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Thermosetting wood adhesives do not adhere well enough to wood treated with
chromated copper arsenate (CCA) preservatives to consistently meet rigorous standards
for resistance to delamination in structural laminated timbers. Melamine-urea-formal-
dehyde (MUF) and melamine-formaldehyde (MF) are two such adhesives. Furthermore,
MUF combinations are not acceptable for bonding to CCA-treated wood under the
commercial standard ANSI/AITC A 190.1-1992. However, this study demonstrated that
a hydroxymethylated resorcinol (HMR) coupling agent greatly enhances the durability
of adhesion, particularly resistance to delamination, of both types of adhesives in
radio-frequency-cured lumber laminates of CCA-treated southern pine. Although nei-
ther adhesive quite met delamination requirements in these tests, it appears that properly
formulated MUF and MF adhesives could meet requirements of the qualifying standard
ASTM D 2559 on HMR-primed CCA-treated wood.

Recent studies at the USDA Forest
Service, Forest Products Laboratory
(FPL), led to the discovery that hy-
droxymethylated resorcinol (HMR) cou-
pling agent enhanced adhesion of epoxy,
phenol-resorcinol-formaldehyde, isocy-
anate, emulsion-polymer/isocyanate, and
phenol-formaldehyde wood adhesives on
untreated and CCA-treated wood sur-
faces, so that bonds were extraordinarily
resistant to delamination (5,6,8,9). When
HMR was used as a dilute aqueous primer
on lumber surfaces before bonding, these
adhesives met the 5 percent maximum
delamination requirement of ASTM D
2559 (3) on southern pine lumber treated
with CCA at a retention of 9.6 kg/m3 (0.6
pcf). This test procedure is used to qualify
adhesives for wet-use (exterior) structural
laminated timbers under ANSI/AITC
A190.1-1992 (1).

It is generally known that CCA-
treated wood causes adhesion problems,
particularly for thermosetting wood ad-
hesives that are expected to produce
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highly durable bonds for rigorous exte-
rior service. The causes for poor adhe-
sion can be explained, in part, by the fact
that cellular structures of CCA-treated
wood are thoroughly covered with hemi-
spherically shaped deposits of mixtures
of chromium, copper, and arsenic. The
very presence of these insoluble metallic
oxides, which are physiochemically
bound to the wood, physically blocks
virtually all opportunities for intermo-
lecular forces of attraction between nor-
mally polar lignocellulosics of wood and
adhesive (7). Despite the radically
changed physical and chemical nature of
CCA-treated wood surfaces, HMR has a
remarkable ability to physiochemically

adsorb onto the insoluble metallic oxides
and enhance adhesion of several thermo-
setting adhesives to CCA-treated wood
(5,6,8,9).

According to ANSI/AITC A190.1-
1992 (1), melamine-urea-formaldehyde
(MUF) combinations in which melamine
resin solids are at least 60 percent by
weight of total resin solids, and meet the
requirements of ASTM D 2559 (3), may
be considered wet-use adhesives. An ex-
ception is that MUF adhesives cannot be
used on woods chemically treated before
or after bonding. Also, MUF combina-
tions are not to be used when service
conditions result in exposure to the com-
bined effects of moisture content (MC)
of wood in excess of 16 percent and a
temperature of 48.9°C (120°F). Poor ad-
hesion to CCA-treated wood notwith-
standing, other reasons for not accepting
MUF combinations on CCA-treated
wood are not specifically known.

HMR has demonstrated the ability to
enhance the durability of adhesion of
thermosetting adhesives to CCA-treated
wood. Hydroxymethylated groups on
HMR can condense, theoretically at
least, with similar reactive groups on
urea- and melamine-formaldehyde (MF)
resins. Therefore, an opportunity exists
for HMR to couple these types of adhe-
sives to treated wood to form durable
structural bonds. Perhaps improved per-
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formance of MUF adhesive could initiate
the process for its acceptance in wet-use
applications. The purpose of this study
was to assess these possibilities. MUF
and MF adhesives are well suited for
radiofrequency (RF) curing, and high-
speed processing is an important consid-
eration in some of today’s cost-sensitive
operations; therefore, RF curing was made
apart of the adhesive bonding system.

