Bonding to Bulk Metallic Glass using Aerospace-Grade Structural Adhesive
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ABSTRACT
Bulk metallic glasses (BMGs) are non-crystalline metals with growing applications in aerospace.
Due to their amorphous nature, BMGs generally exhibit stronger mechanical properties than most
crystalline alloys and are more corrosion resistant. The limited reactivity of a corrosion resistant
surface may explain the difficulty in establishing robust bonds to certain adhesives, especially
commonly used structural adhesives for aerospace applications. Here, an amine cured aerospace
adhesive was used for bonding an iron-nickel based BMG satellite component. Various types of
processes were explored to avoid adhesive failure and increase bond strength. It was found that
the BMG required specific chemical derivatization of the metal surface in order to achieve
cohesive failure. Surface analysis was used to determine the mechanisms of adhesion
enhancement. The process was optimized to maximize bond strength. This work helps explain the
difficulties in bonding BMG materials and provides strategies for design of future bonded BMG
components.
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INTRODUCTION
The ability to directly image earth-like planets in neighboring solar systems is limited by glare of
stars washing out the signal from orbiting planets. This glare must be suppressed in order to image
planets capable of supporting life. NASA Jet Propulsion Lab’s Starshade project aims to use a
large (20-30 m diameter) shade to block out the light of a star and enable an orbiting space
telescope to image surrounding planets. The shape of Starshade is precisely controlled to minimize
glare caused by both diffraction of starlight as well as scatter of solar light along its perimeter [1].
The edges of the Starshade must also be robust to fracture and plastic deformation, and be able to
withstand cold temperatures, radiation, and other conditions experienced in space. Amorphous
metals are highly resistant to corrosion and have mechanical properties fitting for this application
[2,3]. Due to the lack of grain boundaries inherent in amorphous metals, the material can be
precisely chemically etched and meet strict micron level precision requirements [4].
However, bondline failures have been observed when adhering the amorphous metal foil to a
carbon fiber substrate [5]. Poor adhesion is defined as interfacial failure between the substrate and
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the adhesive, also called adhesive failure. Good adhesion is defined as cohesive failure, or failure
within the adhesive so that adhesive can be observed on both sides of the failed bond. There are
several aerospace-grade structural adhesive epoxies commonly used for similar applications, such
as LOCTITE® EA 9394, that exhibit good adhesion for most substrates. However, it has been
found that EA 9394 exhibits poor adhesion to amorphous metal. Cleanliness, surface treatments,
roughness, metallurgical/surface composition, crystallinity, silane primer coatings, and an
alternative adhesive were used to investigate the cause of poor adhesion between EA 9394 and
JPL’s amorphous metal used for the Starshade project.

EXPERIMENTATION
2.1 Materials
Amorphous metal (AM) foil was purchased from Metglas (ferrous-based, zirconium-based, and
titanium-based; 0.0381 mm thick) and spring steel (0.0508 mm thick) was purchased from
McMaster Carr. Bonds to aluminum coupons were made using LOCTITE® EA 9394 epoxy
adhesive and ZAP brand Zap-A-Gap PT-02 cyanoacrylate glue. Silane primers included 3aminopropyltriethoxsilane and n-2-aminotheyl-3-aminopropyltrimethoxysilane, purchased from
Gelest. Water (HPLC grade), methanol (≥99.6%), acetone (ACS grade, ≥99.5%), isopropanol
(ACS grade, ≥99.5%), and ethanol (ACS grade, ≥99.5%) were purchased from Sigma Aldrich.
2.2 Methods
2.2.1 Amorphous Metal and Spring Steel Foils Surface Preparation
Several methods were pursued to prepare the AM and spring steel foils for bonding. AM foils were
treated using solvent cleaning, plasma treatment, grit blasting, silane primer, and/or crystallineinducing temperatures. Spring steel was treated only with silane primer after solvent cleaning. All
surfaces were characterized using water contact angle (WCA) before treatment to track
homogeneity of surface cleanliness.
2.2.2 Bonding Peel Test Specimens
Peel test specimens were assembled by first preparing the foils with the appropriate treatment
(described in Section 2.2.1 above and Table 1). Aluminum coupons were cleaned with 4
unidirectional wipes of acetone followed by 4 uniaxial wipes of ethanol or isopropanol, with a
final abrasion step using stearate-free 180-grit sandpaper on a pneumatic hand sander. Aluminum
coupons were monitored with WCA to ensure a strong adhesive-aluminum bond. WCA was 25°
or lower on coupons before bonding. Adhesive was then applied to the aluminum coupon. EA
9394 was spread using a wooden stir stick while the cyanoacrylate adhesive wet out the surface of
the coupon without any additional mechanical spreading techniques. The aluminum coupon was
then pressed onto the prepared AM or spring steel surface until squeeze-out (adhesive) appeared
on all sides. Squeeze-out was removed using the edge of a razor blade. Approximately 100 grams
of mass was applied to the specimens to prevent void formation during curing. Specimens bonded
using EA 9394 were cured at 45 °C for 2 hours and specimens bonded with cyanoacrylate adhesive
were cured at room temperature overnight.
Table 1. Treatment and Adhesive Systems for Bonding Peel Specimens
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Foil Material
Fe-based AM

