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1. Introduction/Purpose

This report provides Frequently Asked Questions (FAQs) and responses as future
reference for the users of Military Performance Specification, MIL-PRF-32662
Adhesive, High-Loading Rate, for Structural and Armor Applications,! whose
purpose is to serve as an anticipatory guidance to discern potential low- and high-
ballistic performers with a minimal experimental entry barrier cost.

2. FAQs

2.1 Why the Single-Lap Joint?

ASTM D1002 Standard Test Method for Apparent Shear Strength of Single-Lap-
Joint Adhesively Bonded Metal Specimens by Tension Loading (Metal-To-Metal)?
was chosen for the following reasons:

1) ASTM DI1002 is a common adhesively bonded joint configuration in
academic research.” Single-lap joints with thin adherends can be prepared
with minimal assembly tolerance controls, such as using paperclips to
maintain bonding pressure, alignment, and overlap length.> Additionally,
analytical stress distribution modeling of the single-lap joint, bonded with
thin adherends, has been a continuous topic of academic interest since the
1930s.%?

2) ASTM D1002 is frequently referenced by adhesive formulators in the
technical datasheets (TDSs) for their products. Figure 1 shows a
representative example from the TDS for Loctite Hysol EA9309NA epoxy
paste adhesive, which has been characterized previously by US Army
Combat Capabilities Development Command (CCDC) Army Research
Laboratory (ARL).'°

*Google Scholar (accessed June 29, 2020) cites the thin-adherend single-lap joint ASTM D1002 4090
times versus 153 times for the thick-adherend version ASTM D3937.



Bond Strength Performance
Tensile Lap Shear Strength - tested peAdherends are aluminum as referenced and treated
VD3933.

with Phosphoric Acid Anodizing (PAA) per A
Typical Results
7075-T3 Alclad / PAA  2024-T3 Alclad / PAA
3 days @ 77°F/25°C 1 hour @ 180°F/82°C

Test Temperature, °F/°C psi MPa psi MPa
-67/-55 4,000 276 6700 46.2
7725 5,000 345 6100 421
180/82 600 4.1 1300 9.0

77/25 (Hot\Wet)

750 hours @ 160°F/71°C & 85% RH - 5700 39.3

Fig.1  Excerpt from commercial TDS reporting adhesive bonds strengths determined using
ASTM D1002 for guidance'!

ASTM D1002 is a demonstrated bonded joint configuration that is simple
to fabricate and test. Furthermore, ASTM D1002 has an established
historical precedence for both academic study and commercial vendor
strength reporting.

3) The history and rationale for the correlating single-lap-joint strength and
displacement at failure to ballistic damage tolerance requirements are
reported in ARL-SR-0371."2 The difficulties of adhesive bonding for armor
applications are described as follows:

« Experimental and modeling challenges: The loading conditions
experienced by ground combat vehicles during high-strain-

rate/high-stress (ballistic) events are complex. '3 22

« Variable high-loading-rate environments: Lightweight armor
configurations are constantly evolving as new threats are
encountered.” %

« Minimal linkages to academia and industry: Little information
pertaining to armor configurations in the open literature exists.

The point of this discussion is that actual live-fire ballistic range testing (Fig. 2,
left) of adhesively bonded armor assemblies is labor/testing facilities intensive and
costly. Yet, following postmortem analysis and analytical/computational modeling
of the ballistic response, the failure mechanisms of the adhesive can still remain
elusive and often display mixed-mode failure mechanisms.

In contrast, the single-lap joint, per ASTM D1002? (Fig. 2, right), is a universally
applied adhesive testing configuration that presents ease in experimental
accessibility. Qualitative trends emerge by coupling the strength and the
displacement at failure of the single-lap joint that are adequate in discerning both
undesirable and desirable mechanical response in relation to the ballistic damage
tolerance of the adhesive. It is statistically unknown if implementing a more



sophisticated experimental technique (hence prohibitive) to derive either truer
Mode I tensile or Mode II in-plane shear loading in the adhesive would translate to
improved predictions of ballistic damage tolerance.

Fig.2  (Left) Adhesively bonded armor assembly mounted at 60° obliquity to the incoming
projectile for live-fire ballistic testing. Note the viewer’s perspective is from behind the armor
target, which shows the patterning used to measure high-speed 3-D backface deformation via
digital image correlation. The armor package is rotated downward to direct fragment
ricochets toward the ground. (Right) The single-lap joint presents a simple and universally
recognized adhesive testing configuration.

