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FOREWORD

1. This specification is approved for use by the Department of the Army and DLA and is available
for use by all Departments and Agencies of the Department of Defense.

2. The purpose of this standard provide acceptance criteria for adhesives to be used for bonding
applications in ground vehicle platforms subjected to high-loading rate impact events. The adhesives
will be screened for potential usage over a very broad performance spectrum to provide Army
engineers, scientists, and researchers with the direction needed to meet operational priorities in a
timely manner. Any deviation from the process details must be justified, fully documented, and
submitted to the governing authority.

3. This standard will provide guidance for performance-based evaluation and grouping priority
assignments/categorization of adhesives for high-loading-rate applications relevant to U.S. Army
needs. All personnel working on adhesive development, fabrication, testing, characterizing, and
evaluating adhesives for bonding applications will benefit from this test method standard. The
objective is to reduce the certification time for new materials. Rationale and history for this Standard
is documented in ARL-SR-0371 (Adhesives: Test Method, Group Assignment, and Categorization
Guide for High-Loading-Rate Applications — History and Rationale).

4. Comments, suggestions, or questions on this document should be addressed to: Director, U.S.
Army Research Laboratory, Weapons and Materials Research Directorate, Specifications and
Standards Office, Attn: RDRL-WMM-C, Aberdeen Proving Ground, MD 21005-5069. Since
contact information can change, you may want to verify the currency of this address information
using the ASSIST Online database at https://assist.dla.mil/.
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1. SCOPE

1.1 Purpose. The purpose of this standard is to develop a test method that will assist in the
evaluation and priority assignment of candidate adhesives for high-loading rate applications. It will
provide minimal acceptance criteria for adhesives to be used on ground vehicle platforms for high-
loading rate applications. The adhesives will be screened for potential usage over a very broad
performance spectrum to provide Army engineers, scientists, and researchers with the direction
needed to meet operational priorities in a timely manner. Any deviation from the process details must
be justified, fully documented, and submitted to the governing authority.

1.2 Scope. This test method standard will provide the guidelines for assessing adhesives in
the laboratory. All researchers performing adhesives development and evaluation work in the
laboratory must follow the procedures outlined herein.

2. APPLICABLE DOCUMENTS

2.1 General. The documents listed in this section are specified in sections 3 and 4 of this
specification. This section does not include documents cited in other sections of this specification or
recommended for additional information or as examples. While every effort has been made to ensure
the completeness of this list, document users are cautioned that they must meet all specified
requirements of documents cited in sections 3 and 4 of this specification, whether or not they are
listed.

2.2 Government documents.

2.2.1 Specifications, standards, and handbooks. The following specifications, standards, and
handbooks form a part of this document to the extent specified herein. Unless otherwise specified,
the issues of these documents are those cited in the solicitation or contract.

DEPARTMENT OF DEFENSE SPECIFICATIONS

MIL-STD-810 - Environmental Engineering Considerations and
Laboratory Tests.

(Copies of these documents are available online at https://quicksearch.dla.mil/.)

2.2.2 Other Government documents, drawings, and publications. The following other
Government documents, drawings, and publications form a part of this document to the extent
specified herein. Unless otherwise specified, the issues of these documents are those cited in the
solicitation or contract.

ARMY REGULATIONS
Army Regulation (AR) 25-400-2 - The Army Records Information System
(ARIMS)

(Copies of these documents are available online at
https://dmna.ny.gov/milpay/forms/AR_25 400 _2.pdf.)

2.3 Non-Government publications. The following documents form a part of this document to
the extent specified herein. Unless otherwise specified, the issues of these documents are those cited
in the solicitation or contract.

1
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ASTM INTERNATIONAL

ASTM D1002 - Standard Test Method for Apparent Shear
Strength of Single-Lap-Joint Adhesively
Bonded Metal Specimens by Tension Loading
(Metal-to-Metal).

ASTM DI1151 - Standard Practice for Effect of Moisture and
Temperature on Adhesive Bonds

ASTM D5229/D5229M - Standard Test Method for Moisture Absorption
Properties and Equilibrium Conditioning of
Polymer Matrix Composite Materials

ASTM E865 - Standard Specification for Structural Film

Adhesives for Honeycomb Sandwich Panels

(Copies of these documents are available online at http://www.astm.org.)

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION Publications
ISO/TEC 2382:2015(en) - Information technology — Vocabulary

ISO 13008 - Information and documentation — Digital records
conversion and migration process.

(Copies of this document are available from http://www.iso.ch.)

SAE INTERNATIONAL STANDARDS / Aerospace Material Specifications

SAE AMS 3695 - Adhesive Film, Epoxy Base, For High
Durability Structural Adhesive

(Copies of these documents are available online at http://www.sae.org/.)

2.4 Order of precedence. In the event of a conflict between the text of this document and the
references cited herein, the text of this document takes precedence. Nothing in this document,
however, supersedes applicable laws and regulations unless a specific exemption has been obtained.

3. DEFINITIONS

3.1 Database. As stated within ISO/IEC 2382:2015(en), a database should be “a collection of
data organized according to a conceptual structure describing the characteristics of these data and
relationships among their corresponding entities, supporting one or more application areas.”

3.2 Digital Archive. The term “digital archive” should be referred to as an electronic
repository of digital data and metadata “to preserve the authenticity, reliability, integrity, and usability
of such records” as stated in ISO 13008:2012(E).

3.3 Scope. The term “group,” when referring to adhesives, should be defined as a collection
of adhesives meeting designated property requirements; the term is based upon recognized testing

2
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standards. Group requirements are intended to show correlation against response measured in
nonstandard Army testing configurations. For example, the groups defined in this Standard define
property regions from bonded single-lap-joint tensile tests with performance in bonded armor
configurations tested against ballistic threats. Grouping assignments/ categorizations of adhesives
are intended to be amendable as Army needs change or are further refined. The grouping
assignment/categorization is independent of the adhesive’s chemical, processing, application, and
property data and is based exclusively on single-lap-joint tensile data and performance. Multiple
grouping assignments/categorizations for a given adhesive are possible under this convention.
Therefore, an adhesive could potentially be assigned simultaneous high- and low-priority groups in
differing Standards, depending on the chemical, processing, application, or property data used in the
specific correlation. For example, adhesive requirements for armor and munitions have different
properties. Therefore, evaluation places different weights on distinct performance characteristics.
Grouping requirements/categorizations are specified using conventionally accepted testing standards,
which are elaborated upon further within this Standard. The intention is to facilitate communication
of U.S. Army—specific property requirements for research and development to industry, as well as
academia.

3.4 Material Pedigree. The term “material pedigree” should refer to the documentation used
to ensure the traceability of an adhesive and its constitutive formulation ingredients to the original
manufacturer.

3.5 Metadata. Per ISO/IEC 2382:2015(en), the term “metadata” pertains to “data elements,
possibly including their data descriptions, and data about data ownership, access paths, access rights
and data volatility.”

3.6 Tier. The term “tier” should be considered a layer of testing protocols used to
progressively characterize adhesive response. Each successive tier level requires an increasing
commitment because of increasing experimental and analysis complexity.

4. GENERAL REQUIREMENTS

4.1 Records. Per Army Regulation (AR) 25-400-2, all records (including data and associated
metadata) are assumed to “have value beyond the business process, such as for historical, lessons
learned, or research purposes; these are generally long-term records.” Records will be kept in
physical laboratory notebooks and digitally archived for permanent retention, consistent with AR 25-
400-2 code “TP” (i.e., Transfer Permanent).

4.2 Method Used to Characterize and Evaluate Adhesives. The method to characterize and
evaluate an adhesive is a tiered system approach, whereby the adhesive is characterized and evaluated
through standardized tests following a progression of increasing experimental difficulty. The first
tier testing represents an initial screening level for the candidate adhesive, which must be passed to
warrant further investment in the progressively more involved higher-tier screening levels.
Advancement through the testing tiers is entrusted to the discretion of the researcher(s). The testing
standards referenced in each tier are used as guidelines and should be followed when applicable.
Deviations from the testing standards must be fully noted and accepted by the governing authority.

4.3 Adhesive Groups. Adhesives will be assigned and categorized according to the following
groups based on single-lap-joint tensile performance at room temperature (RT) under dry

3

Source: https://assist.dla.mil -- Downloaded: 2018-12-07T13:28Z
Check the source to verify that this is the current version before use.



MIL-STD-3059 (MR)

conditioning per sample preparation and testing procedures specified in ASTM D1002. Detailed
sample preparation guidance can be found in ARL-SR-0356 (Adhesives: Test Method, Group
Assignment, and Categorization Guide for High-Loading-Rate Applications — Preparation and
Testing of Single Lap Joints). Samples are to be stored in a desiccator cabinet or sealed in moisture-
resistant sample bags immediately following sample preparation, with continued moisture-free
storage until testing. Displacement at failure is not specified in ASTM D1002 but is required for
grouping assignment/categorizing in this Standard and shall be defined as the following.

4.3.1 Group I. Group I adhesives shall be categorized as having a maximum strength greater
than or equal to 10.0 MPa (1450 psi) and a minimum complete failure displacement limit greater than
3.81 mm (015 1n), (e.g., dfailure >3.81 mm [015 1n] and Smax > 10.0 MPa [1450 pSl])

4.3.2 Group II. Group II adhesives shall be categorized as also having a maximum strength
greater than or equal to 10.0 MPa (1450 psi), yet their complete failure displacement limits fall
between the range of greater than or equal to 1.60 mm (0.063 in) and less than or equal to 3.81 mm
(0.15 in); (e.g., 1.60 mm [0.063 in] < dfaiture < 3.81 mm [0.15 in] and Smax > 10.0 MPa [1450 psi]).

4.3.3 Group III. Group III adhesives shall be categorized with a maximum strength greater
than or equal to 10.0 MPa (1450 psi) but producing complete failures at a displacement less than 1.60
mm (0.063 in); (e.g., dfaiture < 1.60 mm [0.063 in], Smax > 10.0 MPa [1450 psi]).

4.3.4 Group IV. Group IV adhesives shall be categorized as having a maximum strength less
than 10.0 MPa (1450 psi) regardless of the amount of displacement at complete failure.

Adhesive grouping rejoins associated with their maximum strength versus displacement at
complete failure is represented in FIGURE 1.
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FIGURE 1. Adhesive groups based upon Smax and duinre for single-lap-joint performance at RT (dry conditioning).
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5. DETAILED REQUIREMENTS

5.1 Tier I. Single-Lap-Joint Test at Room Temperature (Dry Conditioning). The single-lap-
joint test specimen per ASTM D1002 is a convenient geometry for screening adhesive performance.
An illustration of a typical test specimen is shown in FIGURE 2. The distribution of stress is non-
uniform, and fundamental constitutive adhesive properties are difficult to derive. However, the
overwhelming experimental simplicity, with respect to both fabrication and testing, heavily favors
the single-lap-joint geometry as an initial screening configuration. Likewise, this joint geometry has
also been studied extensively by academia, with numerous peer-reviewed literature results and
modeling strategies available for comparison. The single-lap-joint is also a favored industry standard.

Areain Areain
Test Grips Shear Area

— —

Test Grips

Bondline /I I

FIGURE 2. Illustration of the adhesively bonded single-lap-joint test specimen configuration (refer to ASTM D1002 for

dimensions).

The specimen is placed within a mechanical testing machine and held into place at its ends by
mechanical grips. Tensile load is applied until the joint fails. The maximum effective strength (Snax)
of the adhesive joint is defined as the maximum load (Pnax) per shear area. Displacement at failure
(dfailre) 1s taken directly from the crosshead displacement of the testing machine. A typical load
versus displacement curve showing P and dfinse 1s illustrated graphically in FIGURE 3.

5.2 Tier IT — Part 1. Single-Lap-Joint Testing After Hot/Wet Conditioning. This first part of
the second tier test requires submersion of lap-joint specimens (i.e., non-ambient moisture
conditioning) in a water immersion tank for fourteen (14) days at a constant temperature of 63 °C,
+/=3 °C (145 °F, +/-5 °F). At the completion of the conditioning, specimens will be pat-dried and
tested no later than thirty (30) minutes after being removed from the water immersion tank. As in the
first tier, single-lap-joint tensile test data will be obtained via a mechanical testing machine at RT and
at ambient air conditions as per ASTM D1002. Test duration and conditioning temperature is based
upon considerations referenced in MIL-STD-810G, Laboratory Test Method 507.5, Humidity.
Experimental technique considerations can be found in ASTM D5229/D5229M, ASTM D1151, and
ASTM ES865.
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FIGURE 3. Graphical representation of Puax and dyinre for a single-lap-joint tensile load versus displacement curve.

5.2.1 Requirements. Acceptance to the next tier of testing requires that second tier, part one
conditioned adhesives retain a minimum of 75% of their initial dry maximum strength measured in
first tier testing, section 8.2.2. It is important to note that group assignment/categorization is entirely
based upon the initial Smax and dfinre at RT at dry conditioning. Displacement at failure following
hot/wet conditioning will be digitally archived but will not alter the First Tier group determination.
Likewise, if Smax (RT, dry) for a given Group I, II, or III adhesive is at or just above 10.0 MPa (1450
psi) then measurement of the 75% strength retention following hot/wet conditioning will not reassign
the adhesive to Group IV.

5.3 Tier IT — Part 2. Single-Lap-Joint Testing at Elevated Temperature. Second tier, part two,
tests shall progress by testing fabricated samples at an elevated temperature condition of 71 °C, +/-3
°C (160 °F, +/=5 °F) using an in situ heated test chamber on the mechanical testing frame. Prior to
loading specimens, the test chamber shall be heated for at least forty five (45) minutes to ensure the
chamber air and mechanical components of the mechanical testing machine, such as grips, are at
temperature and are stable, as measured by a thermocouple probe/sensor. Once a sample is loaded
within the heated chamber, but prior to tensile testing, it shall be held in situ for at least ten (10)
minutes until it reaches temperature equilibrium and is stable as measured by a thermocouple
probe/sensor. The temperature of the test is based upon considerations referenced in MIL-STD-
810G, Laboratory Test Method 501.5, High Temperature. Experimental technique considerations
can be found in ASTM D1151 and ASTM ES865.

5.3.1 Requirements. Acceptance to the next tier of testing also requires that second tier, part
two conditioned adhesives retain a minimum of 50% of their dry maximum strength as measured in
section 5.1. As in section 4.3, group assignments/categorizations are based upon the initial Smax and
dpinre at RT and dry conditioning results. Displacement at failure at elevated temperature will be
digitally archived but will not alter the First Tier group determination. Likewise, if Smax (RT, dry)
for a given Group I, II, or III adhesive is at or just above 10.0 MPa (1450 psi), then measurement of
the 50% strength retention at elevated temperature will not reassign the adhesive to Group IV.
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Adhesives that pass Tier I, II, and III requirements may be considered conditionally qualified. Test
data, associated experimental metadata, and materials pedigree information for the adhesives will be
submitted by the vendor for consideration review and digital archive to
usarmy.APG.arl.mbx.adhesive-research@mail.mil

5.4 Tier I1I. Crack Extension Test. Mode I tensile strain energy release rate while undergoing
stress corrosion cracking (Giscc) will be performed, as described in SAE-AMS-3695. Double
cantilever beam (DCB) samples shall be prepared by bonding two 300 mm x 350 mm 2024-T3
aluminum plates with a separator film (25 mm — 38 mm) along one edge, per SAE-AMS-3695, as
shown in FIGURE 4. Plate thicknesses shall be 12.7 mm. Samples shall be cut into widths of 25.4
mm. Tapped bolts will be used to initiate an opening displacement (y) of 2.54 mm. FIGURE 5 shows
the DCB test specimen configuration. Samples will be exposed to elevated temperature and moisture
conditions of 60 °C, +/-1.1 °C (140 °F, +/-2 °F) and 100% relative humidity (RH) for 5 weeks, as
specified by SAE-AMS-3695/1.

5.4.1 Requirements. Giscc is determined at a constant loading tip displacement ()) by
measuring the crack length (a) upon completion of 5 weeks of elevated temperature humidity
exposure. The minimum acceptable value of Gisce after 5 weeks of exposure is 0.61 KJ/m? (3.5 in
Ib/in?), as specified in SAE-AMS-3695. Giscc can be found using the following equation.

c _ y?ER’[3(a + 0.6h)* + h?]
€€ 16[(a + 0.6h)3 + ah?]?

where:

y = opening displacement, 2.54 mm (0.100 in)

E = Young’s modulus, 73.08 GPa' (10600 ksi) for 2024-T3 aluminum
h = height of one beam, 12.7 mm (0.50 in)

b = width of one beam (not shown), 25.4 mm (1.0 in)

a = crack length measured from the loading point

The expression for Gisce (KJ/m?) can be simplified by substituting constant values for y, E, and A.

0.00096578|3(%/1 g + 0.00762)" + 0.00016129)]

Giscc = 3 2
16 [(%/1000 + 0-00762)” + (%/1000)0-00016129)]

Crack length (a) is measured in millimeters.

Lasm Handbook, Volume 2: Properties and Selection: Nonferrous Alloys and Special-Purpose Materials, ASM International, 1990.
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FIGURE 4. Bonded plate configuration for as specified by SAE-AMS-3695.

8

Source: https://assist.dla.mil -- Downloaded: 2018-12-07T13:28Z
Check the source to verify that this is the current version before use.



MIL-STD-3059 (MR)
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[ ' (SEE NOTE 4.)
f !
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FIGURE 5. DCB sample configuration for environmental stress corrosion as specified by SAE-AMS-3695.
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FIGURE 6. Plot of Giscc versus crack length showing Giscc = 0.61 KJ/m? at crack length () = 123 mm.
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6. NOTES

(This section contains information of a general or explanatory nature that may be helpful, but is not
mandatory.)

6.1 Intended use. This military standard is intended to provide guidance for performance-
based evaluation and grouping priority assignments/categorization of adhesives for high-loading-rate
applications relevant to U.S. Army needs. All personnel working on adhesive development,
fabrication, testing, characterizing, and evaluating adhesives for bonding applications will benefit
from this test method standard.

6.2 Acquisition requirements. Acquisition documents should specify the title, number, and
date of this standard.

6.3 Drawings. For viewing ease and use with computer-aided design software, supplemental
test panel and tooling fixture drawings (as PDFs and DXFs) are attached as Appendixes.

A. SINGLE-LAP-JOINT TEST PANEL DIMENSIONS
Drawing #1: Title: ASTM D1002 Optional Panel

B. SINGLE-LAP-JOINT TEST PANEL TOOLING FIXTURE DIMENSIONS
Drawing #2: Title: Single-Lap-Joint Tooling Fixture
Drawing #3: Title: Single-Lap-Joint Tooling Fixture — Top Plate
Drawing #4: Title: Single-Lap-Joint Tooling Fixture — Bottom Plate
Drawing #5: Title: Single-Lap-Joint Tooling Fixture — Dowel Pin
Drawing #6: Title: Single-Lap-Joint Tooling Fixture — Shim Plate

C. CRACK EXTENSION TEST PANEL AND DCB DIMENSIONS
Drawing #7: Title: Crack Extension Testing — SAE-AMS-3695 Assembly
Drawing #8: Title: Crack Extension Testing — SAE-AMS-3695 DCB Detail
D. SINGLE-LAP-JOINT FABRICATION CHECK LIST

E. SINGLE-LAP-JOINT MECHANICAL TESTING CHECK LIST

F. SINGLE-LAP-JOINT BONDLINE THICKNESS MEASUREMENTS

G. CRACK EXTENSION TEST SAMPLE FABRICATION CHECK LIST

H. CRACK EXTENSION TEST ENVIRONMENTAL CONDITIONING CHECK LIST
L CRACK EXTENSION TEST BONDLINE THICKNESS MEASUREMENTS

J. CRACK EXTENSION TEST CRACK LENGTH MEASUREMENTS
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6.4 English units. When English divisions are required, units for meter, kilogram, meter per
second, and mega Pascal may be converted to the English equivalent by multiplying them by the
following conversion factors:

TABLE I. Metric SI to English unit conversion factors.

Metric SI unit Multiply by Equals English

inch 0.0254 = meter (m)

foot 0.3048 = meter (m)

pound 0.4534 = kilogram (kg)

feet/sec 0.3048 = meter per second (m/s)
pounds/sq. inch 0.006895 = mega Pascal (MPa)

6.5 Subject term (key word) listing.
Adhesive
Database
Material pedigree
Metadata
Single lap joint
Testing
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APPENDIX A
SINGLE-LAP-JOINT TEST PANEL DIMENSIONS

A.1 ASTM D1002 Optional Panel.

152.40
120.65
88.90
57.15
31.75
25.40

"

—

1.63

)

44.45

101.60

69.85

63.50

8x @ 6.35 THRU ALL

2 x @ 6.53 THRU ALL

&

A

UHNLESS OTHERWISE SPECIFIED:

DHMEMGIONS ARE MILLIMETERS
TOLERANCES:

FRACTIONALE

AMGULAR: MACH: BEND
TWO PLACE DECIMAL - £01
THREE PLACE DECIMAL £ 00i

INTERFRET GECMETRIC
TOLERANCING PER:

MATERIAL
Test material

ANIEH

Mill or material specific

COMMENTS:

Test matenal must be capabls of
being maufactured into the
drawn configuraticn

\.—_ﬁﬂh US ARMY RESEARCH LAB

TLE:
ASTM D1002-10
Optional Fanel
SIZE |DWG. NO.
A MIL-STD-305% (MR)-1
SCALE: 12|

3

T

12

Downloaded: 2018-12-07T13:28Z
Check the source to verify that this is the current version before use.

