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Standard Test Method for
. . . - 1
Heat and Moisture Resistance of Wood-Adhesive Joints
This standard is issued under the fixed designation D 4502; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope IEEE No. 1, General Principles for Temperature Limits in

1.1 The purpose of this test method is to estimate the the Rating of Electrical Equipmeht

resistance of adhesive-bonded joints to thermal and hydrolytig Terminology

degradation. o
1.2 This test method is primarily for wood-to-wood joints 31 Definitions o
but may be applied to joints of wood to other materials. 3.1.1 For definitions of terms used in this test method, refer

1.3 The effects of chemicals such as fire retardants, presei@ Terminology D 907.

vatives, and extractives in the wood upon joint degradation 3-2 Shear strengthn—in an adhesive joint, the maximum
resistance can be estimated. average stress when a force is applied parallel to the joint.

1.4 This test method does not account for the effects of 3-2-1 Discussior—In most adhesive test methods, the shear
stress, the other principal degrading factor, nor does it accourit"®ngth is actually the maximum average stress at failure of
for cyclic or variable temperature or moisture levels. the specimen, not necessarily the true maximum stress in the

1.5 This standard does not purport to address all of theMaterial.
safety concerns, if any, assc_)mated with its use. It is theﬂl Summary of Test Method
responsibility of the user of this standard to establish appro- ) L ) .
priate safety and health practices and determine the applica- 4-1 The degradation of adhesive joints is a physicochemical
bility of regulatory limitations prior to use. process. The speed of degradation is related to the levels of

temperature, moisture (and other chemicals), and physical

2. Referenced Documents stress to which the joint is exposed. This test method is based
2.1 ASTM Standards? on the principles of chemical kinetics and uses the Arrehenius
D 897 Test Method for Tensile Properties of Adhesivet®mperature dependence relationship to estimate the long-term

Bonds effects of heat and moisture at the service temperature.
D 905 Test Method for Strength Properties of Adhesive 4-2 Specimens whose unaged properties have been esti-
Bonds in Shear by Compression Loading mated by control tests are subjected to an accelerated thermal
D 907 Terminology of Adhesives or hydrolytic aging environment in groups. Aging is acceler-
D 2304 Test Method for Thermal Endurance of Rigid Elec-ated by using elevated temperature. Periodically, a group of
trical Insulating Materials specimens is removed from the aging environment and tested.
D 2307 Test Method for Relative Thermal Endurance of!he estimated property after aging and the time of aging are
Film-Insulated Round Magnet Wire recorded. After several groups have been tested in this manner,

D 2339 Test Method for Strength Properties of Adhesives ifh€ rate of property loss in the aging environment can be

Two-Ply Wood Construction in Shear by Tension Loadingestimated. This basic experiment is repeated at several other
2.2 |EEE Standard: elevated temperatures, and the rates of property loss at those

temperatures estimated. The rate of property loss relationship

to temperature is estimated. This relationship can be extrapo-

*This test method is under the jurisdiction of ASTM Committee D14 on lated to lower service temperatures for estimating service life.
Adhesives and is the direct responsibility of Subcommittee D14.70 on Construction 4.3 This test method employs a smaller version of the Test
Adhesives. Method D 905 block shear specimen, but other shear strength

Current edition approved April 1, 2004. Published April 2004. Originally . .
approved in 1985. Last previous edition approved in 1992 as D 4502 — 92 {1998) or tensile strength specimens may also be used.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org.Aforual Book of ASTM
Standards/olume information, refer to the standard’s Document Summary page on 2 Available from Institute of Electrical and Electronics Engineers, Inc. (IEEE),
the ASTM website. 445 Hoes Ln., P.O. Box 1331, Piscataway, NJ 08854-1331
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5. Significance and Use perforated to permit free-flow of water vapor. It may be cut
5.1 This test method can serve as a useful tool for durability™om any material that is resistant to corrosion, heat, and

5.1.1 This test method can be used to measure the effects §ictory. The platform must be cut in half to pass through the
heat and moisture and the effect of their interaction or’€cK Of the jar. An aging jar with platform is shown in Fig. 1. -
adhesives and bonded joints. Knowledge of these effects i§he jars must be placed in an aging oven, such as described in
useful to an adhesive formulator or manufacturer. Moist hea-1. to achieve the required temperature.
aging is particularly useful for determining the effects of acidic 6-4 Water Baths-Constant-level water baths capable of
adhesive systems on the hydrolysis of wood adherends. control to within 0.5°C of the de5|r_ed tempera?ure are required.

5.1.2 This test method provides a means of comparing théhe baths must be able to contain 100 specimens.
rate of degradation of an unknown adhesive-adherend combi- 6-5 Testing Machine-The testing machine shall have a
nation to the rate of degradation of a known combination inc@pacity of not less than 3000 kg (6210 Ibf) in compression.
thermal or hydrolytic aging environments. Such a comparisoﬂ—he machine shall be capable of maintaining a uniform rate of

can be useful to adhesive manufacturers for introducing a ne¥p@ding such that the load may be applied with a continuous

adhesives. 0.0 = 5 mm/min (0.40 in./min) with a permissible variation

5.1.3 This test method does not duplicate any naturaPf + 0.5 %. . ) o
service environment, but it does provide a means of estimating 6-6 Shearing Toek-A shearing tool similar to the tool
the service life of joints in similar environments. Service-life Pictured in Test Method D 905 is satisfactory. The tool must
estimates are useful to designers of bonded structures Have a self-aligning seat to ensure uniform lateral distribution
structures using bonded products. of the load.