Adhesive
EA 9394 epoxy

Cyanoacrylate
Zr- and Ti-based AM

EA 9394

Spring Steel

EA 9394

Treatment
Solvent cleaning (acetone and isopropanol)
Plasma treatment
Grit-blasting
Induced crystallinity (annealed between 400-800 °C)
Silane (primary amine and secondary amine types)
Solvent cleaning (acetone and ethanol)
Plasma treatment
Solvent Cleaning
Plasma treatment
Plasma treatment
Silane (secondary amine type only)

2.2.3 Qualitative Peel Tests
Peel tests were performed qualitatively since orders of magnitude differences were necessary for
the application and the importance of failure mode is greater than overall peel strength. Differences
between small and large amounts of force required was recorded along with failure mode. A
cohesive failure mode (failure within the adhesive rather than the substrate-adhesive interface) was
considered ideal, as this indicates that the weakest part of the bond lies within the adhesive rather
than the interface.
2.2.4 Equipment
Water contact angle was measured using a Surface Analyst 3001. Fourier Transform Infrared
Spectroscopy was conducted using a Thermoscientific Nicolet with a grazing angle reflection
accessory (Harrick Scientific). Plasma treatment was performed using a PlasmaTreat OpenairPlasma system with a rotating nozzle. X-ray photoelectron spectroscopy (XPS) was performed
using Service Physics SSX-100 ESCA with an aluminum anode and 800 µm spot size. Gritblasting was performed using filtered compressed air and 220 µm aluminum oxide media.

RESULTS
3.1 Adhesive Performance of Solvent Cleaned, Plasma Treated, and Grit-Blasted Fe-AM
Foil
Because poor or inconsistent adhesion is frequently due to surface contaminants, the cleanliness
of the Fe-AM foil was investigated first. WCA, FTIR-RAIRS, and XPS were used to determine
whether any chemical species known to interfere with adhesion could be identified on the surface.
3.1.1 Water contact angle
Because water contact angle is sensitive to monomolecular levels of contaminants, it is a
convenient indicator of surface cleanliness. WCA was measured on as received samples, after
solvent cleaning, after plasma treatment, and after grit-blasting. Plasma treatment will both clean
the surface of small amounts of residual organics and dehydrate the oxide. In addition to removal
of organic contaminants, grit blasting will remove pre-existing oxide, providing a thin, rough,
native oxide for bonding.
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Figure 1 shows the water contact angle response of the surfaces to treatment. Solvent cleaning
with IPA and acetone did not significantly change the WCA, indicating that the as received
surfaces were relatively clean, and that the contaminants were not readily removable by solvent
wiping. Plasma treatment decreased the WCA to about 10° and grit blasting decreased the WCA
to 5°, indicating an increase in the number of active polar groups, most likely -OH.
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Figure 1. Water contact angle of Fe-AM as received, after solvent cleaning, after plasma
treatment, and after grit-blasting. Error bars represent standard deviation.
3.1.2 FTIR-RAIRS Analysis
Fourier transform reflection-absorption infrared spectroscopy (FTIR-RAIRS) is sensitive to
monolayer levels of organic molecules on metal surfaces. Spectra (Figure 2) of as received Fe-AM
foils show no measurable amount of contamination on the surface of the foils unless intentionally
contaminated, for example by a fingerprint. In this case, small peaks associated with hydrocarbons
appear near 2900 cm-1.
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Figure 2. FTIR-RAIRS spectra of Fe-AM.
3.1.3 Adhesive Performance of Clean, Plasma Treated, and Grit-Blasted Fe-AM Foils
After cleaning, plasma treatment, or grit blasting, Fe-AM foils were bonded using EA 9394, cured,
and peeled. All samples exhibited complete interfacial failure at the foil-epoxy bond, meaning no
epoxy remained on the foil surface after peeling. Figure 3 shows a representative image of the
failed samples as well as a grit-blasted surface. It can be observed that the texture of the foil has
been imprinted on the epoxy, thus the epoxy wetted to the surface of the foil, however a strong
bond failed to form.
3.1.4 XPS Analysis of Failed Surfaces
In order to better understand the cause of poor failure mode of the epoxy-AM bond, as received
and failed foils were analyzed in XPS to determine whether any contamination was present that
was not measurable in FTIR and whether a non-visible layer of epoxy remained on the surface of
a failed foil. Resulting atomic compositions are given in Figure 4.
Carbon and oxygen were present in amounts consistent with a metal surface exposed to
atmosphere, for both as received and failed foil surfaces. Other elements besides nitrogen are
present in amounts similar to values expected based on the composition of the foil given by the
manufacturer. Nitrogen should not be present on the surface of a clean foil. However, a relatively
large amount of nitrogen (8% of the surface elements) is present on the foil side of the failure
surface. This indicates that a residue from the epoxy remains on the foil after being bonded and
peeled.

