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Abstract

The structural integrity of adhesively bonded composites is critically dependent on manu-
facturing process fidelity. While the MGS L418 epoxy system is widely used in aerospace
applications, a quantitative hierarchy of its process variables is absent from the literature,
leading to reliance on qualitative guidelines and inherent performance variability. This
study closes this gap through a comprehensive sensitivity analysis. A 262 fractional facto-
rial Design of Experiments (DOE) quantified the effects of six variables on single-lap shear
strength. An Analysis of Variance (ANOVA) established a definitive hierarchy: induction
time was the dominant factor, with a sub-optimal 15 min period causing a 74% strength
reduction (p < 0.000). Surface preparation was the second most significant factor, with
mechanical abrasion increasing strength by 17% (p = 0.000). Ambient humidity was a
marginal factor (p = 0.013), linked to amine blush formation. The interaction effects were
statistically insignificant, simplifying the control strategy. This work provides a validated,
quantitative model that defines a robust process window, prioritizing induction time and
surface preparation to de-risk manufacturing and ensure the reliability of safety-critical
bonded structures.

Keywords: adhesive bonding; process optimization; design of experiments; ANOVA;
epoxy rheology; amine blush; aerospace manufacturing

1. Introduction

The adoption of advanced composite materials in the aerospace industry is driven
by an uncompromising demand for lightweight and high-performance structures [1,2].
Adhesive bonding is the technology enabling the assembly of these components, offering
superior stress distribution and eliminating stress concentrations inherent to mechanical
fasteners [3,4]. However, the performance of an epoxy adhesive is not an intrinsic material
property but a process-defined characteristic. The transformation from a liquid mixture to
a structural solid is a kinetic process exquisitely sensitive to manufacturing conditions [5].
This sensitivity is a primary source of performance scatter and a critical risk, as sub-critical
bond flaws can evade inspection and lead to catastrophic in-service failures [6].

The MGS 1418 two-part epoxy system is a benchmark for bonding primary and
secondary structures, particularly in gliders, light aircraft, and other applications where
a long working time and low initial viscosity are required for large-scale wet lay-up or
component assembly. Despite its prevalence, a quantitative model defining the hierarchical
influence of its process variables remains a significant knowledge gap. Current guidelines
are often qualitative (e.g., “avoid high humidity”), forcing manufacturers to rely on costly
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internal validation or overly conservative specifications [7]. This research deficit means
that the principal sources of variability for this specific system are not well understood
or ranked.

Extensive research has focused on optimizing joint strength through other avenues.
Many studies have investigated the influence of adherend geometry, showing that tapering
the adherends or using spew fillets can significantly reduce stress concentrations at the
overlap ends [8,9]. Others have explored hybrid joints (e.g., bonded-bolted) to improve
damage tolerance and load-bearing capacity over bonded-only joints [10]. While this work
is critical, it often presupposes an ideal adhesive layer. Less understood is the quantitative,
relative impact of the manufacturing process variables that create that layer.

Successful adhesion requires two primary conditions: adequate wetting of the sub-
strate by the adhesive and the subsequent solidification of the adhesive to a state capable
of bearing load [1,11]. The quality of the interface between the substrate and the adhesive
is therefore paramount and is governed by surface energy and preparation [12]. Surface
preparation is widely cited as a critical factor in achieving a durable bond [13,14], as its goal
is to create a clean, chemically active, and topographically suitable surface [13]. Mechanical
methods like grit or sandblasting increase surface roughness, which enhances mechanical
interlocking and provides a larger surface area for bonding [15,16].

The MGS 1418 system cures via a polyaddition reaction between epoxy functional
groups and amine functional groups in the hardener [17,18]. This reaction is susceptible to
several environmental factors. In the presence of atmospheric moisture and carbon dioxide,
primary amines on the uncured surface can react to form ammonium carbamates [19,20].
This waxy, water-soluble layer, known as amine blush, is physically weak and non-adherent,
leading to a weak boundary layer and catastrophic interfacial failure [19-21]. Furthermore,
the induction time (the period after mixing but before application) allows for initial poly-
merization, or B-staging [22]. This builds molecular weight, increasing viscosity. The
rheological state of the adhesive at the moment of application is critical for proper wetting
and achieving the desired bond line thickness [22].