E XPERIMENTAL MATERIALS

HMR COUPLING AGENT

The HMR coupling agent was pre-
pared by reacting formaldehyde with re-
sorcinol in a 1.5 mole ratio at mildly
alkaline conditions. The mixture was re-
acted 4 hours at room temperature before
application to the wood surfaces. The
length of reaction time determines the
reactivity and molecular-weight distribu-
tion of HMR; therefore, the reaction time
has a strong effect on adhesion. Research
is underway to determine the optimum
range of reaction times for best adhesion.
The following proportions of ingredients
yield 5.0 percent dry solids in aqueous
solution:

Percentage
HMR ingredient
Water (deionized) 90.43
Resorcinol (crystalline) 3.34
Formaldehyde (37%) 3.79
Sodium hydroxide (3 molar) 2.44

Total 100.00

by weight

Dodecyl sulfate sodium salt (0.5% by
weight) was added to this mixture at the
end of the reaction time to aid wetting of
the wood surfaces.
ADHESIVES

Commercial MUF and MF adhesives,
both of which meet structural durability
requirements of ASTM D 2559 (3) and
ANSI/AITC A 190.1-1992(1) according
to the manufacturer’s technical literature,
were used in these experiments. Both
were supplied as one-component pow-
ders mixed with filler and hardener. It
was necessary to increase viscosity of the
MF adhesive by adding 4 percent walnut
shell flour and 2 percent birch wood flour
to approximately equal the viscosity of
the MUF adhesive. Both adhesives were
mixed with water in 100:45 ratio of parts
by weight.
LUMBER AND
PRESERVATIVE TREATMENTS

Southern pine lumber, 25 by 52 mm,
(nominal 1 by 6 in.), flat-sawn with mini-

mum specific gravity of 0.51 (based on
ovendry weight and volume at 12% MC)
was purchased from a lumber whole-
saler. Randomly selected boards were
pressure treated with a commercial CCA
preservative of Type C to a target reten-
tion of 9.6 kg/m3. Preservative treatments
were conducted at the FPL where reten-
tion levels of each board were monitored
by automatic weighing. Amounts of ac-
tive metals in treating solutions and
treated boards were determined by
chemical analysis.

After treating, the lumber was air-
dried, then kiln-dried to 10 percent MC.
Lumber was conditioned to an equilib-
rium moisture content (EMC) of ap-
proximately 10 percent at 26.7°C (80°F)
and 50 percent relative humidity (RH).
The untreated lumber, which was used as
the control, was dried and conditioned to
the same EMC. All specimen materials
were jointed on one side, then knife-
planed on the other so that pieces would
lie flat without pressure. The surfaces
were planed approximately 24 hours be-
fore assemblies were laminated.

E XPERIMENTAL METHODS

EXPERIMENTAL DESIGN

The experiment was designed to de-
termine the effectiveness of the HMR
coupling agent in enhancing the durabil-
ity of adhesion of MUF and MF adhe-
sives in lumber laminates of CCA-
treated southern pine, in comparison
with the untreated wood. Adhesives were
cured by RF heating. The durability of
bonding was evaluated by measuring de-
lamination as lumber joints were sub-
jected to a severe cyclic delamination
test, and testing for shear strength and
wood failure in a dry condition, as re-
quired in ASTM D 2559 (3).

