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Foreword

This manual provides information useful and necessary in the

production of high-quality laminated timbers for ships, barges, and othe r

-purposes having similarly severe requirements of use . It is based o n

accumulated research experience and on special information developed b y

the Forest Products Laboratory and by Gamble Brothers, Inc ., in pilot

plant studies on laminated ship=timber gluing financed by the Office o f

Production Research and Development, of the War Production Board at th e

plant of Gamble Brothers, Igo ., Louisville, Xentucky ,

Experience to date has shown the great importance of carefu l

selection of glues and control of fabricating details in order to produc e

laminated timbers of the necessary high quality and glue durability .

It is the purpose of this publication to provide a summary of

the needed information and references to more detailed publications o n

various aspects of the problem
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A. LUMBER AND GLUE FOR LAMINATING

1 .0 .	 GROWTH AND STRUCTURE OF WOO D

1 .1 . Growth of woo d

In most woods three regions may be readily distinguished on th e
' end surface of a log : (1) the bark, (2) a light-colored layer next to . the •
bark, called the sapwood, and (3) an inner zone, usually darker than the
sapwood, called the heartwood . In the structural center of the log is a
small, soft core known as the pith . These zones are shown in figure 1 .

Sapwood and heartwood are similar in cellular structure (5)1 . In
the growing tree (fig . 2) the sapwood contains some living cells and take s
an active part in the life proeemses of the tree . Most of the sapwood cells ,
however, are inactive and function only as channels for the movement of sap
end as strength elements in the tree . trunk . The heartwood consists entirely
of nonliving cells .

A tree grows in height and spread of branches by the addition each
year of new growth at the tips of the twigs . Each year new cells are als o
produced on the outer side of the sapwood of the trunk and branches by a
thin layer of cells, called the cambium, located between the bark and the
sapwood . As a tree increases in diameter by the addition of new layers of
sapwood cells, dead as well as living branches are gradually embedded in the
wood of the trunk and become known as knots . Normally a knot starts at the
pith and increases in diameter from the pith outward so long as the branch
is wive .

The inner sapwood changes to heartwood at substantially the same
rate as that at which new sapwood cells -are 'formed by the •cambium . The '
principal changes involved in the transformation of sapwood to heartwoo d
are the death of the living cells of the sapwood and the infiltration of
various materials into the cell walls and cell cavities which usually darken
the wood and, in many species, make it-mor e -resistant to decay, stain, mold ,
and insect attack . In some species, such as those of the white oak group ,
the larger cells (pores) become partially or completely plugged with in-
growths, known as tyloses, shortly before the change from sapwood to heart : _
wood takes place. There is no substantial change in strength with change of
-sapwood to heartwood . ,

In most trees grown in a tampera:Ee climate, the cells formed at
t' beginning of each year' s - growth are larger than those formed later i n
-tihe season and, consequently ; well-defined concentric growth layers of wood ,
known as annual rings, can be seen on a cross section of a log, as shown i n
figure 1

ndersoored numbers in parentheses refer to publications listed under
" Literature Cited", which give more detailed .information .
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Springwood is the wood formed during"the early part of the groutin g
season and occurs on the inner tide of the annual ring .. . in such woods as oak ,
it is more porous than the suinmerwood that makes 4-the-outer part of th e
annual ring . In such woods as Douglas-fir and southern yellow pine, spring-
wood is much lower in density than summerWood :In_gener'al, spring0ood i s
lighter, softer, and weaker than summerwood although in some woods, such a s
birch and sweetgum, there is no distinct difference between springwood and

-summerwood,

	

.

1 .2 . Hardwoods and softwood s

i7oods.can be grouped in two general classes : hardwood, such as
oak and maple, that come from trees with broad leaves ; and softwoods, such
as fir and pine, that come ' from cone-bearing trees with needle-like o r
scale-like leaves.. The terms hardwoods and softwoods do jot refer to mechan -
ical hardness since some of the so-called softwoods (southern yellow pine )
are harder than some of the so-called hardwoods (basswood) (4) .

e cellular structure of these two classes of wobd is .fundamental -
ly differen however, as .ndicated by figure 3 . That of hardwoods i s
characterized by the presence of larger cells, constituting pores or vessels ,
saatter.e.d among the'smaller fibers . .1n softwoods the bulk of th e, wood i s
composed of tracheids. These are fibrous cells that serve th e . combined pur-
pose of the pores and wood fibers . of hardwoods (7, 8) ,.

r

	

. .

1 .3 . Ito od rays

	

-

. .

	

i,ost of the cells in wood, including vessel segments, fibers, an d
traoheids, are vertical elements, that is, their long dimensions extend i n

. the direction of the grain and in a standing tree are vertical . In addition
to.these vertically arranged cells, there are strips of horizontally elon -
gated cellsin wood that extend radially from - .the bark inward, and are .lmown
as rays or wood rays. . In galy ,the larger rays are distinctly visibie•a s
broad lines on the . oross sectisin _and as large flakes- from a fraction of, an- -
inch to several inches lon ; . , on radial surfaces . In all other native -eA #':.
cial species the rays are mucb ..smaller .