2.2 What About Adherend Deformation in the Single-Lap Joint?

The single-lap joint, with standard ASTM D1002-specified 1.62-mm-thick
aluminum (Al) 2024 T3 adherends, is useful in discerning potential ballistic
damage tolerant adhesives in part because of the ductility/displacement
contribution of the Al 2024 substrate to the overall load displacement curve
generated during testing. Figure 3 shows a plot of maximum strength versus
displacement at complete failure for a variety of adhesives by the CCDC Army
Research Laboratory. Note that if the failure displacement were ignored, it would
be impossible to discern favorable Group I performers based only on strength.
Some adhesives that have demonstrated improved qualitative ballistic damage
tolerance properties have lower strengths than many of the more structurally
focused Group II adhesives. Increasing the adherend thickness decreases the
displacement at failure of the single-lap joint and increases apparent strength, which
will shift and compress the data presented in Fig. 3.3* Therefore, minimizing the
overall joint compliance will make discerning the Group I, II, and III categories
more difficult.
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Fig.3 ARL experimental population of adhesive groups based upon single-lap-joint

strength and failure displacement performance at room temperature (dry conditioning). The

90% bivariate normal density ellipses were calculated using JMP Statistical Discovery
14.2.0.3!

2.3 Can Adhesives Be Classified Using Displacement at
Maximum Load?

Figure 4 shows maximum strength plotted versus displacement at maximum load.
The data set comprises 573 points and shifts to the left by 0 to 4.53 mm (average
0.34 mm). The Group I outliers are still evident, but the other groups are
compressed to varying degrees. Regardless, as the qualifying data for MIL-PRF-
32662 is digitally captured, alternative representations are readily available.
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2.4 Are there Considerations for Measuring G,c and Gy?

MIL-PRF-32662 relies on ASTM D1002-based single-lap-joint testing to correlate
the holistic response of the bonded joint assembly to ballistic damage tolerance.
While the single-lap joint is experimentally simple to process and test, analysis of
the adhesive response is difficult due to shear-lag in the overlap region and its
resultant mixed-mode loading characteristics. The purpose of MIL-PRF-32662 is
to serve as an anticipatory>? guidance to discern potential low and high ballistic
performers with a minimal experimental entry barrier cost. Deriving the precise
mechanical properties of the adhesive is not the purpose of MIL-PRF-32662.

While MIL-PRF-32662 does not require rigorous Mode I or Mode II
characterization of the adhesive, following the specified test plan does provide
double-cantilever-beam (DCB) sample accessibility for determining these values.
Post machining of the bonded 300- x 350-mm 2024-T3 Al plates for Tier III crack
extension testing will yield 10 individual samples, as shown in Fig. 5, of which only
half are required. The five required samples are used for determining the Mode I
tensile strain energy release rate while undergoing stress corrosion cracking (Giscc)
at a constant loading tip displacement, as shown in Fig. 6.

The extra five samples are readily adaptable to variable static and cyclic loading
conditions per ASTM D34333* and ISO 15114* for determining Gic and Girc,
respectively. While not required, these measurements are certainly not discouraged.



Fig.5  Post machining of the bonded 300- x 350-mm 2024-T3 Al for Tier I1I crack extension
testing will yield 10 individual samples

Fig. 6 DCB specimen subjected to constant load tip displacement. This geometry
configuration is readily amendable to varied static and cyclic loading conditions needed to
rigorously determine the fracture toughness of the adhesive.

2.5 Why Is Displacement at Failure Used and How is it Defined?

A ballistic event near the protection limit of the bonded armor assembly will
without exception result in 100% failure of the adhesive. Any linear or nonlinear
strain energy absorption mechanism that the adhesive can sustain to this inevitable
100% load drop capacity is potentially beneficial in localizing the damage area.



Figure 7 shows the single-lap-joint load versus displacement response for a
polyurethane thermosetting adhesive that meets Group I performance at room
temperature. The displacements for yielding,
failure are 0.82, 1.40, and 4.16 mm, respectively. This sample failed by reaching a

failure displacement that exceeded the yield and maximum loading points by 407%

maximum load, and complete

and 197%, respectively. Bonded armor packages undergo complete failure in the
adhesive, thus the entire loading response of the single-lap joint is considered.
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Fig.7  Single-lap-joint load vs. displacement response for a polyurethane thermosetting
adhesive that meets Group I performance at room temperature

Displacement at failure is defined as the displacement where the samples carry no
load and the adherends have visibly separated. The incorporation of observing the
visible separation of the adherends is to verify failure in the event that data
collection frequency of the loading frame does not capture the load cell returning
to zero.