Statistical experiments were con-
ducted for delamination resistance, dry
shear strength, and wood failure. Each
experiment was a completely random-
ized model with factorial arrangement
(4) of two adhesives (MUF and MF), two
wood treatments (CCA-treated and un-
treated), and two surface primers (HMR-
primed and unprimed), yielding eight
treatment combinations. Each treatment
combination was replicated four times.
For the delamination test, a replicate was
a six-ply lumber laminate from which
three sections were cut. Delamination
was measured from five bondlines on
each end of three sections in each lami-
nate. For the dry shear strength and wood

failure tests, a replicate was a two-ply
lumber laminate. A total of 5 block-shear
specimens were cut from each of 4 repli-
cates, yielding 20 specimens for deter-
mining dry shear strength and wood fail-
ure for each treatment.

Parametric and nonparametric analy-
ses of variance were conducted for each
tested property. The Ryan-Einot-
Gabriel-Welch multiple comparison F-
test was used to detect significant differences
between treatment combinations (10).
PREPARATION OF SPECIMENS

The delamination specimens were
7.6-cm- (3-in.-) long cross sections cut
from a six-ply lumber laminate (repli-
cate). The laminate was prepared by
bonding six pieces of lumber, each meas-
uring 1.9 cm (.75 in.) thick, 7.6 cm wide,
and 30.5 cm (12 in.) long.

Shear strength and wood failure
specimens were compression-loading
block-shear specimens with 19.4-cm2

(3.0-in. 2) shear areas, prepared and cut
from two-ply laminates, as described in
ASTM D 905 (2). Each piece of lumber
measured 1.9 cm thick, 6.4 cm (2-1/2 in.)
wide, and 30.5 cm long.

Two- and six-ply laminates were pre-
pared in the same manner. If lumber sur-
faces were to be primed before bonding,
a 5 percent HMR solution was spread on
both surfaces with a brush at approxi-
mately 0.15 kg/m2 (0.03 lb/ft2). The primed
surfaces were dried 24 hours at 22.8°C
(73°F) and 50 percent RH before bond-
ing. Adhesive was spread with a roller on
both bonding surfaces to total 0.35 kg/m2

(0.07 psi). Closed assembly time ranged
from 20 minutes after the first bondline
was spread to 15 minutes after the last
bondline was spread. The adhesive was
cured with a Mann-Russell Model 200
12KVA RF generator operating at 27.12
MHz. The laminates were placed be-
tween electrodes so that the current of the
RF field flowed parallel to the plane of
the bondlines. The bonds were cured un-
der pressure of 689 kPa (100 psi), with a
plate current of 0.65A with 4.5 kW RF
output for 3 minutes.

DELAMINATION TEST

Delamination specimens were sub-
jected to the following three cycles of the
delamination test in ASTM D 2559 (3).

Cycle 1
1. Vacuum soak in water at 84.4 kPa

(25 in.-Hg) for 5 minutes.
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2. Pressure soak in water at 517 kPa
(75 psi) for 1 hour.

3. Repeat events 1 and 2.
4. Dry at 65.5°C (150°F) for 21 to 22

hours.
cycle 2
1. Steam at 100°C (212°F) for 1-1/2

hours.
2. Pressure soak in water at 517 kPa

for 40 minutes.
3. Repeat event 4 from Cycle 1.
Cycle 3
Repeat events in Cycle 1.
Immediately after the final cycle, de-

lamination was measured along all end-
grain surfaces to the nearest 0.25 mm
(0.01 in.) with a machinist’s scale under a
stereomicroscope. This technique is
more accurate than using the unaided eye
and a 0.127-mm- (0.005 -in.-) thick feeler
gauge, as recommended in the ASTM
specification. Delamination was ex-
pressed as a percentage of total bondline
length for each specimen. Statistical
analyses were based on delamination
measured after all three cycles were com-
pleted.
SHEAR STRENGTH AND
WOOD FAILURE TESTS

Block-shear specimens were tested
for dry strength and wood failure accord-
ing to ASTM D 905 (2). At the time of
testing, specimens were conditioned to
10 percent EMC — the same EMC used
during specimen preparation and adhe-
sive curing. Shear strength at failure was
calculated as Newtons per square centi-
meter and pounds per square inch based
on 19.4-cm2 shear area. Wood failure in
the shear area was estimated to the near-
est 5 percent.