Source: https://assist.dla.mil --



MIL-STD-3059 (MR)
APPENDIX B
SINGLE-LAP-JOINT TEST PANEL TOOLING FIXTURE DIMENSIONS
B.1 Single-Lap-Joint Tooling Fixture.
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APPENDIX B
SINGLE-LAP-JOINT TEST PANEL TOOLING FIXTURE DIMENSIONS
B.2 Single-Lap-Joint Tooling Fixture — Top Plate.
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APPENDIX B
SINGLE-LAP-JOINT TEST PANEL TOOLING FIXTURE DIMENSIONS
B.3 Single-Lap-Joint Tooling Fixture — Bottom Plate.
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APPENDIX B
SINGLE-LAP-JOINT TEST PANEL TOOLING FIXTURE DIMENSIONS
B.4 Single-Lap-Joint Tooling Fixture — Dowel Pin.
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APPENDIX B
SINGLE-LAP-JOINT TEST PANEL TOOLING FIXTURE DIMENSIONS
B.5 Single-Lap-Joint Tooling Fixture — Shim Plate.
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APPENDIX C
CRACK EXTENSION TEST PANEL AND DCB DIMENSIONS
C.1 Crack Extension Testing — SAE-AMS-3695 Assembly.
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APPENDIX C
CRACK EXTENSION TEST PANEL AND DCB DIMENSIONS

C.2 Crack Extension Testing — SAE-AMS-3695 DCB Detail.
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APPENDIX D
SINGLE-LAP-JOINT FABRICATION CHECK LIST

Sample ID’s: , ) )

Date: Temperature: Humidity

Testing facility and operator:

Adhesive, type, and form:

Lot ID, manufacturer’s code, expiration date:

Method of cleaning and preparing bonding surface:

Adhesive preparation, application, and bonding conditions:

Tooling fixture and bonding pressure notes:

Adhesive mixing to applied pressure time:

Cure cycle:

Oven used (model and serial number):

Conditioning procedure:

Comments:
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APPENDIX E
SINGLE-LAP-JOINT MECHANICAL TESTING CHECK LIST

Sample ID’s: , ) )

Test date: Test temperature: Test humidity

Testing facility and operator:

Test frame model and serial number:

Test frame calibration date:

Load cell model and serial number:

Load cell calibration date:

Crosshead speed: 1.3 mm/min (0.05 in/min), list other

Nature of failure and other comments:
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APPENDIX F
SINGLE-LAP-JOINT BONDLINE THICKNESS MEASUREMENTS

Areain

Areain
Test Grips Shear Area Test Grips
o A1 , oC1 e B1
1
o A2 ! eC2 e B2
*A3 . ___C3e * B3
Adherends
Adheriﬂd (A) and Bolndlme Adherend (B)
Bondline

Aluminum grade: Mfg. nominal thickness: (mm — in)
Micrometer model, serial number, calibration date
Measurement units (circle) — mm or in
Sample ID Adherend (A1) | Adherend (A2) | Adherend (A3) | Average (A)
Adherend (B1) | Adherend (B2) | Adherend (B3) | Average (B)
Adherends and | Adherends and | Adherends and | Average (C)
Bondline (C1) Bondline (C2) Bondline (C3)
g C-(A+B)
§ Average bondline thickness
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APPENDIX G
CRACK EXTENSION TEST SAMPLE FABRICATION CHECK LIST

Sample ID’s: ) ) ) )

9 9 9 9 9

Date: Temperature: Humidity

Testing facility and operator:

Adbhesive, type, and form:

Lot ID, manufacturer’s code, expiration date:

Method of cleaning and preparing bonding surface:

Adhesive preparation, application, and bonding conditions:

Plate alignment and bonding pressure notes:

Adhesive mixing to applied pressure time:

Cure cycle:

Oven used (model and serial number):

Conditioning procedure:

Comments:
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APPENDIX H
CRACK EXTENSION TEST ENVIRONMENTAL CONDITIONING CHECK LIST

Sample ID’s: R , , ,

9 9 9 9 9
Test start date: Test temperature: Test humidity
Test end date: Test temperature: Test humidity

Testing facility and operator:

Environmental test chamber model and serial number:

Environmental test chamber calibration date:

Nature of failure and other comments:
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APPENDIX I

CRACK EXTENSION TEST BONDLINE THICKNESS MEASUREMENTS

< 178 mm
= 50 mm —>l

25 mm

Top beam

Bottom beam

o
/ /

T

Release film T
Bondline
1 2 3
Aluminum grade: Mfg. nominal thickness: (mm — in)
Micrometer model, serial number, calibration date
Measurement units (circle) — mm or in
Top beam Top beam Top beam Average (A)
Sample ID height (A1) height (A2) height (A3)
Bottom beam Bottom beam Bottom beam Average (B)
height (B1) height (B2) height (B3)
Beam and Beams and Beams and Average (C)
Bondline (C1) Bondline (C2) Bondline (C3)
g C-(A+B)
§ Average bondline thickness

Source: https://assist.dla.mil -- Downloaded: 2018-12-07T13:28Z
Check the source to verify that this is the current version before use.

25




MIL-STD-3059 (MR)
APPENDIX J

CRACK EXTENSION TEST CRACK LENGTH MEASUREMENTS

Top beam

Bottom beam

Lﬂ{—ﬁ Crack length (a), measured from loading point

Micrometer model, serial number, calibration date

Measurement units (circle) — mm or in

Sample ID @initial (side 1)

Qfinal (side 1)

Opening displacement (y) @initial (Side 2)

Afinal (side 2)

Conditioning time (hours) @initial (average)

afinal (average)

Mode-of failure (circle) — adhesive cohesive mixed-mode

% adh. % coh.

Comments:
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CONCLUDING MATERIAL
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NOTE: The activities listed above were interested in this document as of the date of this document.
Since organizations and responsibilities can change, you should verify the currency of the information
above using the ASSIST Online database at https://assist.dla.mil/.
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1.0 Purpose

This document provides guidance from within the Adhesives and Interfaces Research Team of the
Coatings, Corrosion, and Engineered Polymers Branch (CCEPB) and the US Army Research
Laboratory (ARL) operating procedures for the preparation, testing, and evaluation of adhesively
bonded single lap joints.

2.0 Scope

This standard process description (SPD) provides the instructions needed in qualifying candidate
adhesives for the screening tests specified in ARL-ADHES-QA-001.00 rev 1.0, Subsections 8.2
and 8.3. The single-lap-joint testing configuration relies upon a relatively small bond area between
adherends, which can lead to high standard deviation in measured strength. Geometrical
misalignment and variation in bondline thickness are potential sources of inaccurate property
measurements. Poor surface treatment of the adherends prior to bonding will increase the
likelihood of failure in testing following hot/wet conditioning as specified in ARL-ADHES-QA-
001.00, Subsection 8.3. This SPD illustrates the techniques for the preparation and testing of
adhesively bonded single lap joints. Supplemental drawings are illustrated for the machining of
coupons and fixture tooling. Checklists are also provided to assist in documenting experimental
metadata during fabrication, testing, and adhesive bondline thickness measurement.

3.0 Policy

This SPD applies to all personnel developing, fabricating, testing, characterizing, and evaluating
adhesives for bonding applications within the CCEPB.

4.0  Responsibilities

The Branch Chief, CCEPB, Adhesives Team Leader, and Principal Investigator(s) will ensure that
all personnel working on adhesives development, fabrication, testing, characterization, and
evaluation have and maintain full knowledge and/or proper training of this process, including
equipment usage/operation, test procedures, and safety issues/factors before commencing relevant
work within the CCEPB.

5.0 Requirements

All researchers performing adhesives development and evaluation work in the CCEPB must follow
the procedures described within this SPD.

6.0  Terms and Definitions
For the purposes of this document, the following terms and definitions apply:

Adherend: As stated within ASTM D907-12a, an adherend is “a body held to another
body by an adhesive.”* Specifically for this SPD, the bodies are 2 rectangular sheets of
2024 T3 aluminum alloy.

Adhesion Promoter: As stated within ASTM D907-12a, an adhesion promoter is “a
substance used to improve bonding of the adhesive to the substrate.”
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APS — 3-aminopropyltrimethoxylsilane (Chemical Abstracts Service [CAS] registry
number 13822-56-5): An amine functionalized silane coupling agent.

Bondline: As stated within ASTM D907-12a, bondline shall be “the layer of adhesive
which attaches the two adherends.”?

Coupling Agent: As stated within ASTM D907-12a, “A substance having functional
groups that are capable of reacting with the surfaces of two different substances, thereby
chemically bridging them.”!

Database: As stated within ISO/IEC 2382-17:1999, a database shall be *“a collection of
data organized according to a conceptual structure describing the characteristics of these
data and relationships among their corresponding entities, supporting one or more
application areas.”?

Digital Archive: The term “digital archive” shall be referred to as an electronic repository
of digital data and metadata “to preserve the authenticity, reliability, integrity, and usability
of such records” as stated in 1SO 13008:2012(E).®

GPS - 3-glycidyloxypropyltrimethoxylsilane (CAS registry number 2530-83-8): An
epoxy functionalized silane coupling agent.

Lap Joint: As stated within ASTM D907-123, a lap joint shall be “a joint made by placing
one adherend partly over another and bonding together the overlapped portions.” !

Material Pedigree: The term “material pedigree” shall refer to the documentation used to
ensure the traceability of an adhesive and its constitutive formulation ingredients to the
original manufacturer.*

Metadata: As stated within ISO/IEC 2382-17:1999, the term “metadata” pertains to “data
elements, possibly including their data descriptions, and data about data ownership, access
paths, access rights and data volatility.”?

MPS - 3-methacryloxypropyltrimethoxysilane [CAS registry number 2530-85-0]: A
methacrylate functionalized silane coupling agent.

Surface Preparation: As stated within ASTM D907-12a, surface preparation shall pertain
to “physical or chemical treatments, or both, applied to adherends to render suitable for
bonding.”*

Trustworthiness: In the context of this SPD, trustworthiness relates to “judgments of
reliability, dependability and competence”® of the experimental sample preparation and
testing.
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7.0 Records

Per Army Regulation (AR) 25-400-2, all records (including data and associated metadata) shall be
considered to “have value beyond the business process, such as for historical, lessons learned, or
research purposes; these are generally long-term records.”” Records will be kept in physical
laboratory notebooks and digitally archived for permanent retention, consistent with AR 25-400-
2 code “TP” (i.e., Transfer Permanent).’

8.0  Preparation of Lap-Joint Coupon Panels and Testing of Single-Lap-Joint Test
Specimens

The flow chart below illustrates the procedure to prepare and fabricate lap-joint coupon test
specimens, as well as to test, record, and analyze data used by ARL to determine if the adhesive is
acceptable for further consideration for higher-tier testing. Under this process, specimens must be
tested in 3 environmental conditions—dry-room temperature, hot/wet, and dry-elevated
temperature—with the data obtained, analyzed, and categorized by grouping prior to ARL’s review.

Researcher fabricates single-lap-joint test specimens for SECOND TIER testing (single batch), if
not already done so, preparing specimens using one of the 5 surface preparation methods (or
suitably documented alternative) stated in Section 8.3 and fabricated in conformance to
Sections 8.4-8.5, measured and documented as in Sections 8.6-8.9.

1

Specimens designated into 3 sets for conditioning and testing (Sections 8.7-8.9):

1. Dry Condition (Control Specimens): Stored at room temperature

2. Elevated Temperature/Wet Condition: Immersed in water at 63 °C for 14-day
soaking period

3. Hot Dry Condition: Tested while in a heated chamber for 45 min at 71 °C

| | l

Dry Condition Elevated Temp. and Wet Hot-Dry
Specimens Immersed Conditioned Condition
Specimens Specimens

Researcher may reformulate,
optimize, enhance, refine,
improve adhesive, and resubmit
for FIRST TIER acceptance.

Did the
adhesive meet/exceed
SECOND TIER
requirements?

YES (continue to next TIER)

Researcher assigns Grouping I-IV. ARL reviews all documentation
and results from testing, archives all provided information, and
verifies grouping assignments to adhesives. ARL may fund and
conduct optional THIRD and FORTH TIER testing.
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8.1  Safety Precheck

Prior to the preparation or testing of single-lap-joint coupons or test specimens, a safety precheck
shall be performed. The safety precheck shall focus on the following actions, and compliance shall
be documented. If any safety issues arise, they must be resolved and corrected before proceeding.

+ Address all protective clothing, protective equipment, and ventilation requirements. 13

* Inspect all equipment to be used to identify and correct any damage or malfunction that
could hinder operation or create a potential hazard.**

» Address all chemical hazards and ensure all material safety data sheets (MSDSs) for the
chemicals to be used in the aluminum surface preparation and adhesives are readily
available.’®

» Address start-up for all equipment needed for the fabrication and testing processes. Refer
to applicable internal operating procedures when needed to operate laboratory equipment.®

8.2 Lap-Joint Coupon Panel Dimensions and Thickness Measurements

The complete drawing with dimensions and tolerances of the aluminum lap-joint coupon panel
shall conform to ASTM D1002-10, “Fig. 3 Optional Panel for Acceptance Tests Only”’ (refer to
Section 10.0, Appendix A, Test Panel Dimensions). A drawing of the panel geometry is shown in
Fig. 1, having a recommended aluminum plate thickness of 1.62 £ 0.125 mm (0.064 + 0.005 inch)
with an overlap length of 12.7 + 0.25 mm (0.5 = 0.01 inch). Aluminum alloy 2024, T3 temper, is
the recommended grade for testing this panel. (The panel has been modified with the inclusion of
alignment holes for use in the tooling fixture.)

Surface Preparation Area

(5/8” minimum to 1)
Surface Area

to be Bonded

Long Tabs

Fig. 1 Test panel design configuration used for single-lap-joint preparation and testing in accordance to
ASTM D1002-10%
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8.3  Surface Preparation

The first step in the fabrication of single-lap-joint test specimens is the preparation of the surfaces
to be bonded. The surface preparation methods stated are appropriate for a wide range of adhesives,
which are most commonly used by ARL. ARL also acknowledges that the outlined protocols may
not be suitable for optimal bond performance for all adhesives. The surface preparation technique
used, either recommended or alternative, shall be fully documented in a laboratory notebook with
sufficient detail to serve as trustworthy database metadata. There are 4 distinct laboratory-scale
surface preparation methods ARL performs for an aluminum substrate: Basic Untreated, Acetone
Solvent Wipe, Grit Blasting, and Silane Coupling Agent. A general description of the procedures
used in each method is listed here, followed by a more detailed description.

Basic Untreated Surface Preparation

» Basic cleaning of the surface with a clean, dry lint-free cloth
Acetone Solvent Wipe Surface Preparation

* Includes Basic Untreated method

» Uses acetone as a solvent to wipe clean the surface
Grit-Blasting Surface Preparation

* Includes Basic Untreated method

* Includes Acetone Solvent Wipe method

» Uses grit blasting to pretreat the surface before cleaning
Silane Coupling Agent Surface Preparation

¢ Includes Basic Untreated method

Includes Acetone Solvent Wipe method

Includes Grit-Blasting method

Employs either GPS, MPS, or APS as a coupling agent following the other preparation

8.3.1 Basic Untreated Surface Preparation

This method is the most basic surface preparation technique and is used within all other procedures
as a first step. Remove loose debris from the fabricated aluminum lap joint test panel using a clean
and dry cloth or paper towel. Single-lap-joint testing results obtained from untreated aluminum
panels are useful for troubleshooting suspect chemical and etch surface treatments by providing
an estimate of the lowest bond strength for the adhesive. The chemical or etch surface treatment
process needs to be examined if it provides similar or lower bond strength values as those obtained
from untreated surfaces.
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8.3.2 Acetone Solvent Wipe Surface Preparation

This method includes Subsection 8.3.1 preparation and also involves wiping the bonding surfaces
of the lap-joint coupon panel tabs to be adhered with acetone (CAS #67-64-1) with a soft, lint-free
cloth and allowing it to air dry, as shown in Fig. 2. This method of surface preparation is
recommended for very rapid screening tests, such as studying/investigating process optimization
(i.e., mixing, application, and cure) of an adhesive with unfamiliar handling characteristics.

Fig.2  Surface treating the lap-joint coupon panel using the acetone solvent wipe surface preparation
method

8.3.3 Grit Blast Surface Preparation

This method includes Subsections 8.3.1 and 8.3.2 preparation. After the lap-joint coupon panel is
cleaned of dirt and debris and is solvent wiped, the bonding surface is then ready and submitted
for the grit-blasting process. Virgin 54- to 60-grit aluminum oxide abrasive blasting media shall
be used for the grit-blasting process.!® It is critical that unused aluminum oxide is used at all times
during this procedure. Grit-blasting cabinets are typical commodity laboratory equipment that can
have multiple users, which can result in significant cross-contamination of the grit-blasting
medium. The media also has a finite life in the blasting process. This critical application requires
fresh, sharp-edged particles of a specific size. Grit-blasting cabinets using compressed air shall be
fitted with a moisture separator. The grit-blasting cabinet shall be equipped with a foot-operated
blast gun capable of at least 12 cubic feet per minute (CFM) and a 100-CFM dust collector. Grit
blasting is to be repeated until the bonding surfaces of each short tab of the lap-joint coupon panel
are visually uniform in color and appearance. For aluminum lap-joint panels the surface appears
gray and dull as shown in Fig. 3. Further guidance can be found in TT-C-490F and SSPC-SP
10/NACE No. 2.1%% Heavy surface oxidation may be removed prior to grit blasting using an
abrasion pad (Scotch-Brite 048011-65530 A VFN, or equivalent), as shown in Fig. 4.
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Grit Blast
Nozzle

Lap-Joint
Coupon Panel

Grit Blasted
Tab Sections
For Bonding

(b)
Fig. 3 Image showing the grit-blasting surface preparation method applied to the bonding tab surfaces of a
lap-joint coupon panel inside the grit-blasting cabinet and note the typical nozzle stand-off distance (a) and an
image of the finished grit blasted coupon panel (discolored tab sections due to abrasion) (b)
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Fig. 4 Heavy surface oxidation may be removed prior to grit blasting using an abrasion pad (Scotch-Brite
048011-65530 A VEN, or equivalent)

Upon removal from the grit-blasting cabinet, make sure the abraded portions of the lap-joint
panel’s tabs are only in direct contact with either other grit-blasted panel tabs or the air. The lap-
joint coupon panel is further cleaned using a high-volume gas spray, such as a pressurized stream
of nitrogen gas, to remove loose dust and grit blast debris particles on the surface, as shown in
Fig. 5. ARL typically uses bottled or in-house nitrogen gas to avoid surface contamination at
approximately 690 kPa (100 psi) outlet pressure, directed from a 6.35-mm (0.25-inch) inner
diameter plastic tubing to concentrate the flow (orange tubing shown in Fig. 5). Never use house-
compressed air, since it can contain too many contaminants, such as dirt, water, and oil. It is very
important when using this method that panels be bonded within 4 h after gas spray cleaning to
minimize exposure to ubiquitous airborne contaminants and moisture degradation.

Approved for public release; distribution is unlimited.
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Fig. 5 View showing the typical gas spray cleaning process used to remove residual surface grit medium after
the grit-blasting process from tab bonding surfaces

8.3.4 Silane Coupling Agent Pretreatment Preparation

The preparation for all silane coupling agent pretreatment methods (e.g., GPS, MPS, and APS)
includes first performing the steps outlined in Subsections 8.3.1, 8.3.2, and 8.3.3: basic surface
cleaning, solvent swiping, and grit blasting the lap-joint coupon panel tabs, respectively.

8.3.4.1 GPS Silane Coupling Agent (3-glycidyloxypropyltrimethoxylsilane) Solution
Preparation

The following steps outline the preparation process for GPS silane coupling agent solution:

8.3.4.1.1 Mix 4 L by volume of 90:10 ethyl alcohol and water (e.g., 3.6 L of ethyl alcohol [64-
17-5] and 0.4 L of deionized [DI] water). Use a large graduated cylinder and a glass
funnel to measure and pour the components, making sure to clean the glassware
thoroughly before and after use by scrubbing and/or brushing with soap and water, then
rinsing with DI water. Gently shake the solution after the components are all added.

8.3.4.1.2 Next, to the 90:10 alcohol mixture, add with a clean glass pipette enough acetic acid
[64-19-7] to adjust the pH to 4.5 and label the container “90:10, EtOH:H20, with Acetic
Acid, pH = 4.5, For GPS.”

8.3.4.1.3 Transfer 200-300 mL of the acidic EtOH:H20 mixture to a clean glass flask and add
1% by weight GPS silane coupling agent material to form the solution. Stir moderately
on a magnetic stir plate using a clean stir bar for 30-60 min. Use of a clock or stopwatch
is recommended.

Approved for public release; distribution is unlimited.
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8.3.4.1.4 Transfer the mixed solution into a glass container large enough to coat the tabs of the
coupon panel. Waste generation of about 250 mL of excess solution is common for each
use. Waste can be labeled as “ mL 90:10 EtOH:H20 with 1 weight % GPS silane.”

8.3.4.1.5 Thesilane coupling agent solution must be applied to the single-lap-joint coupons within
4 h of initial mixing. Mixed silane coupling agent solutions are to be considered expired
after 4 h.

8.3.4.2 GPS Silane Coupling Agent Application

After the grit-blasting process (Subsection 8.3.3), the abraded lap-joint coupon panel tabs shall be
treated with the GPS silane coupling agent solution bath, prepared in Subsection 8.3.4.1. A thin
chemical dip coating shall be applied to the tabs by immersing them for 90 s within the bath, as
shown in Fig. 6. Once removed from the bath, immediately remove any excess GPS silane coupling
agent solution using a high-volume nitrogen gas spray, using approximately 690 kPa (100 psi)
outlet pressure directed from a 6.35-mm (0.25-inch) inner diameter plastic tubing, as shown in Fig.
7. Caution must be taken to avoid rewetting the tabs once dry. Using a low angle approach, start
the nitrogen gas spray at one end of the panel tabs, remove the excess from beneath the aluminum
substrate (the back side opposite of the bonding surface); this method will reduce splatters and the
inadvertent redeposition of GPS silane solution back onto the bonding surface. It is crucial to not
touch the treated tabs (specifically, the bonding area), even with gloves, after treatment is
completed. Bake the treated lap-joint coupon panel for 1 h at 100 °C, +/-3 °C (212 °F, +/-5 °F) in
a closed static (nonconvection) oven. (The GPS coupling agent shall be applied within 4 h after
the grit-blasting process.) Store the treated lap-joint coupon panel in an inert atmosphere until it is
ready for bonding. The bonding process shall begin no later than 4 h after treatment.