2.6 Is Crosshead Displacement Accurate Enough?

The inaccuracy of using direct crosshead displacement measurements for
determining strain (g) under certain conditions is known. Strain is defined as the
change in length under deformation loading of a sample in relation to its original
length. A material’s stiffness modulus (£) is calculated by taking the initial linear
slope from a plot of stress (o, force per unit cross-sectional area) versus strain.

Crosshead displacement on universal testing machines is generally very accurate,
as it is the loading frame and load string compliance that introduces error when



precise strain measurements are needed. Errors in strain calculations will be more
pronounced when taken at low crosshead displacements.

Figure 8 shows a typical dogbone sample used for measuring tensile properties. The
sample has been patterned with a marking pen to obtain high-resolution strain
measurements using digital image correlation (DIC), which eliminates strain
contributions due to the loading frame and load string compliance.

Fig.8  Tensile dogbone sample of a bulk thermosetting methacrylate adhesive to be tested
per ASTM D638-14%

Figure 9 shows the resultant stress versus strain curves for this adhesive with strain
determined using both DIC and taken directly from the crosshead displacement.
The contribution of the load frame and load string compliance to the “apparent”
decrease in the stiffness of the sample is obvious when using crosshead
displacement.

80

70

digital image correlation
crosshead displacement

€

Fig.9 Room-temperature tensile stress (¢) vs. strain (g) testing of a thermosetting
methacrylate adhesive showing strain determined from both DIC and crosshead displacement



Figure 10 shows the relative percentage error between the crosshead displacement
and strain measurements versus crosshead displacement. The error is significant at
low displacements, but decreases substantially at extensions greater than 4 mm.
Using the data from Fig. 9, the modulus decreases by 60% from 2.19 to 0.88 GPa
(at 2.5% strain) from the DIC to crosshead displacement measurements,
respectively. At high displacement, the failure strain increases by only 7.5% from

38.7% to 41.6% from the DIC to crosshead displacement measurements,
respectively.
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Fig. 10 Relative percentage error between the crosshead displacement and strain
measurements vs. crosshead displacement

For the single-lap joint, measuring strain to determine modulus at low crosshead
displacements is not relevant. However, error in the displacement measurements of
single-lap joints can occur by neglecting to correct for unloaded free play in the
load string during the initial displacement, as shown in Fig. 11.
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Fig. 11 Single-lap-joint mechanical response showing corrected and uncorrected load string
free play during the initial unloaded displacement

The load string shown in Fig. 11 is typical for measuring single-lap-joint
mechanical response. ARL has obtained similar single-lap-joint results for the same
adhesive tested independently by external organizations. If a similar load string is
used then the compliance contributions should be relatively equivalent. The
additional use of an extensometer adds more effort to the measurement where the
Group I outliers are already apparent from the less-complicated direct crosshead
displacement measurements.

Statistical analysis of 1,200 samples shows minimal disparity between load frames
for single-lap-joint measurements.>? This work used a combination of three loading
frames and five load cells, with each configuration having its own unique
calibration factor. Principal component analysis (PCA) showed that the mechanical
response of the single-lap joint is dominated by the adhesive type, surface
pretreatment, adherend thickness, and bondline thickness. No significant
correlation was found between either strength or displacement to failure with the
load string combination.

10



Multiple linear regression analysis, including application of the Boruta algorithm
method based on Random Forests, also confirmed the negligible influence of the
loading frame/load cell combinations.”

This data is available in the public domain at
https://materialsdata.nist.gov/handle/11256/594.

2.7 Why Is Low Temperature Testing Not Considered?

Table 1 shows single-lap-joint strengths for various adhesives measured by ARL at
room, low, and elevated temperatures. The strengths at low temperature either
remain within statistical error of the room-temperature values or increase. In
comparison, some strength values measured at elevated temperature decrease by
statistically significant amounts.