DOI: (Will be added by SAMPE)

A

C

B
Figure 3. Representative image of A) an interfacially failed peel test using EA 9394 and cleaned
Fe-AM foil. A grit-blasted Fe-AM foil (B) and associated peel test (C) are also shown.
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Figure 4. Atomic composition of the surface of as received Fe-AM and the Fe-AM failure
surface via XPS analysis. Each bar represents the average of three location, error bars
representing the standard deviation.
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Like many other structural epoxy adhesives, EA 9394 uses an amine driven mechanism to cure the
epoxy [6,7] Based on an estimate of the stoichiometry of DGEBA/amine reactions, the expected
atomic % of nitrogen in the cured epoxy is approximately 2%. A large excess of nitrogen on the
surface indicates that uncured amines have segregated to the foil surface. As boron is known to
complex with amines, a theory is that the nitrogen interacts with boron groups on the surface
causing it to preferentially adsorb to the surface. This would remove curing agent from the nearsurface regions of the adhesive and prevent full curing. To test whether boron was interfering with
the near-surface epoxy curing reaction, foils that did not contain boron were explored.
3.2 Adhesive Performance using Zr- and Ti-based AM Foils
Zirconium- and titanium-based foils used did not contain boron, according to the manufacturer.
Foil samples were bonded as received, after solvent wiping, and after plasma treating. Fe-AM and
food-grade aluminum foil were used to compare failure modes and peel strength.
Images of the failure mode are given in Figure 5. Failure mode for all samples appeared to be
interfacial and peel strength was similarly low compared with the Fe-based foil. Aluminum foil
also failed interfacially, however a little more force was needed for peeling compared with the AM
foils. This suggests that boron at the surface is not interfering with epoxy curing and it is not the
composition of the amorphous metal that is causing poor adhesion to EA 9394. The composition
of the adhesive was explored next.
3.3 Adhesive Performance of Cyanoacrylate Adhesive
Cyanoacrylate adhesives can be strong, however they do not use amine chemistry to cure. While
the application of the AM prevents the final use of cyanoacrylates in the field, this proof-of-concept
experiment was meant to determine if other families of adhesives are able to bond to the AM foils.
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Solvent Wiped