Fig. 6 Immersion of grit-blasted primed aluminum single-lap-joint coupon panel tabs submerged in the GPS
silane coupling agent solution bath for 90 s by the clock
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Fig. 7 The removal of excess GPS silane coupling agent solution from the treated lap-joint tabs using the
directed nitrogen gas method

8.3.5 MPS Silane Coupling Agent (3-methacryloxypropyltrimethoxysilane) Pretreatment
Preparation

Follow the surface treatment procedures outlined in Subsections 8.3.4 and 8.3.4.1 and substitute
the GPS with MPS.

8.3.6 APS Silane Coupling Agent (3-aminopropyltrimethoxylsilane) Pretreatment
Preparation

Follow the surface treatment procedures outlined in Subsections 8.3.4 and 8.3.4.1 and substitute
the GPS with APS but eliminate the acetic acid pH adjustment step. APS will self-hydrolyze its
methoxysilane groups into hydroxyl groups and does not require pH adjustment.

8.4  Adhesive Mixing

It is beyond the scope of this SPD to provide universal instructions for the mixing and handling of
the adhesive component. As a starting point, the operator should refer to the manufacturer’s
technical data sheet (TDS) and MSDS for preliminary guidance. Operator safety is the first and
most important consideration in preparing single lap joints due to the potential for chemical
exposure. Once any safety concerns are addressed, the key factors in fabricating a reliable single
lap joint are ensuring a complete cure, ensuring consistent bond thickness, and minimizing voids.
Therefore, the operator should first prepare (if possible) a bulk sample of the adhesive in the safety
of a ventilated fume hood to gauge an experimental understanding of the handling characteristics.
The operator should note the adhesive’s viscosity, pot life, and if normal atmospheric conditions

Approved for public release; distribution is unlimited.
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(oxygen or moisture) inhibit the cure. If the adhesive does not gel at room temperature, or
additional postcuring is required, the operator should observe for out-gassing and large exothermic
reactions at elevated temperature. The operator will note any possible handling and cure behavior
of the adhesive that will lead to incomplete cure, inconsistent bond thickness, or voiding (i.e.,
formation of voids and/or porosity) within the single lap joints.

The operator will document in a laboratory notebook with sufficient detail to serve as trustworthy
database metadata the adhesive preparation procedure, the method of application of the adhesive
to the single-lap-joint samples, cure cycle, mixing to applied pressure time, pressure during cure,
temperature at sample preparation, and the ambient temperature and humidity during sample
preparation.

8.5  Single-Lap-Joint Coupon Panel Assembly and Fabrication

The single-lap-joint coupon panel tooling fixture provides joint overlap and alignment control
when used with the test panels described in Subsection 8.2. An illustration indicating the tooling’s
stacking assembly to fabricate single-lap-joint coupon panels is depicted in Fig. 8. The actual
tooling fixture is shown in Fig. 9, with the stacking sequence to fabricate a single-lap-joint coupon
panel illustrated in Figs. 10-19. Complete engineering drawings, with dimensions for tooling, are
provided in Appendix B.
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Top Single-Lap-Joint Tooling Plate
with Mating Alignment Holes

Top
Shim
Top
Release
Sheet
Top
Single-Lap-
_ Bottom _ Joint Coupon
Single-Lap-Joint
_ Panel
Coupon Panel with
Adhesive Applied
at Tabs
Bottom
Release
Sheet
Bottom
Shim

Bottom Single-Lap-Joint Tooling
Plate with Alignment Posts

Fig. 8 The tooling stacking assembly for the fabrication of a single-lap-joint coupon panel
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Top Tooling Plate with Bottom Tooling Plate with Weight Plates
Mating Alignment Holes Alignment Posts :
(ﬂ

]
Top & Bottom

Top & Bottom —
Top & Bottom Lap-Joint Coupon Release Sheets
Panels with Prepared Tabs .

e ———————

-

Fig. 9 Single-lap-joint tooling fixture components, including release sheets to prevent bonding of the tooling
fixture and shim plates to control bondline thickness

8.5.1 Single-Lap-Joint Coupon Panel Assembly and Fabrication Procedure

8.5.1.1 Step 1l

Make sure the work area to assemble the lap-joint tooling fixture, as well as the surfaces of each
tooling fixture component, is clean, dry, and free of any dirt and debris. Start by placing the bottom
tooling plate with alignment posts on a sturdy flat, level surface. Inspect the alignment posts to
ensure they are not bent, loose, or damaged. Figure 10 shows the bottom lap-joint tooling plate for
the base of the assembly.

Fig. 10 Single-lap-joint tooling fixture stacking sequence: bottom tooling fixture plate with alignment posts
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8.5.1.2 Step 2

Place the bottom shim plate(s) for the required controlled bondline thickness as needed onto the
bottom tooling fixture plate, along one side, as the next level in the stacking sequence. Shims
should slide freely over posts and lay flat as shown in Fig. 11.

Fig. 11 Shim plates placed on top of the bottom tooling fixture plate. Note the thicker shim plate (top)
compensates for the single-lap-joint panel thickness, and the thinner, secondary shim plate (bottom) sets the
bondline thickness

Approved for public release; distribution is unlimited.

17





ARL-ADHES-QA-001.01 rev 2.2

8.5.1.3 Step 3

Place the bottom release sheet as shown in Fig. 12. It is highly recommended to use release sheets
to ease in dismantling the tooling fixture and removing the lap-joint panel specimen from the
tooling due to adhesive overflow.

Fig. 12 Placement of the bottom release sheet layer
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8.5.1.4 Step 4

Place the bottom lap-joint coupon panel opposite to the bottom shim on top of the release sheet,
tabs facing inward, with the prepared tab surfaces facing upward as shown in Fig. 13. The lap-
joint panel should slide freely over alignment posts with little lateral movement.

Fig. 13 Placement of bottom prepared single-lap-joint panel
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8.5.1.5Step 5

Apply the adhesive to a sufficient length on the prepared tab surfaces of the bottom single-lap-
joint coupon so that the adhesive will cover a space approximately 6 mm (0.25 inch) longer than
the full prepared 12.7-mm (0.50-inch) bond overlap area, as shown in Fig. 14.

Fig. 14 Application of adhesive to prepared tabs onto bottom lap-joint coupon panel

Approved for public release; distribution is unlimited.

20





ARL-ADHES-QA-001.01 rev 2.2

8.5.1.6 Step 6

Place the top lap-joint coupon panel onto the adhesive opposite the bottom coupon panel with its
prepared tabs facing downward as shown in Fig. 15. The bonded panels will be held rigidly in
place by the alignment posts during curing. In addition, the length of the overlap will be controlled,
and shims will provide a fixed bondline thickness.

Fig. 15 Placement of top lap-joint panel
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8.5.1.7 Step 7

Place the top release sheet over the lap-joint coupon panels as shown in Fig. 16. Release sheets
provide a layer of protection for the other tooling components from the adhesive while being
processed.

Fig. 16 Placement of top release sheet

Approved for public release; distribution is unlimited.

22





ARL-ADHES-QA-001.01 rev 2.2

8.5.1.8 Step 8

Place the top shim(s) over the right side of the alignment posts as shown in Fig. 17. The single-
lap-joint tooling fixture configuration provides thickness and overlap controls through the use of
the shims and alignment posts, respectively. In the example shown, the shims will produce an
approximately 0.762-mm (0.030-inch) bondline thickness. A bondline thickness of 0.762 mm
(0.030 inch) is a recommended starting point, but this may not be optimal for all adhesives.?*-23
Bondline shims are also available in 0.127 mm (0.005 inch), 0.381 mm (0.015 inch), and 1.14 mm
(0.045 inch), with additional thicknesses available by acquiring the needed shim stock.

Fig. 17 Placement of the top shim plate over the top release sheet, aligned with the lap-joint coupon panel.
(The shim plates match the coupon and bondline thickness to evenly offset the top single-lap-joint panel.)
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8.5.1.9 Step 9

Place the top tooling fixture plate with the alignment holes to complete the tooling package as
shown in Fig. 18.

Fig. 18 Completed lap-joint panel tooling package
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8.5.1.10 Step 10

For simplicity ARL incorporates the stacking weighted plate method of applying pressure (~7.8
KPa) to the single lap joints during bonding as shown in Fig. 19. Three steel plates (5.4 kg each)
are stacked on top of the single-lap-joint tooling fixture during cure. (The first stacking plate
contains alignment holes that also mate with the alignment posts of the bottom tooling plate.) To
obtain the needed pressure, 3 stacking plates are used. Using this method, the pressure can also be
adjusted as necessary to optimize for specific adhesives.

a. Single-stack weighted plate setup

c. Triple-stack weighted plate setup

Fig. 19 Single-lap-joint tooling fixture weighted plate stacking method with additional weighted plates for
increased bonding pressure
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8.5.1.11 Step 11

If the adhesive is a room temperature cure material, no further processing assistance is required.
Conversely, if heat is required for the curing, the tooling can be placed in an oven. The tooling
fixture can also be vacuum-bagged and heated in an oven, vacuum-bagged for autoclave
processing, or simply processed in a hydraulic press where higher bonding pressure is required
(the last 2 methods would not require any plate stacking). Furthermore, the tooling fixture can also
be vacuum-bagged and backfilled with a nitrogen gas purge for adhesives that are moisture or
oxygen sensitive. Figure 20 shows the tooling fixture placed within a typical convection oven,
with unobstructed circulated airflow around the tooling package. Thermal lag can be compensated
for by referencing the cure schedule to a thermocouple measurement taken from between the
tooling fixture plates. Alternative methods can also be used during the curing process as dictated
by the adhesive.

tes

Thermocouple
Lead

Lap-Joint
Panel
Tooling

Fig. 20 Representative example of the plate-loaded single-lap-joint tooling fixture undergoing oven cure at
elevated temperature

8.5.1.12 Step 12

Remove the cured and bonded single-lap-joint coupon panel from the tooling fixture as shown in
Fig. 21. Precautions should be taken to avoid unnecessary stresses in bending the panel in cases
where the alignment holes are binding to the locating pins of the tooling fixture. Excessive force
may degrade the bond strength of the joint.

Separate each individual single-lap-joint coupon specimen from the bonded panel as shown in
Fig. 22. It is normal to observe adhesive side overflow of the bonded single-lap-joint panel and the
formation of adhesive fillets. For added stability during the cutting process, cardboard shim stock
can be placed under the single-lap-joint coupon panel to keep it flat, steady, and firm, and will
reduce chatter and vibration when passing through the blade. Separate each coupon specimen using
a band saw to rough-cut between each specimen and remove the excess overflow adhesive from
the sides of the joints. The saw blade used for this demonstration contained 19 mm (0.75 inch) x
0.90 mm (0.035 inch) x 0.3-0.5/teeth per mm (8-12/teeth per inch), which is sufficient to produce
a clean cut.
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Fig. 21 Representative example of fully bonded single-lap-joint coupon panel upon completion of cure in the
tooling fixture

Fig. 22 “Intact” bonded single-lap-joint panel showing adhesive fillets, side overflow, and the cardboard shim
(left) and each individual single-lap-joint coupon specimen being separated from the panel using a band saw
(right)
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Finally, each lap-joint coupon specimen is finished into a test specimen in accordance with ASTM
D1002%" as shown in Fig. 23. Any sharp edges remaining on the aluminum adherends after cutting
with the band saw are removed using a belt sander, which produces smooth edges and reduces any
cutting injury risk to laboratory personnel during further handling and testing. Remove all excess
adhesive from the sides of the joint. This facilitates an easier visual inspection for detecting
possible excessive voids within the bondline and ensures an accurate bondline thickness
measurement.

Fig. 23  Finishing preparation of a single-lap-joint coupon test specimen using a belt sander (left) and a side
view of the test specimen after removing the excess adhesive (right)

8.6 Bondline Thickness Measurements

Once individual single-lap-joint test specimens have been fabricated, the adhesive bondline
thicknesses need to be recorded for each specimen. It is important when taking thickness
measurements of the single-lap-joint test specimen that a calibrated micrometer, such as the one
shown in Fig. 24, is used.

Fig. 24 Perform the single-lap-joint bondline thickness measurements using a calibrated micrometer
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Three measurements shall be taken along the width of the lap-joint test specimen at specified
locations, and then averaged, as indicated in Fig. 25. Measurements of the overall thickness include
the thickness of adherend A and B over their prepared substrate surfaces of the lap joint itself at
location C. Bondline thickness can be simply calculated by subtracting the adherend A and B
measurements from the overall thickness measurement. Averages shall be determined and
recorded. Furthermore, the operator will document in a laboratory notebook with sufficient detail
to serve as trustworthy database metadata the method of obtaining the average thickness of the
adhesive layer. The following Table is an example of an appropriate table that one can use to
record, calculate, and submit as metadata.

Exposed Prepared
Surface

Location A Location C
Location B

Overall
Thickness C

Adherend A

Adherend B

Y Prepared
Exposed Prepared Prepared Substrate B
Surface Substrate A
(Underside)

Fig. 25 IHllustration of the single-lap-joint bondline thickness measurement points

Table. Representative single-lap-joint bondline thickness measurements and calculations

Sample ID:
Bondiine thickness units (circle) — mm o)
Section | adherend A | Adherend B M";::"d'::(;_';'"s BondEne Calculation Comments
A (B) © {BL=C-(A+B))
(A1 Vale} | (B1 Vahe) {C1 Value) {(BL1 Value)
Location 1
0.063 0.0627 0.1545 0.0288
(A2 Valee} | (B2 Value) {C2 Vahue) {BL2 Value)
Location 2
00627 0.0625 0.1552 003
(A3 vale} | (B3 Vahe) {C3 Value) (BL3 Value)
Location 3
00625 0.0624 0.1555 0.0306
{Avg. of A} | (Avg. of B} {Avg. of C) (Avg. of BL)
Average
00627 0.0625 0.1551 0.0208
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8.7  Environmental Conditioning of Specimens

It is essential that test specimens be environmentally conditioned and then mechanically tested to
assess the adhesive’s performance and that ARL determine the acceptance of the adhesive for
higher-tier testing outlined in ARL-ADHES-QA-001.00. It is necessary to condition specimens in
accordance to this standard.

Test specimens shall be designated into the following 3 sets:

* Room Temperature—Dry Conditioning
* Hot/Wet Conditioning

» Elevated Temperature—Dry Conditioning

Prior to mechanical testing, samples shall be kept under dry conditions at ambient temperatures
until tested and then stored in sealed plastic bags, dry desiccant containers, nitrogen purged
containers, or similar. Even samples to be tested following hot/wet conditioning (i.e., high
temperature/water immersion) will still be stored in dry conditions prior to initiating the immersion
cycle. The operator will document the sample conditioning and all relevant test information in a
laboratory notebook with sufficient detail to serve as trustworthy database metadata.

A sufficient number of lap-joint test specimens (a minimum of 5) within a set shall be mechanically
tested, as per Subsection 8.8, to determine the average tensile breaking strength of that set, under
each condition. Specimens producing extremely low values from the test set average may be
omitted and an additional sample tested. Anomalies could be due to flaws within the bondline,
inadequate surface preparation, or possibly an issue with the testing apparatus.

8.7.1 Room Temperature-Dry Conditioning

Room temperature—dry conditioning samples will be considered baseline values for the adhesive.
Samples shall be taken from the sealed dry container and tested within 30 min.

8.7.2 Elevated Temperature/Water Immersion (Hot/Wet) Conditioning

Samples conditioned at elevated temperature and 100% submersed in water (hot/wet conditioning)
shall be placed within a water immersion tank (circulating or noncirculating), preferably using DI
or distilled water, maintaining a constant water temperature of 63 °C, +/-3 °C (145 °F, +/-5 °F),
for a duration of 14 days.?* Duration and temperature of the conditioning are based upon
considerations referenced in MIL-STD-810G, Laboratory Test Method 507.5, Humidity.?®

As an alternate method, if an immersion tank is not available, individual lap-joint test specimens
may be placed within a large test tube, with a screw top, to fully accept the length of the specimen,
filled with water and cap securely tightened. Test tubes may then be placed in a rack, sitting upward
and placed into a static or convection oven set at 63 °C, +/-3 °C (145 °F, +/-5 °F), as shown in
Fig. 26. In both test methods it is highly recommended that a calibrated digital thermometer will
be continually used to monitor the water temperature of the immersion tank or the air temperature
within the oven as a verification.
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After the 14-day duration, samples shall be removed from the bath, patted dry, and allowed to cool
at room temperature to be handled. Samples must be mechanically tested no later than 30 min after
removal from the water immersion tank.

Fig. 26 Alternate elevated temperature/water immersion conditioning test for lap-joint test specimens using
the test tubes and convection oven method

8.7.3 Elevated Temperature-Dry Conditioning

The temperature of the test is based upon considerations referenced in MIL-STD-810G,
Laboratory Test Method 501.5, High Temperature.?® A representative example of high-
temperature testing is shown in Fig. 27. Dry-elevated temperature conditioning consists of a
specialized heated test chamber that surrounds the test specimen and the grips of mechanical test
apparatuses yet still allows mechanical testing to be performed. The left-hand image of Fig. 27
shows the specialized test chamber with its door open and a single lap joint installed, ready to be
conditioned for mechanical testing. The right-hand image shows the door in the closed position,
allowing the test chamber air to equilibrate to the proper elevated temperature for testing.

Prior to placing a test specimen in the chamber, the test chamber air shall be set to an elevated and
stabilized temperature of 71 °C, +/-3 °C (160 °F, +/-5 °F), and held for at least 45 min as measured
by an adjacent thermocouple (TC) within the chamber. A single-lap-joint test specimen shall then
be placed inside and the chamber door closed. The test chamber shall then be allowed to reach a
stable 71 °C, +/-3 °C (160 °F, +/-5 °F), for dwell time of no less than 10 min prior to testing. This
will allow the test chamber and test specimen to reach steady-state equilibrium.
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Test
Specimen

Fig. 27 Samples undergoing elevated temperature testing at 71 °C, +/—3 °C (160 °F, +/-5 °F), with the chamber
door opened (left) and closed (right)

8.8  Mechanical Testing

The test procedure for the tensile breaking strength of the single lap joint is performed according
to Paragraphs 9.1 and 9.2 of ASTM D1002-10.1" An instrumented mechanical testing frame shall
be used, with an adequate load cell selected to ensure that the breaking load of the single lap joint
shall fall between 15% and 85% of its full-scale capacity. A typical mechanical test frame and load
cell is shown in Fig. 28. The crosshead speed shall be 0.0212 mm/s (1.27 mm/min, 0.05 inch/min)
and will be equipped with a suitable pair of self-aligning grips to hold both ends of the single lap
joint. The jaws of the grips shall engage the outer 25.4 mm (1 inch) of each end of the single lap
joint. The mechanical testing frame shall conform to Paragraph 5.1 of ASTM D1002-10. An
example of an acceptable test setup is shown in Fig. 29.

The operator will document the test information, test conditions, and test frame in a laboratory
notebook with sufficient detail to serve as trustworthy database metadata.
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Fig. 28 An instrumented mechanical testing frame with a load cell and work station is used to measure the
load vs. displacement response of the single lap joint until breaking failure

Fig. 29 Images showing the jaws of the grips engaging a single-lap-joint specimen at each end, secured in the
center of the grips and parallel to the direction of tensile force to be applied as per ASTM D1002-10, Paragraph

51
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8.9 Data Collection

All the raw experimental mechanical test data for each lap-joint specimen shall be saved in a
comma-separated values (CSV) file format. Both the load versus displacement and load versus
time data are required for subsequent analysis and are graphically shown in Figs. 30 and 31,
respectively. Any unit of measure is acceptable provided it is indicated in the data files.

12 “- — T T | T— T T T | T T T T | T T T | LI B | | T T T .!

Load (N) (1043)

-2 I —t——+ I ———t I ———t I + +—+ I —+——t ' —t——+ ' ———t
0.5 0.0 0.3 1.0 1.3 2.0 2.3 3.0
Displacement (mm)

Fig. 30 Representative example of raw load vs. displacement plot
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0 20 40 G0 B0 100 120 140
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Fig. 31 Representative example of raw load vs. time plot

The failed test coupons will be manually labeled with appropriate sample identification (ID)
information to embed this information within the image, which preserves data integrity by
eliminating file-naming errors. Images will be scanned at 300 dots per inch (dpi) resolution and
saved in tagged image file format (TIFF), which is a common minimum recommendation for photo
archiving.?” Test coupons will minimally be visually assigned either an adhesive, cohesive, or
mixed-mode of failure. More complex mode-of-failure descriptions can be found in ASTM
D1002-10 and ASTM D5573-99.28 A representative scanned failure surfaces showing sample 1D
information embedded within the image is shown in Fig. 32.

Material ID CEP100-ARL
$pecimen Lot ID: CEP100-ARL-2012-RT-14
Specimen ID: : 20120737

Material iD: CEP100-ARL
Specimen Lot ID: CEP100-ARL-2012-RT-14
Specimen |D: 20120737

Fig. 32 Representative scanned failure surfaces showing sample ID information embedded within the image
(ruler is included for quantitative dimensional scaling)
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8.9.1 Data Assembly and Retention
The following information will be collected and retained:

» Adhesive TDS and safety data sheet

* Individual load versus displacement results exported in CSV format

» Electronically scanned Single-Lap-Joint Fabrication Checklist (Appendix C)

» Electronically scanned Single-Lap-Joint Mechanical Testing Checklist (Appendix D)
» Electronically scanned Bondline Thickness Measurements sheets (Appendix E)

e Scanned TIFF formatted failure surfaces
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10.0 Appendix A. Test Panel Dimensions

For viewing ease and use with computer-aided design software, supplemental test panel and
tooling fixture drawings (as PDFs and DXFs) are attached to this PDF.
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11.0 Appendix B. Tooling Fixture Dimensions
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12.0 Appendix C. Single-Lap-Joint Fabrication Checklist
Sample ID’s: , , : :

Date: Temperature: Humidity

Testing facility and operator:

Adhesive, type, and form:

Lot ID, manufacturer’s code, expiration date:

Method of cleaning and preparing bonding surface:

Adhesive preparation, application, and bonding conditions:

Tooling fixture and bonding pressure notes:

Adhesive mixing to applied pressure time:

Cure cycle:

Oven used (model and serial number):

Conditioning procedure:

Comments:
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13.0 Appendix D. Single-Lap-Joint Mechanical Testing Checklist
Sample ID’s: , , : :

Test date: Test temperature: Test humidity

Testing facility and operator:

Test frame model and serial number:

Test frame calibration date:

Load cell model and serial number:

Load cell calibration date:

Crosshead speed: 1.3 mm/min (0.05 in/min), list other

Nature of failure and other comments:
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14.0 Appendix E. Bondline Thickness Measurements

Areain Areain
Test Grips Shear Area Test Grips

oAl , oC1 eB1
1

oA2 : eC2 ® B2

0 A3 | C3e e B3
Adherends

Adherend (A) and Bondline Adherend (B)

|

1

!