	

5._
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.4 . Plain-sawed and quarter-sawed 	 lumber

	

! . %

Wood can be cut in three distinct pianos with res .ect=to the Anhmal
layers of growth : lengthwise tangent to any~ of the thw ual rd ggs, exposing
the. tangential or, so-Balled plain-sawed, slash-grain, or flat-grain: surface ;
lengthwise al ng_ann. : of the wood rays, exposing the radial surface, als o
known as the quarterxsa ;redr edge-grain, or vertical-grain aurrAgp ; :,kid•
crosswise, = :expo,sing the., transverse , .or,;end-grain surface (figurs_ 4)y ,•Us z)..ly
the faces of the so-called quarter-sawed or edge-grain lumber are not ,cut_ :- '
strictly parallel with the rays, and often in plain-sawed boards the sur r
faces next to the edges are fat from being tangent'to the rings . . .In commerce
cial practice, lumber with rings at angles from 45° to 9a° with the wide
faces is called quarter-sawed while material with ring's at angles from 0° t ,
45° with the wade faces is called plain-sawed . A board may be plain-sawed

in one part and quarter-sawed in another part of it f width .

i
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1 .5 .	 Identification of wood s

Identification of most species of wood by general appearance i s
possible only after long experience . Speoific differences in cellular
structure, some of them microscopic, together with such characteristics a s
color, odors taste, weight, and hardness, are the bases for the technical
identification of wood .. Two keys thst permit the systematic identificatio n
of such important shipbuilding woods as white oaic, Douglas-fir, . and southern
yellow pine are available (12) .

2 .0 . Pr.OFaTI.I::;S OF WOOD.

	

2 .1 .	 Weight

. The weight of wood per unit volume when dried to a uniform moistur e
content is a fairly reliable indication of its strength and shrinkage . In
general, heavy woods are stronger and shrink pore in drying than do ligh t
*pods . The weight of wood is usually: expressed as so many pounds per cubiQ ,:

.foot .or per thousand board feet at a stated moisture content .

2 .2 . Wood-moisture relations

1 :oisture content-- Moisture, sometimes known as "sap", in green or .
wet wood, is held in to ways . "art of it is bulk liquid contained in th e
cell cavities and is known as free water, and part is absorbed or "imbibed "
water held in the cell walls . some free neater is present in both the heart -
wood and sapwood of most living trees, although the amounts may differ
greatly . More moisture is usually contained in green sapwood than in heart-
wood . Contrary to common belief, the variation during the year in the
amount of moisture in a standing tree is slight .

The amount of moisture in wood, termed the moisture content, is
ordinarily expressed as a percentage of the weight of gven-dry wood . If,
for dXample, the moisture content of a dry board is 10 percent, there are by
Weight 10 parts of water to 100 parts of oven-dry wood . If the moistur e
content of & green board is 150 percent, the noisture constitute s ' 3/5 and
oven-dry wood 2/5 of the total weight of the board . The term "moisture
contents' obviously is relative and does not give a measure of the absolut e
amount of water present unless the density of the-wood is taken info consid -
eration. An oak-board at 20 percent moisture content, for example, contain s
more water them a spruce board of the some dimensions at the same moistur e
' e 0htent .

The trade terms • "air..dry" , "shipping-dry", and "kiln-dried" have
no specific meaning with regard to moisture content . Air-dry lumber may
have a moisture content ranging from 6 percent in the arid Southwest durin g
the summer months to 24 percent in parts of the Pacific 1°orthwest during the '
winter . In genera], the average moisture content of thoroughly air-dry
lumber is approximately 12 to 15 percent . Lumber that is partially dried
to reduce freight charges is known as shipping-dry lumber and may have . a

.1 O.R143?



moisture content of 30 percent or more . Kiln-dried lumber is eOmmonW re -
duced to a moisture content of 4 to 12 percent, depending on the requirement s
for its use, although kiln-dried softwood lumber in cdmmon grades is sometime s
only partially seasoned to 15 ' to 22 percent moisture content .

Keasurement of moisture content-- Two methods most cojnonly use d
for the determination of moisture content in wood are the oven-drying an d
the electrical methods . The,oven-drying method is more exact and is .appli-
cable over a wider range of moisture content values, whereas• electrical m
moisture meters, although somewhat limited in range and accuracy, offer a
rapid moans of estir'.ating moisture content . 2lectrica;l'moisture meters do
not read below 7 percent moisture content and hence are not of much value '
in avoiding the use of over-dry lumber for laminating purposes . Descrilttion s
of these methods and of the equipment needed to carry out moisture conten t
determinations are given in several publications (18, pp . 3-6, 11, pp ., 208 -

. 210, and 2) .