5.2 Service-life estimates rely on the assumption that th
chemical degradation mechanism is the same at the elevated
aging temperatures as at the service temperature. However, this’-1 Adhesive to Be Tested
may not be true in every case. This possibility, together with 7.2 Joints—Wood for wood-to-wood joints or joints of
the variability in specimen preparation, in the aging exposureg¥0od to metal or plastic shall be free of defects such as knots,
and in the strength measurements, require that caution be usegcks, short-grain and sharp-grain deviations, or any discol-

Materials

in accepting the estimate of service life. orations or soft spots indicative of decay. Generally, a high-
density uniform-textured wood is desirable so that the maxi-
6. Apparatus mum stress will be placed on the adhesive joint during testing.

6.1 Aging Ovens-Ovens are required that are capable of 1 he standard shall be hard maplcer saccharunor Acer
control within £2 % of specified exposure temperature Nigrum having a minimum specific gravity of 0.65 (based on
throughout the chamber for extended periods of tim8.6°C ~ oven-dry weight and volume). Other species may be used
control is desirable}.The ovens must be capable of operatingWhere evaluation of the adhesive’s performance in contact with
at temperatures from 60 to 175°C. The oven must have ai1at Species is a specific requirement.

internal capacity for up to 100 specimens well-spaced and /-3 _Saturated Salt SolutiorsA constant relative humidity _
supported on racks to allow free air flow. at a given temperature can be maintained in sealed aging jars

6.2 Environmental ChambersChambers for moist-heat PY @ Saturated aqueous solution in contact with an excess of the
aging must be capable of0.5°C temperature and 0.5 % solid' phase c_)f'all specifiq salt. Tables are available that show
relative humidity control uniformly throughout the chamber. rélative humidities at given temperatures for many salts.
The chamber must be capable of operating at temperaturéxdium chloride is recommended. A saturated solution of
from 60 to 90°C and relative humidity from 60 to 80 %. The Sodium chloride will produce a relative humidity of 73 to 76 %
chamber must have the capacity for up to 100 specimen3Ver thetemperature ran_gefrom 40 to ;00°C.Th|s translates to
well-spaced and supported on racks to allow free air flow. W00d moisture content in the approximate range from 9 to

6.3 Moist Aging Jars—Heat-resistant glass jars are required 13 %.
to expose specimens to constant relative humidity and tems Test Specimens
perature over saturated salt solutions. Wide-neck canning jars P - _ _ _
with volumes of 3z L (1 gal), rubber gaskets, and clamp lids _ 8-1 A modified block shear specimen (Fig. 2) is suggested.
have proven satisfactory at temperatures of 100°C (212°F) anbine specimen is similar to the specimen of Test Method D 905,
below. The jars must have a platform inside (without legs) toPut its smaller size allows more specimens to fit in the aging
support specimens above the saturated salt solution. A 6-m@hambers. Other specimens such as used in Test Method D 897
(¥a-in.) diameter bead of silicone sealant around the insid®' Test Method D 2339 are also satisfactory. If a type from Test
surface of the jar and about 5 cm (2 in.) above the bottonMethod D 2339 is selected, then use 6.5-ni#i(.) lumber

provides a ledge to support the platform. The platform must béor each lamina, and increase the specimen length to 130 mm
(5.1 in.) while maintaining the 25.4-mm (1-in.) overlap. Other

4 Millett, M. A., Western, L. J., and Booth, J. J., “Accelerated Aging of Cellulosic —————
Materials: Design and Application of a Heating Chamber,” TAPPI, Vol 50, No. 11,  °®Dean, J. A., edl.ange’s Handbook of Chemis{ry2th ed., McGraw-Hill Book
1967, pp 74A-80A. Co., Inc., 1978.
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FIG. 1 Moist Aging Jar with a Shelf for Aging Specimens Over a Saturated Salt Solution

bonded joints or products may also be tested if a suitable 8.3.2 After bonding, trim one edge and one end of each
specimen can be devised. panel. Then cut two rows of five specimens each from the 63
8.2 Condition the wood at 23 2°C (73.4 + 3.6°F) and by 305-mm (22 by 12-in.) panels, as shown in Fig. 3, or four
relative humidity of either 30 or 65 %, or other conditions, rows of five specimens each from the 127 by 305-mm (5 by
depending on the adhesive manufacturer’s requirement. 12-in.) panels.
8.3 Prepare modified shear block specimens as described iny,e 2_The adhesive should be thoroughly cured by hot pressing,
Test Method D 905 with the following exceptions: oven heating, high-frequency heating, or whatever method is appropriate.
8.3.1 Cut rough 25.4-mm (1-in,) lumber into 127 or 63 by Undercured adhesives cause unwanted results in the early stages of
305-mm (5 or 2= by 12-in.) billets as required by Section 9. elevated temperature aging.
Saw each billet in half through the thickness using a bandsaw. 8.4 Mark each specimen using a templet before cutting to
Joint the surface of each half that is to be bonded and plane iadicate the panel and position in the panel.
8-mm @1e-in.) thickness. (Note 1) Bond the billets as described
in Test Method D 905. 9. Sampling

Note 1—If during strength testing specimens fail in compression 9-1 Sample Size B .
parallel to the grain at the ends, the laminae thickness should be increased9.1.1 If using the modified block shear specimen, prepare
from 8 mm @46 in.) to 9.5 mm P in.) or greater, as necessary. the following numbers and sizes of panels, depending on the
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9.2.3 The distribution of specimens for subsequent data
analysis is summarized by the block experimental designs
shown in Table 4 for each of the experiments.

10. Procedure

10.1 Initial Strength

10.1.1 Condition the control specimens to equilibrium
moisture content (EMC) at 23 + 2°C and 50 2 % relative
humidity or other conditions as agreed upon by the parties
involved. One to four weeks may be required to reach EMC,
depending on the beginning moisture content.