This research addresses the existing process knowledge gap by employing a structured
Design of Experiments (DOE) framework [23]. Our objective is to replace anecdotal under-
standing with a data-driven, quantitative hierarchy of control for the MGS L418 system,
enabling robust and reliable manufacturing.

2. Materials and Methods
2.1. Materials

Substrates were 25.4 mm (1-inch) diameter coupons machined from an 8-ply, 121 °C
(250 °F) cure glass pre-preg laminate with a nominal thickness of 2.5 mm. The 25.4 mm di-
ameter was selected as it is a standard dimension for fabricating single-lap shear specimens
from composite panels and is compatible with common grips for mechanical testing.

The adhesive system used was EPIKOTE MGS L418 epoxy resin combined with H418
hardener (Westlake Epoxy, Houston, TX, USA). This two-component epoxy features low
viscosity (1400 mPa-s for the resin and 100 mPa-s for the hardener), a long pot life of ap-
proximately 60 min, and a high glass transition temperature (Tg) of 120 °C. It is certified for
aerospace applications, ensuring reliability and performance under demanding conditions.

2.2. Design of Experiments

A 16-run, 2% fractional factorial design was used to screen six process variables. Each
of the 16 unique experimental runs was replicated three times, for a total of 48 distinct
samples, to ensure statistical power and account for experimental variability. The six process
variables (factors) and their low (—) and high (+) levels are detailed in Table 1.
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Table 1. DOE experimental matrix, factors (coded levels —1, +1), and response (Ultimate Tensile Load).

X: Input Y: Output
& £
Sé* i g %O 2 % Peak lap shear
Run Order E '4% § E [&E) ; Strengl’:c)h (N)

5 g T @ =

n =t
1 -1 -1 -1 -1 -1 -1 1053
2 1 -1 -1 -1 1 -1 1091
3 -1 1 -1 -1 1 1 3524
4 1 1 -1 -1 -1 1 4028
5 -1 -1 1 -1 1 1 874
6 1 -1 1 -1 -1 1 1071
7 -1 1 1 —1 -1 -1 3297
8 1 1 1 -1 1 -1 3743
9 -1 -1 -1 1 -1 1 794
10 1 -1 -1 1 1 1 1002
11 -1 1 -1 1 1 -1 3553
12 1 1 1 1 -1 -1 3872
13 -1 -1 1 1 1 -1 698
14 1 -1 1 1 -1 -1 940
15 -1 1 1 1 -1 1 3450
16 1 1 1 1 1 1 3886
17 -1 -1 -1 -1 -1 -1 988
18 1 -1 -1 —1 1 —1 1224
19 -1 1 -1 -1 1 1 3664
20 1 1 -1 -1 -1 1 4199
21 -1 -1 1 -1 1 1 871
22 1 -1 1 -1 -1 1 1101
23 —1 1 1 -1 -1 -1 3069
24 1 1 1 -1 1 -1 4045
25 -1 -1 -1 1 -1 1 883
26 1 -1 -1 1 1 1 1050
27 -1 1 -1 1 1 -1 3388
28 1 1 -1 1 -1 -1 3949
29 -1 -1 1 1 1 -1 879
30 1 -1 1 1 -1 -1 1059
31 -1 1 1 1 -1 1 3399
32 1 1 1 1 1 1 4071
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Table 1. Cont.
X: Input Y: Output
34 1 -1 -1 -1 1 -1 1011
35 -1 1 -1 -1 1 1 3527
36 1 1 1 -1 -1 1 3977
37 -1 -1 1 -1 1 1 843
38 1 -1 1 -1 -1 1 988
39 -1 1 1 -1 -1 -1 3325
40 1 1 1 -1 1 -1 4136
41 -1 -1 -1 1 -1 1 845
42 1 —1 -1 1 1 1 1056
43 -1 1 -1 1 1 -1 3416
44 1 1 -1 1 -1 -1 3937
45 -1 -1 1 1 1 -1 968
46 1 -1 1 1 -1 -1 925
47 -1 1 1 1 -1 1 3656
48 1 1 1 1 1 1 3908

e  Surface Preparation: Compared a low-level (solvent wipe-only) with a high-level
(mechanical abrasion via sandblasting) method.

e Induction Time: The hold time post-mixing. A 15 min (low) versus an 85 min (high)
period was evaluated.

e  Humidity: Ambient relative humidity (RH) during application and cure (Low: 40%
RH vs. High: 90% RH).

e  Stirring: Manual stirring (low) vs. mechanical planetary mixing (high).

e  Temperature: Ambient temperature during application (Low: 18 °C vs. High: 25 °C).

e  Mix Ratio: Deviations from the nominal 100:40 ratio (Low: 98:40 vs. High: 102:40).