Fiber-saturation-point-- A portion, . or even all, of the free wate r
contained in 'the cell cavities can be removed without reducing the mount of .

_ water in theecell walls . The point at which the cell cavities are emptied
of water while the' moisture eontcnt-of the walls ren4ains unchanged is calle d
the fiber-saturation point . Further drying removes moisture from the cel l
walls themselves . It is at the fiber-saturation point, usually between 2 5
and 30 percent moisture content for most species, that the changes in th e
properties of the wood caused by drying usually begin to take place .

. Equilibrium moistur e	 content-- Any piece of wood that is plaoed i n
an atmosphere inwhich temperature and humidity are held constant will give

_ off or take 'on moisture from the surrounding atmosphere until the moistur e
in the. wood has Come to a balance with the atmosphere . The moisture content
of . wood at the point of balance is called the equilibrium moisture content
for those conditions (15,'pp . 6-8) .

Accurate determination of the equilibrium moisture content of wood :
at different dry-bulb temperatures and relative humidities is easily accom -
plished through the use of figure 6 : At 80°F . and 50 percent relati'fre' humid .
ity, for example, this graph shows that ,the equilibrium moisture content i s
9 percent . If the temperature is raised to 180°F . and a relative humidity
of 50 percent is again established, the wood will reach equilibrium at 6
percent moisture . Relative humidity 'may be readily determined from wet -
and dry-bulb hygrometer readings and from tables of dry-bulb temperature an d
Wet..bulb depression {16, pp :. 9-10), or from plotted values presented in
figure 7,

Shrinkage of:rood The drying of woo d ' below its fiber-saturation
point is accompanied by shrinkage, in all species of ood4 _flat-grain
umber experiences the greatest amount of shrinkage across the fac e
(tangential) and, quarter-sawed lumber approximately 1 //2 to 2f3 as much

, (radial), when dried to the s@une moisture content, Normal wood experiences'
very little change in length as it becomes dry, Subsequent absorption of
moisture results in swelling of the wood, and, if absorption is carried t o
the fiber-saturation point or higher, the - amount of swelling will generally
equal the original amount of shrinkage, Shrinkage of wood i :s discussed it
detail in several publications (15, pp . 11-16 and 11, pp . 193.198) ,

Fe-
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2 .3 . etren th of woo d

Basic strength properties-- In its broadest sense, strength include s
all the properties that enable wood to resist different forces or loads . In
a more restricted application of the term, strength may refer to any one o f
the different mechanical properties of wood . =:hen used in this way, the name
of the property should be stated . it wood that is exceptionally strong in .
resisting one kind of load, such as endwise compression, may be inferior to
other woods in bending strength, stiffness, shock resistance, or hardness .

Comparative strength values for native American woods are availabl e
(14, pp . 5-13) . These strength values are based on tests of small clea r
specimens of wood that eliminate the effect of defects .

Unlike metal ; which have rrenerally uniform strength in all direc-
tions, wood does not have the same strength across the grain as parallel to .
the grain . The ratio of tensile strength parallel to the grain compared with
that across the grain is conc. lonly as . high as 40 to 1, and the ratio of com-
oressive strengths in these two directions is often as high as 7 to 1 .

The position of the growth rings influences a few of the strengt h
properties of wood . There is little if any difference in strength, however ,
between quarter-sawed or plain-sawed stock. when loaded as a beam, nor is ther e
any technical basis for the =mean i;elie that plain-sawed lumber bends mor e
readily than quarter-sawed stock . Some properties, such- as compressive
strength across the grain, are Considerably affected by the direction in
which the load acts across the fibers

	

reatest,loads in compression aerds s
the grain can be supported when they are applied to . the flat-grain surface ;
intermediate loads can be carried on the quarter-saved surface, and lowest -
strength results when loads are ap p lied at an angle of 45° to the annua l
growth rings (11, p . 56) .

• Specificpravity (ordensity) as related to stren gth--• The. specifi c
gravity of wood substance, the ;ateri31 of which the cell walls ar e ' composed ,
is

	

out 1 .5 regardless of species . Consequently, the s pecific gravity of a
piece of dry wood is ' an excellent index of the amount of wood substance i t
contains and hence is an ' index of its strength properties . hhile a general
relationship exists between specific gravity and strength properties amon g
different species, specific gravity affords a still better index of strength
where only one kind of wood, is involved . The heaviest pieces of a specie s
of wood may be 2 to 3 times as heavy as the lightest ones .