/1

1

Bondline
Aluminum grade: Mfg. nominal thickness: (mm —in)
Micrometer model, serial number, calibration date
Sample ID:
Bondline thickness units (circle) — mmor in
Section | Adherend A | Adherend B Adh;(r)ir:j(:i?e&(;jlus Bondline Calculation Comments
G (B) ©) (BL=C-(A+B))
(Al Value) (B1 Value) (C1 Value) (BL1 Vvalue)
Location 1
(A2 Value) (B2 Value) (C2 Value) (BL2 Value)
Location 2
(A3 Value) (B3 Value) (C3 Value) (BL3 Value)
Location 3
(Avg. of A) (Avg. of B) (Avg. of C) (Avg. of BL)
Average
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Sample ID:
Bondline thickness units (circle) — mm or in
Section | Adherend A | Adherend B Athe(r)irg:i?e&(sslus Bondline Calculation Comments
(A (B) ©) (BL=C-(A+B))
(Al Value) (B1 Value) (C1 Value) (BL1 Value)
Location 1
(A2 Value) (B2 Value) (C2 Value) (BL2 Value)
Location 2
(A3 Value) (B3 Value) (C3 Value) (BL3 Value)
Location 3
(Avg. of A) (Avg. of B) (Avg. of C) (Avg. of BL)
Average
Sample ID:
Bondline thickness units (circle) — mmorin
: Adh A&BPI
Section | Adherend A | Adherend B d Be(;ir]ol(jlinengL) U8  Bondiline calculation Comments
(A (B) ©) (BL=C-(A+B))
(Al Value) (B1 Value) (C1 Value) (BL1 Value)
Location 1
(A2 Value) (B2 Value) (C2 Value) (BL2 Value)
Location 2
(A3 Value) (B3 Value) (C3 Value) (BL3 Value)
Location 3
(Avg. of A) (Avg. of B) (Avg. of C) (Avg. of BL)
Average

Approved for public release; distribution is unlimited.

54





ARL-ADHES-QA-001.01 rev 2.2

Sample ID:
Bondline thickness units (circle) — mm or in
Section | Adherend A | Adherend B Athe(r)irg:i?e&(sslus Bondline Calculation Comments
(A (B) ©) (BL=C-(A+B))
(Al Value) (B1 Value) (C1 Value) (BL1 Value)
Location 1
(A2 Value) (B2 Value) (C2 Value) (BL2 Value)
Location 2
(A3 Value) (B3 Value) (C3 Value) (BL3 Value)
Location 3
(Avg. of A) (Avg. of B) (Avg. of C) (Avg. of BL)
Average
Sample ID:
Bondline thickness units (circle) — mmorin
: Adh A&BPI
Section | Adherend A | Adherend B d Be(;ir]ol(jlinengL) U8  Bondiline calculation Comments
(A (B) ©) (BL=C-(A+B))
(Al Value) (B1 Value) (C1 Value) (BL1 Value)
Location 1
(A2 Value) (B2 Value) (C2 Value) (BL2 Value)
Location 2
(A3 Value) (B3 Value) (C3 Value) (BL3 Value)
Location 3
(Avg. of A) (Avg. of B) (Avg. of C) (Avg. of BL)
Average
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1.0  Purpose

This report provides the development history and rationale for the standard process
description (SPD) ARL-ADHES-QA-001.00 Rev 1.0, Adhesives: Test Method,
Group Assignment, and Categorization Guide for High-Loading-Rate
Applications, by the Adhesives and Informatics Team, Coatings, Corrosion and
Engineered Polymers Branch (CCEPB), US Army Research Laboratory (ARL).

2.0 Scope

This SPD fulfills partial requirements for the CCEPB to qualify for International
Organization for Standardization 9001:2008 certification.

Disclaimer: This report contains ARL-originated studies containing advice and
recommendations. The “History and Rationale” of the title is included as a
consideration to future researchers.

Figure 1 shows the property assignment regions for adhesive group categories
specified in Adhesives: Test Method, Group Assignment, and Categorization Guide
for High-Loading-Rate Applications, ARL-ADHES-QA-001.00 Rev 1.0.! The
assignment regions can be defined by a plot of maximum strength (Smax) versus
displacement complete failure (dsilre) as measured from standardized single-lap-
joint tests per ASTM D1002 under quasi-static loading conditions at room
temperature (RT).2 Figure 2 shows a global plot of Smax versus drilre With the
inclusion of 894 experimental data test points taken at and by ARL for various
adhesive materials. Figure 3 provides a more-detailed data representation with
respect to the adhesive material types. The intended ARL focus of testing these
adhesives has primarily been for bonding armor assemblies. The global response to
ballistic loading for a number of these adhesives has been observed and evaluated
by ARL researchers.

Approved for public release; distribution is unlimited.
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Fig.1  Adhesive groups based upon single-lap-joint performance (Smax and drailure) at RT
(dry conditioning)
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Fig.2  ARL experimental population of adhesive groups based upon Smax and dsaiture Single-
lap-joint performance at RT (dry conditioning)

Approved for public release; distribution is unlimited.

4





ARL-ADHES-QA-001.02 Rev 1.0

« Acrylic/Acrylate + Epoxy Other Polysulfide + Silicone + Urethane/Urea

45 T T |
Group Il
a0 p Group Il Group |
. Spax =10.0 MPa

_E 35 y o ~ diitre > 3.81mm
= 0“%’0 * *
=3 ot .
‘_%30 .'{b . _ . ®
.‘QE, .:'“ .« M :?; :.’ .
£25 = ="
2] :
S *
g 20
g *

15
£ PETY 5
.E e 3..! - - .‘ %
] ,.‘. o e
210 —r

o
> . . r . A
e Group IV - "
L ’“ roup .. ": ‘ . .
| L] Al - ~ . Ly L]
0
0 1 2 3 4 5 6 7

Displacement at Complete Failure () (mm)

Fig.3  Detailed ARL experimental population of single-lap-joint performance showing
adhesive chemical classifications. Dry sample conditioning tested at normal RT and humidity
conditions (1.62-mme-thick 2024 T3 aluminum substrates).

2.1  Adhesive Categories

2.1.1 Group | Category Adhesives (Adhesives for High-Loading-Rate
Environments)

Group | adhesives represent a performance region where increases in ballistic
damage tolerance occur with respect to survivability of the bondline. This is a
qualitative assessment based on the global performance of the bonded armor
assembly against the test threat, the size of the damage area, the damage modes of
the constituent armor materials, and if the adhesive bondline will withstand
multiple impacts (i.e., the strike face and backing plate bond remains intact). The
further hot/wet and elevated temperature requirements specified in ARL-ADHES-
QA-001.00 are screening checks to minimize potential longer-term service
durability issues with an upfront minimal effort in testing. ARL-ADHES-QA-
001.00 conveys the empirical observations and experience of ARL researchers in
using adhesives to bond armor assemblies in terms of quasi-static performance
metrics using a well-established academic and industrial test geometry
configuration. The eventual “goal” for adhesives for armor applications is to
develop, test, and evaluate a system able to withstand maximum strength and
deflection much greater than 10.0 MPa and 3.81 mm, respectively, as shown in
Fig. 3.

Approved for public release; distribution is unlimited.

5





ARL-ADHES-QA-001.02 Rev 1.0

2.1.1.1 Experimental and Modelling Challenges

The loading conditions experienced by ground combat vehicles during high-strain-
rate/high-stress (ballistic) events are complex.®*® From the Army’s call for
proposals to establish a Collaborative Research Alliance focused on Materials in
Extreme Dynamic Environments (MEDEsS), the fundamental problem is “the lack
of understanding of the physical phenomena at multiple scales that govern high-
stress and high strain-rate material performance resulting from the paucity of
validated linkages between experimental and computational research tools at
critical length and time scales.”** Specifically, the MEDE proposal guidance
outlined the following major gaps in the current state of the art:

« A limited ability to relate materials chemistry, structure, and defects to
materials response and failure under extreme conditions.

. Aninadequate ability to predict the roles of materials structure, processing,
and properties on performance in relevant extreme environments and
designs.

. The lack of experimental capabilities to quantify multiscale response and
failure of materials under extreme conditions.

2.1.1.2 Variable High-Loading-Rate Environments

Lightweight armor configurations are constantly evolving as new threats are
encountered.®?! Co-evolution of predator and prey species occurs in nature.?2-28
Historically, threat and protection schemes engaged in human combat are also
continuously co-evolving, such as armor and antiarmor development. Liddel Hart
pointed out that in 1940 the use of a propelled armored offensive was “a concept as
revolutionary as the use of the horse, the long spear, the phalanx, the flexible legion,
the ‘oblique order’, the horse-archer, the longbow, the musket, the [artillery]
gun”.?®

2.1.1.3 Minimal Linkages to Academia and Industry

Little information pertaining to armor configurations exists in the open literature.
Literature that does exist is related to generic (unclassified) armor configurations
matched against unclassified threats, such as 7.62-mm fragment-simulating
projectiles and so on. Typically, only the global response of the armor
package/assembly is observed and evaluated. Regardless of the material studied
(ceramic, metal, composite, adhesive, etc.), trends are implied, but distinct
constitutive properties are seldom determined,3*-32 whereas useful generic studies
are challenging to scale as the momentum and impact energies of the ballistic event
increase in magnitude.
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Armor specifications are typically based upon performance, while aerospace
adhesive specifications define precise material properties using standardized and
accepted testing protocols. Aerospace specifications are well-known and
implementable by adhesive formulators. Armor specifications, including spall
liners, aluminum, and rolled homogeneous armor steel, are restrictive in terms of
material composition and performance.33-%

The absence of high loading rate—derived adhesive specifications can lead to
borrowing from aviation, which may not provide adequate performance in high-
loading-rate regimes.

2.1.1.4 Comments on Ballistic Testing of Adhesively Bonded Armor
Assemblies

Judgments on the performance ratings of individual armor assembly constituents,
including the adhesive, are typically tied to the global performance of the entire
armor package. A high-performance rating from ballistic testing does not guarantee
that the adhesive will maintain the characteristics as the threat and armor
configuration vary. Likewise, poor performance in a single test configuration does
not always guarantee that the adhesive will not be suitable in alternative armor
designs.

2.1.2 Group I, I, and IV Category Adhesives

The experimental data points plotted in Figs. 1-3 show the highest population
densities in Groups II, 11, and IV. Groups Il and Ill are attainable by current
aerospace-grade bonding adhesives, and Group IV performance metrics can be
achieved by aerospace-grade sealants. Groups II, IllI, and IV are realistic
performance criteria for adhesives that have previously scaled through Department
of Defense (DOD) technology-readiness-level progressions into full commercial
availability. In contrast, Group I is sparingly populated with very few experimental
data test points for a relatively few adhesives that are not at commercial acceptance
levels. The continual evolving and variable nature of armor protection schemes will
ensure a multitude of adhesive bonding schemes needed to meet Group |
requirements. This armor configuration variability and relatively mild upper-
service temperature requirements could provide the impetus for adhesive
formulators to probe ground vehicle applications for product expansion,
particularly where non-DOD commercial opportunities exist. This could potentially
lead to adhesive advancements past the development plateau of aerospace, as
portrayed in Fig. 4.
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Fig.4  The bonding requirements for adhesives in ground vehicle applications require

technological development past aviation benchmarks

Supplemental commentary is reported in the following appendix sections
describing technological growth progression and a brief history of high-

performance adhesives from the aerospace industry.
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8.0  Appendix A. Innovation vs. Invention

Knowledge translation progresses through 3 stages: discovery, invention, and
innovation.3”*® Discovery is the identification of new knowledge and is
traditionally brought into light through mechanisms such as peer-reviewed
academic papers. The invention is the embodiment, or working demonstration, of
the discovery into practice. Innovation is the refinement of the invention to a
sufficient stage of development to bring it to the commercial market.

Joseph Schumpeter (1883-1950) adapted the phrase “Creative Destruction” in his
theories of economic development.®®* The wvariant phrase “Disruptive
Technology”, by Joseph Bower and Clayton Christensen, gained popularity in the
mid-1990s.#> However, Schumpeter’s economic theories remain influential to
modern scholars.*®

A transistor is a semiconductor device used to control and amplify electrical
currents and is a model example contrasting the following invention versus
innovation stages of technology development.

« The invention of the transistor was credited to John Bardeen, Walter
Brattain, and William Shockley while working for Bell Telephone
Laboratories in 1947. Efforts to invent a practical transistor were the
accumulation of intense war-driven needs for enhanced radar performance.
Bardeen, Brattain, and Shockley were awarded the 1956 Nobel Prize in
Physics for their invention.*

« While the invention of the transistor in 1947 represented a tremendous
scientific advancement, there were still many practical considerations that
were yet to be developed to successfully transition the technology into
commercial industry.*48

« Gordon K Teal represents the “innovator” in the history of transistor
technology. Teal was a former Bell Labs employee who began working for
Texas Instruments in 1953. Teal overcame the performance limitations of
Bell Labs’ germanium-based transistor design by developing a method to
grow large single-crystal silicon as the semiconductor material. Texas
Instruments was capable of mass producing the new silicon transistor
design for the first successful transistor radio to progress beyond the
prototype stage, the Regency TR-1, in 1954,

Innovation is the successful implementation of creative ideas within an
organization.** According to Joseph F Engelberger, the “father of robotics”,
innovation requires 1) recognized need, 2) competent people with relevant
technology, and 3) financial support.
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Innovation also carries very high failure rates. Failure leads to loss in morale,
increased cynicism, and resistance to change. Erik Brynjolfsson (Massachusetts
Institute of Technology’s Sloan School) basically states that industrial use of newer
innovative technology occurs at higher levels once the existing management
infrastructure exits the workforce.%5!
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9.0  Appendix B. Technological Development Curves

While Schumpeter provided the initial concept that innovation was the driving force
for economic growth, it was W Rupert Maclaurin, Department of Economics and
Social Science at the Massachusetts Institute of Technology in the 1940s and 1950s,
who first provided an analytically quantitative “linear model of innovation”.>? Prior
to the Second World War, traditional economic theory reasoned that growth was
simply related to the ability to increase available production capacity. Maclaurin
systematically and rigorously studied “technological progressiveness” for a broad
range of industries, including chemical, photographic, aviation, oil, radio and
television, electric light, automobile, paper, steel, food processing, cotton and
textiles, coal mining, and housing assembly, and derived the following “series of
measurements” to track technological innovation for his linear model: “Linear
model of innovation: Pure science to Invention to Innovation to Finance to
Acceptance”.>?

Many nonlinear recursive models have been proposed since Maclaurin’s initial
linear growth theory to meet the complexities of specific industries.>

The “S-curve”, shown in Fig. B-1, was conceived in the early 1970s by Richard
Foster while working as a business consultant for McKinsey and Co. in New
York.>#%¢ The primary advantage of the S-curve is that it represents a model, of
growth versus time, that is easy to comprehend.>*®’

N

Growth

v

Time
Fig. B-1 The “S-curve”
Some of the advantages of the S-curve include the following:
. Ease in evaluation of the different stages of technology
« Indicator of the need to shift when gains in growth decline
« Provides motivation to be at the forefront of new technology
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« Reduces the chances of hasty rejections of emerging technology
Some of the disadvantages of the S-curve include the following:

« Does not indicate how large the gains generated by the emerging
technology will be

« Does not precisely guide business managers with respect to the timing of
transitioning the shift from old to new technology

« The S-curve is a generalization, which may or may not fit to specific
industries.

Research efforts to mathematically quantify the S-curve are ongoing,
continually.>8-51

The actual invention stage and process of a technological growth curve, while
significant, is a relatively small factor in determining the success of a new product.
Inventors who more fully understand the broader growth process of technology and
who are more willing to escort their invention through licensing and potential
commercialization in an advisory role seem to have a better chance at bridging the
gap between invention and innovation.®? Braunerhjelm and Svensson® verified
Schumpeter’s assertion that the invention and innovation stages of technology
growth are separate through a statistical study of Swedish patents. It was found that
the success rate of the invention was actually lower if the inventor also assumed
ownership and leadership during the innovation stage. However, true entrepreneurs
who drive the innovation stage clearly benefitted when the inventor was able to
assist in a supportive role, primarily to adapt the technology to specific customer
needs and to reduce uncertainty.

Philibert provides a comprehensive approach to understanding the complexities in
the relationships between invention, innovation, and the eventual diffusion of the
new technology into the commercial marketplace at the international level in efforts
to reduce global CO; emissions.®® It seems to be clearly understood that the
invention of new technologies as alternative energy sources is only a partial
solution to curbing the rise of atmospheric CO; levels.

It is also known that research and development managers at corporate and
government levels are intimately connected with the success or failure of new
inventions.®4-%® Specifically, government lead research is in a position to absorb a
greater amount of risk than corporate counterparts. Government-sponsored
technical standards can provide motivation for private companies to progress from
the invention to innovation stages.®® However, it is also cautioned that government-
sponsored technical standards that “do not endure” can also impede innovation.®®
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10.0 Appendix C. Development History of Aviation Adhesives

10.1 Norman de Bruyne and Aero Research Ltd

Aviation material property requirements are dominated by “strength and stiffness”,
which have been well-defined for the commercial adhesive industry since the
middle of the 20th century:

« Aviation is a very mature industry, and the correlations between materials
properties with processing, performance, design, structure, and
manufacturing that have been studied extensively.®’

« Modern adhesives with properties specifically tailored for aircraft
fabrication were patented in Great Britain in the 1930s and in the United
States in the 1950s.8-7°

« Literature sources related to the performance of aircraft adhesives date at
least to 1943.7

Modern aviation adhesives (and composites) owe their existence to the pioneering
work of Norman Adrian de Bruyne in the 1930s through the 1950s.”-"# De Bruyne
earned his master’s and doctoral degrees from Trinity College at the University of
Cambridge studying electrical and radioactive field emission. De Bruyne had a
passion for aviation and obtained his pilot’s license in 1929. “He was totally
dissatisfied with the complacency shown in aircraft design during the late 1920s
and early 1930s, and was convinced he could do a lot better.”"?

De Bruyne formed The Cambridge Aeroplane Construction Company in 1931,
which became Aero Research Limited (Duxford, Cambridge) in 1934. Aero
Research Ltd was responsible for most of the initial ground-breaking inventions
that aviation adhesives and composites were founded on, including the following:

« Invented Gordon Aerolite composite, which used a phenol-formaldehyde
matrix and flax roving reinforcement.

« Invented Aerolite urea-formaldehyde adhesives for laminating and
bonding wood. This adhesive was used to construct the laminated plywood
Airspeed Horsa glider and de Havilland Mosquito.

« Invented sandwich honeycomb composite structures.

« Invented poly(vinyl formal) — phenol-formaldehyde adhesive (Redux 775)
for the first metal-to-metal bonding in aircraft (de Havilland Sea Hornet).

« Invented modern film adhesives.
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« Educated and introduced a much broader commercial audience to the
benefits of adhesive bonding through teaching annual “summer schools”
at Cambridge University in the postwar years.

De Bruyne and the technical staff at Aero Research Ltd were also innovators. While
phenol and urea-formaldehyde chemistry dates to the early 1900s,”® it was Aero
Research Ltd that modified the chemistries and processing techniques that
innovated their use for aviation applications.

10.2 Maturation of Redux 775

The advances in aviation adhesives pioneered by Norman de Bruyne and Aero
Research Ltd in the 1930s and adopted by de Havilland in the 1940s were possible
because the engineering properties required were already known.

From Kinloch’s memoir of de Bruyne:

. “De Bruyne became convinced that there was considerable scope for the
introduction of novel designs and materials in aircraft structures, especially
because it seemed that anything other than a biplane was regarded as
un-English and not really practicable by the current aircraft design
engineers.” 2

« De Bruyne set about designing and constructing the Snark” in the early
1930s.

. De Bruyne was able to construct the Snark as a monoplane using
lightweight stressed plywood, laminated with phenol-formaldehyde resin,
as the fuselage and wing material.

« The design was so advanced that the Royal Aircraft Establishment (RAE)
initially “dismissed the whole design concept and stated that it could not
issue a certificate (so the aircraft could be legally flown) for such a
lightweight structure, because its light weight must imply an inadequate
strength”.

« The Snark design was approved by the RAE on June 21, 1934, following
full-scale destructive testing of the fuselage structure.

. Kinloch states that de Bruyne based his design of the Snark on “Prager’s
analysis of plastic failure”’” and “Wagner’s tension field analysis”.”

The lessons learned from the Snark subsequently led de Havilland to use Aerolite
urea-formaldehyde plywood bonding in the Mosquito’ poly(vinyl formal) —
phenol-formaldehyde adhesive (Redux 775) metal-to-metal bonding in the Sea
Hornet” and the transition of adhesive bonding into commercial aviation with the
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Dove.”® By the end of the Second World War the basic correlations between
fundamental quasi-static adhesive mechanical properties and the full structural
response of aircraft were known, and the connection between performance
requirements and formulation had essentially been bridged.

Although Aero Research Ltd was acquired by Ciba in 1947, Redux-type adhesives
are currently qualified for aircraft production and sold through Hexcel.®°

10.3 Increased Service Temperature Requirements

The need for higher service temperatures was a primary factor in driving adhesives
for aviation applications beyond the initial phenol-formaldehyde base chemistry
established by Aero Research Ltd. However, their exact histories are much more
difficult to trace through academic literature and patent references. Wikipedia states
that resin formulation based upon epichlorohydrin was first reported in 1927, and
modern bisphenol-A epoxy resins were invented by Pierre Castan (Switzerland)
and Sylvan Greenlee (United States) in 1937.8! The Wikipedia statements were not
verified directly, though patents for Castan® and Greenlee®® issued at later dates
indicate that it is possible that they were involved with epoxy synthesis.