10.1.2 Test the specimens (after they reach EMC) in the
shear tool with the universal test machine crosshead moving at
10 + 0.05 mm/min (0.40Gt 0.002 in./min). Store the speci-
mens in a plastic bag, or remove them one at a time from the
conditioned environment during testing. Record the strength
and estimated percentage of wood failure for each specimen.

10.2 Service Life Estimate

10.2.1 Aging temperatures are given in Table 4. For a given
temperature/moisture condition, mount five groups (10 speci-
mens per group) on suitable racks for dry aging, place in jars
for moist aging, or string each group on stainless steel wire for
wet aging.

10.2.2 Estimate five aging intervals that will produce ap-
proximately equal strength decrements to a total strength loss
of 25 to 30 % from the initial strength for each of the five aging
temperatures. Previous aging experience may not be available,
especially for new adhesives. If this is the case, use the
approximate times given in Table 5.

FIG. 2 Modified Block Shear Specimen

type of experiment to be performed (service life, rate compari- Note 3—Twenty-five percent strength loss is a convenient level. Any
son, or quality control): amount of loss can be defined as failure as long as it is agreeable to the
parties requiring this test and it is defined in the report. Higher percentages

Service life estimation 10 panels, . .
of loss require longer exposure times.

127 by 305 mm

R o erent exposures 10.2.3 Place the five groups (see Note 4) in the aging
(10 panels, 127 by 305 mm) exposure. At the end of the first aging interval, withdraw the
Two adhesives/same exposure first group of specimens, recondition to EMC, and test as
e sy ™ described in 10.1.1 and 10.1.2. Based on this test, project the
Quality control (10 panels, time to reach 25 % loss. If necessary, adjust the remaining
63 by 305 mm) intervals to provide approximately equal strength decrements

o the 25 to 30 % strength loss (from the initial value). Repeat

9.1.2 If using some other specimen, prepare 10 panels, eath_ ot d adiust  aft h of the first f ;
panel large enough to yield the following minimum number of. IS projection and adjustment after each ot the first four aging

specimens depending on the type of experiments to be pemtervals.
formed: Note 4—When the aging intervals are shorter than the time necessary
Service life 26 to recondition the aged specimens to EMC at 23°C and 50 % relative
Rate comparison: humidity before testing, then all five groups should not be placed in the
One adhesiverdifferent exposure 22 aging exposure at once. Instead, place only one or two groups on
Two adhesives/same exposure 12 exposure. In this way specimens will still be available for shorter aging
Quality control 3 intervals in case the strength degraded too far in the first interval.
9.2 Sampling Method 10.3 Degradation Rate Comparison

9.2.1 Inagiven experiment (service life, rate comparison, or 10.3.1 Aging may be dry, moist, or wet depending on the
quality control) pair the 6.5 by 127 (or 63) by 305-mm billets aging conditions of the adhesive to which the test adhesive is
randomly for bonding into panels. to be compared. Select three temperatures from Table 1 for the

9.2.2 Distribute the specimens from each panel according téhosen moisture level. If the adhesive is thought to be very

the plan shown in the appropriate table for the experiment. durable, use the three highest temperatures. If the adhesive is
Service-life estimation Table 1 thought to be less durable, use the three lower temperatures.

Rate comparison Table 2 For a given temperature, use five groups (20 specimens per
Quality control Table 3 group). Prepare for aging as described in 9.2.1.
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FIG. 3 (A) Top View of One End of a Panel Showing Trim and Individual Blocks for Specimens, and ( B) Side View Showing Two Cuts on

Each End of a Block to Form the Offset

10.3.2 Estimate five aging intervals to 25 to 30 % strength 11.1.1 Make a visual estimate of the expected service life as

loss as described in 10.2.2, 10.2.3, and Note 4. follows:
10.3.3 After aging, recondition the specimens to EMC and 11.1.1.1 Calculate the average values of the residual shear
test as described in 10.1.1 and 10.1.2. strength from the 10 specimens at each aging interval, for each

10.4.1 Normally the quality control test will be applied to
adhesives previously evaluated by the service life or degrad%—n
tion rate procedures. Select one temperature for dry and on
temperature for wet aging from Table 4 that should cause a 2 ) ] o
to 30 % strength loss in less than 48 h, based on the previous 11-1.1.3 Determine the estimate of the initial strengtin{s
aging experience. If previous experience is not available, seleéfftercept) and the aging time at which each rate curve intersects
a temperature/time from Table 5 as a starting point. the 75 % residual strength line (Fig. 4).

10.4.2 Age the group of specimens for a time that is the 11.1.1.4 Forthe wet and dry aging conditions, plot the aging
same as one of the times used in the previous evaluation aridnes to 75 % residual strength as a function of temperature in
that should cause about 25 to 30 % strength loss. After aginghe Arrhenius convention of log time versus reciprocal tem-
recondition to EMC and test in accordance with 10.1.1 anderature (Fig. 5). Visually fit a straight line through the five

11.1.1.2 Prepare rate curves for each temperature by plot-
g the log of the average residual strength at a given aging
terval as a function of the aging time.