Table 1 Single-lap-joint strengths for various adhesives measured by ARL at room, low,*’
and elevated’® temperatures

Strength (MPa) Strength (MPa) Strength (MPa)

Adhesive RT 51 °C 60 °C
Film epoxy 276+14 283+19 23.6=+1.1
Paste epoxy 233+3.0 20.0+2.2 2.8+0.6
Methacrylate 10.7+£0.9 28.3+1.0 52+03
Thermoplastic polyurethane 9.8+1.0 0.27+0.03
Thermoplastic polyurethane 7.5+£04 172+ 1.3 0.26 £ 0.05
Thermosetting polyurethane 11.7+0.4 242+1.2 6.6+0.3
Silicone 23+1.0 20+02
Silicone 28+04 40+0.3 26+02

From an experimentalist’s perspective, cooling a load frame to —51 °C is much
more difficult than heating to 60 °C. At 60 °C, the thermal losses of the load string
are easily compensated by the power output of the oven chamber. In contrast, at
=51 °C, a liquid nitrogen cooling jacket and auxiliary chiller are pushed nearly to
the limit by the thermal losses of the load string. An experimentalist’s estimate is
that the level of difficulty in obtaining low temperature test results increases by a
factor of 3 in comparison to measuring elevated-temperature response.

*Multiple linear regression was performed by the Data Science Research Group at Worcester Polytechnic
Institute, supported by US Army, ACC-APG- RTP, Cooperative Agreement W911NF-19-2-0112 in
partnership with ARL.
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2.8 Would Low-Temperature Characterization Correlate to
High-Strain-Rate Responses?

Interpreting high-strain-rate adhesive failure mechanisms in bonded armor
assemblies is difficult and subjective. The mode of failure in the adhesive often
changes between room- and low-temperature testing, with similar changes
sometimes apparent at ballistic strain rates. However, the adhesive failure
mechanisms in the bonded armor assemblies are also certainly partially driven by
complex mixed loading conditions as well as the failure mechanisms of the bonded
substrates.

The intricate challenges in correlating low-temperature performance to both static
and dynamic failure mechanisms are mirrored extensively in academic peer
reviewed literature.**> As previously stated, the purpose of this specification is to
serve as an anticipatory guidance to discern potential low- and high-ballistic
performers with a minimal experimental entry barrier cost. Low-temperature
testing, without a clear correlation path toward ballistic performance, adds a
significant experimental testing burden where it is reasonably safe to assume that
the static loading capacity of the adhesive will remain acceptable.

2.9 MIL-PRF-32662 Does Not Currently Require Low-
Temperature Testing. Are there Conditions Where It Would Be
Considered?

As data is acquired under operating conditions in the field, federated learning
techniques adapted from constrained edge computing will be able to use this data
on an ongoing basis to provide continuously improving insights into adhesive
performance.’® These same techniques will be able to utilize more experimentally
taxing characterization techniques if and when they become available. Just as
current good manufacturing practices are important to providing safe, cost-
effective, and performant products (e.g., in the pharma industry®’) the dynamic
inclusion of the entire knowledge base at a given point in time is both critical and
informative for specification qualification.

2.10 Why Are the Processing Descriptions So Vague?

Section 4.5.4.6 Application life of MIL-PRF-32662 intentionally encompasses a
broad range of possible interpretations. Adhesives are available in film,
I-component paste, 2-component paste, solvent cast, hot melt, pressure sensitive,
and spray forms. The number of processing variations available for bonded ground
vehicle armor assemblies are beyond the scope of this performance specification.
However, flat-panel bonded armors for ground vehicles can present a significant

12



challenge due to their relatively large surface areas and often complex multiple step
assembly sequences. For example, Fig. 12 shows the manual application of a

2-component paste adhesive to an approximately 1.5- x 1.5-m section of rolled
homogeneous armor (RHA) steel.

Fig. 12 Application of a 2-component paste adhesive to a section of RHA steel. Note: The
RHA steel was grit blasted and pretreated with a commercially available non-chromate wash-
primer prior to bonding per TT-C-490G.

Likewise, Sections 3.5.1.1 Viscosity, 3.5.1.2 Pot life/Open time, 3.5.1.3 Sag and
Bridging, 3.5.1.4 Curing pressure, and 3.5.1.5 Curing time and temperature are
also deliberately written to encompass a broad range of possible processing
conditions. However, these minimally constrained adhesive and processing
requirements must converge to successfully meet Section 4.5.4.4 Tier I1l: Crack
extension test requirements, which calls for bonding two 300- x 350-mm 2024-T3
Al plates. These plate dimensions are adequate to screen processing suitability for
larger bonded armor assemblies. Passing Section 4.5.4.4 Tier Ill: Crack extension
test requirements necessitates high quality with respect to the absence of voiding,
consistent bondline thickness, and full adhesive cure, which is the embodiment of
the product characteristics called-out in MIL-PRF-32662. An example of
processing a bonded set of Tier III: Crack extension test plates is shown in
Figs. 13-16.