Although the number of rings per inch is sometimes of assistance i n
evaluating the strength of wood, it is not so reliable as specific gravity .
Among the ring-porous hardwoods, such as , oak, wood of fairly rapid growth i s
likely to be excellent in reipht and strength . Softwood species, such as
Douglas-.fir and southern yellow pine, show a wide range of density and
strength at different rates of growth, but usually the strongest material
is associated with a moderate rate of growth . Exceptionally rapid_ or slow
growth is likely ta be accompanied by low density and correspondingly lo w
mechanical properties (11, pp . 59-60) .
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I.ioisture as related to stren-- Wood increases in most strength
properties a! 1t dries below the fiber-saturation point . The increased
strength of dry over green wood is believed to be chiefly due to the '
strengthening and stiffening of the cell walls as they dry out . In drying
wood from green to 5. percent moisture content, the end crushing strength and
bending strength of small clear pieces may be doubled or tripled . The in- .
crease in strength with seasoning is not so great in large timbers containing ,
defects . In them the increase in strength is, to a large extents offset b y
the influence of defects that develop in seasoning .

The various strength properties are not equally affected by change s
in moisture content . Whereas some properties, such as crushing strength an d
'bending strength, increase greatly with drying, others, such as stiffness ,
incresse only moderately, and still others, such as shook resistance, may eve n
show a slight decrease . This last effect' is due to the fact that dry woo d
does not bend s o -far as green wood before failure, although it will sustain
a greater load, and shock resistance or toughness is d ependent upon bot h
strength and pliability (11, pp . 61-62) . .

2 .4 . Bending of wood '

Then a piece of wood is bent, the fibers on the'insid e .of the curve
are in compression and those on the opposite 'side are in tension . The radiu s
to which dry lumber can be bent before breaking is dependent upon the+species ,
moisture content, thickness of material, and the defects present . The break-
ing radius for individual boirds varies considerably from'the average . In
general, hardwoods will bend to more severe curvature than softwoods .

When wood is both wet and hot, its plasticity is increased . Thi s
effect is more evident in the hardwoods than in the softwoods . Such hard-
woods as elm, hickory", and ash are particularly adaptable to bending, afte r
steaming or soaking treatment in hot water ; to a radius as small as 3 or 4
times the thickness of the piece . Bending of steamed lumber to sharp eurva -
tures•requires careful selection of dense, clear, straight-.grained stock and
careful manipulation during the bending process .

2 .5 . Durability ofwood

If it is kept continuously dry (below 20 percent moisture content )
or submerged in water, neither sapwood nor heartwood of any species will de -
'Glop Vihen exposed:to warm moist conditions favorable for the development o f

' decay organisms, however, the untreated sapwood of practically 411 Woods is ,
short-lived. -Under these-conditions the durability of heartwood of differen t
species varies 'over ,a wide range . The heartwood of black locust, for example ,
is extremely durable ; that of white oak and dense Douglas-fir is not quite so
durable ; tamarack is intermediate, and cottonwood is very low in resistanc e
to decay . .L classification of common woods based on decay resistance of the .
heartwood is given in another ?publication (11, pp . 41-43) . Impregnation with
suitable preservatives will greatly prolong the life of nondurable wood s
under severe ex posure conditions .
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3 .0 . W.TU hL DEFECT6 III 1;00D

Irregularities in wood that tend to lower its strength, durability ,

or usefulness are known as defects . Certain defects, such as knots and de-
cay, greatly affect the strength of wood ; pitch streaks, that occur in some
coniferous woods, and knots may impair the gluing characteristics of a surface ;
still other defects may affect a combination of properties . Cross grain, fo r
example, influences strength, shrinkage, and gluing properties .

3 .1 . Decay and stains
no_

The strength of wood is seriously inpaired by decay (11, pp . 66-67) .
Although all decay organisms do not act alike, certain types of decay, eve n
in their early stages when evident only as slight discolorations of the wood ,
may cause a considerable lowering in shock resistance . In the later stages
of decay, all the mechanical properties deteriorate . Discolorations caused by
staining fungi are not in themselves serious defects, but the conditions unde r
which they develop favor the growth of wood-destroying fungi and there i s
danger that the stain may mask decay infection .

3 .2 . Cross grain

The term " cross grain" refers to any deviation of fibers in a woo d
member from the lengthwise direction of the member . Cross-grained materia l
is weak as a result of the relatively low strength of wood in tension perpen-
dicular to the grain as compared to tension parallel to the grain . In addi-
tion to their reduced strength, members containing cross grain are undesirable
from the standpoint of warping and lengthwise shrinkage and swelling .
Methods for the recognition and measurement of spiral and diagonal grain, th e
chief types of cross grain, are given in another publication (11, pp . 64-65) .