10.1.2. temperature data points for the wet or dry condition.
) 11.1.1.5 Project this line to the temperature at which the
11. Calculations expected service life is to be estimated but not more than 50°C
11.1 Service Life Estimate lower than the lowest accelerated aging temperature.
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TABLE 1 Specimen Distribution for Service Life Estimation Experiment at a Single Moisture Level Using Ten 127 by 305-mm (5 by 12-
in.) Bonded Panels Yielding 2 Specimens Each

Test group Panel
Temperature lAglng 1 2 3 4 5 6 7 8 9 10 Toeal
interval
Control 1 1 1 1 1 1 1 1 1 1 10
1 1 1 1 1 1 1 1 1 1 1 1 10
1 3 1 1 1 1 1 1 1 1 1 1 10
1 4 1 1 1 1 1 1 1 1 1 1 10
1 5 1 1 1 1 1 1 1 1 1 1 10
2 1 1 1 1 1 1 1 1 1 1 1 10
2 2 1 1 1 1 1 1 1 1 1 1 10
2 3 1 1 1 1 1 1 1 1 1 1 10
2 4 1 1 1 1 1 1 1 1 1 1 10
2 5 1 1 1 1 1 1 1 1 1 1 10
3 1 1 1 1 1 1 1 1 1 1 1 10
3 2 1 1 1 1 1 1 1 1 1 1 10
3 3 1 1 1 1 1 1 1 1 1 1 10
3 4 1 1 1 1 1 1 1 1 1 1 10
3 5 1 1 1 1 1 1 1 1 1 1 10
4 1 1 1 1 1 1 1 1 1 1 1 10
4 2 1 1 1 1 1 1 1 1 1 1 10
4 3 1 1 1 1 1 1 1 1 1 1 10
4 4 1 1 1 1 1 1 1 1 1 1 10
4 5 1 1 1 1 1 1 1 1 1 1 10
5 1 1 1 1 1 1 1 1 1 1 1 10
5 2 1 1 1 1 1 1 1 1 1 1 10
5 3 1 1 1 1 1 1 1 1 1 1 10
5 4 1 1 1 1 1 1 1 1 1 1 10
5 5 1 1 1 1 1 1 1 1 1 1 10
Total 26 26 26 26 26 26 26 26 26 26 260
Leftover 2 2 2 2 2 2 2 2 2 2 20
TABLE 2 Specimen Distribution for the Experiment to Compare Degradation Rates of a Single Adhesive A'in Two Exposures Using 127
by 305-mm (5 by 12-in.) Bonded Panels Yielding 28 Specimens Each

Test Aging Panel Total

Group Interval 1 2 3 4 5 6 7 8 9 10

Exposure |
Control 2 2 2 2 2 2 2 2 2 2 20
1 2 2 2 2 2 2 2 2 2 2 20
2 2 2 2 2 2 2 2 2 2 2 20
3 2 2 2 2 2 2 2 2 2 2 20
4 2 2 2 2 2 2 2 2 2 2 20
5 2 2 2 2 2 2 2 2 2 2 20
Exposure 1l

Control 2 2 2 2 2 2 2 2 2 2 20
1 2 2 2 2 2 2 2 2 2 2 20
2 2 2 2 2 2 2 2 2 2 2 20
3 2 2 2 2 2 2 2 2 2 2 20
4 2 2 2 2 2 2 2 2 2 2 20
5 2 2 2 2 2 2 2 2 2 2 20
Total 24 24 24 24 24 24 24 24 24 24 240
Leftover 4 4 4 4 4 4 4 4 4 4 40

“To compare two different adhesives in a single exposure prepare ten 63 by 305-mm (2% by 12-in.) panels (yielding 14 specimens each) with each adhesive. If
comparing two adhesives, a group of control specimens is also required for the second adhesive.

TABLE 3 Specimen Distribution for Wet and Dry Quality Control
Tests Using Ten 63 by 305-mm (2 ¥z by 12-in.) Bonded Panels

11.1.2 Make a statistical estimate of the service life in a Vielding 14 Specimens Each

given moisture condition. Detailed procedures are given in —
Annex A2 or Annex A3 (Version | or II). Test group ane — Toua

. . . . 1 2 3 4 5 6 7 8 9
11.1.2.1 First, for data at the moisture condition, fit the |

. . . . contro 2 2 2 2 2 2 2 2 2 2 20
strength—qgmg t|me. data obtained at each aging temperature g@' exposure 2 2 2 2 2 2 2 2 2 2 20
the following equation: Wetcontrol 2 2 2 2 2 2 2 2 2 2 20
| | 4kt (l) Wet exposure 2 2 2 2 2 2 2 2 2 2 20

(0] =10
Sy = (0812 Total 8 8 8 8 8 8 8 8 8 8 8
Leftover 6 6 6 6 6 6 6 6 6 6 60
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TABLE 4 Block Experimental Designs for Service Life
Estimation, Rate Comparison, and Quality Control Experiments

Aging Aging Interval

Control
Temperature 1 2 3 4

Test Group

Service Life Estimation®

Control 1 10 10 10 10 10 10

Dry 2 10 10 10 10 10
3 10 10 10 10 10
4 10 10 10 10 10
5 10 10 10 10 10
Wet 1 10 10 10 10 10
2 10 10 10 10 10
3 10 10 10 10 10
4 10 10 10 10 10
5 10 10 10 10 10
Rate Comparison®
Control 20
Exposure | 20 20 20 20 20
Control 20¢
Exposure Il or 20 20 20 20 20
different adhe-
sive in the same
exposure
Quality Control®
Dry control 20
Dry exposure 20
Wet control 20
Wet exposure 20

AEach block in the table includes 1 specimen from each of 10 panels (see Table
1).
BEach block in the table includes 2 specimens from each of 10 panels (see Table
2).
CThis set of control specimens is required only if comparing 2 different
adhesives.

PEach block in the table includes 2 specimens from each of 10 panels (see Table
3).

TABLE 5 Aging Temperatures and Approximate ~ “ Time
Required for 25 % Strength Loss in Solid Wood and
Adhesive-bonded Joints

Temperature, Solid Wood/Durable Less Durable

Condition °c Adhesive, days Adhesive, days

Wet 60 146 53
70 50 1.25
775 21.6 0.42
85 10.8 0.17
100 23 0.10

Dry 120 130 58
130 55 17
145 10.3 34
160 2.4 0.85
170 0.85 0.33

AThe times are only guidelines intended to be used as a starting point for durable
adhesives. They may change with species or the adhesive.

log,y = A+ BIT 2)
where:
y = estimated failure timet{ o),
T = absolute aging temperature in degrees Kelvin
(°C + 273),
A = fitted regression constant, and
B = fitted regression coefficient (temperature dependence).