Likewise, the origins of epoxy film adhesives are equally obscure in the literature
and patent archives, although Higgins reports the use of American Cyanamid
(Cytec) FM 1000 for bonding in the Boeing 727 in 1963.%* A large number of
representative epoxy adhesive patents can be found from the 1950s, 1960s, and
1970s.3>87

The possible origins of bismaleimide (BMI) and cyanate-ester-resin-based
adhesives are even more obscure in the patent literature.288 The academic literature
for BMI and cyanate-ester-based adhesives becomes more widespread in the 1990s
although not approaching the number of publications for epoxy adhesives.%*%!

10.4 Plateaued Development

The drive by the commercial aviation industry for lighter aircraft has resulted in a
steady increase the use of composite structures since the mid-1970s.8* The use of
adhesives and composites should scale with each other.

« The McDonnell Douglass MD-80 used less than 5% composite structure
by weight in 1980. The current Boeing 787 uses approximately 50%
composite structure by weight.

. Additional metal-to-metal bonding also exists in aircraft, such as bonded
reinforcement joints and struts, so the percentage of adhesive bonds used
probably scales greater than the percentage of composite used.
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This increasing use of adhesives in aircraft since the 1970s is based upon chemistry
that in some cases is decades old and has not translated to the continual
development of new adhesive formulations or chemistries. Results from a market
survey of the adhesives and sealants industries in 2008 revealed the following:

The market survey reported profiles for 434 adhesive companies.

The corporate trends seemed to point toward expanding production in the
BRIC (Brazil, Russia, India, and China) nations.

Adhesive industry corporate news was dominated by mergers and
acquisitions. The market survey acknowledged that the adhesives market
is very dynamic.

For 2008, 255 recent product innovations/introductions were listed but
only one was aerospace-related: “Huntsman Advanced Materials Unveils
New Aerospace Adhesives”.

New developments in solvent-free and environmentally friendly adhesive
technology appears as most prevalent product innovation.®?

By 2008 the technological development of aviation adhesives were certainly well
within the upper plateau of growth potential based on a simple S-curve analysis, as
shown in Fig. C-1.

A

Aerospace

Growth

3!

N . A
& Time o8
N

"

Fig. C-1 The “S-curve” for aerospace adhesives
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single lap data


			MSAT ID			Material classification 			Max strength (MPa)			Extension at complete failure (mm)