R ESULTS AND DISCUSSION

EFFECTS OF COUPLING AGENT

Resistance to delamination, as deter-
mined by ASTM D 2559 (3), is the most
rigorous of tests used to specify durabil-
ity of adhesives in structural laminated
wood products. Without the HMR cou-
pling agent, however, neither of the
melamine-based adhesives could meet
the 5 percent maximum delamination re-
quirement on either untreated or CCA-
treated southern pine (Table 1, Fig. 1).
By priming with HMR, both MF and
MUF adhesives delaminated only 3.6
and 2.7 percent, respectively, on the un-
treated wood. On the CCA-treated wood,
respective delaminations were 7.0 and
6.6 percent, which is just above the re-
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quired 5 percent maximum. The effec-
tiveness of the coupling agent in reduc-
ing delamination of both adhesives on
both woods is clearly evident in Table 1
and Figure 1. These reductions proved to
be highly significant in the statistical
analyses.

It is generally recognized that tests of
shear strength and wood failure of bonds
in a dry condition, as required by ASTM
D 2559 (3), are not effective indicators of
the durability of adhesive bonds to wood.
The shear strength values shown in Table
1 confirm this in that all values exceeded
the 948 N/cm2 (1,375 psi) minimum re-
quirement for untreated southern pine.
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With the exception of the significantly
lower 982 N/cm2 (1,424 psi) for the MF
adhesive on unprimed CCA-treated
wood (explained later), none of the other
comparisons of shear strength showed
significant differences. Thus, priming
wood surfaces with HMR coupling agent
did not increase the level of dry shear
strength of any adhesive bonds, as ex-
pected.

Table 1 shows that wood failure on
HMR-primed surfaces was well above
the acceptable 75 percent level on both
CCA-treated and untreated wood, but
only with the MUF adhesive. Even with-
out the coupling agent, MUF produced
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high wood failure on untreated wood. On
CCA-treated wood though, the coupling
agent significantly increased wood fail-
ure, which was essential for acceptable
performance. However, the coupling
agent did not enhance adhesion of MF on
either treated or untreated wood to levels
that would meet standards. This poor per-
formance of the MF adhesive, relative to
the MUF, will be explained.

HMR coupling agent clearly en-
hanced adhesion of an MUF adhesive,
and even the excessively filled MF adhe-
sive, so that laminates of untreated and
CCA-treated southern pine very closely
approached the 5 percent maximum al-
lowed in the critical delamination test of
ASTM D 2559. Shear strength values
generally exceeded species require-
ments, even without the coupling agent.
However, HMR priming was essential
for meeting standards of wood failure on
treated wood with the better performing
MUF adhesive. It appears that HMR prim-
ing might be the key to gaining acceptance
of MUF (60% melamine solids) as a wet-
use adhesive for CCA-treated lumber un-
der ANSI/AITC A190.1 - 1992 (l).
M ECHANISM OF
ADHESION ENHANCEMENT

HMR is considered a coupling agent
because it has functional groups that are
theoretically capable of chemical bond-
ing to two dissimilar materials by react-
ing with the surface molecules of both
substances. Resorcinol and formalde-
hyde, when proportioned and reacted in
dilute aqueous solution at mildly alkaline
conditions, are quite reactive at room
temperature. Thus, HMR must be mixed
at the bonding site, then allowed to react
for an appropriate time before applica-
tion to the wood surface. During this
reaction time, HMR polymerizes to mo-
lecular structures that may be approxi-
mated by the HMR monomer and trimer
shown in Figure 2. Recent experiments
have indicated a limited and optimum
reaction time during which HMR can
make a maximum contribution to in-
creased resistance to delamination. That
range of reaction time appears to be 4 to 6
hours, but may be expanded to 4 to 8
hours, depending on the temperature of
the reacting mixture and especially the
species of wood being bonded. Chemical
analyses will more clearly define the
state of reactivity and molecular struc-
tures at the time of maximum enhance-
ment of adhesion.
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Hydroxymethylated functional
groups on HMR species can react with
certain functional groups of other poly-
mers, including hydroxymethylated
groups on urea- and melamine-formalde-
hyde resins, as suggested in Figure 3.
The HMR coupling agent is believed to
covalently bond through condensation
reactions to form ether linkages with urea
and melamine resins. Other available hy -
droxymethyl groups on HMR are capa-
ble of forming ether linkages with pri-
mary hydroxyl groups on the cellulosics
of wood. If such is the case, then HMR
would couple adhesive and wood to form
a cross-linked polymeric network. It is
not clear what types of linkages develop
between HMR and the insoluble chro-
mium, copper, and arsenic oxides that are
deposited on the cellular surfaces of
CCA-treated wood. It is clear, however,
that highly durable bonds arc formed on
CCA-treated wood when these surfaces
are primed with the HMR coupling agent
(5,6,8,9).

