run with additional trials with
the same individual sanding to eliminate human error between trials. This will provide more data to compare against
current data to reaffirm this experiment’s conclusion. Additionally, this experiment will investigate more varieties of
surface preparation in order to increase the adhesive strength of the Proline 4500 to the material combinations, in the
hopes of finding the range of Proline 4500’s actual shear strength. Additional material combinations such as PETG
bonded with carbon fiber and Formlabs Rigid 10K Resin bonded with carbon fiber will be tested, as these material
combinations are planned to be used for current and future vehicles of GTXR, and the organization wants to have a valid
range of shear strength values before implementing these elements.
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