2.3. Sample Preparation and Bonding

For the high-level surface preparation (+1), substrates were mechanically abraded
using 120-grit aluminum oxide sandblasting at 0.55 MPa (80 psi), followed by a two-wipe
cleaning procedure with isopropyl alcohol in a controlled cleanroom environment. For
the low-level preparation (—1), only the two-wipe cleaning process was performed. The
specimen was fabricated in accordance with the design specifications illustrated in Figure 1.
The manufacturing process of the composite pre-preg section of the specimen is detailed
in Figure 2, which outlines the equipment used for sandblast preparation, the hole-saw
operation, and the cleanliness protocols followed during fabrication.

The adhesive was mixed according to the ratio of 100:40 by weight. For mechanical
stirring, a planetary mixer was used at 150 RPM. Following mixing, the adhesive was held
for the specified induction time in a controlled environment. A consistent bead of adhesive
was applied to one substrate, and the joint was assembled with the second substrate to
create a single-lap shear specimen with a 9.5 mm (0.37-inch) overlap. Assemblies were cured
in a fixture applying uniform pressure of 0.14 MPa (20 psi) using a calibrated pneumatic
press to ensure consistency. The cure cycle was conducted in an oven at 80 °C (176 °F) for
4 h, as per manufacturer recommendations for an elevated temperature cure.
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Figure 1. Single-lap shear specimen.
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Figure 2. Sample preparation process: (a) sandblasting equipment, (b) sandblast application, and
(c) sample cleaning with wipes. After preparing the rectangular prepreg coupons, MGS418 adhesive
is applied to join both coupons, and a (d) 25.4 mm (1-inch) holesaw is used to extract the substrate.

2.4. Mechanical Testing

Tensile lap shear tests were conducted on a calibrated 10 kN universal testing machine
following the general principles of ASTM D1002 [24] for guidance on test setup and
procedure, as shown in Figure 3. A constant crosshead displacement rate of 1.3 mm/min
was applied until joint failure. The peak lap shear load (in Newtons) was recorded as the
primary response.

2.5. Statistical Analysis

The experimental data was analyzed using Analysis of Variance (ANOVA) with a
significance level (x) of 0.010 to determine the statistical significance of main effects and
two-factor interactions.
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Figure 3. Lap shear testing of a bonded coupon specimen, as specified in the materials and method
section.

3. Results

The peak lap shear load for each of the 48 experimental runs was recorded (Table 1)
and analyzed. The ANOVA results are summarized in Table 2. The model F-value of 601.99
with p < 0.000 indicates that the model is highly significant.

Table 2. Analysis of Variance (ANOVA) for Bond Strength.

Source DF Adj SS Adj MS F-Value p-Value
Model 15 92,391,076 6,159,405 601.66 0
Linear 6 91,739,180 15,289,863 1493.55 0
Surface prep 1 1,432,830 1,432,830 139.96 0
Induction Time 1 90,178,901 90,178,901 8808.87 0
Humidity 1 70,681 70,681 6.9 0.013
Stirring 1 24,314 24,314 2.38 0.133
Temp 1 7734 7734 0.76 0.391
Mix ratio 1 24,719 24,719 241 0.13
2-Way Interactions 7 592,451 84,636 8.27 0
Surface prep * Induction Time 1 455,739 455,739 44.52 0
Surface prep * Humidity 1 13,333 13,333 1.3 0.262
Surface prep * Stirring 1 14,599 14,599 1.43 0.241
Surface prep * Temp 1 1338 1338 0.13 0.72
Surface prep * Mix ratio 1 1607 1607 0.16 0.695
Induction Time * Stirring 1 19,976 19,976 1.95 0.172
Induction Time * Mix ratio 1 85,859 85,859 8.39 0.007
3-Way Interactions 2 59,445 29,723 29 0.069
. . .
. StiSrurface prep * Induction Time 1 24,488 24,488 239 0132
. . .
) M.S“rfa.ce prep * Induction Time 34,957 34,957 341 0074
ix ratio
Error 32 327,593 10,237
Total 47 92,718,669

The * is defined as interaction.

e Factor B (Induction Time) exhibited the largest effect, with an F-value of 8808.87
(p < 0.000).

e  Factor A (Surface Preparation) was the second most significant effect, with an F-value
of 139.96 (p = 0.000).
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e  Factor C (Humidity) was marginally significant, with an F-value of 6.9 (p = 0.013).