3 .3, Knot s

The weakening influence of a knot is due in large part to the dis-
torted grain around the knot . In fact, the distorted grain lowers the
strength fully as much as does the knot itself . Knots are serious in their
effects on the bending strength of wood, A knot located on the tension face
of a beam has about twice the weakening effect of a similar knot on the com-
pression side . The effect of knots depends on their size, location, shape ,
and soundness . Knots are harder to machine than the surrounding wood an d
may project from the surface when shrinkage ocoure . Furthermore they are
more resistant to eom-;ression at right angles to the grain than the surround-
ing wood, and are apt to cause an objectionable lack of uniformity in th e
distribution of pressures used in laminating operations . The end-grained
surfaces presented by hunts also are not favorable for strong and durabl e
clue joints . Intergrown and encased knots are briefly discussed elsewher e
(11, pp . 63-64) . A knot that is cut through transversely or obliquely i s
known as a round knot or oval knot and one cut through lengthwise is know n
as a spike knot (fig . 5, r., B, and C) . A tight knot is one so fixed by
growth or position that it will firmly retain its place in the piece . An
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*ntergrown knot i$ necessarily a tight knot . A sound knot is solid acros s
its face, as hard as th0 4urrounding wood, and shOws no signs of decay . .
6rdinarily, the size of knots refers to the average .of maximum and minimum.
diameters .

3 .4 .	 Shakes andsplits,

A shake ie a longitudinal separation in mood-extending, in general ,
between two annual rings . A split is a lengthwise separation of the wood
extandiitgifromuotseeurfine through the piece to the opposite" surface or to
an adjoining surface, In beams, the principal effect of shakes and split s
is to reduce resistance to longitudinal shear, or the sliding of one part o f
the Member upon another ,

3,5,	 Pita*andbarkpocket s

Pinch pockets are openings within or between the growth rings o f
certain coniferous woods, suoh as Douglas .fir and southern yellow pine, coat-
taining pitct and sompti,3mes bark as well . Ordinarily their dimensions at
right angles to the annual rings are less than IA inch although they may
extend for several inchea longitudinally and tangentially . Unless-they are
large or numerous, and involve considerable distortion of the grain„ pitch -

' Pockets are ordinarily not serioue in their effect on strength . A large
number of pitch pockets in .or Clove -be the same annual growth layer, however ,
indicates a lack of bond and may be equivalent in effect to a shake ', A bark
pocket is a patch or 'bark partially or wholly enclosed in the wood and, o f
course,, may occur in any species . Its .effect is similar to that of a pitch
pocket of .the same size,

	

.

	 Compressionfailure s

Compress-ion failures appear as more or less pronounced wrinkles o r
as fine white lines extending across the fibers on a side-grain surfac e
(fig . 5, D)i Their pr eenoe indicates that the wood has at some time bee n
excessively compressed . Compression failures may occur when standing tree s
are severely bent or when logs or sawed stock are roughly handled, They
weaken wood partioularly in tension and shook resistance, and a member con-
tain,g compression failures is . apt to produce brash.appearing . and sudden
failures .

3,7,	 Bird pecksandmineral streak e

A bird peek is a small hole or patch of distorted grain resultin g
from birds pecking through the growing cells of the tree (fig, 5, .E) . These
defects frequently occur in horizontal rows around the tree and me.y' result
in the formation of mineral streaks . Mineral 'streaks are dark brown or
black etreaks, frequently with a green tinge and often contain mineral mat-
ter- in sufficient quantities to dull sharp-edged tools, Mineral streaks are
freq uently infected by fungus and wood containing them checks more eaaily in
seasoning than does normal wood, Evidently mineral streaks are often, if not
always, due to some injury to the living tree .
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3 .8 . % dnorm hole s

The effect of worm holes on strength depends on their size and fre-
quency . R worm hole not over 116 inch in diameter is known as a pin hole ;

a medium hole is over 1/16 inch but not more than 1/4 inch in diameter ; and

a large hole is one over 1/4 inch in diameter . Although the loss of strength

associated with a pin worm hole is usually slight, the possibility of exten-
sive damage to the interior of a piece by powderpost beetles should be rec-
ognized . These insects may seriously damage the sapwood of white oak an d
other hardwoods with no ap parent injury other than small emergence holes o n
the surface .

3 .9 . Brashnes s

Wood that is low in shock resistance and fails at relatively lo w
loads in bending by an abrupt break across the fibers without splintering i s
known as brash wood, Freauently, brash material is of low density and ca n
be avoided, where strength is important, by the rejection of exceptionall y
light-weight pieces . In hardwoods, such as oak and hickory, brash materia l
is often characterized by very slow growth . lot all brash wood, however ,
is low in density . Two of the most froeuent causes of brashness in stock
of satisfactory density are decay and com pression failures . Peference ha s
been made to both of these defects in previous paragraphs .

4 .0 . S SOT?I:G OF LUh BFR

Lumber is seasoned to improve its suitability for use . Properly
oentrolled seasoning of lumber reduces the amount of seasoning defects tha t
may otherwise develop in drying or in service, lessens the liability of wood
to decay while air drying, and, particularly important from the standpoint of
laminating, reduces the moisture content to the level most satisfactory fo r
gluing operations .