13



Fig. 13 Representative example of the manual application of a 1-component paste adhesive
to 300- x 350-mm 2024-T3 Al plates for required for the Tier III: Crack extension test

Fig. 14 Representative example of the manual spreading of a 1-component paste adhesive
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Fig. 15 Sandwiching the two 300- X 350-mm 2024-T3 Al plates together prior to curing the
adhesive

Fig. 16 Curing the two 300- x 350-mm 2024-T3 Al plates together under vacuum pressure
at elevated temperature
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2.11 Why Is the Test Method for Sag and Bridging Not
Specified?

Inadequate thixotropic static flow characteristics will result in excessive bondline
voiding and/or thickness inconsistencies, which will reduce the probability of
passing the Section 4.5.4.4 Tier I1I: Crack extension test requirements.

2.12 Can Examples of Conditioning in Hot Water or at Elevated
Temperature Be Shown?

Figure 17 shows an experimental setup for meeting MIL-PRF-32662 4.5.4.2 Tier
1I: Single-lap-joint hot/wet strength retention test requirements. The tensile shear
test shall be in accordance with Section 4.5.4.1 after submersion of lap-joint
specimens in a water immersion tank for 14 days at a constant temperature of
63 + 3 °C (145 £ 5 °F). At the completion of the conditioning, specimens will be
pat-dried and tested no later than 30 min after being removed from the water

immersion tank.

Fig. 17 Alternate elevated temperature/water immersion conditioning test for lap-joint test
specimens using the test tubes and convection oven method. From ARL-SR-0356.%°

Section 4.5.4.3 Tier II — Part 2: Single-lap-joint elevated temperature strength
retention test, requires for the shear strength measurement to be taken at
71 °C £ 3 °C. A common practice would be to condition the test samples for 45
min, while loaded in the testing grips, in the test frame oven, as shown in Fig. 18.
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The document formatting for this performance specification describes the sample
conditioning and testing procedures in different sections. It is implied that the
elevated temperature conditioning would occur in the test grips while mounted in
the loading frame.

Test
Specimen

Fig. 18 Samples undergoing elevated temperature testing at 71 °C £ 3 °C (160 °C =+ 5 °F),
with the chamber door opened (left) and closed (right). Thermocouple (TC) is also shown.
From ARL-SR-0356.%

2.13 Are Groups ll, Ill, and IV Relevant?

Group I represents a challenging performance region, with potentially enhanced
ballistic damage tolerance in some bonded armor configurations, which is not easily
obtainable by current commercial products. Group II, III, and IV adhesives also
have utility in other armor configurations. This standard provides a test
methodology to rapidly analyze Group II, I1I, and IV adhesives for potential service
life issues.

Figure 19 shows an adhesive bonding failure at a ceramic—composite interface that
presented issues after several years of field service. ARL was able to replicate the
service failure within 24 h of Tier II hot/wet testing, per Section 4.5.4.2. This
specification provides a rapid screening approach to minimize future service life
issues where a Group II, III, or IV adhesive is selected for bonding in an armor
configuration.
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Fig. 19 Adhesive failure at the ceramic—composite interface due to ambient environmental
exposure

3. Conclusion

This report provides FAQs and responses as future reference for the users of
MIL-PRF-32662 Adhesive, High-Loading Rate, for Structural and Armor
Applications,! whose purpose is to serve as an anticipatory guidance to discern
potential low- and high-ballistic performers with a minimal experimental entry
barrier cost. The approaches taken in MIL-PRF-32662 are non-traditional from
standard practice, therefore end users are encouraged to contact the authors for
discussion and suggestions.
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List of Symbols, Abbreviations, and Acronyms

3-D three-dimensional

Al aluminum

ARL US Army Research Laboratory

ASTM ASTM International, formerly known as the American Society for
Testing and Materials

DCB double cantilever beam

dfailure displacement at complete failure

DIC digital image correlation

dmax load displacement at maximum load

€ strain

E modulus

Gic Mode I critical strain energy release rate

Guc Mode II critical strain energy release rate

Giscc Mode I tensile strain energy release rate while undergoing stress

corrosion cracking

ISO International Organization for Standardization
PCA principle component analysis

Prmax maximum load

PRF performance

RHA rolled homogeneous armor

RT room temperature

o stress

TDS technical datasheet
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