11.1.2.4 Finally, calculate the estimated mean failure time at
service temperature (3L and the lower confidence limit for
individual estimates of service life.

11.2 Rate Comparisan

11.2.1 This procedure may be used to compare two adhe-
sives aged at the same temperature/moisture condition or one
adhesive at two different temperature levels (one moisture
level) or two moisture levels (one temperature level).

11.2.2 Fit the strength versus time data for each adhesive or
condition to be compared to the linear regression equation. Use
the same equation and procedure as for the first portion of the
service life estimation.

11.2.3 Test the two fitted equations for differences in their
slope or level in accordance with the procedure outlined in
Annex A2 or Annex A3.

11.3 Quiality Control

11.3.1 The quality control test requires that the adhesive has
previously been tested at the same temperature/moisture level
and the same aging time. These are the baseline tests.

11.3.2 For the baseline tests and the current tests, calculate
the mean initial strengths and the mean strengths after dry and
wet aging. Determine the differences between the correspond-
ing baseline and current test means.

11.3.3 Calculate the corrected sums of squares for every set
of data as follows:

=X)2
SS=3X? - (%) ?)
where:
SS = sums of squares,
X = individual specimen strength, and
n = number of specimens in the data set (normally 20 in

this test method).
11.3.4 Calculate the pooled within-group variance for cor-
responding sets of specimens, for example, baseline and
current initial strength as follows:

where: SSaseineT SS
2 aseline urrent
= = 4
%/ _ gtgrﬁ:]ggg;ﬁe s (nbaseline_ 1)+ (ncurrem_ 1) ( )
a = estimated initial strength, and 11.3.5 Calculate thet™ statistic for the corresponding sets
k = degradation rate constant. of specimens as follows:

11.1.2.2 Next, use the fitted strength versus aging time
equations to determine the time required for the adhesive
(specimen) to degrade to 75 % residual strength (75 % of the
estimated initial strength}{--) at each aging temperature.

®)

Leale = (Difference between means

lsz(nbaseline+ ncurreng
(nbaseling(ncurrenl)
Note 5—The choice of 25 % strength loss as the criteria for failure is  11.3.6 Compare the calculatédvalue with the expected
convenient but arbitrary. Any percentage may be chosen based on thealue oft (two-sided test)f,aseiine™ 1) + (Neurrene— 1) degrees
consent of those parties involved. of freedom (df) and 95 % probability. The expected valué of

11.1.2.3 Finally, fit the estimated failure time versus tem-(for a two-sided test) may be found in tabular form in most
perature data to the following equation: basic statistics textbooks.
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FIG. 4 Schematic Representation of Ideal Residual Strength Versus Aging Time at Five Temperatures

11.3.6.1 Iftyc<teyp the strengths of the corresponding 12.4 Statistical variability creates unusual and confusing
tests are not significantly different at the 95 % level ofpatterns of strength versus time (Fig. 6¢). The strength test is,
confidence. of course, destructive. The strength of one or a group of
11.3.6.2 Iftec>teyp the strengths of the corresponding specimens cannot be followed sequentially through the entire
tests are significantly different at the 95 % level of confidenceaging exposure. Instead, separate groups of specimens must be
12. Interpretation of Results exposed and tested at several different aging times. This
' introduces variability that can be confused with one of the
12.1 Four factors may confuse a rate process analysis, thregevious factors.
pertaining to the strength-time relationship and one pertaining 12.5 The aging mechanism may change with temperature
to the time-temperature relationship. They are illustrated inFig. 6d). Just as the visible degradation rate may change with
Fig. 6 and described in the following paragraphs. time, the visible degradation mechanism may change with
12.2 Joint strength may increase or decrease rapidly upo@mperature. Thus the temperature dependence of strength loss
the first exposure to elevated temperature (Fig. 6a). Thifnay be different at the elevated accelerated lower service
response may be due to driving off lingering solvents, chemicalemperature. Extrapolation of the shear strength bond-life
crosslinking, chemical degradation, internal stress relief, ofelationship from the aging temperatures to the service tem-
some other short-term response to a temperature rise. perature would be misleading. This error can be minimized by
12.3 The long-term degradation rate may change during theghecking the linearity of the service life-temperature relation-
aging period (Fig. 6b). Both the wood and the adhesive degradship using a statistical test, and by restricting the extrapolation

in the aging exposure, most likely at different rates. If the woodo not more than 50°C from the lowest accelerated aging
is initially stronger, as is usually the case with mastic adhesivgemperature.

joints, the rate of change in joint strength reflects the degrada-

tion rate of the adhesive. But as sometimes happens, the wode: Report

may be degrading faster than the adhesive and eventually 13.1 The report shall include the following information:
become less strong than the adhesive. Then the rate of changel3.2 Description of the adhesive and the adherends.
in joint strength reflects the wood degradation rate. 13.3 Date of bonding.
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FIG. 5 Schematic Representation of Ideal Log of Time Versus Reciprocal Aging Temperature ( T) (Arrhenius Relationship)
13.4 Bonding conditions. 13.8.1.7 Result of the plot of residuals to test linearity of the
13.4.1 Wood moisture content. Arrhenius equation at each moisture level.
13.4.2 Adhesive spread rate. 13.8.2 Rate comparison test.

13.4.3 Open and closed assembly time. 13.8.2.1 Regression equation for the test adhesive and for
13.4.4 Pressure. the standard adhesive.
13.4.5 Cure temperature. 13.8.2.2 Degradation rate for each adhesive.