4.1 . Air drying and kiln dryin g
_en	

Lumber may be air seasoned or kiln dried . The principles involved

in air seasoning are discussed in another publication (15, pp . 16-24) . Com-
mercial methods of air drying and Storing dry lumber arepresented in the
same bulletin, (15, pp . 32-55) and in other publications (16, 17) .

When the re q uirements for a narticular purpose demand a lowe r
moisture content than can be obtained through air seasoning, kiln drying i s
necessary . Kiln drying also nermits a considerable reduction in drying time .
Successful kiln drying depends in large part neon_ the proper regulation o f
temperature, humidity, and circulation. The principles governing the contro l
of these factors are covered in another bulletin (18, pp . 7-31 . Whenever
wood dries, moisture will become, unevenly distributed throughout the piece
and unequal shrinkage will occur, which may be detrimental unless kept with -
in permissible limits . Drying stresses sot up as a result of irregula r
shrinkage and methods of stress detection and stress relief are discussed i n
other publications (18, pp . 31-33, 3743, and 9) . Pecornmended kiln drying
schedules for camaercial practice together with details of kiln operatio n
are also presented (18, pp . 43-95) .
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4 .2 . Seasoningdefects

: :ost seasoning defects result from drying stresses that . aocompaxy

	

-
uneven shrinkage . Such defects include surface and end cheohs, warp, ease ..
hardening, honeycomb, and collapse . These defects are discussed in other
publications (18, pp . 33'36, 11, p . 204, and 15, pp . 24-27) ,

4,3 . Seasoning reouirements	 forlumber for laminating 	 purpose s

Careful control of moisture content and Internal stress is essential
to the success of the laminating operation. • In preparing white oak laminat -
ing stock for gluing, specific limits are placed on the average moistur e
content, on the variation in moisture content between boards, and on the
distribution of moisture in each board . The moisture content must average
between 8 and 15 percent, . .and the maximum difference in moisture content per.
mitted between individual board's to be used in the same laminated" member i s
3 percent . . A further requirement specifies that the difference in moistur e
content between .shell -and core in any board shall be not'more than 2 percent .
Shell and core specimens are prepared as indicated in figure 8, These limi -
tations call for close control of kiln drying and for the mainte?ance o f
proper storage conditions prior to gluing .

5 .0 .	 : O0BiICt?'1~TLiG GLUES

5 .1,	 Types of glut s

Prior to the development of the synthetic resins, the glues mos t
commonly used in woodworking included the animal, vegetable (starol), casein,
vegetable-protein, and blood-albumin types (6, 19, pp . 2 ..9), In the last
decade, however, an inerasing number of synthetic-resin glues have been made
available (10) . The resin glues in most common use at present are the urea -
formaldehyde, ii-phevasratar ialdebyde glues, I_elamine, resorcinol, and vinyl -
ester resins represent glues that are promising but arc not yet so well known ,

with the exception of the vinyl-ester resins, the synthetic resin
glues that have been named are classified as theriuosetting ; that - is, onc e
the glue has set it will undergo no softening even though the temperature i s
raised above that required for the original setting up to temperatures tha t
will char wood . -Thermoplastic :flue joints, on the -other hand, must be re-
tained under pressure until cool in order to harden and strengthen the glue, .
and subsequent heating above the softening range will destroy the glue bond ,

Some thermosetting glues' are formulated for hot ..pressing at
temperatures in the neighborhood of 240° to 320°F ., others , ' such as those of
the low-temperature phenol type, set at intermediate temperatures and can be
cured in a pr operly controlled dry kiln, and still others contain a catalys t
that accelerates the setting reaction sufficiently to permit complete cure
at room temperatures, The latter are commonly called cold-setting resin s
and are typified by some glues of the urea-reein type s
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Mthough the dry joint strengths of all common woodworking glue s

are sufficient for most purposes, the low water resistance of vegetable ,

vegetable-protein, and animal glues limits them to uses that do not involve

severe exposure to moisture .

5 .11 . Casein glues

Casein glue is classed as "water resistant" on the basis of it s

relatively high resistance to moisture in comparison with vegetable and ani-
mal glues . Its basic constituent is the dried casein of'milk which, combine d

with alkali-producing chemicals, is water soluble . The further addition o f

lime causes the glue to set and retain a considerable portion of its strengt h

even when submerged in water for a short period of time . In prolonged labora-

tory tests of plywood continuously soaked in water, however, casein glue

joints have failed completely . Under exposures involving high humidity ,

casein glue joints weaken rapidly . Relatively recent introduction of casei n
glues containing sufficient toxic chemicals to prevent development of mold s
and other micro-organisms has considerably improved the strength and dura-
bility at high humidity .

5 .12 . Urea-formaldehyde glue s

Urea resins are available as dry powders or as suspensions in wate r
that ordinarily contain from GO to 70 percent solids . The powder forms are
prepared for use by mixing with water to produce suspensions of approximatel y
the same concentration . Some urea-resin powders are formulated for us e
especially as cold-setting glues and include an incorporated catalyst . Other
types serve either for room temperature setting or hot-press operations de -
pending upon the particular catalyst added by the user .