			20090031			Acrylic/Acrylate			10.4			2.55


			20090032			Acrylic/Acrylate			12.3			2


			20090033			Acrylic/Acrylate			11.7			1.49


			20090034			Acrylic/Acrylate			10.8			1.52


			20090035			Acrylic/Acrylate			11.7			1.61


			20120041			Acrylic/Acrylate			13.4			1.79


			20120042			Acrylic/Acrylate			13.9			1.81


			20120043			Acrylic/Acrylate			14.2			1.84


			20120044			Acrylic/Acrylate			14.4			1.81


			20120045			Acrylic/Acrylate			14.5			1.91


			20120137			Acrylic/Acrylate			12.9			1.72


			20120138			Acrylic/Acrylate			11.5			1.71


			20120139			Acrylic/Acrylate			11.7			0.862


			20120140			Acrylic/Acrylate			10.9			1.39


			20120141			Acrylic/Acrylate			12.2			1.61


			20120142			Acrylic/Acrylate			12.8			1.73


			20120143			Acrylic/Acrylate			10.7			1.58


			20120144			Acrylic/Acrylate			11			1.38


			20120145			Acrylic/Acrylate			11.4			1.44


			20120146			Acrylic/Acrylate			12.4			1.49


			20120147			Acrylic/Acrylate			15.7			1.95


			20120148			Acrylic/Acrylate			14.4			1.51


			20120149			Acrylic/Acrylate			15			1.4


			20120150			Acrylic/Acrylate			14.4			1.95


			20120151			Acrylic/Acrylate			9.36			1.08


			20120153			Acrylic/Acrylate			8.32			1.24


			20120154			Acrylic/Acrylate			9.02			1.25


			20120155			Acrylic/Acrylate			10.1			1.19


			20120156			Acrylic/Acrylate			11.3			1.95


			20120197			Acrylic/Acrylate			13.8			1.73


			20120198			Acrylic/Acrylate			13.3			1.91


			20120199			Acrylic/Acrylate			13.9			1.63


			20120200			Acrylic/Acrylate			13.3			1.73


			20120201			Acrylic/Acrylate			13.7			1.64


			20120202			Acrylic/Acrylate			13.8			1.73


			20120203			Acrylic/Acrylate			12.7			1.7


			20120204			Acrylic/Acrylate			14.3			1.9


			20120205			Acrylic/Acrylate			14.7			1.73


			20120206			Acrylic/Acrylate			14.4			1.8


			20120207			Acrylic/Acrylate			14.2			1.55


			20120208			Acrylic/Acrylate			15.3			1.64


			20120209			Acrylic/Acrylate			13.4			1.74


			20120210			Acrylic/Acrylate			13.3			1.6


			20120211			Acrylic/Acrylate			13.2			1.57


			20120212			Acrylic/Acrylate			13.7			1.75


			20120213			Acrylic/Acrylate			14			1.83


			20120214			Acrylic/Acrylate			13.6			1.53


			20120215			Acrylic/Acrylate			13.5			1.72


			20120216			Acrylic/Acrylate			14			1.81


			20120257			Acrylic/Acrylate			13.4			2.1


			20120258			Acrylic/Acrylate			13.5			2.11


			20120259			Acrylic/Acrylate			13			2.17


			20120260			Acrylic/Acrylate			13.3			2.1


			20120261			Acrylic/Acrylate			13.4			2.15


			20120262			Acrylic/Acrylate			14			2.05


			20120263			Acrylic/Acrylate			12.4			2.05


			20120264			Acrylic/Acrylate			13.6			2.18


			20120265			Acrylic/Acrylate			12.4			2.01


			20120266			Acrylic/Acrylate			12.7			2.18


			20120267			Acrylic/Acrylate			11.9			2.15


			20120268			Acrylic/Acrylate			9.93			2.09


			20120269			Acrylic/Acrylate			9.88			2.08


			20120270			Acrylic/Acrylate			10.8			2.53


			20120271			Acrylic/Acrylate			10.9			2.39


			20120272			Acrylic/Acrylate			12.6			2.61


			20120273			Acrylic/Acrylate			12			2.5


			20120274			Acrylic/Acrylate			12.6			2.52


			20120275			Acrylic/Acrylate			11.8			2.58


			20120276			Acrylic/Acrylate			11.9			2.54


			20120317			Acrylic/Acrylate			10.4			2.53


			20120318			Acrylic/Acrylate			8.84			2.29


			20120319			Acrylic/Acrylate			8.67			2.04


			20120320			Acrylic/Acrylate			8.7			2.42


			20120321			Acrylic/Acrylate			6.92			1.82


			20120322			Acrylic/Acrylate			9.65			3.5


			20120323			Acrylic/Acrylate			8.38			2.26


			20120324			Acrylic/Acrylate			9.72			2.48


			20120325			Acrylic/Acrylate			9.39			2.19


			20120326			Acrylic/Acrylate			10.8			2.2


			20120327			Acrylic/Acrylate			7.89			1.92


			20120328			Acrylic/Acrylate			10.7			2.18


			20120329			Acrylic/Acrylate			10.5			2.18


			20120330			Acrylic/Acrylate			9.92			2.12


			20120331			Acrylic/Acrylate			11.2			2.02


			20120332			Acrylic/Acrylate			12.1			2.67


			20120334			Acrylic/Acrylate			12.6			2.7


			20120335			Acrylic/Acrylate			12.7			2.61


			20120336			Acrylic/Acrylate			11.8			2.37


			20120377			Acrylic/Acrylate			12.6			1.13


			20120378			Acrylic/Acrylate			12.4			1.37


			20120379			Acrylic/Acrylate			12.1			0.909


			20120380			Acrylic/Acrylate			11.9			1.2


			20120381			Acrylic/Acrylate			13.6			0.989


			20120382			Acrylic/Acrylate			12.7			1.03


			20120383			Acrylic/Acrylate			11.6			1.05


			20120384			Acrylic/Acrylate			11.4			1.06


			20120385			Acrylic/Acrylate			10.3			0.779


			20120386			Acrylic/Acrylate			11.3			1.23


			20120387			Acrylic/Acrylate			13.8			1.47


			20120388			Acrylic/Acrylate			12.6			1.24


			20120389			Acrylic/Acrylate			12.6			1.49


			20120390			Acrylic/Acrylate			12.3			1.2


			20120391			Acrylic/Acrylate			13.5			1.8


			20120392			Acrylic/Acrylate			14.6			1.44


			20120393			Acrylic/Acrylate			12.1			1.15


			20120394			Acrylic/Acrylate			11.8			1.2


			20120395			Acrylic/Acrylate			12.8			1.29


			20120396			Acrylic/Acrylate			11.4			1.07


			20120437			Acrylic/Acrylate			14.7			3


			20120438			Acrylic/Acrylate			14.6			3.51


			20120439			Acrylic/Acrylate			14.1			2.98


			20120440			Acrylic/Acrylate			14.2			2.08


			20120441			Acrylic/Acrylate			15.6			2.24


			20120442			Acrylic/Acrylate			13.9			2.58


			20120443			Acrylic/Acrylate			13.6			3.12


			20120444			Acrylic/Acrylate			13.9			3.02


			20120445			Acrylic/Acrylate			13.7			3.94


			20120446			Acrylic/Acrylate			12.9			3.03


			20120447			Acrylic/Acrylate			13.7			1.91


			20120448			Acrylic/Acrylate			14.9			2.33


			20120449			Acrylic/Acrylate			13.6			1.89


			20120450			Acrylic/Acrylate			14.3			1.87


			20120451			Acrylic/Acrylate			13.9			1.88


			20120452			Acrylic/Acrylate			15.1			2.97


			20120453			Acrylic/Acrylate			14.1			2.49


			20120454			Acrylic/Acrylate			15			2.87


			20120455			Acrylic/Acrylate			14.7			2.85


			20120456			Acrylic/Acrylate			14.3			2.58


			20120497			Acrylic/Acrylate			13.5			2.97


			20120500			Acrylic/Acrylate			12.5			2.75


			20120501			Acrylic/Acrylate			11.8			2.65


			20120502			Acrylic/Acrylate			12.3			2.88


			20120503			Acrylic/Acrylate			12.5			2.74


			20120504			Acrylic/Acrylate			12.4			2.83


			20120505			Acrylic/Acrylate			11.5			2.78


			20120506			Acrylic/Acrylate			13			2.5


			20120507			Acrylic/Acrylate			13.1			2.73


			20120508			Acrylic/Acrylate			12.1			2.32


			20120509			Acrylic/Acrylate			11.1			2.1


			20120510			Acrylic/Acrylate			7.95			2.56


			20120511			Acrylic/Acrylate			8.28			2.83


			20120513			Acrylic/Acrylate			12.2			2.72


			20120514			Acrylic/Acrylate			13.3			2.52


			20120515			Acrylic/Acrylate			13			2.72


			20120516			Acrylic/Acrylate			13			2.75


			20120557			Acrylic/Acrylate			12.3			2.71


			20120558			Acrylic/Acrylate			12.5			2.86


			20120559			Acrylic/Acrylate			12.4			2.61


			20120560			Acrylic/Acrylate			12			2.31


			20120561			Acrylic/Acrylate			12.3			2.8


			20120562			Acrylic/Acrylate			11.5			2.43


			20120563			Acrylic/Acrylate			12.4			2.85


			20120564			Acrylic/Acrylate			12.4			2.63


			20120565			Acrylic/Acrylate			12.3			2.58


			20120566			Acrylic/Acrylate			12.3			2.59


			20120567			Acrylic/Acrylate			12.4			3.44


			20120568			Acrylic/Acrylate			12.7			3.14


			20120569			Acrylic/Acrylate			13.6			3.21


			20120570			Acrylic/Acrylate			11.5			2.89


			20120571			Acrylic/Acrylate			10.2			2.63


			20120572			Acrylic/Acrylate			12.2			3.4


			20120573			Acrylic/Acrylate			10.7			3.4


			20120574			Acrylic/Acrylate			7.74			3.14


			20120575			Acrylic/Acrylate			11.1			3.59


			20120576			Acrylic/Acrylate			11.1			3.45


			20120927			Acrylic/Acrylate			10.3			1.5


			20120928			Acrylic/Acrylate			9.68			1.45


			20120929			Acrylic/Acrylate			8.05			1.33


			20120930			Acrylic/Acrylate			8.84			1.58


			20120931			Acrylic/Acrylate			9.72			1.43


			20120932			Acrylic/Acrylate			9.79			1.43


			20120933			Acrylic/Acrylate			10.9			1.51


			20120934			Acrylic/Acrylate			11.6			1.56


			20120935			Acrylic/Acrylate			12.2			1.74


			20120936			Acrylic/Acrylate			12.1			1.66


			20120937			Acrylic/Acrylate			10.6			1.38


			20120938			Acrylic/Acrylate			9.17			1.45


			20120939			Acrylic/Acrylate			9.71			1.44


			20120940			Acrylic/Acrylate			9.89			1.5


			20120941			Acrylic/Acrylate			10.2			1.32


			20120942			Acrylic/Acrylate			10.1			1.49


			20120943			Acrylic/Acrylate			9.35			1.48


			20120944			Acrylic/Acrylate			10.5			1.72


			20120945			Acrylic/Acrylate			9.98			1.58


			20120946			Acrylic/Acrylate			10.2			1.42


			20121315			Acrylic/Acrylate			11.8			1.8


			20121316			Acrylic/Acrylate			10.4			1.84


			20121317			Acrylic/Acrylate			10.3			1.88


			20121318			Acrylic/Acrylate			10.4			1.91


			20121319			Acrylic/Acrylate			11.4			1.95


			20121320			Acrylic/Acrylate			11.3			2.02


			20121321			Acrylic/Acrylate			10.7			2.02


			20121322			Acrylic/Acrylate			10.2			2.04


			20121323			Acrylic/Acrylate			10.6			2.04


			20121324			Acrylic/Acrylate			11.5			1.85


			20121325			Acrylic/Acrylate			11.9			1.79


			20121326			Acrylic/Acrylate			10.8			1.96


			20121327			Acrylic/Acrylate			10.1			2.77


			20121328			Acrylic/Acrylate			9.95			1.89


			20121329			Acrylic/Acrylate			10.8			1.94


			20121330			Acrylic/Acrylate			11.7			1.79


			20121331			Acrylic/Acrylate			11.1			1.71


			20121332			Acrylic/Acrylate			10.4			1.75


			20121333			Acrylic/Acrylate			10.1			1.89


			20121334			Acrylic/Acrylate			10.3			1.67


			20121500			Acrylic/Acrylate			12.5			1.89


			20121501			Acrylic/Acrylate			12.3			1.54


			20121502			Acrylic/Acrylate			12.3			1.53


			20121503			Acrylic/Acrylate			11.7			1.5


			20121504			Acrylic/Acrylate			12.1			1.36


			20121515			Acrylic/Acrylate			12			1.14


			20121516			Acrylic/Acrylate			11.2			1.34


			20121517			Acrylic/Acrylate			11			1.31


			20121518			Acrylic/Acrylate			11.6			1.3


			20121519			Acrylic/Acrylate			11.6			1.35


			20121550			Acrylic/Acrylate			9.99			1.79


			20121551			Acrylic/Acrylate			9.66			1.83


			20121552			Acrylic/Acrylate			9.15			1.56


			20121553			Acrylic/Acrylate			9.46			1.44


			20121554			Acrylic/Acrylate			9.85			1.53


			20150215			Acrylic/Acrylate			21.1			1.81


			20150216			Acrylic/Acrylate			20			1.67


			20150217			Acrylic/Acrylate			19.5			1.56


			20150218			Acrylic/Acrylate			19.3			1.43


			20150219			Acrylic/Acrylate			19.9			1.47


			20150220			Acrylic/Acrylate			19.5			1.86


			20150221			Acrylic/Acrylate			18.5			1.73


			20150222			Acrylic/Acrylate			17.7			1.44


			20150223			Acrylic/Acrylate			18.6			1.78


			20150224			Acrylic/Acrylate			19.5			1.9


			20150225			Acrylic/Acrylate			11.7			0.729


			20150226			Acrylic/Acrylate			10.4			0.682


			20150227			Acrylic/Acrylate			12.4			0.757


			20150228			Acrylic/Acrylate			11.8			0.74


			20150229			Acrylic/Acrylate			9.83			0.683


			20150230			Acrylic/Acrylate			12.8			1.03


			20150231			Acrylic/Acrylate			12.1			0.948


			20150232			Acrylic/Acrylate			11.8			1.04


			20150233			Acrylic/Acrylate			13.2			1.13


			20150234			Acrylic/Acrylate			11.3			0.919


			20150235			Acrylic/Acrylate			20.7			1.7


			20150236			Acrylic/Acrylate			20.7			1.83


			20150237			Acrylic/Acrylate			20.3			1.89


			20150238			Acrylic/Acrylate			20.6			1.85


			20150239			Acrylic/Acrylate			20.5			1.67


			20150240			Acrylic/Acrylate			19.1			2.15


			20150241			Acrylic/Acrylate			19.5			2.23


			20150242			Acrylic/Acrylate			19.8			2.19


			20150243			Acrylic/Acrylate			19.1			2.15


			20150244			Acrylic/Acrylate			19.5			2


			20150245			Acrylic/Acrylate			19.7			1.47


			20150246			Acrylic/Acrylate			20			1.63


			20150247			Acrylic/Acrylate			20.2			1.69


			20150248			Acrylic/Acrylate			20			1.58


			20150249			Acrylic/Acrylate			20			1.56


			20150250			Acrylic/Acrylate			19.5			2.03


			20150251			Acrylic/Acrylate			19.6			1.97


			20150253			Acrylic/Acrylate			19.6			1.87


			20150254			Acrylic/Acrylate			18.1			1.74


			20150255			Acrylic/Acrylate			17.7			1.14


			20150256			Acrylic/Acrylate			16.9			1.31


			20150257			Acrylic/Acrylate			17.3			1.53


			20150258			Acrylic/Acrylate			17.6			1.55


			20150259			Acrylic/Acrylate			17.7			1.15


			20150260			Acrylic/Acrylate			19.7			2.29


			20150261			Acrylic/Acrylate			19.6			2.15


			20150262			Acrylic/Acrylate			19.5			2.13


			20150263			Acrylic/Acrylate			19.5			2.26


			20150264			Acrylic/Acrylate			19.5			2.25


			20150265			Acrylic/Acrylate			17.5			1.01


			20150266			Acrylic/Acrylate			16.7			1.32


			20150267			Acrylic/Acrylate			18			1.79


			20150268			Acrylic/Acrylate			18.2			1.71


			20150269			Acrylic/Acrylate			19			1.57


			20150270			Acrylic/Acrylate			19.1			1.93


			20150271			Acrylic/Acrylate			19.3			2.06


			20150272			Acrylic/Acrylate			19.3			1.99


			20150273			Acrylic/Acrylate			19.2			2


			20150274			Acrylic/Acrylate			18.8			1.78


			20150275			Acrylic/Acrylate			19.3			1.92


			20150276			Acrylic/Acrylate			20.4			1.64


			20150277			Acrylic/Acrylate			20.6			1.54


			20150278			Acrylic/Acrylate			21.1			1.65


			20150279			Acrylic/Acrylate			19.4			1.43


			20150280			Acrylic/Acrylate			19.9			2.09


			20150281			Acrylic/Acrylate			19.4			1.98


			20150282			Acrylic/Acrylate			18.9			1.73


			20150283			Acrylic/Acrylate			19.1			1.9


			20150284			Acrylic/Acrylate			19.8			1.87


			20150285			Acrylic/Acrylate			20.3			1.89


			20150286			Acrylic/Acrylate			21.4			1.87


			20150287			Acrylic/Acrylate			20.8			1.88


			20150288			Acrylic/Acrylate			20.7			1.82


			20150289			Acrylic/Acrylate			20.2			1.66


			20150290			Acrylic/Acrylate			18.9			1.93


			20150291			Acrylic/Acrylate			19.1			2.01


			20150292			Acrylic/Acrylate			20.3			2.24


			20150293			Acrylic/Acrylate			20.2			2.21


			20150294			Acrylic/Acrylate			19			1.86


			20090020			Epoxy			25.7			1.42


			20090021			Epoxy			26.8			1.52


			20090022			Epoxy			28			1.59


			20090023			Epoxy			25.7			1.41


			20090024			Epoxy			27.6			1.56


			20090090			Epoxy			26.5			1.45


			20090091			Epoxy			25.8			1.58


			20090092			Epoxy			27.5			1.42


			20090093			Epoxy			22.6			1.85


			20090094			Epoxy			26.7			1.43


			20100001			Epoxy			17.6			1.18


			20100002			Epoxy			16.3			1.03


			20100003			Epoxy			16			2.22


			20100004			Epoxy			16.1			0.836


			20100005			Epoxy			14.7			0.826


			20100075			Epoxy			22.8			1.61


			20100076			Epoxy			20.8			1.65


			20100077			Epoxy			21.4			1.89


			20100078			Epoxy			21.7			1.61


			20100079			Epoxy			21.2			1.91


			20110087			Epoxy			23.9			1.54


			20110088			Epoxy			22.8			1.6


			20110089			Epoxy			22.2			1.74


			20110090			Epoxy			14.2			1.05


			20110091			Epoxy			24.2			1.76


			20110102			Epoxy			12.2			1.36


			20110103			Epoxy			12.9			1.46


			20110104			Epoxy			13.1			1.48


			20110105			Epoxy			13.3			1.51


			20110106			Epoxy			14.3			1.66


			20110107			Epoxy			14.6			1.32


			20110108			Epoxy			12.4			1.26


			20110109			Epoxy			12.8			1.17


			20110110			Epoxy			15.8			1.44


			20110111			Epoxy			17			1.83


			20110112			Epoxy			10.4			0.757


			20110113			Epoxy			10.9			0.763


			20110114			Epoxy			10.3			0.728


			20110115			Epoxy			10.5			0.73


			20110116			Epoxy			10.8			0.774


			20110117			Epoxy			12.5			0.912


			20110118			Epoxy			11.8			0.761


			20110119			Epoxy			11.5			0.796


			20110120			Epoxy			12.6			0.885


			20110121			Epoxy			11.9			0.813


			20110126			Epoxy			15.8			1.89


			20110127			Epoxy			16.3			2.05


			20110128			Epoxy			15.4			1.92


			20110129			Epoxy			16.9			2.01


			20110130			Epoxy			15.5			1.87


			20110131			Epoxy			26.9			2.26


			20110132			Epoxy			27.1			2.07


			20110133			Epoxy			27.1			2.17


			20110134			Epoxy			27			2.24


			20110135			Epoxy			26.7			2.21


			20110136			Epoxy			13.8			0.986


			20110137			Epoxy			13.1			1.02


			20110138			Epoxy			13.4			1.05


			20110139			Epoxy			15.6			1.21


			20110140			Epoxy			17			1.28


			20110141			Epoxy			20.1			2.1


			20110142			Epoxy			21.5			2.03


			20110143			Epoxy			20.1			2.06


			20110144			Epoxy			21.1			2.09


			20110145			Epoxy			20.8			2.04


			20110183			Epoxy			14			1.28


			20110184			Epoxy			14			1.28


			20110185			Epoxy			14.9			1.39


			20110186			Epoxy			13.5			1.18


			20110187			Epoxy			13.2			1.12


			20110188			Epoxy			18.3			1.55


			20110189			Epoxy			18.8			1.5


			20110190			Epoxy			18.7			1.7


			20110191			Epoxy			18.3			1.65


			20110192			Epoxy			18.2			1.55


			20110274			Epoxy			13.6			1.98


			20110275			Epoxy			15.5			2.11


			20110276			Epoxy			13			2.04


			20110277			Epoxy			13			1.87


			20110278			Epoxy			16.1			2.09


			20110280			Epoxy			13.3			2.6


			20110281			Epoxy			16.7			2.31


			20110282			Epoxy			14			2.09


			20110283			Epoxy			12.3			1.84


			20110416			Epoxy			9.83			0.712


			20110417			Epoxy			12.7			0.804


			20110418			Epoxy			11.6			0.8


			20110419			Epoxy			11			0.789


			20110420			Epoxy			12			0.787


			20110433			Epoxy			33.8			2.53


			20110434			Epoxy			30.6			2.19


			20110435			Epoxy			34.1			2.41


			20110442			Epoxy			32.3			2.57


			20110443			Epoxy			30.9			2.34


			20110444			Epoxy			33.3			2.54


			20110445			Epoxy			34.5			2.74


			20110446			Epoxy			33.9			2.58


			20120637			Epoxy			15.3			1.35


			20120638			Epoxy			13.5			2.01


			20120639			Epoxy			10			0.971


			20120640			Epoxy			10.9			1.12


			20120641			Epoxy			13.8			1.72


			20120642			Epoxy			10.5			1.1


			20120643			Epoxy			12.3			1.14


			20120644			Epoxy			12.3			1.28


			20120645			Epoxy			11.3			1.1


			20120646			Epoxy			12.3			1.13


			20120647			Epoxy			18.1			1.74


			20120648			Epoxy			17.3			1.5


			20120649			Epoxy			16.9			1.57


			20120650			Epoxy			19.7			1.86


			20120651			Epoxy			17.7			1.69


			20120652			Epoxy			12.9			1.42


			20120653			Epoxy			11			1.31


			20120654			Epoxy			11.1			1.69


			20120655			Epoxy			12.3			1.43


			20120656			Epoxy			12.8			1.46


			20120697			Epoxy			14.1			1.21


			20120698			Epoxy			13.8			1.07


			20120699			Epoxy			13.1			1.15


			20120700			Epoxy			14.1			1.36


			20120701			Epoxy			16.2			1.44


			20120702			Epoxy			13.4			1.21


			20120703			Epoxy			13.7			1.15


			20120704			Epoxy			10.2			0.804


			20120705			Epoxy			11.5			0.914


			20120706			Epoxy			10.9			0.791


			20120707			Epoxy			8.23			0.832


			20120708			Epoxy			12.4			1.4


			20120709			Epoxy			13.6			1.27


			20120710			Epoxy			10.7			1.05


			20120711			Epoxy			13			1.36


			20120712			Epoxy			12			1.2


			20120713			Epoxy			11.3			0.895


			20120714			Epoxy			10.8			0.804


			20120715			Epoxy			11.6			1.03


			20120716			Epoxy			9.13			0.873


			20120757			Epoxy			8.78			0.519


			20120758			Epoxy			10.3			0.665


			20120759			Epoxy			9.57			0.56


			20120760			Epoxy			10.1			0.596


			20120761			Epoxy			9.03			0.573


			20120762			Epoxy			13.4			0.863


			20120763			Epoxy			10.9			0.665


			20120764			Epoxy			13.4			0.861


			20120765			Epoxy			13.1			0.851


			20120766			Epoxy			14.8			1.05


			20120767			Epoxy			7.17			0.484


			20120771			Epoxy			8.92			0.552


			20120772			Epoxy			4.81			0.679


			20120773			Epoxy			2.69			0.224


			20120774			Epoxy			4.09			0.292


			20120775			Epoxy			9.68			0.589


			20120776			Epoxy			9.04			0.644


			20120817			Epoxy			14.3			1.34


			20120818			Epoxy			12.9			1.2


			20120819			Epoxy			9.54			0.844


			20120820			Epoxy			11.6			1.15


			20120821			Epoxy			6.68			0.791


			20120822			Epoxy			6.78			0.767


			20120823			Epoxy			8.15			0.858


			20120824			Epoxy			5.93			0.718


			20120825			Epoxy			13			1.34


			20120826			Epoxy			13.3			1.27


			20120827			Epoxy			8.4			0.943


			20120828			Epoxy			6.61			0.712


			20120829			Epoxy			9.37			0.944


			20120830			Epoxy			8.27			1.01


			20120831			Epoxy			7.8			0.923


			20120832			Epoxy			8.35			0.803


			20120833			Epoxy			8.47			0.806


			20120834			Epoxy			10.1			0.859


			20120835			Epoxy			8.83			0.831


			20120836			Epoxy			9.48			1.16


			20120987			Epoxy			33.2			2.6


			20120988			Epoxy			33.5			2.55


			20120989			Epoxy			33			2.49


			20120990			Epoxy			34.7			2.61


			20120991			Epoxy			33.3			2.52


			20120992			Epoxy			31.4			2.43


			20120993			Epoxy			33.6			2.39


			20120994			Epoxy			32.5			2.47


			20120995			Epoxy			33.4			2.56


			20120996			Epoxy			33.1			2.49


			20120997			Epoxy			24.7			1.77


			20120998			Epoxy			25.5			1.84


			20120999			Epoxy			23.6			1.69


			20121000			Epoxy			24.3			1.78


			20121001			Epoxy			24.5			1.86


			20121002			Epoxy			24.4			1.82


			20121003			Epoxy			24.5			1.77


			20121004			Epoxy			25.4			1.97


			20121005			Epoxy			25.2			2


			20121006			Epoxy			25.3			1.97


			20121047			Epoxy			31.6			2.9


			20121048			Epoxy			29.1			2.77


			20121049			Epoxy			33.2			2.8


			20121050			Epoxy			30.7			2.63


			20121051			Epoxy			27.1			2.58


			20121052			Epoxy			27.3			2.43


			20121053			Epoxy			28.2			2.23


			20121054			Epoxy			25.8			2.14


			20121055			Epoxy			27.6			2.52


			20121056			Epoxy			25.2			2.46


			20121057			Epoxy			23.4			2.05


			20121058			Epoxy			23.5			2.46


			20121059			Epoxy			23			2.25


			20121060			Epoxy			23.3			2.32


			20121061			Epoxy			23.1			2.49


			20121062			Epoxy			23.8			2.33


			20121063			Epoxy			21.6			1.96


			20121064			Epoxy			20.6			1.66


			20121065			Epoxy			17.2			1.44


			20121066			Epoxy			26.2			2.42


			20121107			Epoxy			23.7			2.2


			20121108			Epoxy			23.4			2.16


			20121109			Epoxy			24			2.24


			20121110			Epoxy			24			2.19


			20121111			Epoxy			24.4			2.27


			20121112			Epoxy			24.4			2.09


			20121113			Epoxy			28.1			2.2


			20121114			Epoxy			27.9			2.13


			20121115			Epoxy			27.8			2.15


			20121116			Epoxy			28.3			2.2


			20121117			Epoxy			22			1.68


			20121118			Epoxy			22.1			1.73


			20121119			Epoxy			22.3			1.91


			20121120			Epoxy			21.5			1.59


			20121121			Epoxy			20.2			1.45


			20121122			Epoxy			23.1			1.83


			20121123			Epoxy			21.2			1.85


			20121124			Epoxy			21.6			1.77


			20121125			Epoxy			21.8			1.71


			20121126			Epoxy			20.8			1.67


			20121167			Epoxy			19			1.72


			20121168			Epoxy			18.7			1.56


			20121169			Epoxy			17.8			1.67


			20121170			Epoxy			13			1.28


			20121171			Epoxy			13.6			1.93


			20121172			Epoxy			21.4			1.86


			20121173			Epoxy			21.7			2.25


			20121174			Epoxy			23.1			2.1


			20121175			Epoxy			24.1			1.72


			20121176			Epoxy			22.4			2.24


			20121177			Epoxy			18.2			2.51


			20121178			Epoxy			16.6			1.86


			20121179			Epoxy			15.2			2


			20121180			Epoxy			16.9			1.82


			20121181			Epoxy			17.2			3.11


			20121182			Epoxy			20.1			2.58


			20121183			Epoxy			22.2			3


			20121184			Epoxy			20			2.85


			20121185			Epoxy			21			3.13


			20121186			Epoxy			21.1			3.42


			20121535			Epoxy			12.3			0.705


			20121536			Epoxy			17.3			1.15


			20121537			Epoxy			12.3			0.75


			20121538			Epoxy			12			0.644


			20121539			Epoxy			13.3			0.824


			20130049			Epoxy			19.6			1.59


			20130050			Epoxy			18.8			1.52


			20130051			Epoxy			19.2			1.52


			20130052			Epoxy			19.6			1.53


			20130053			Epoxy			21.6			1.64


			20130054			Epoxy			19.3			1.53


			20130055			Epoxy			18.6			1.49


			20130056			Epoxy			19			1.54


			20130057			Epoxy			19.1			1.59


			20130058			Epoxy			17.4			1.42


			20130094			Epoxy			21.9			1.6


			20130095			Epoxy			24.9			2.11


			20130096			Epoxy			23			1.92


			20130097			Epoxy			22.4			2.21


			20130098			Epoxy			24.7			2.21


			20130099			Epoxy			25.7			1.75


			20130100			Epoxy			23.4			1.89


			20130101			Epoxy			25.1			1.84


			20130102			Epoxy			25.7			2.01


			20130103			Epoxy			28.4			2.1


			20130104			Epoxy			20.5			1.86


			20130105			Epoxy			21.5			1.86


			20130106			Epoxy			21.5			1.95


			20130107			Epoxy			21.9			2


			20130108			Epoxy			21.2			1.97


			20130109			Epoxy			22.1			1.91


			20130110			Epoxy			23.4			2.01


			20130111			Epoxy			23.1			1.99


			20130112			Epoxy			21.8			1.89


			20130113			Epoxy			22.2			2.04


			20130154			Epoxy			16.3			1.26


			20130155			Epoxy			16.6			1.25


			20130156			Epoxy			18			1.49


			20130157			Epoxy			19.3			1.63


			20130158			Epoxy			17.3			1.47


			20130159			Epoxy			17.9			1.51


			20130160			Epoxy			20.4			1.73


			20130161			Epoxy			19.9			1.62


			20130162			Epoxy			19.3			1.52


			20130163			Epoxy			19.7			1.59


			20130164			Epoxy			13			1.06


			20130165			Epoxy			12.4			1.15


			20130166			Epoxy			10.7			0.941


			20130167			Epoxy			14.3			1.15


			20130168			Epoxy			12.4			1.11


			20130169			Epoxy			14.1			1.13


			20130170			Epoxy			18			1.51


			20130171			Epoxy			14.4			1.25


			20130172			Epoxy			15.4			1.36


			20130173			Epoxy			13.7			1.12


			20140068			Epoxy			18.2			1.34


			20140069			Epoxy			14.2			1.47


			20140070			Epoxy			15.9			1.39


			20140071			Epoxy			16.3			1.79


			20140072			Epoxy			17.1			1.79


			20140073			Epoxy			3.07			0.267


			20140074			Epoxy			3.79			0.263


			20140075			Epoxy			4.9			0.449


			20140076			Epoxy			10.2			0.996


			20140077			Epoxy			7			0.684


			20140078			Epoxy			7.98			0.659


			20140080			Epoxy			11.7			1.02