13.4.6 Cure time. 13.8.2.3 Average wood failure at each aging interval.
13.5 Type of test (service life, rate comparison, quality 13.8.2.4 Result of the F” test for significance of the
control). difference between the fitted degradation rate equation of the

13.6 Temperature/moisture levels and aging intervals. two adhesives.

13.7 Starting date for each aging exposure. 13.8.3 Quality control test.

13.8 Results. 13.8.3.1 Initial strengths of test and standard adhesives.
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13.8.1.1t 4 45 for each temperature/moisture condition.  vals.
13.8.1.2 The mean percent wood failure for each 13.8.3.3 Mean strength and wood failure after wet and dry
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13.8.1.3 Arrhenius equation for each moisture level. 13.8.3.4 Differences between the strengths of the baseline
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FIG. 6 Schematic Representations of Some Deviations From Ideal Aging Behavior
14. Precision and Bias case of very durable adhesives, the bias may be impossible to

14.1 Precision—The precision of the degradation rdter ~ determine because degradation is unmeasurable at service

time (t, ;o) estimates can be checked by standard statisticdemperatures within a reasonable time period.
procedures such as the standard error of the regression coeffi-14.2.2 Little bias was found with certain elastomer-based
cient or the standard error of the estimate. There is no standambnstruction adhesives in exposure to accelerated wet aging
method for determining the precision of the service lifeand wet aging at service temperature for 11 yé&8eme types
estimate $L, ;.9 however. The reason is that the Arrhenius of adhesives have service lives that equal or exceed wood. The
relationship (from which thé&l, ,4s determined) is based on service life of wood ranges from hundreds of years wet to
data points t ;5 that are variable and not necessarily inde-thousands of years dry. Accelerated aging service-life estimates
pendent. Confidence bands on the Arrhenius relationship casf these adhesives are in reasonable agreement with informa-
be calculated and the lower confidence limit at the serviceion about the strength of very old wodd.
temperature provides a positive estimate of the minimum
expected service lifé put this measure of precision may not be 15. Keywords
acceptable in a rigorous statistical sefse. . . .
14.2 Bias 15.1 heat resistance; moisture resistance; shear strength
14.2.1 The bias of the degradation rate, time, or service life
estimate can only be determined by actual experience. In the

7 River, B. H., “Accelerated Real-Time Service Life Estimates of Elastomer-
based Construction Adhesivedthesives Age-ebruary 1984.

5 Millett, M. A., Gillespie, R. H., and Baker, A. J., “Precision of the Rate-Process  © Gillespie, R. H., “Evaluating Durability of Adhesive-Bonded Wood Joints,”
Method for Predicting Durability of Adhesive BondsPurability of Building Proceeding SymposiumWood Adhesives—Research, Application, and Needs
Materials and Components, ASTM STP 6P1)J. Sereda and G. G. Litvan, eds., USDA, Forest Service, Forest Products Laboratory, and Washington State Univer-
ASTM, 1980, pp. 913-923. sity, Madison, WI, Sept. 23-25, 1980.
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ANNEXES

(Mandatory Information)

Al. PROCEDURE FOR USING AGING JARS

Al.1 Pour 125 to 150 mL of the selected saturated salt A1.3 Place the jarin a preheated constant-temperature oven
solution through a long-stem funnel into the aging jar. Addsuch as described in 6.3.1. Leave the lid open slightly while the
excess salt to the solution to ensure saturation at the agirjgr and its contents heat to oven temperature. After about 15
temperature. Do not spatter or slosh the solution, otherwise satin of heating, clamp or tighten the lid.
crystals will form on the side of the jar during aging and may
contact the specimens. Al.4 When the aging period is over, remove the jar and
Igllow it to cool before opening. It may be necessary to break

Al.2 Place the platform on the silicone rubber ledge. Stac . ) .
b " . g Be rubber seal with a knife point.

a group of 20 specimens so the bondlines are freely exposedE
water vapor.

A2. PROCEDURES FOR CALCULATING RATE COMPARISONS AND SERVICE-LIFE (VERSION 1)

A2.1 Basic Symbols: A2.2.6 The regression coefficien)(
_ XYTOTSP
> = sum of individual values in a group. _ XTOTSS
Y = individual log strength value. A2.2.7 The regression constaraf):(
X = individual aging time. a=Y-bX
n = number of values in a group. _
k = number of aging temperatures at a given mois- A2.2.8 Let 0.75 (10 represent 75 % residual strength, and
ture condition. determine the time to failure (- of the specimens as follows:
wW = log,o failure time (loggdty7s at given —0.125
temperature/moisture condition. tors=—p
V4 = reciprocal of aging temperature 1/(°C + 273).
pooling = summing calculated values from two sets of A2.3 Two Equation CompariseaCompare two
regression data. log,cstrength versus time regression equations (RBEGd
Note A2.1—Refer to Appendix X1 for assistance with the following REG,) for the degradation rate_s of one adhesive at two
calculations. exposure levels (or for two adhesives at one exposure level) by
calculating the following quantities:
A2.2 Strength versus TimeFor a given moisture condi- A2 3.1 The regression sum of squares (REG SS) for each set

tion, calculate the regression equati¥n=a +bX of 109,  of data:
strength versus aging time for each aging temperature.