Those urea-resin, glues that are formulated for hot-pressing gener-
ally set at temperatures in the range of 220 0 to 260°F . The rate of setting
of cold urea resins is reasonably rapid at a room temperature of 75°F . (3 )

(pressure can usually be removed after 4 hours) and is appreciably accelerate d
at higher temperatures . Setting temperatures below 70°F . 4r~e not recommended
for urea glues .

Urea-resin glue joints in most woods are highly water resistant at
ordinary temperatures . Tests of birch plywood have shown that glue joint s
of this type retain good strength values after several years of continuou s
soaking in water . These glues, however, are less satisfactory in resistin g
the effect of high humidity and deteriorate considerably when continuousl y
exposed at high humidities . They are subject to pronounced weakening i n
water at temperatures above 150°F . and weaken more gradually when exposed in
dry air at similar temperatures .

Although highly resistant to continuous soaking when used to glu e
some woods, cold-setting urea resins have performed unsatisfactorily in
laboratory water-exposure tests when used to glue certain woods, includin g
white oak and Douglas-fir . These results are confirmed by reports of par- '
tial delamination of experimental white oak laminated ship keels within 9
months when exposed in salt water .
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Some urea-resin glues have been developed primarily to improve the .
resistance of the glue joints to hot water . These glues may be combination s

of urea resin and resorcinol or melamine resins and are variously referre d

to as -"fortified" or '"modified" . These special urea-resin glues appear t o
be somewhat more resistant to deterioration at high temperatures than eithe r

the cold-setting or hot-press ureas, but exposure tests indicate little im -

provement, if any, in their resistance to high humidity .

5 .13,	 Phenol-formaldehyde glues

The phenol-formaldehyde glues may be classified, on the basis o f

setting-temperature requirements, as hot=press and low-temperature glues, I n

general, phenolic-resin glues are formed by the reaction of phenol or creso l

with formaldehyde . For the° production-of woodwbrking glues, the reaction i s

stopped-at an intermediate stage to obtain a product that can be,powdered and .

suspended in waterer some other solvent, sueh.as'aleehol . After the resin
has been applied to the surfaces to be glued, the setting .reaction is e•afried

to completion by the application of heat .

As a class, phenolic-resin glue joints are extremely durable over
a wide range of moisture and temperature conditions . They are resistant t o
attack by micro-organisms and are highly durable under such adverse condi -
dons as continuous soaking in fresh or salt water, continuous e*poeure a t

high humidity, cyclic exposures •invo,lving wetting and drying, and expos re

to high temperature at low .and .high humidities . The strength of phenolic*
resin glue joints properly glued and-cured is largely limited by the .ability '
of the wood to resist the conditions of exposure . .

	

• -

Hot-press phenolic glues-- Liost hot-press phenolic Glues are nearly
neutral in reaction .and are available-in film, powder, and l iquid forms .
V.hen the glue is spread as a liquid, pressing may be done . . immediately or•it
may be . delayed for several :.:days . '1aten temperatures for gluing with'hot ee
press phenelio-resin glues of either film . or liquid .form in the usual hoar.
Press operation are normally from 240° to 320°F .

Low-temperature phenolic glues-- Several phenolic, melamine, an d
resorcinol resins an& combinations of them that set at substantially lowe r
temperatures . ;-han those required for hot-press phenolics have been develope d
recently . lost of these .glues contain either .acidic or alkaline catalysts" '
to accelerate the rate of setting at relatively low temperatures . Some of
them cure at temperatures ,of 10° to 200°F : and present indications are that
glues of this type may soon be available that will set . at even lower ..temperae
tares ,
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In general, highly acid low-temperature phenolic glues appear to
cause deterioration of the wood under certa n conditions of exposure, re-
sulting in reduced strength and shallow wood failures in the vicinity of the
glue lines, A.pproximately neutral- or slightly alkaline-catalyzed low e
temperature pheneli,c glues do not show this effect .



5 .14 .	 Le1amine-formaldehyde&Ian

Melamine-resin glues are available both as hot-press . and law-
temperature types . Their characteristics .and properties are similar t o
phenol-formaldehyde glues of the same type, except that temperatures re-
quired for curing the hot-press melamines are somewhat lower than .for hot-
press phenols .

5 .15, j esorcinol glues

The properties and characteristics-of resorcinol glues .have not '
yet been fully investigated . They are represented by:the manufacturers a s
developing cure and a high degree of water resistance at room temperature s
and are :finding application in the laminating of timbers,. The indications
are that they cain also bepured more rapidly and as satisfactorily as under
conditions suit6lie for tow-temperature, phenol-formaldehyde glues .