			20140081			Epoxy			11.7			0.992


			20140082			Epoxy			11.3			1.01


			20140083			Epoxy			9.08			1.2


			20140084			Epoxy			8.53			1.01


			20140085			Epoxy			10.3			1.54


			20140086			Epoxy			7.78			0.825


			20140087			Epoxy			9.61			1.49


			20140370			Epoxy			34.9			2.67


			20140371			Epoxy			32.9			2.56


			20140372			Epoxy			32.5			2.28


			20140373			Epoxy			33.5			2.52


			20140374			Epoxy			34.4			2.54


			20140375			Epoxy			26.4			1.98


			20140376			Epoxy			24.3			1.75


			20140377			Epoxy			23.9			1.83


			20140378			Epoxy			25			1.83


			20140379			Epoxy			26.3			1.72


			20140380			Epoxy			32.9			2.45


			20140381			Epoxy			32.2			2.5


			20140382			Epoxy			32.7			2.41


			20140383			Epoxy			32.5			2.63


			20140384			Epoxy			32.9			2.44


			20140385			Epoxy			33.7			2.55


			20140386			Epoxy			34.7			2.72


			20140387			Epoxy			33.8			2.52


			20140388			Epoxy			34.1			2.56


			20140389			Epoxy			33.6			2.52


			20140395			Epoxy			34.4			2.51


			20140396			Epoxy			33.8			2.46


			20140397			Epoxy			33.7			2.52


			20140398			Epoxy			33.1			2.34


			20140399			Epoxy			32.8			2.54


			20140400			Epoxy			34.3			2.73


			20140401			Epoxy			36.1			2.59


			20140402			Epoxy			34.6			2.46


			20140403			Epoxy			35.6			2.5


			20140404			Epoxy			37.4			2.8


			20140405			Epoxy			32.5			2.35


			20140406			Epoxy			32.7			2.4


			20140407			Epoxy			33.5			2.38


			20140408			Epoxy			35			2.43


			20140409			Epoxy			34.9			2.61


			20140464			Epoxy			19.3			1.92


			20140469			Epoxy			30.5			2.49


			20140470			Epoxy			31.2			2.57


			20140471			Epoxy			31.6			2.54


			20140472			Epoxy			31.2			2.49


			20140473			Epoxy			30.9			2.44


			20140474			Epoxy			19.3			1.92


			20140479			Epoxy			19.3			1.92


			20140479			Epoxy			19.3			1.92


			20140480			Epoxy			29.9			2.28


			20140481			Epoxy			29.6			2.29


			20140482			Epoxy			29.9			2.35


			20140483			Epoxy			30			2.42


			20140484			Epoxy			29.7			2.33


			20140485			Epoxy			29.5			2.37


			20140486			Epoxy			27.8			2.17


			20140487			Epoxy			29.7			2.31


			20140488			Epoxy			30.7			2.45


			20150001			Epoxy			19.3			1.92


			20150006			Epoxy			21.4			1.69


			20150007			Epoxy			21			1.64


			20150008			Epoxy			20.2			1.56


			20150009			Epoxy			19.3			1.42


			20150010			Epoxy			16.6			1.28


			20150021			Epoxy			19.3			1.92


			20150026			Epoxy			27.9			2.13


			20150027			Epoxy			27.7			2.19


			20150028			Epoxy			26.7			2


			20150029			Epoxy			26.3			1.98


			20150030			Epoxy			26.2			1.96


			20150041			Epoxy			19.3			1.92


			20150046			Epoxy			29.4			2.29


			20150047			Epoxy			30.3			2.34


			20150048			Epoxy			30			2.29


			20150049			Epoxy			28.4			2.15


			20150050			Epoxy			29.5			2.26


			20150061			Epoxy			19.3			1.92


			20150066			Epoxy			30.2			2.46


			20150067			Epoxy			29.4			2.27


			20150068			Epoxy			28.7			2.26


			20150069			Epoxy			29.7			2.37


			20150070			Epoxy			29.5			2.39


			20150081			Epoxy			19.3			1.92


			20150086			Epoxy			30.8			2.35


			20150087			Epoxy			30.6			2.41


			20150088			Epoxy			30.1			2.31


			20150089			Epoxy			30.9			2.44


			20150090			Epoxy			30.3			2.35


			20100085			Other			1.45			5.95


			20100086			Other			1.26			6.46


			20100087			Other			1.23			6.76


			20100088			Other			1.33			6.57


			20100090			Other			1.41			6.37


			20110024			Other			9.64			2.61


			20110025			Other			9.59			3.3


			20110026			Other			9.63			2.27


			20110027			Other			9.82			2.49


			20110028			Other			8.35			2.31


			20110029			Other			12.9			4.91


			20110030			Other			13.8			3.25


			20110031			Other			14.2			3.42


			20110032			Other			12.9			3.92


			20110033			Other			13			3.73


			20110034			Other			15.3			3.18


			20110035			Other			14.6			3.25


			20110036			Other			14.4			3.33


			20110038			Other			12.9			4.25


			20100050			Polysulfide			1.3			7.47


			20100051			Polysulfide			1.28			5.8


			20100052			Polysulfide			1.28			7.29


			20100053			Polysulfide			1.29			5.76


			20100054			Polysulfide			1.29			7.44


			20090150			Silicone			2.78			3.73


			20090151			Silicone			3.51			3.89


			20090152			Silicone			3.52			4.38


			20090153			Silicone			3.37			3.74


			20090154			Silicone			2.77			4.38


			20090155			Silicone			2.75			1.56


			20090156			Silicone			2.73			1.41


			20090157			Silicone			2.98			1.56


			20090158			Silicone			2.76			1.65


			20090159			Silicone			2.58			1.44


			20090056			Urethane/Urea			9.77			3.89


			20090057			Urethane/Urea			11.8			3.52


			20090058			Urethane/Urea			11.2			3.37


			20090059			Urethane/Urea			10.3			3.39


			20090060			Urethane/Urea			8.53			3.98


			20090110			Urethane/Urea			12			3.92


			20090111			Urethane/Urea			12.5			3.69


			20090112			Urethane/Urea			12.2			3.94


			20090113			Urethane/Urea			11.3			3.94


			20090114			Urethane/Urea			11.2			4.16


			20090130			Urethane/Urea			7.58			6.02


			20090131			Urethane/Urea			7.25			5.75


			20090132			Urethane/Urea			7.15			6.36


			20090133			Urethane/Urea			7.14			5.09


			20090134			Urethane/Urea			7.08			5.26


			20100096			Urethane/Urea			22.6			2.83


			20100097			Urethane/Urea			17.8			2.63


			20100098			Urethane/Urea			17.3			2.43


			20100099			Urethane/Urea			18.6			2.58


			20100100			Urethane/Urea			22			2.55


			20110007			Urethane/Urea			16.8			2.06


			20110008			Urethane/Urea			16.7			2.62


			20110009			Urethane/Urea			16.9			2.44


			20110010			Urethane/Urea			17.1			2.26


			20110019			Urethane/Urea			19.9			1.89


			20110020			Urethane/Urea			18.4			1.5


			20110021			Urethane/Urea			17.9			1.87


			20110022			Urethane/Urea			14			1.32


			20110023			Urethane/Urea			19.7			1.91


			20110039			Urethane/Urea			13.8			4.21


			20110040			Urethane/Urea			13.2			3.89


			20110041			Urethane/Urea			12.4			3.64


			20110042			Urethane/Urea			12.6			3.09


			20110043			Urethane/Urea			13.3			3.13


			20110044			Urethane/Urea			9.35			3.77


			20110045			Urethane/Urea			6.43			6.95


			20110046			Urethane/Urea			7.93			7.6


			20110047			Urethane/Urea			5.26			5.2


			20110048			Urethane/Urea			4.97			6.31


			20110049			Urethane/Urea			19.9			1.84


			20110050			Urethane/Urea			13.6			1.23


			20110051			Urethane/Urea			13.8			1.2


			20110052			Urethane/Urea			13.1			1.11


			20110053			Urethane/Urea			14.4			1.31


			20110054			Urethane/Urea			23.4			2.83


			20110055			Urethane/Urea			14.5			1.42


			20110056			Urethane/Urea			15.7			1.41


			20110057			Urethane/Urea			14.9			1.41


			20110058			Urethane/Urea			15.9			1.63


			20110059			Urethane/Urea			22.8			2.04


			20110060			Urethane/Urea			23.4			2.03


			20110061			Urethane/Urea			22.3			1.91


			20110062			Urethane/Urea			18.8			2.09


			20110063			Urethane/Urea			22.7			2.62


			20110146			Urethane/Urea			4.64			12.7


			20110147			Urethane/Urea			2.35			4.16


			20110148			Urethane/Urea			3.01			4.07


			20110149			Urethane/Urea			3.55			4.25


			20110150			Urethane/Urea			1.84			3.61


			20110157			Urethane/Urea			30.8			3.56


			20110158			Urethane/Urea			30.2			3.27


			20110159			Urethane/Urea			33.5			3.94


			20110160			Urethane/Urea			26.4			4


			20110161			Urethane/Urea			26.4			4.12


			20110162			Urethane/Urea			25.1			4.34


			20110163			Urethane/Urea			24.2			3.83


			20110164			Urethane/Urea			24.1			4.12


			20140023			Urethane/Urea			2.67			4.44


			20140024			Urethane/Urea			2.67			4.19


			20140025			Urethane/Urea			2.62			4.9


			20140026			Urethane/Urea			2.51			4.17


			20140027			Urethane/Urea			2.9			4


			20140028			Urethane/Urea			2.32			5.46


			20140029			Urethane/Urea			2.06			4.22


			20140030			Urethane/Urea			2.23			4.58


			20140031			Urethane/Urea			2.33			4.58


			20140032			Urethane/Urea			2.2			4.58


			20140108			Urethane/Urea			1.8			6.29


			20140109			Urethane/Urea			1.71			5.83


			20140110			Urethane/Urea			1.73			6


			20140111			Urethane/Urea			1.72			6.03


			20140112			Urethane/Urea			1.86			5.9


			20140118			Urethane/Urea			0.863			3.96


			20140119			Urethane/Urea			0.794			5.45


			20140120			Urethane/Urea			0.934			4.36


			20140121			Urethane/Urea			0.876			5.15


			20140122			Urethane/Urea			0.72			4.02


			20150069			Epoxy			29.647456304			2.37236


			20150070			Epoxy			29.4406135856			2.3876


			20150071			Epoxy			33.3016776625			2.16154


			20150072			Epoxy			33.0258873712			2.0828


			20150073			Epoxy			33.3706252353			2.19456


			20150074			Epoxy			32.75009708			2.16916


			20150075			Epoxy			31.7848310608			2.0828


			20150076			Epoxy			28.1306097024			1.76022


			20150077			Epoxy			28.268504848			1.72974


			20150078			Epoxy			29.7164038768			1.86944


			20150079			Epoxy			30.1990368864			1.83388


			20150080			Epoxy			27.7169242656			1.73482


			20150081			Epoxy			19.305320384			1.92024


			20150086			Epoxy			30.8195650416			2.35204


			20150087			Epoxy			30.6127223232			2.413


			20150088			Epoxy			30.1300893136			2.30632


			20150089			Epoxy			30.8885126144			2.44094


			20150090			Epoxy			30.336932032			2.35204


			20150091			Epoxy			29.30271844			1.99644


			20150092			Epoxy			32.5432543616			2.20472


			20150093			Epoxy			30.4058796048			2.11836


			20150094			Epoxy			31.0953553328			2.10058


			20150095			Epoxy			30.4058796048			2.0447


			20150096			Epoxy			24.2005980528			1.55194


			20150097			Epoxy			21.373747568			1.3843


			20150098			Epoxy			21.1669048496			1.34366


			20150099			Epoxy			23.0284893152			1.51892


			20150100			Epoxy			19.305320384			1.92024


			20100085			Other			1.4547937861			5.9436


			20100086			Other			1.2617405822			6.4516


			20100087			Other			1.2272667958			6.7564


			20100088			Other			1.330688155			6.5786


			20100089			Other			0.7722128154			1.37668


			20100090			Other			1.4134252424			6.3754


			20110024			Other			9.652660192			2.6162


			20110025			Other			9.5837126192			3.302


			20110026			Other			9.652660192			2.26568


			20110027			Other			9.7905553376			2.4892


			20110028			Other			8.3426563088			2.30632


			20110029			Other			12.8931961136			4.9022


			20110030			Other			13.78951456			3.2512


			20110031			Other			14.2031999968			3.429


			20110032			Other			12.9621436864			3.9116


			20110033			Other			13.0310912592			3.7338


			20110034			Other			15.2374135888			3.175


			20110035			Other			14.6168854336			3.2512


			20110036			Other			14.4100427152			3.3274


			20110038			Other			12.8931961136			4.2418


			20100050			Polysulfide			1.2962143686			7.4676


			20100051			Polysulfide			1.2755300968			5.7912


			20100052			Polysulfide			1.2755300968			7.2898


			20100053			Polysulfide			1.2824248541			5.7658


			20100054			Polysulfide			1.2893196114			7.4422


			20090150			Silicone			2.7716924266			3.7338


			20090151			Silicone			3.5094314555			3.8862


			20090152			Silicone			3.5163262128			4.3688


			20090153			Silicone			3.3715363099			3.7338


			20090154			Silicone			2.7647976693			4.3688


			20090155			Silicone			2.7510081547			1.5621


			20090156			Silicone			2.7303238829			1.40716


			20090157			Silicone			2.978535145			1.55956


			20090158			Silicone			2.757902912			1.65354


			20090159			Silicone			2.5717444654			1.44018





2.5499999999999998	2	1.49	1.52	1.61	1.79	1.81	1.84	1.81	1.91	1.72	1.71	0.86199999999999999	1.39	1.61	1.73	1.58	1.38	1.44	1.49	1.95	1.51	1.4	1.95	1.08	1.24	1.25	1.19	1.95	1.73	1.91	1.63	1.73	1.64	1.73	1.7	1.9	1.73	1.8	1.55	1.64	1.74	1.6	1.57	1.75	1.83	1.53	1.72	1.81	2.1	2.11	2.17	2.1	2.15	2.0499999999999998	2.0499999999999998	2.1800000000000002	2.0099999999999998	2.1800000000000002	2.15	2.09	2.08	2.5299999999999998	2.39	2.61	2.5	2.52	2.58	2.54	2.5299999999999998	2.29	2.04	2.42	1.82	3.5	2.2599999999999998	2.48	2.19	2.2000000000000002	1.92	2.1800000000000002	2.1800000000000002	2.12	2.02	2.67	2.7	2.61	2.37	1.1299999999999999	1.37	0.90900000000000003	1.2	0.98899999999999999	1.03	1.05	1.06	0.77900000000000003	1.23	1.47	1.24	1.49	1.2	1.8	1.44	1.1499999999999999	1.2	1.29	1.07	3	3.51	2.98	2.08	2.2400000000000002	2.58	3.12	3.02	3.94	3.03	1.91	2.33	1.89	1.87	1.88	2.97	2.4900000000000002	2.87	2.85	2.58	2.97	2.75	2.65	2.88	2.74	2.83	2.78	2.5	2.73	2.3199999999999998	2.1	2.56	2.83	2.72	2.52	2.72	2.75	2.71	2.86	2.61	2.31	2.8	2.4300000000000002	2.85	2.63	2.58	2.59	3.44	3.14	3.21	2.89	2.63	3.4	3.4	3.14	3.59	3.45	1.5	1.45	1.33	1.58	1.43	1.43	1.51	1.56	1.74	1.66	1.38	1.45	1.44	1.5	1.32	1.49	1.48	1.72	1.58	1.42	1.8	1.84	1.88	1.91	1.95	2.02	2.02	2.04	2.04	1.85	1.79	1.96	2.77	1.89	1.94	1.79	1.71	1.75	1.89	1.67	1.89	1.54	1.53	1.5	1.36	1.1399999999999999	1.34	1.31	1.3	1.35	1.79	1.83	1.56	1.44	1.53	1.81	1.67	1.56	1.43	1.47	1.86	1.73	1.44	1.78	1.9	0.72899999999999998	0.68200000000000005	0.75700000000000001	0.74	0.68300000000000005	1.03	0.94799999999999995	1.04	1.1299999999999999	0.91900000000000004	1.7	1.83	1.89	1.85	1.67	2.15	2.23	2.19	2.15	2	1.47	1.63	1.69	1.58	1.56	2.0299999999999998	1.97	1.87	1.74	1.1399999999999999	1.31	1.53	1.55	1.1499999999999999	2.29	2.15	2.13	2.2599999999999998	2.25	1.01	1.32	1.79	1.71	1.57	1.93	2.06	1.99	2	1.78	1.92	1.64	1.54	1.65	1.43	2.09	1.98	1.73	1.9	1.87	1.89	1.87	1.88	1.82	1.66	1.93	2.0099999999999998	2.2400000000000002	2.21	1.86	1.42	1.52	1.59	1.41	1.56	1.45	1.58	1.42	1.85	1.43	1.18	1.03	2.2200000000000002	0.83599999999999997	0.82599999999999996	1.61	1.65	1.89	1.61	1.91	1.54	1.6	1.74	1.05	1.76	1.36	1.46	1.48	1.51	1.66	1.32	1.26	1.17	1.44	1.83	0.75700000000000001	0.76300000000000001	0.72799999999999998	0.73	0.77400000000000002	0.91200000000000003	0.76100000000000001	0.79600000000000004	0.88500000000000001	0.81299999999999994	1.89	2.0499999999999998	1.92	2.0099999999999998	1.87	2.2599999999999998	2.0699999999999998	2.17	2.2400000000000002	2.21	0.98599999999999999	1.02	1.05	1.21	1.28	2.1	2.0299999999999998	2.06	2.09	2.04	1.28	1.28	1.39	1.18	1.1200000000000001	1.55	1.5	1.7	1.65	1.55	1.98	2.11	2.04	1.87	2.09	2.6	2.31	2.09	1.84	0.71199999999999997	0.80400000000000005	0.8	0.78900000000000003	0.78700000000000003	2.5299999999999998	2.19	2.41	2.57	2.34	2.54	2.74	2.58	1.35	2.0099999999999998	0.97099999999999997	1.1200000000000001	1.72	1.1000000000000001	1.1399999999999999	1.28	1.1000000000000001	1.1299999999999999	1.74	1.5	1.57	1.86	1.69	1.42	1.31	1.69	1.43	1.46	1.21	1.07	1.1499999999999999	1.36	1.44	1.21	1.1499999999999999	0.80400000000000005	0.91400000000000003	0.79100000000000004	0.83199999999999996	1.4	1.27	1.05	1.36	1.2	0.89500000000000002	0.80400000000000005	1.03	0.873	0.51900000000000002	0.66500000000000004	0.56000000000000005	0.59599999999999997	0.57299999999999995	0.86299999999999999	0.66500000000000004	0.86099999999999999	0.85099999999999998	1.05	0.48399999999999999	0.55200000000000005	0.67900000000000005	0.224	0.29199999999999998	0.58899999999999997	0.64400000000000002	1.34	1.2	0.84399999999999997	1.1499999999999999	0.79100000000000004	0.76700000000000002	0.85799999999999998	0.71799999999999997	1.34	1.27	0.94299999999999995	0.71199999999999997	0.94399999999999995	1.01	0.92300000000000004	0.80300000000000005	0.80600000000000005	0.85899999999999999	0.83099999999999996	1.1599999999999999	2.6	2.5499999999999998	2.4900000000000002	2.61	2.52	2.4300000000000002	2.39	2.4700000000000002	2.56	2.4900000000000002	1.77	1.84	1.69	1.78	1.86	1.82	1.77	1.97	2	1.97	2.9	2.77	2.8	2.63	2.58	2.4300000000000002	2.23	2.14	2.52	2.46	2.0499999999999998	2.46	2.25	2.3199999999999998	2.4900000000000002	2.33	1.96	1.66	1.44	2.42	2.2000000000000002	2.16	2.2400000000000002	2.19	2.27	2.09	2.2000000000000002	2.13	2.15	2.2000000000000002	1.68	1.73	1.91	1.59	1.45	1.83	1.85	1.77	1.71	1.67	1.72	1.56	1.67	1.28	1.93	1.86	2.25	2.1	1.72	2.2400000000000002	2.5099999999999998	1.86	2	1.82	3.11	2.58	3	2.85	3.13	3.42	0.70499999999999996	1.1499999999999999	0.75	0.64400000000000002	0.82399999999999995	1.59	1.52	1.52	1.53	1.64	1.53	1.49	1.54	1.59	1.42	1.6	2.11	1.92	2.21	2.21	1.75	1.89	1.84	2.0099999999999998	2.1	1.86	1.86	1.95	2	1.97	1.91	2.0099999999999998	1.99	1.89	2.04	1.26	1.25	1.49	1.63	1.47	1.51	1.73	1.62	1.52	1.59	1.06	1.1499999999999999	0.94099999999999995	1.1499999999999999	1.1100000000000001	1.1299999999999999	1.51	1.25	1.36	1.1200000000000001	1.34	1.47	1.39	1.79	1.79	0.26700000000000002	0.26300000000000001	0.44900000000000001	0.996	0.68400000000000005	0.65900000000000003	1.02	0.99199999999999999	1.01	1.2	1.01	1.54	0.82499999999999996	1.49	2.67	2.56	2.2799999999999998	2.52	2.54	1.98	1.75	1.83	1.83	1.72	2.4500000000000002	2.5	2.41	2.63	2.44	2.5499999999999998	2.72	2.52	2.56	2.52	2.5099999999999998	2.46	2.52	2.34	2.54	2.73	2.59	2.46	2.5	2.8	2.35	2.4	2.38	2.4300000000000002	2.61	1.92	2.4900000000000002	2.57	2.54	2.4900000000000002	2.44	1.92	1.92	1.92	2.2799999999999998	2.29	2.35	2.42	2.33	2.37	2.17	2.31	2.4500000000000002	1.92	1.69	1.64	1.56	1.42	1.28	1.92	2.13	2.19	2	1.98	1.96	1.92	2.29	2.34	2.29	2.15	2.2599999999999998	1.92	2.46	2.27	2.2599999999999998	2.37	2.39	1.92	2.35	2.41	2.31	2.44	2.35	5.95	6.46	6.76	6.57	6.37	2.61	3.3	2.27	2.4900000000000002	2.31	4.91	3.25	3.42	3.92	3.73	3.18	3.25	3.33	4.25	7.47	5.8	7.29	5.76	7.44	3.73	3.89	4.38	3.74	4.38	1.56	1.41	1.56	1.65	1.44	3.89	3.52	3.37	3.39	3.98	3.92	3.69	3.94	3.94	4.16	6.02	5.75	6.36	5.09	5.26	2.83	2.63	2.4300000000000002	2.58	2.5499999999999998	2.06	2.62	2.44	2.2599999999999998	1.89	1.5	1.87	1.32	1.91	4.21	3.89	3.64	3.09	3.13	3.77	6.95	7.6	5.2	6.31	1.84	1.23	1.2	1.1100000000000001	1.31	2.83	1.42	1.41	1.41	1.63	2.04	2.0299999999999998	1.91	2.09	2.62	12.7	4.16	4.07	4.25	3.61	3.56	3.27	3.94	4	4.12	4.34	3.83	4.12	4.4400000000000004	4.1900000000000004	4.9000000000000004	4.17	4	5.46	4.22	4.58	4.58	4.58	6.29	5.83	6	6.03	5.9	3.96	5.45	4.3600000000000003	5.15	4.0199999999999996	2.3723599999999996	2.3875999999999999	2.1615399999999996	2.0827999999999998	2.1945600000000001	2.1691599999999998	2.0827999999999998	1.7602199999999999	1.7297399999999998	1.8694399999999998	1.83388	1.7348199999999998	1.9202399999999999	2.3520400000000001	2.4129999999999998	2.3063199999999999	2.4409399999999999	2.3520400000000001	1.99644	2.20472	2.11836	2.1005799999999999	2.0446999999999997	1.5519399999999999	1.3842999999999999	1.3436600000000001	1.5189199999999998	1.9202399999999999	5.9436	6.4516	6.7564000000000002	6.5785999999999998	1.3766799999999999	6.3754	2.6161999999999996	3.302	2.2656799999999997	2.4891999999999999	2.3063199999999999	4.9021999999999997	3.2511999999999999	3.4289999999999998	3.9115999999999995	3.7337999999999996	3.1749999999999998	3.2511999999999999	3.3273999999999999	4.2417999999999996	7.4675999999999991	5.7911999999999999	7.2897999999999987	5.7657999999999996	7.4421999999999988	3.7337999999999996	3.8861999999999997	4.3687999999999994	3.7337999999999996	4.3687999999999994	1.5620999999999998	1.40716	1.5595600000000001	1.65354	1.44018	10.4	12.3	11.7	10.8	11.7	13.4	13.9	14.2	14.4	14.5	12.9	11.5	11.7	10.9	12.2	12.8	10.7	11	11.4	12.4	15.7	14.4	15	14.4	9.36	8.32	9.02	10.1	11.3	13.8	13.3	13.9	13.3	13.7	13.8	12.7	14.3	14.7	14.4	14.2	15.3	13.4	13.3	13.2	13.7	14	13.6	13.5	14	13.4	13.5	13	13.3	13.4	14	12.4	13.6	12.4	12.7	11.9	9.93	9.8800000000000008	10.8	10.9	12.6	12	12.6	11.8	11.9	10.4	8.84	8.67	8.6999999999999993	6.92	9.65	8.3800000000000008	9.7200000000000006	9.39	10.8	7.89	10.7	10.5	9.92	11.2	12.1	12.6	12.7	11.8	12.6	12.4	12.1	11.9	13.6	12.7	11.6	11.4	10.3	11.3	13.8	12.6	12.6	12.3	13.5	14.6	12.1	11.8	12.8	11.4	14.7	14.6	14.1	14.2	15.6	13.9	13.6	13.9	13.7	12.9	13.7	14.9	13.6	14.3	13.9	15.1	14.1	15	14.7	14.3	13.5	12.5	11.8	12.3	12.5	12.4	11.5	13	13.1	12.1	11.1	7.95	8.2799999999999994	12.2	13.3	13	13	12.3	12.5	12.4	12	12.3	11.5	12.4	12.4	12.3	12.3	12.4	12.7	13.6	11.5	10.199999999999999	12.2	10.7	7.74	11.1	11.1	10.3	9.68	8.0500000000000007	8.84	9.7200000000000006	9.7899999999999991	10.9	11.6	12.2	12.1	10.6	9.17	9.7100000000000009	9.89	10.199999999999999	10.1	9.35	10.5	9.98	10.199999999999999	11.8	10.4	10.3	10.4	11.4	11.3	10.7	10.199999999999999	10.6	11.5	11.9	10.8	10.1	9.9499999999999993	10.8	11.7	11.1	10.4	10.1	10.3	12.5	12.3	12.3	11.7	12.1	12	11.2	11	11.6	11.6	9.99	9.66	9.15	9.4600000000000009	9.85	21.1	20	19.5	19.3	19.899999999999999	19.5	18.5	17.7	18.600000000000001	19.5	11.7	10.4	12.4	11.8	9.83	12.8	12.1	11.8	13.2	11.3	20.7	20.7	20.3	20.6	20.5	19.100000000000001	19.5	19.8	19.100000000000001	19.5	19.7	20	20.2	20	20	19.5	19.600000000000001	19.600000000000001	18.100000000000001	17.7	16.899999999999999	17.3	17.600000000000001	17.7	19.7	19.600000000000001	19.5	19.5	19.5	17.5	16.7	18	18.2	19	19.100000000000001	19.3	19.3	19.2	18.8	19.3	20.399999999999999	20.6	21.1	19.399999999999999	19.899999999999999	19.399999999999999	18.899999999999999	19.100000000000001	19.8	20.3	21.4	20.8	20.7	20.2	18.899999999999999	19.100000000000001	20.3	20.2	19	25.7	26.8	28	25.7	27.6	26.5	25.8	27.5	22.6	26.7	17.600000000000001	16.3	16	16.100000000000001	14.7	22.8	20.8	21.4	21.7	21.2	23.9	22.8	22.2	14.2	24.2	12.2	12.9	13.1	13.3	14.3	14.6	12.4	12.8	15.8	17	10.4	10.9	10.3	10.5	10.8	12.5	11.8	11.5	12.6	11.9	15.8	16.3	15.4	16.899999999999999	15.5	26.9	27.1	27.1	27	26.7	13.8	13.1	13.4	15.6	17	20.100000000000001	21.5	20.100000000000001	21.1	20.8	14	14	14.9	13.5	13.2	18.3	18.8	18.7	18.3	18.2	13.6	15.5	13	13	16.100000000000001	13.3	16.7	14	12.3	9.83	12.7	11.6	11	12	33.799999999999997	30.6	34.1	32.299999999999997	30.9	33.299999999999997	34.5	33.9	15.3	13.5	10	10.9	13.8	10.5	12.3	12.3	11.3	12.3	18.100000000000001	17.3	16.899999999999999	19.7	17.7	12.9	11	11.1	12.3	12.8	14.1	13.8	13.1	14.1	16.2	13.4	13.7	10.199999999999999	11.5	10.9	8.23	12.4	13.6	10.7	13	12	11.3	10.8	11.6	9.1300000000000008	8.7799999999999994	10.3	9.57	10.1	9.0299999999999994	13.4	10.9	13.4	13.1	14.8	7.17	8.92	4.8099999999999996	2.69	4.09	9.68	9.0399999999999991	14.3	12.9	9.5399999999999991	11.6	6.68	6.78	8.15	5.93	13	13.3	8.4	6.61	9.3699999999999992	8.27	7.8	8.35	8.4700000000000006	10.1	8.83	9.48	33.200000000000003	33.5	33	34.700000000000003	33.299999999999997	31.4	33.6	32.5	33.4	33.1	24.7	25.5	23.6	24.3	24.5	24.4	24.5	25.4	25.2	25.3	31.6	29.1	33.200000000000003	30.7	27.1	27.3	28.2	25.8	27.6	25.2	23.4	23.5	23	23.3	23.1	23.8	21.6	20.6	17.2	26.2	23.7	23.4	24	24	24.4	24.4	28.1	27.9	27.8	28.3	22	22.1	22.3	21.5	20.2	23.1	21.2	21.6	21.8	20.8	19	18.7	17.8	13	13.6	21.4	21.7	23.1	24.1	22.4	18.2	16.600000000000001	15.2	16.899999999999999	17.2	20.100000000000001	22.2	20	21	21.1	12.3	17.3	12.3	12	13.3	19.600000000000001	18.8	19.2	19.600000000000001	21.6	19.3	18.600000000000001	19	19.100000000000001	17.399999999999999	21.9	24.9	23	22.4	24.7	25.7	23.4	25.1	25.7	28.4	20.5	21.5	21.5	21.9	21.2	22.1	23.4	23.1	21.8	22.2	16.3	16.600000000000001	18	19.3	17.3	17.899999999999999	20.399999999999999	19.899999999999999	19.3	19.7	13	12.4	10.7	14.3	12.4	14.1	18	14.4	15.4	13.7	18.2	14.2	15.9	16.3	17.100000000000001	3.07	3.79	4.9000000000000004	10.199999999999999	7	7.98	11.7	11.7	11.3	9.08	8.5299999999999994	10.3	7.78	9.61	34.9	32.9	32.5	33.5	34.4	26.4	24.3	23.9	25	26.3	32.9	32.200000000000003	32.700000000000003	32.5	32.9	33.700000000000003	34.700000000000003	33.799999999999997	34.1	33.6	34.4	33.799999999999997	33.700000000000003	33.1	32.799999999999997	34.299999999999997	36.1	34.6	35.6	37.4	32.5	32.700000000000003	33.5	35	34.9	19.3	30.5	31.2	31.6	31.2	30.9	19.3	19.3	19.3	29.9	29.6	29.9	30	29.7	29.5	27.8	29.7	30.7	19.3	21.4	21	20.2	19.3	16.600000000000001	19.3	27.9	27.7	26.7	26.3	26.2	19.3	29.4	30.3	30	28.4	29.5	19.3	30.2	29.4	28.7	29.7	29.5	19.3	30.8	30.6	30.1	30.9	30.3	1.45	1.26	1.23	1.33	1.41	9.64	9.59	9.6300000000000008	9.82	8.35	12.9	13.8	14.2	12.9	13	15.3	14.6	14.4	12.9	1.3	1.28	1.28	1.29	1.29	2.78	3.51	3.52	3.37	2.77	2.75	2.73	2.98	2.76	2.58	9.77	11.8	11.2	10.3	8.5299999999999994	12	12.5	12.2	11.3	11.2	7.58	7.25	7.15	7.14	7.08	22.6	17.8	17.3	18.600000000000001	22	16.8	16.7	16.899999999999999	17.100000000000001	19.899999999999999	18.399999999999999	17.899999999999999	14	19.7	13.8	13.2	12.4	12.6	13.3	9.35	6.43	7.93	5.26	4.97	19.899999999999999	13.6	13.8	13.1	14.4	23.4	14.5	15.7	14.9	15.9	22.8	23.4	22.3	18.8	22.7	4.6399999999999997	2.35	3.01	3.55	1.84	30.8	30.2	33.5	26.4	26.4	25.1	24.2	24.1	2.67	2.67	2.62	2.5099999999999998	2.9	2.3199999999999998	2.06	2.23	2.33	2.2000000000000002	1.8	1.71	1.73	1.72	1.86	0.86299999999999999	0.79400000000000004	0.93400000000000005	0.876	0.72	29.647456304044589	29.440613585644275	33.301677662450082	33.025887371249674	33.370625235250188	32.750097080049258	31.784831060847807	28.130609702442307	28.268504848042515	29.716403876844691	30.19903688644542	27.716924265641683	19.305320384029034	30.819565041646349	30.612722323246043	30.130089313645318	30.888512614446459	30.336932032045627	29.302718440044071	32.543254361648941	30.40587960484573	31.095355332846765	30.40587960484573	24.200598052836394	21.373747568032147	21.166904849631834	23.028489315234633	19.305320384029034	1.454793786082188	1.2617405822418977	1.2272667958418457	1.3306881550420013	0.77221281536116138	1.4134252424021256	9.6526601920145172	9.5837126192144133	9.6526601920145172	9.790555337614725	8.3426563088125469	12.893196113619393	13.78951456002074	14.203199996821361	12.962143686419495	13.031091259219599	15.237413588822916	14.616885433621984	14.410042715221671	12.893196113619393	1.2962143686419494	1.2755300968019183	1.2755300968019183	1.2824248540819287	1.2893196113619392	2.7716924265641687	3.5094314555252781	3.5163262128052883	3.3715363099250708	2.7647976692841585	2.7510081547241376	2.7303238828841065	2.9785351449644795	2.7579029120041478	2.5717444654438677	Displacement at Complete Failure (dfailure) (mm)