A2.2.1 Mean log, strength: REG SS= %Iggz

V) = (SYm) A2.3.2 The error sum of squares (ERR SS) for each set of
A2.2.2 Mean aging time: data:

()z) = (IXIn) ERR SS= YTOT SS— REG SS
A2.2.3 Corrected total sum of squares for Jgdrength ¥ A2.3.3 The degrees of freedom (df) for error sum of squares

TOT SS): (ERR SS df) for each set of data:
. Y2 ERRSSdi=n—-2
YTOT SS=2Y"— =, A2.3.4 The combined error mean square (CERR MS) for the

A2.2.4 Corrected sum of squares for aging timeTOT two sets of data:

SS)Z ERR S@ec i + ERR S@eq

ERR SS dfcg, + ERR SS dfeg
A2.3.5 The pooled total sums of squaresY(pOT SS) for

log of strength:
A2.2.5 Corrected sum of products for lggstrength and g g
aging time KY TOT SP): pYTOT SS= YTOT SSeg, + Y TOT SSes i
oY A2.3.6 The pooled total sums of productsXyy TOT SP):

n pXYTOT SP= XYTOT SReq, + XYTOT SReeq

CERR MS=

(=X)?
n

XTOT SS= =X2% —

by
XYTOT SP= 2XY —

11
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A2.3.7 The pooled total sums of squares{[OT SS) for A2.3.20 Determine the expected value Ff(F,,) as de-
aging time: scribed in A2.3.12 at 1 df for the level error mean square and
pXTOT SS= X TOT SSeq; + X TOT SSea (geg 1+ Nreg 1) — 3 df for the pooled error mean square.
SelectF corresponding to the 95 % level of probability and
A2.3.8 The pooled error sums of squares (p ERR SS): compare to the value d¥ calculated above.
(p XY TOT SP? IF: Fexp> Feao the levels are the same and the two groups
pXTOTSS have the same regressions.
IF: Feyp < Fcaio the levels are different and the two groups have
different regressions.

p ERR SS=pYTOT SS—

A2.3.9 The pooled degrees of freedom for error:
p ERR SS df= (n +n ) — 3 . . . .
Reel TReel ) A2.4 Arrhenius Equatior-Determine the Arrhenius re-
A2.3.10 The pooled error mean squares (p ERR MS):  gression equation for time and temperature for a given mois-
p ERR SS ture level as follows:

P ERR SS df A2.4.1 Calculate the quantities, regression equation, and
A2.3.11 The difference error mean square for testing thdime to failure for each temperature for the given moisture level
difference in slope of REG | and REG Il (SLOPE EER MS): as described in A2.2.1-A2.2.8.
CERR SS- p ERR SS A2_.4.2 The reciprocal of the aging temperatures in degrees
Kelvin (2): Z =

p ERR MS=

SLOPE ERR MS=

1 df for slope

A2.3.12 ‘F” value attributable to slope:

_ SLOPE ERR MS
Fealc = —CERRMS

1
aging temperature in °@ 273

A2.4.3 The mean of log failure time (W) (where:
W =t, 79): (from A2.2.8)

A2.3.13 Determine the expected value FfF,,) from a _sw
table of theF distribution found in most statistics textbooks. W=~
The expected value is located by entering the table at number
of degrees of freedom associated with the combined and slope
error mean squares. Chodseat 1 df for the slope error mean 7 2Z
square andnzeg |+ Nrec 1) — 4 df for the combined error K
mean square. Choose tkevalue corresponding to the 95%  A2.4.5 The corrected total sum of squardéé TOT SS) for
level of probability, and compare it to tiievalue calculated in  |og of failure time:

A2.3.12.

A2.4.4 The mean reciprocal aging temperatui®:(

2

IF: Fexp> Fcaio the slopes of the two regression equations are WTOT SS= SW?2 — (EY(V)
the same and the levels of the two equations should be tested
next. A2.4.6 The corrected total sum of squares for reciprocal of
IF: Fexp< Feaio the slopes are different, so the equations aré2ging temperatureZ(TOT SS):
different and there is no need to test for level. (32)2
If the slopes are the same, continue with A2.3.14. ZTOT 8S=37° - —

A2.3.14 Combine the indiv!dual data from the two original A2 4.7 The corrected sum of products for log failure time
sets of data used for regression Eqs | and 1. and reciprocal of aging temperatud/Z TOT SP):

A2.3.15 Proceed as if calculating a third regression equation EW) (52)
(REG IlI), and determine its error sum squares (ERR&SS)) WZTOT SP=2WZ - ————

using A2.2.2-A2.2.7 and A2.3.1 to A2.3.2.

A2.3.16 The degrees of freedom for ERR.GS ,(ERRSS  A2-4-8 The regression coefiicier

dfrec u): B _ WZT(zT SP
ERR SS dfec i = (Nrea 1 + Nrec ) — 2 _ z
A2.3.17 The error mean square for REG Ill (ERR A2.4.9 The regression CO_nSta'ft)(
MSgec ): A =W-BZ
ERR S i i i i i
ERR MSeeg s = Rec A2.5 Check the fitted Arrhenius equation for linearity.

ERRSS df . . . . :
REGII A2.5.1 Determine predicted failure timé at each aging

A2.3.18 The difference error sum of squares for the differtemperature as follows:
ence in the levels of REG | and REG Il (LEVEL ERR MS):

ERR S$ec — P ERR SS

W =A +BZ
A2.5.2 Determine residuals at each aging temperature

LEVEL ERRMS=

1 df for level . A
residual =W - W
A2.3.19 F value attributable to LEVEL: A2.5.3 Plot residuals versus aging temperature.
LEVEL ERR MS A2.5.4 If points plotted form a pattern (line or curve), the
Feae= —HERRMS behavior may not fit the Arrhenius relation properly and the

12
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equation should not be extrapolated to a lower service tem- Weenice= A + BZegnice
perature. If points plotted fall at random, the data fit the

Arrhenius equation and the fitted equation can be extrapolateg
to a short distance. :

A2.6.2 Calculate the lower 95 % confidence limit (lower

L.) for a single measurement of failure time at the service

temperature as follows:

A2.6 Calculate the predicted mean failure time and the .

lower 95 % confidence limit for a single failure time at the lower C.L. = Wey o t\/ERR MS<1 N %(Zser\éici zz )
service temperature. 37— kz

A2.6.1 The predicted mean failure tim&V(,,.) at some
service temperatureZ(,,.;.d not more than 50°C lower than
the lowest aging temperature.