All other factors were statistically insignificant (p > 0.10). The Pareto Chart (Figure 4)
clearly illustrates this hierarchy. The Main Effects Plot (Figure 5) illustrates the magnitude
and direction of each factor’s influence. Moving from the low to high level of Induction
Time produced the largest positive change in mean strength, while the same change for
Surface Preparation produced the second-largest positive change. Conversely, increasing
Humidity resulted in a negative change in mean strength.

Pareto Chart of the Standardized Effects
(response is Strength N, a = 0.005)

Term 301
1
B ‘ Factor Name
A A Surface prep
AB B Indu?tl'on Time
C Humidity
BF D Stirring
C \ E Temp
ABF : F Mix ratio
F 1
1
ABD :
1
0 1
BD :
AD :
AC :
1
E 1
AF :
AE |

0 10 20 30 40 50 60 70 80 90
Standardized Effect

Figure 4. Pareto Chart of the Standardized Effects. The chart confirms for main factors that only
Induction Time (B) and Surface Preparation (A) exceed the statistical significance threshold (« = 0.005,
dashed line).

Main Effects Plot for Strength N

Data Means
Surface prep Induction Time  Humidity Stirring Temp Mix ratio
4000
?

3500 /
) \‘"‘
2
E 3000 ,
2
%
2 2500 /
- ‘J‘ ."’\——n,,,,. .\‘77,,,. e ——© .,J—’l.
1 |
c /
© 2000 /
[ /
=

1500 /

/
/
1000 °

-1 1 -1 1 -1 1 -1 1 -1 1 -1 1
Figure 5. Main Effects Plot for Bond Strength.

Qualitative Failure Analysis

While force-displacement curves were not recorded during this DOE, a qualitative
analysis of the failure modes was performed, which strongly supports the quantitative data.
This analysis provides insight into the nature of the bond failure (e.g., brittle vs. ductile)
that complements the ultimate strength values.
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Specimens prepared with the sub-optimal 15 min induction time failed at very low
loads. These failures were characterized as adhesive (interfacial) failures in a brittle manner.
The low-viscosity adhesive was observed to have squeezed out of the joint under clamping
pressure, resulting in a starved joint incapable of effective stress transfer.

In contrast, specimens with the optimal 85 min induction time and mechanical surface
preparation failed at high loads. These failures were overwhelmingly cohesive, with
the failure occurring within the adhesive layer itself, leaving adhesive residue on both
substrates. This is the ideal failure mode, as it demonstrates the interfacial bond (adhesive-
to-substrate) is stronger than the intrinsic cohesive strength of the epoxy itself.

Substrates with low induction time are prone to amine blush due to premature expo-
sure of reactive amines to ambient moisture and CO,, resulting in surface contamination,
reduced cross-linking, and poor interfacial bonding, which leads to low lap shear testing re-
sults. In contrast, substrates with mid to high induction time undergo a longer pre-reaction
period that minimizes the risk of amine blush by allowing the reactive components to
partially cure before environmental exposure (Figure 6).

o —
\.

(a) Low Induction Time. Amine blush (b) Mid - High Induction Time., No Amine blush

Figure 6. Visual influence of induction time: (a) Substrates with low induction time (15 min) showing
amine blush contamination; (b) Substrates with optimal induction time showing clean surfaces and
cohesive failure residue.

Specimens prepared with only a solvent wipe (low-level prep), even with optimal
induction time, failed interfacial (adhesive failure), though at higher loads than the low-
induction-time group. This confirms the surface was not sufficiently activated for a
strong bond.

This qualitative assessment confirms the hierarchy identified by the ANOVA: optimal
bond strength is achieved only when (1) the rheology is correct (Induction Time) to ensure
a cohesive body of adhesive, and (2) the surface is active (Surface Prep) to ensure an
interfacial bond stronger than that cohesive body.

4. Discussion

The results of this study provide a clear, quantitative framework for controlling
the MGS L1418 bonding process. The statistical hierarchy Induction Time > Surface
Preparation > Humidity aligns with the fundamental chemical and physical principles
of adhesion but, critically, provides the quantitative data necessary for robust industrial
process design.