Ti-Based

As Received
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Figure 5. Peel tests of as received, solvent wiped, or plasma treated Zr- and Ti-based amorphous
metal foils. Fe-based AM and aluminum foil also represented as control samples.
Cyanoacrylate was used to bond clean and plasma treated Fe-AM foil. Images of failure mode are
provided in Figure 6. Cohesive failure was achieved, with adhesive remaining on both the foil and
aluminum substrate. A significant amount of force was required to peel the foil from the coupon
compared with EA 9394. Samples that were not plasma treated showed better adhesive
performance than plasma treated samples. It is likely that plasma dehydrated the surface, and
cyanoacrylates require some humidity to cure.
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Figure 6. Peel test of A) solvent cleaned and B) plasma treated Fe-AM foil using cyanoacrylate
adhesive.
3.4 Adhesive Performance of Crystallinity-induced Fe-AM Foil
Surface cleanliness and metallurgical composition of the surface do not increase adhesion
performance. It has been shown that crystallographic orientation can change wettability of liquids
on a surface [8]. This can be attributed to active groups available on a surface based on the crystal
orientation. However, it was postulated that because there are no crystalline grain boundaries for
the epoxy to bind to, perhaps the lack of crystallinity is causing too few attachment points to
achieve a good bond. It was attempted to induce crystallinity in the foils to determine whether this
was the cause of poor adhesion. Foils were annealed at 400 (10 or 30 min), 600 (10 or 30 min), or
800 °C (3 hrs, then left in oven as it cooled overnight).
Figure 7 shows surfaces of the foils after recrystallization. No visual changes to the surface was
observed for foils annealed at 400 °C. A color change on samples annealing at 600 °C indicate that
an oxide layer may have formed. The foil annealed at 800 °C showed heavy oxidation (rust), of
which some was able to be removed with careful abrasion before bonding.
Bonded samples behaved differently depending on the temperature of annealing. Samples
annealed at 400 °C peeled easily and interfacially, in a manner similar to untreated AM. Samples
annealed at 600 °C took some force to peel away from the epoxy, however became quite brittle
and the foil would break apart in small sections. The colored coating that had formed on the foil
was removed with the epoxy, indicating a weakly bound oxide layer had formed during annealing
that did not improve adhesion. The sample annealed at 800 °C showed improved adhesion,
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including some cohesive failure and additional strength to peel. However, the physical changes to
the foil are not conducive for the optical properties needed for the Starshade application.
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Figure 7. A) 400 °C for 10 min; no visual changes in surface, no increased adhesion, B) 600 °C,
30 min; spots are from water contact angle (removed color), C) and D) 800 °C, 3 hrs, before and
after rust removal, E) 600 °C, 30 min; brittle failure of the foil, oxide remains on epoxy, F) 800
°C, 3 hrs; failure of the foil, oxide remains on epoxy, some epoxy remains on foil.
3.5 Adhesive Performance of Silane-primed Foils
Using a conversion coating on the surface to increase chemical bonds to the adhesive were
explored using silane primers. 3-aminopropyltriethoxsilane (contains a primary amine) and n-2aminotheyl-3-aminopropyltrimethoxysilane (contains both primary and secondary amines) were
used to explore changes in adhesion. Figure 8 shows silane coatings on foils.
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Figure 8. Silane coatings on Fe-AM foils that produced the best adhesion performance. A) aircured diamine silane coating, B) oven-cured diamine silane coating, and C) air-cured primary
amine silane coating. Note: the white spot on the air-cured primary amine sample is a glare, not
due to the silane coating.
Various conditions were used to achieve increased crosslinking and thickness of the silane layer.
FTIR-RAIRS was used to track amount of crosslinking, based on Si-O-Si peak frequency shift,
and thickness of silane layer, based on area under the peak. Figure 9 shows some of this data, and
marks which conditions (amount of crosslinking and layer thickness) produced the best adhesion
performance. Adhesion performance ranged from no change in adhesion performance to large
amounts of cohesive failure and increased strength (Figure 10) immediately after normal curing
procedures. It is interesting to note that several weeks after the bond was initially peeled, the
cohesive failure mode changed into adhesive failure mode. Figure 10 also shows a sample that was
partially peeled immediately after bonding, then four weeks later was peeled fully. This implies
that the cohesive failure mode may have been caused by the silane layer interfering with the ability
of the epoxy to cure at the surface, increasing the time to achieve a full cure.
With some conditions of creating the silane layer, it was observed that a layer of tacky material
was present between the epoxy and the foil. When peeled, this layer could be heard audibly desticking to the surface. When pressed back to the surface, the tackiness remained and the foil
regained some adhesion to the epoxy surface. Figure 11 provides images of the tacky layer, seen
moderately on the Fe-AM foil, and a much thicker layer on spring steel. Some tackiness remained
at least 10 days after initial cure, although strength may have decreased slightly.
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Figure 9. Peak frequency compared with area of the peak of cured silane layer on foils using
FTIR-RAIRS. Solid vertical lines represent average peak frequency of samples giving best
(green) and worst (blue) adhesion performance. Shaded areas, bound by dotted lines, represent
the standard deviation around the average. The circled green square is the sample that showed
the most cohesive failure and required the most strength to peel.
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Figure 10. A) Air-cured diamine silane coating, B) oven-cured diamine silane coating, C) Aircured primary amine silane coating, D) as received AM failure surfaces, E) oven-cured diamine
silane coating failure surface immediately after curing and 4 weeks after curing.
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Figure 11. Pressure sensitive adhesive effect can be visualized by tacky layer between epoxy and
foil surfaces, observed as polymeric bridges between the surfaces. A) No PSA effect can be
visualized on amorphous metal with no silane coating. B) A moderate PSA effect can be
visualized by a thin tacky layer when a moderate amount of silane is used on amorphous metal.
C) Large PSA effect can be seen with a thick tacky layer when a large amount of silane is used
on spring steel.