If conditions and reactive lignocellu-
losic structures are not available for cova-
lent bonding, then hydrogen bonding is a
more likely explanation for enhanced ad-
hesion. The surfaces of cellulosics and
lignin are rich with secondary hydroxyl
groups. Perhaps the metallic oxides on
the surfaces of CCA-treated wood offer
sufficient attraction forces for hydrogen
bonding with HMR. With a multi-
molecular layer of HMR coupling agent
thoroughly covering and penetrating cell
walls, opportunities for high density hy-
drogen bonding are present. Even though
a hydrogen bond is relatively weak com-
pared with a covalent bond, hydrogen
bonding, if numerous enough, could be a
primary contributor to adhesive bond du-
rability.
ADHESIVES

The MF adhesive did not perform as
might be expected, probably because an
excess of fillers was added to the adhe-
sive during this experiment. As supplied,

the MF adhesive was of much lower vis-
cosity than the MUF, and the MF tended
to squeeze out excessively, even after 15
minutes of closed assembly time. To
achieve approximate equivalency in vis-
cosity with the MUF, 2 percent (by
weight) wood flour and 4 percent walnut
shell flour were added to the MF mixture.
Adhesive mobility was controlled but,
unfortunately, structural integrity of the
adhesive film was compromised, and
perhaps penetration was limited by an
excess of fillers. Thus, on loading in
shear, the adhesive film fractured and
crumbled at the wood-adhesive interface,
This generally resulted in low wood fail-
ure, particularly on the CCA-treated
wood where adhesive penetration ap-
peared to be less than on the untreated
wood, Low adhesive film structural in-
tegrity appeared not to be a limiting fac-
tor in the resistance of the adhesive bonds
to delamination, especially when the
HMR coupling agent was used to prime
untreated and CCA-treated wood sur-
faces.

The MUF adhesive performed quite
well in terms of its working properties.
As shown in Table 1, MUF produced
nearly acceptable levels of resistance to
delamination (slightly above the maxi-
mum allowable) shear strength and wood
failure, when wood surfaces were primed
with the coupling agent. MUF adhesives,
even those with 60 percent melamine sol-
ids, are not acceptable for bonding to
CCA-treated wood under ANSI/AITC
Al 90.1-1992 (l). Neither are MUF ad-
hesives allowable when service condi-
tions would create a combination of 16
percent wood MC and a temperature of
48.9°C or greater. Perhaps the coupling
agent is a means of achieving acceptable
levels of bond durability for MUF adhe-
sives in wet-use applications.

C O N C L U S I O N S

In this study, the HMR coupling agent
greatly enhanced the durability of adhe-
sion of MUF and MF adhesives in south-

ern pine lumber laminates treated with
CCA preservatives to 9.6 kg/m3. Al-
though the need for additional work to
improve adhesion is indicated, priming
lumber surfaces with HMR might be the
key to gaining acceptance of MUF (60%
melamine solids) as a wet-use structural
adhesive for CCA-treated lumber under
ANSI/AITC Al90.1 (1992).
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