4.1. Dominant Effect of Induction Time on Rheology

The unequivocal dominance of induction time confirms that the rheological state of the
adhesive at application is the paramount process parameter. The catastrophic 74% strength
loss at the 15 min level is a classic symptom of rheological failure, as visualized in Figure 6.
At this short time, the epoxy-amine polyaddition reaction has not progressed sufficiently
to build molecular weight. The resulting low-viscosity adhesive is susceptible to being
squeezed out of the bond line, leading to starved joints. Furthermore, a less-advanced
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polymer network has lower intrinsic cohesive strength. The optimal 85 min induction time
allows the system to reach a more viscous, gel-like state that re-sists flow-out and ensures a
consistent bond line.

4.2. Critical Role of Surface Energetics and Mechanics

The 17% strength increase from mechanical abrasion underscores the non-negotiable
role of surface preparation. The solvent wipe-only surface, while clean, is a low-energy,
smooth substrate. The sandblasting process increases both the surface free energy and
the microscopic surface area. This enhances mechanical interlocking, a key mechanism
for adhesion, and provides a more favorable surface for adhesive wetting. The observed
shift in failure modes (described in Qualitative Failure Analysis section) from interfacial to
cohesive is direct evidence that surface preparation successfully created a bond interface
stronger than the adhesive itself.

4.3. Humidity as a Latent Defect Source

While only marginally significant (p = 0.013), the practical importance of humidity
control cannot be overstated. This aligns perfectly with the chemical mechanism of amine
blush, which acts as a latent defect. Figure 7 shows the FTIR spectrum of a sample from a
high-humidity run with low induction time; the peak at 1582 cm ™! confirms the presence
of ammonium carbamates (amine blush). Visual observation of a waxy film on these
failed specimens confirmed this. As shown in Figure 8, this blush was not detected in
samples with a high induction time, even in high humidity. While its effect might be
masked by a more dominant failure mode (like poor rheology), it remains a critical source
of inconsistency.

0.04 1609 1582 . 1507 1609

0.03

) A / \ /\ S \“,_‘\/ J\.

0.01

absorbance

=0.01

=-0.02
1800 1700 1600 1500 1400 1300 1200

Wavelength

Figure 7. Amine Blush detected in FTIR for samples with low induction time and 90% humidity. The
peak at 1582 cm~! relative to 1609 em ™! indicates blush. (Vertical axis: Absorbance; Horizontal axis:
Wavenumber, cm ™).

4.4. Implications for Process Control

The statistical insignificance of most two-factor interactions (Figure 9) is a powerful
outcome for industrial application. It implies that the process can be optimized by control-
ling each significant factor independently, without needing to account for complex coupled
effects. The robustness of the adhesive to minor variations in temperature, the mix ratio,
and stirring method simplifies the process by allowing control efforts to be focused where
they matter most.
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Figure 8. Amine Blush not detected in FTIR for samples with high induction time at 90% humidity.
The 1582 cm ™! peak is absent. (Vertical axis: Absorbance; Horizontal axis: Wavenumber, cm™1).

Interaction Plot for Strength N
Data Means

Surface

prep

e -1
— 1

4000

3500

3000

2500

2000

1500

Mean - Lap Shear strength (N)

1000

Induction Time

Figure 9. Interaction Plot for Induction Time and Surface Preparation. The near-parallel lines indicate
a lack of significant interaction.

5. Conclusions

This study successfully transitions the understanding of the MGS L418 bonding
process from qualitative guidelines to a quantitative, data-driven framework. The results
provide a statistically validated hierarchy for manufacturing control:

e  Primary Control: Induction Time must be rigorously controlled. The optimal window
(>85 min, as shown in Figure 10) allows for proper rheological development to prevent
joint starvation and ensure high cohesive strength.

e  Secondary Control: Surface Preparation Mechanical abrasion is essential to activate the
substrate and enable mechanical interlocking, providing a significant and consistent
strength benefit.

e  Tertiary Control: Ambient Humidity should be maintained below critical levels (<70%
RH) to prevent the formation of amine blush and ensure consistent interfacial quality.
By focusing control efforts on this hierarchy, manufacturers can define a robust pro-

cess window that minimizes variability and de-risks the production of safety-critical
composite assemblies.
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