DISCUSSION
Amorphous metal foil is to be used for the Jet Propulsion Lab’s Starshade project to provide an
optically precise edge that will be resistant to fracture, plastic deformation, and corrosion in space
applications. The foil is bonded to support structures using EA 9394 epoxy, a well-characterized
structural adhesive commonly used in aerospace applications. However, only poor adhesion
performance of this bond during peel tests has been achieved. To explore the cause of poor
adhesion, several factors were explored.
Cleaning, plasma treatment, and grit-blasting a surface are often used to create chemically active
surfaces that adhere readily and achieve good adhesive performance, which is characterized by a
cohesive failure mode (adhesive presence homogenously found on both failure surfaces, high
strength required for failure). However, these factors did not improve adhesive performance on the
amorphous metal foil, characterized by adhesive failure (failure at the interface, adhesive on only
one of the failure surfaces, low strength required for failure).
Metallurgical composition of the foils was explored by choosing foil that did not contain boron,
which was though to be interfering with a full epoxy cure. Foil crystallinity was also considered.
Annealing the foils at high temperatures to induce crystallinity created weak oxide layers,
embrittled the foils, and did not improve adhesion performance.
Converting the surface chemistry of the foils by using silane primers improve adhesion initially
after curing the epoxy, however this improved performance is lost over several weeks. These silane
films were very thick (as evidenced by their visual appearance). Interpenetration of the epoxy with
these films would change the stoichiometry of the adhesive in the near-interface regions,
potentially interfering with epoxy curing. This undercured zone remains tacky after the standard
curing cycle, and shows long-range deformation during peel, similar to a pressure sensitive
adhesive. After aging, curing progresses to the point where the ability of this interpenetrated silaneepoxy zone no longer shows long range deformation, and any adhesion improvement due to this
effect is lost. The cyanoacrylate adhesive that was investigated showed significantly improve
adhesion over the epoxy, and this bond strength remains after at least 4 weeks.
Cleanliness, hydroxyl groups on the surface, roughness, metallurgy, and surface chemistry do not
appear to improve adhesion after the epoxy has fully cured. In instances where adhesion was
improved, the adhesive at the interface did not provide the stiff, high-yield strength structural
adhesive properties normally attributed to EA 9394, due to either not being fully cured at the
interface or because of a different adhesive with a lower yield strength being used. Improved
adhesion was present when the adhesive could plastically deform. This implies that poor adhesion
between the amorphous metal and EA 9394 is more likely to be caused by mechanical stresses at
the failure point rather than being due to chemical adhesion at the interface.
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Adhesion between two surfaces is governed by Equation 1, where G is the toughness of an
adhesive joint (energy/unit area), WA is the work of adhesion (related to surface energy), and φ(ν,T)
is the viscoelastic deformation energy, which is dependent on the viscoelasticity of the material at
a specific temperature [9].
𝐺 = 𝑊! (1 + 𝜑(𝑣, 𝑇))

[1]

PSAs exhibit very large viscoelasticity energy dissipation compared with structural adhesives. In
this case, φ(ν,T) can be thousands of times greater than in structural adhesives, and WA becomes
less important. This explains why PSA tape can stick to many surfaces, including “non-stick”
materials such as polytetrafluoroethylene, without heavy cleaning or surface treatment, since
surface cleanliness and treatments are less important. The viscosity of the PSA enables the force
from the peel test to be distributed across a large volume of adhesive, thus increasing the force
required to fail the bond [9].
Structural adhesives require high yield strengths and high moduli. These requirements severely
limit φ(ν,T). For these systems, adhesion depends much more on WA than φ(ν,T). WA is highly
dependent on clean surfaces and surface treatments to ensure a high surface energy [9].
Peel tests concentrate applied load into a very small area. If the adhesive is incapable of long-range
plastic deformation and the substrate is a high-yield material, strength will be low. If the substrate
being peeled has a low yield strength, the energy distribution from the peel force can be dispersed
into the substrate rather than the bond and the peel strength will increase [10]. However, if the
substrate being peeled has a high yield strength, all the energy from the peel test goes into breaking
the bond.
The behavior exhibited by the heavy silane treatment is similar to that observed by a pressure
sensitive adhesive (PSA). While the application of bonding epoxy to AM for space applications
may not warrant using a viscosity- and temperature-dependent PSA effect, it provides a deeper
understanding into why an epoxy does not bond well to an AM.

CONCLUSIONS
Amorphous metal foil used for the JPL Starshade project does not bond well to the aerospace
epoxy EA 9394. Cleanliness, surface treatment, roughness, metallurgical composition,
crystallinity, silane primers, and cyanoacrylate adhesives were explored to increase adhesive
performance. It was found that increased adhesion occurred when the adhesive yield strength was
lower than fully cured EA 9394, indicating that mechanical stresses rather than chemical
composition of the surface is the most likely cause to poor adhesion.
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