Maximum Strength (Smax) (MPa)
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1.0  Purpose

This document provides guidance from within the Adhesives and Interfaces Research Team of
the Coatings, Corrosion, & Engineered Polymers Branch (CCEPB) and the U.S. Army Research
Laboratory (ARL) for initial performance-based screening evaluation and grouping priority
assignments/categorization of candidate adhesives for high-loading-rate applications relevant to
U.S. Army needs.

2.0 Scope

This standard process description (SPD) provides a guideline for assessing adhesives in the
CCEPB. This SPD is not intended for acquisition acceptance. Rather, adhesives are screened
for potential usage over a very broad performance spectrum to provide Army engineers,
scientists, and researchers with the direction needed to meet operational priorities in a timely
manner. Any deviation from the process details must be justified, fully documented, and
submitted to the governing authority.

3.0 Policy

This SPD applies to all personnel developing, fabricating, testing, characterizing, and evaluating
adhesives for bonding applications within the CCEPB.

4.0 Responsibilities

The Branch Chief, CCEPB, Adhesives Team leader, and principal investigator(s) will ensure all
personnel working on adhesives development, fabrication, testing, characterization, and
evaluation have full knowledge and/or proper training of this process, including equipment
usage/operation test procedures and safety issues/factors before commencing relevant work
within the CCEPB.

5.0 Requirements

All researchers performing adhesives development and evaluation work in the CCEPB must
follow the procedures described within this SPD.

6.0  Terms and Definitions
For the purposes of this document, the following terms and definitions apply.

Database: As stated within ISO/IEC 2382-17:1999, a database shall be *“a collection of
data organized according to a conceptual structure describing the characteristics of these
data and relationships among their corresponding entities, supporting one or more
application areas.”*

Digital Archive: The term “digital archive” shall be referred to as an electronic
repository of digital data and metadata “to preserve the authenticity, reliability, integrity,
and usability of such records” as stated in 1SO 13008:2012(E).>

Group: The term “group,” when referring to adhesives, shall be defined as a collection of
adhesives meeting designated property requirements; the term is based upon recognized
testing standards. Group requirements are intended to show correlation against response
measured in nonstandard Army testing configurations. For example, the groups defined
in this SPD define property regions from bonded single-lap-joint tensile tests with
performance in bonded armor configurations tested against ballistic threats. Grouping
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assignments/categorizations of adhesives are intended to be amendable as Army needs
change or are further refined. The grouping assignment/categorization is independent of
the adhesive’s chemical, processing, application, and property data and is based
exclusively on single-lap-joint tensile data and performance. Multiple grouping
assignments/categorizations for a given adhesive are possible under this convention.
Therefore, an adhesive could potentially be assigned simultaneous high- and low-priority
groups in differing SPDs, depending on the chemical, processing, application, or property
data used in the specific correlation. For example, adhesive requirements for armor and
munitions applications typically weigh importance to differing properties. Grouping
requirements/categorizations are specified using conventionally accepted testing
standards, which are elaborated upon further within this SPD. The intention is to
facilitate communication of U.S. Army-specific property requirements for research and
development to industry, as well as academia.

Material Pedigree: The term “material pedigree” shall refer to the documentation used
to ensure the traceability of an adhesive and its constitutive formulation ingredients to the
original manufacturer.?

Metadata: Per ISO/IEC 2382-17:1999, the term “metadata” pertains to “data elements,
possibly including their data descriptions, and data about data ownership, access paths,
access rights and data volatility.”*

Tier: The term “tier” shall be considered a layer of testing protocols used to
progressively characterize adhesive response. Each successive tier level requires an
increasing investment commitment because of increasing experimental and analysis
complexity.

7.0 Records

Per Army Regulation (AR) 25-400-2, all records (including data and associated metadata) are
assumed to “have value beyond the business process, such as for historical, lessons learned, or
research purposes; these are generally long-term records.” Records will be kept in physical
laboratory notebooks and digitally archived for permanent retention, consistent with AR
25-400-2 code “TP” (i.e., Transfer Permanent).*

8.0 Method Used to Characterize and Evaluate Adhesives

The method to characterize and evaluate an adhesive is a tiered system approach, whereby the
adhesive is characterized and evaluated through standardized tests following a progression of
increasing experimental difficulty. The first tier testing represents an initial screening level for
the candidate adhesive, which must be passed to warrant further investment in the progressively
more involved higher-tier screening levels. Advancement through the testing tiers is entrusted to
the discretion of the researcher(s). The testing standards referenced in each tier are used as
guidelines and should be followed when applicable. Deviations from the testing standards must
be fully noted and accepted by the governing authority.

8.1  Adhesive Groups

Adhesives will be assigned and categorized according to the following groups based on single-
lap-joint tensile performance at room temperature (RT) under dry conditioning per sample
preparation and testing procedures specified in ASTM D1002-10 (Standard Test Method for
Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded Metal Specimens by Tension
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Loading [Metal-to-Metal]).> Samples are to be stored in a desiccator cabinet or sealed in
moisture-resistant sample bags immediately following sample preparation, with continued
moisture-free storage until testing. Displacement at failure is not specified in ASTM D1002-10
but is required for grouping assignment/categorizing in this SPD and shall be defined as the

followi

Maximum Strength (S,,,,) (MPa)

ng:

Group I: Group | adhesives shall be categorized as having a maximum strength greater
than or equal to 10.0 MPa (1450 psi) and a minimum complete failure displacement limit
greater than 3.81 mm (0.15 in); (e.g., daiture > 3.81 mm [0.15 in] and Smax > 10.0 MPa
[1450 psi]).

Group I1I: Group Il adhesives shall be categorized as also having a maximum strength
greater than or equal to 10.0 MPa (1450 psi), yet their complete failure displacement
limits fall between the range of greater than or equal to 1.60 mm (0.063 in) and less than
or equal to 3.81 mm (0.15 in); (e.g., 1.60 mm [0.063 in] < dailure < 3.81 mm [0.15 in] and
Smax > 10.0 MPa [1450 psi]).

Group I11: Group Il adhesives shall be categorized with a maximum strength greater
than or equal to 10.0 MPa (1450 psi) but producing complete failures at a displacement
less than 1.60 mm (0.063 in); (e.g., dfailure < 1.60 mm [0.063 in], Smax > 10.0 MPa [1450
psi]).

Group 1V: Group IV adhesives shall be categorized as having a maximum strength less
than 10.0 MPa (1450 psi) regardless of the amount of displacement at complete failure.

Adhesive grouping rejoins associated with their maximum strength versus displacement
at complete failure is represented in Figure 1.

A
45.0 = t 1
40.0 =
35.0 =
300 | Grouplll
Smax 2 10.0 MPa
25.0 = e < 1.60mm
20.0 -
15.0 —
100 5= = = = = = =
5.0 = GrOUE v
Spmax < 10.0 MPa
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00

Displacement at Complete Failure (d,;,,.) (mm)

Figure 1. Adhesive groups based upon Smax and daiure Single-lap-joint performance at RT (dry conditioning).
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8.2 First Tier

The first tier of tests involves collecting the material’s pedigree and determining adhesive
properties via the standard single-lap-joint tensile test conducted at RT per ASTM D1002-10.
Adhesives tested under first tier screening shall be assigned an initial grouping number
associated with their performance (i.e., Group I, Group Il, Group Il1, or Group V).

8.2.1 Material Pedigree

The purpose of documenting the pedigree of the adhesive material is to gather and identify the
original manufacturer’s technical data sheet (TDS) and material safety data sheet (MSDS)
information as references for the subsequent digitally archived experimental data. “Tagging” the
TDS and MSDS to the adhesive allows for future tracking through public domain searches in the
event that the original manufacturer is no longer viable or existent. In addition, material
pedigree documentation is also required for adhesive formulations originating from academia
due to student graduation. Furthermore, material pedigree data will also be documented and
digitally archived for all ARL-developed adhesive formulations.

8.2.2 Single-Lap-Joint Test at Room Temperature (Dry Conditioning)

The single-lap-joint test specimen per ASTM D1002-10 is a convenient geometry for screening
adhesive performance. An illustration of a typical test specimen is shown in Figure 2. The
distribution of stress is nonuniform,® and fundamental constitutive adhesive properties are
difficult to derive. However, the overwhelming experimental simplicity, with respect to both
fabrication and testing, heavily favors the single-lap-joint geometry as an initial screening
configuration.” Likewise, this joint geometry has also been studied extensively by academia,
with numerous peer-reviewed literature results and modeling strategies available for
comparison.2 The single-lap-joint is also a favored industry standard.

Areain Areain
Test Grips Shear Area Test Grips

— — i

" |

Figure 2. lllustration of the adhesively bonded single-lap-joint test specimen configuration (refer to ASTM
D1002-10 for dimensions).

Bondline

The specimen is placed within a mechanical testing machine and held into place at its ends by
mechanical grips. Tensile load is applied until the joint fails. The maximum tensile strength
(Smax) Of the adhesive joint is defined as the maximum load (Pmax) per shear area. Displacement
at failure (drire) is taken directly from the crosshead displacement of the testing machine. A
typical load versus displacement curve showing Pmax and drilre is illustrated graphically in
Figure 3.
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Figure 3. Graphical representation of Pmax and draiiure for a single-lap-joint tensile load vs. displacement curve.

8.3 Second Tier

The second tier testing comprises fabricating additional single-lap-joint specimens to satisfy
additional testing requirements under two different environmental loading conditions, which
shall consist of hot and hot/wet conditioning environments. It is at the discretion of the
researcher(s) if they care to fabricate all test specimens and generate data for the first and second
tiers simultaneously. In some instances this may be acceptable, but others may require a more
step-wise approach because of availability of resources, funding, and manpower. To be accepted
for third tier testing, adhesives must pass second tier part one and part two requirements.

8.3.1 Single-Lap-Joint Testing After Hot/Wet Conditioning

This first part of the second tier test requires submersion of lap-joint specimens (i.e., nonambient
moisture conditioning) in a water immersion tank for fourteen (14) days at a constant
temperature of 63 °C, +/-3 °C (145 °F, +/-5 °F). At the completion of the conditioning,
specimens will be pat-dried and tested no later than thirty (30) minutes after being removed from
the water immersion tank. As in the first tier, single-lap-joint tensile test data will be obtained
via a mechanical testing machine at RT and at ambient air conditions as per ASTM D1002-10.
Test duration and conditioning temperature is based upon considerations referenced in MIL-
STD-810G, Laboratory Test Method 507.5, Humidity.® Experimental technique considerations
can be found in ASTM D5229/D5229M-12 (Standard Test Method for Moisture Absorption
Properties and Equilibrium Conditioning of Polymer Matrix Composite Materials),'® ASTM
D1151-00 (2013) (Standard Practice for Effect of Moisture and Temperature on Adhesive
Bonds),’* and ASTM EB865-12 (Standard Specification for Structural Film Adhesives for
Honeycomb Sandwich Panels).t?
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8.3.1.1 Requirements

Acceptance to the next tier of testing requires that second tier, part one conditioned adhesives
retain a minimum of 75% of their initial dry maximum strength measured in first tier testing,
section 8.2.2. It is important to note that group assignment/categorization is entirely based upon
the initial Smax and drire at RT at dry conditioning. Displacement at failure following hot/wet
conditioning will be digitally archived but will not alter the first tier group determination.
Likewise, if Smax (RT, dry) for a given Group 1, Il, or 11l adhesive is at or just above 10.0 MPa
(1450 psi) then measurement of the 75% strength retention following hot/wet conditioning will
not reassign the adhesive to Group IV.

8.3.2 Single-Lap-Joint Testing at Elevated Temperature

Second tier, part two, tests shall progress by testing fabricated samples to an elevated
temperature condition of 71 °C, +/-3 °C (160 °F, +/-5 °F) using an in situ heated test chamber
on the mechanical testing frame. Prior to loading specimens, the test chamber shall be heated for
at least forty five (45) minutes to ensure the chamber air and mechanical components of the
mechanical testing machine, such as grips, are at temperature and are stable, as measured by a
thermocouple probe/sensor. Once a sample is loaded within the heated chamber, but prior to
tensile testing, it shall be held in situ for at least ten (10) minutes until it reaches temperature
equilibrium and is stable as measured by a thermocouple probe/sensor. The temperature of the
test is based upon considerations referenced in MIL-STD-810G, Laboratory Test Method 501.5,
High Temperature.!® Experimental technique considerations can be found in ASTM D1151-
00(2013) (Standard Practice for Effect of Moisture and Temperature on Adhesive Bonds)'! and
ASTM EB865-12 (Standard Specification for Structural Film Adhesives for Honeycomb
Sandwich Panels).?

8.3.2.1 Requirements

Acceptance to the next tier of testing also requires that second tier, part two conditioned
adhesives retain a minimum of 75% of their dry maximum strength as measured in section 8.2.2.
As in section 8.3.1.1, group assignments/categorizations are based upon the initial Smax and dsaiture
at RT and dry conditioning results. Displacement at failure at elevated temperature will be
digitally archived but will not alter the first tier group determination. Likewise, if Smax (RT, dry)
for a given Group I, Il, or I11 adhesive is at or just above 10.0 MPa (1450 psi), then measurement
of the 75% strength retention at elevated temperature will not reassign the adhesive to Group IV.

Adhesives that pass both second tier part one and part two requirements may be considered for
additional ARL testing. Test data and metadata for adhesives that do not pass both second tier
part one and part two requirements will still be retained in a digital archive to (1) allow for data
to be matched against alternative SPD requirements (both public releasable and restricted
distribution), (2) enable sharing of nonproprietary commercial and academic data to other DoD
organizations with either similar or differing adhesive requirements, and (3) enable a feedback
mechanism with commercial and academic formulators, specifically in determining where the
requirements specified by ARL-ADHES-QA-001.02 rev 1.0 are difficult to meet. Such “lessons
learned” could have potential value in addressing future research focus.

Testing progression protocols beyond the second tier are intended for ARL administrative/
operational use only.
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Appendix. Tier Progression Flow Chart

Researchers, scientists, and/or engineers from other government labs, academia, or
industry are eligible to utilize this SPD and present results to AR-WMRD, Adhesives and
Interface Research Team, with their novel adhesive compounds.

v

Researcher fabricates single-lap-joint test specimens for all
FIRST-SECOND TIER testing (single batch) or for each tier
separately depending on funding, resources, and manpower.

v

Researcher performs FIRST TIER testing; gathers
pedigree material data and results from single-lap-joint
RT tensile tests; assigns grouping I-IV

A

Researcher may
reformulate, optimize,
enhance, refine, improve
adhesive, and resubmit for
testing and acceptance.

YES (continue to next TIER) A

Did the
adhesive meet/exceed
FIRST TIER requirements?

Researcher performs SECOND TIER testing of single-lap-joint
tensile specimens conditioned at hot/wet environment and
at elevated temperature.

Did the
adhesive meet/exceed
SECOND TIER requirements?

NO

YES (continue to next TIER)

ARL reviews all documentation and results from testing, archivesall
provided information, and verifies grouping assignments to adhesives.

Does the
adhesive meet/exceed U.S. Army
needs & requirements?

NO

YES (continue to next TIER)

ARL optionally funds & conducts THIRD TIER & FORTH TIER testing, independently reviews
all results, archives all data/metadata; detemines if adhesive satisfies an Army need.

Does the

adhesive satisfy a U.S. Army
need?

@esive is accepted by ARL

NO
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v

304.80 [12.00]
355.60 [14.00]
12.70 [0.50]

/—TOP BEAM |7 —12.70 [0.50]

|

_/ | ! 1
BOTTOM BEAM
oTTO 25.48 [1.00]-

x"ADHESIVE"

[0.003]

GAP DETAIL
(50X)

UNLESS OTHERWISE SPECIFIED:

COMMENTS:

DIMENSIONS ARE MILLIMETERS
TOLERANCES:

FRACTIONAL +

ANGULAR: MACH £+ BEND %
TWO PLACE DECIMAL +.01

TEST MATERIAL MUST BE CAPABLE OF

BEING MANUFACTURED INTO THE DRAWN CONFIGY

NOTES:
1. SEPARATOR WIDTH CAN VARY

RATION.

AL US ARMY RESEARCH LAB

TITLE:
CRACK EXTENSION TESTING:

3 04 ] 8 X 3 5 5 . 6 AS S E M B LY THREE PLACE DECIMAL ~ £.001 BETWEEN [25.4-38.1mm]. AM S 369 5
(12 X 14) e ASSEMBLY
"TEST MATERIAL SIZE|DWG. NO.
FINISHMILLOR MATERAL A MIL-STD-3059 (MR)-7
SPECIFIC SCALE: 1:5 |
5 ' 4 | 3 2 | 1
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M6 x 1
(2 REQ'D. PER BEAM)

l=—12.70 min [0.50]
(SEE NOTE 3.)

.%_

\—M6x1

DOUBLE CANTILEVER BEAM (DCB)

(BEAM DETAIL)

19.05 [0.75]
r(SEE NOTE 2.)

f

~—19.05 max [0.75]

—25.40 TYP [1.00]

—25.40 TYP [1.00]

3.18 [0.125]
{ “(see NoTE1.) |
}

—25.40 [1.00]

M6 x 1
4 2.50 [0.10]

. (SEE NOTE 4.)

o

\—M6x1

DOUBLE CANTILEVER BEAM (DCB)

(DISPLACEMENT DETAIL)

UNLESS OTHERWISE SPECIFIED:

COMMENTS:

DIMENSIONS ARE MILLIMETERS

TEST MATERIAL MUST BE CAPABLE OF

BEING MANUFACTURED INTO THE DRAWN CONFIGY

RATION.

AJRL US ARMY RESEARCH LAB

TOLERANCES: TITLE .
FRACTIONAL oS .
m%upﬂ{c'EMg%MALi BEE ,%f 1. MATERIAL LOSS WILL VARY DUE TO CRACK EXTENSION TESTING:
THREE PLACE DECIMAL ~ +.001 METHOD OF CUTTING/MACHINING BEAMS. AM 5369 5
2. THE LAST BEAM WILL BE LESS THAN
DOUBLE CANTILEVER BEAM (DCB) DT GeovETC THEISAD LU SFECFED ASODUE DCB DETAILS
(CUT DIAGRAM) ATERIAL e foosomm o [SIZE [DWG. NO.
TEST MATERIAL 4. M6 BOLTS USED TO INITIATE AN OPENING
FINISH DISPLACEMENT OF [2.50mm]. A MIL-STD-3059 (M R-8)
MILL OR MATERIAL
SPECIFIC SCALE: 115 |
t
4 3 1
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