A3. PROCEDURES FOR CALCULATING RATE COMPARISONS AND SERVICE-LIFE (VERSION II)

A3.1 Basic Symbols: TABLE A3.1 Analysis of Variance Table
VariablesX, Y s Sum of Degrees of
3 ource
Subscripts, ; Squares Freedom
n Overall regression Q) 1
; indicac — Additional intercept 2)-(1)-(3)+(4) 1
21 summation over indicéis = 1, 2, ---n Additional slope 5-(4) 1
. . Error 3)-(5) m-4
A3.2 Strength versus TimeCalculate the regression equa- Total @ m-1
tion as follows:
Y, =a + bX
A3.2.1 Calculate the regression coefficierss b using a o
standard statistical computer package or by hand using the i=A_lxij/ni
following equations: "
i
%, Y i=1,- ndata \_(I => Y;in
(read as the mean Xis equal to the sum of the . ks
individual values of X divided by the number and, for the combined groups calculate as follows:
of values of X) s n
— n X = I
X = _Elx,/n X izljzlxulm
=
o where:
Y:izlYi/n m=n;+n,
n __n _ — 2 n
b= (3 XY, = mX/(Z X * = nx?) v=2, 2 Yym
i= i=
a=Y—bx _ A_3_.4.2 Calculate sIope; and intercepts
S _ o _ individual slopes, where:i =1, 2
A3.3 Aging Time—Estimate of aging time which represents N .
25 % strength loss from the following equation: b = (j; XY, - nix;i)/(j; Xijz — X2
X =(Y—-alb s . .
(Y-a and individual interceptg,where:i =1, 2
where: a =Y, - bX
X = Xg 75 the time required for 25 % strength loss, . b
Y = log,o(75 % initial strength) = log,(0.75 16), combined slope:
a = log,(initial strength), note initial strength = 30and 2 n _aa -,
b = degradation rate constant. b =(Z, 2 XY - mW(Z 3 % - mX)
then: . .
and combined intercept:
Xo75= —0.125b

a=Y-bX
A3.4 Comparing Two Regression Lires-ill in the analy-

sis of variance table (Table A3.1) using a standard statistical A3.4.3 Calculate the following values and enter in analysis

computer package or by hand, using the following equations?"c variance table (Table A3.1).

A3.4.1 Calculate the mean of two= 1, 2 individual groups b(i % X;Y; — mxY)
of data withn specimens per group i=1j=1
j =1,2--n; whereX;, Y; is the data setX = time, v
Y =log,q(residual strength) 2, 2 Y - my

13
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ulf

i (% Y2 n¥? A3.5 95 % lower confidence band for an observation.
i1 ! v X,Y, i =1,-ndata
2 n o 2 n _
(_Zl (.Zl XYy — niXiYi))z/(.Zl (.21 X = nX?) where:
i e Y = a+bXregression line
3 b(S XY - nKY) t = 2% =upper 0.95 value of t distribution with— 2 df
i=1|j=1 ij i) 17N i
A3.4.4 Analysis of variance: (=1.645as n- )
(i) Test if both slopes are equal Y. = lower bound aiX =X,
F = (5 — @)/[((3 — (5))/(m— 4)] compare td; 4 YL = arbXmt/(6)
Note A3.1—ObtainF from a table of ¥” for 1 andm - 4 df. where:
(i) If both slopes equal, test for both intercepts equal 6)=1+ % + (X — X) 2(_21 X2 — nx?

F=(2-@— Q)+ @IIE) — (5)/(m— 4)] compare td= , 4

APPENDIX
(Nonmandatory Information)

X1. TABLE FOR REGRESSION ANALYSIS

X1.1 Strength-time Regression Calculation X1.2.18 ERR MS for REG llI
X111 Y X1.2.19 LEVEL ERR MS
X1.1.2 X X1.2.20 F for LEVEL (or ADHESIVE)

X1.1.3Y TOT SS

X114 X TOT SS X1.3 Arrhenius Equation

X1.1.5 XY TOT SP X1.3.1 Determine the Arrhenius regression equation at a
X1.1.6 b given moisture level.
X1.1.7 a X1.3.1.1 W for each temperature _ _ _ _
X1.1.8 EQY = a + bX X1.3.1.2 Z for each temperature _ _ _ _
X1.1.9 ty 75 X1.3.1.3 W
X1.3.14 z
X1.2 Comparison of Two Regression Equations X1.3.1.5W TOT SS
X1.2.1 REG SS X1.3.1.6Z TOT SS
X1.2.2 ERR SS X1.3.1.7WZ TOT SP
X1.2.3 ERR SS df X1.3.1.8B
X1.2.4 ¢ ERR MS X1.3.1.9A
X1.2.5 pYTOT SS X1.3.1.10 EquatiotW = A + BZ
X1.2.6 pXY TOT SP o _ _
X1.2.7 pX TOT SS X1.4 Linearity of Arrhenius Equation
X1.2.8 p ERR SS X1.4.1 Check linearity of fitted Arrhenius equation.
X1.2.9 p ERR SS df X1.4.1.1 W at each aging temperature
X1.2.10 p ERR MS X1.4.1.2 Residuals _ _ _ _
X1.2.11 SLOPE ERR MS
X1.2.12 F for SLOPE X1.5 Mean Failure Time
X1.2.13Y TOT SS for REG Il X1.5.1 Calculate predicted mean failure time and lower
X1.2.14 XY TOT SP for REG llI 95 % confidence limit at some service temperature.
X1.2.15 X TOT SS for REG llI X1.5.1.1 Z service.
X1.2.16 ERR SS for REG Il X1.5.1.2 W service.
X1.2.17 ERR SS df for REG Il X1.5.1.3 Lower C.L.

14
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