5 .2 . Glues for use	 in laminating timbers for severe exposure

The selection of glues for use in laminating timber products, such
as ship timbers, is necessarily based on their curing requirements• and on the
ability of, the glues to withstand severe conditions of exposure, On thi s
basis, the ':Choice of glues for ship timbers is limited at present to those
of the low-temperature phenol, resorcinol, and melamine,-formaldehyde types .
The durability of the non-resin glues and of urea-formaldehyde resins is
adec_nate, and the temperature requirements for curing the 1-1ot,:press resins
are not readily met by the use of generally available plant 'equipment .

Although some phenolic-resin glues have been formulated with the
idea of curing them at room temperatures, wood joints _made at room tempera -
ture with these mixtures have not proved sufficiently strong and durable to
recommend their use for laminating timber s -under such conditions with the
denser species of wood when maximum joint strength and durability are essen-
tial . If, however, the laminations are spread and pressed at room temperatur e
and the assembly then heated in a curing chamber while still under pressure ,
maintaining a relative humidity necessary to prevent dimensional change i n
the wood during the heating period, the joints made with some of these glue s
are high in 'strength and durable under severe conditions .

Lew-temperatureIlgenolic-type Ius s

Glues of the low-temperature, p ienolic type may be furnished in
either a liquid or powder 1cr . with . separate catalyst . The degree ofacidity
(or all:alinity)of low-temperatur e / phenolic-type glues, expressed on th e

$Glue and gluing re q uirements presented in thi s ` section are based on Bureau
of Ships Ad Interim Specifications 52G12MT) and P39 .0--7(Ii T) .
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basis ef•pH of the set glue film, varies with different glues from highly
acid (pH 1 .3) to mildly alkaline (pH 8 .4) . Acid-typo glues th t ` set to a .
film with pH less than 2,5 are not acceptable for ship'tinbee use* t the
Present time glues having the characteristics necessary for the constructio n

of laminated ship timbers are all of the liquid type . _Seine gluei =of this -

type are combinations of phenol and resorcinol- resins .

Storage~ .ifa•M The length of time that a. glue may be kept in storag e
in the original container and still be usable (storage life or shelflife) and
the storage conditions required are important in low-temperatur4, phenolic .

type glue's, Storage life, for example, varies with different glues from as.
short a period as 35 days to more than 3 months at 80°F . A 'storage We at
80°F, of at least 30 days is required,,_ The 'glue should be maint ained in col d
storage ,at tome temperature between 4)° and . 70°F, ,, preferably at 55° f 5°F . ,

and it should be used within the shelf-life period guaranteed by. the mane-
faoturer at the storage terpperature used ,

'
;forking lif.`e•. The liq;4id working life of 1 o .temper-atur.e, phenolic

glues after mixing must be at least' 2-1/2 hours at 80°F, Manufacturer's in.
structien3 wEh regard to working life at different temperatures should be
observed, and use 6f ,the glue permitted during this . period only ,

Moisture content regrairpments-- Low-temperature, phenolic glues
ppoduea, the stronge-s glue jo-ix~ts if _the moisture content of the wood at
the time of gluacng lies . somewhere' between 8, and 15 percent, :The moisture
•content .ia any 'assembly, hgtrever, should be uniform as well as within thi s
;'anR,'s,., .

r-

5 .•

ti
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B .	 LAMINATING SHIP T IEBEES WITH LOTI-TETTERATUR E

PHENOLIC-TYPE EESIN GLUES

8:0- SELtC 'IOId LD t	 PkTI0ii OF LUI: BEP FOE LA: :INJ TIII G

6 .1 .	 Limitation of defect s

In preparing lumber for laminating it is essential to consider al l
defects that will Impair the quality of the glue bond, interfere with th e
proper shaping of curved members, or reduce the serviceability of the fin-
ished product . Considerations that will affect the size and position of
allowable defects include :

a. The strength requirements of the finished member .

b. The severity of curvature in bent members . Sharply bent
assemblies require a better grade of stock than do flat
or slightly bent members .

c . The dimension of the finished piece . A bent boat frame, fo r
example, finished to 1-inch width permits fewer defect s
than a keel 8 inches wide .

d. The strength and durability requirements of the glue joints .

e . Position of scarf and edge joints . Edge and scarf joint
lines should be free of defects .

f . Character of, subsequent machining . Depth of stock removed
in final shaping determines the removal of surface de -
fects and the exposure of interior defects .

g• Durability expected of laminated ti :---.ber against deterior-
ation and decay of wood (sapwood, for example) .

The presence of large holes, loose and unsound knots, dote, wane ,
and similar defects indicates decreased strength of the wood at such points .
Shake, splits, and such seasoning defects as severe surface checking, honey-
comb, and collapse indicate rupture and weakened wood . Areas of cross grain ,
end grain around knots, and sound or loose knots do not glue well due to th e
exposed end grain, These natural and seasoning defects must be avoided i n
laminating members when the maximum strength is re quired.

Inmost laminated members, however, the requirements are somewhat
less than those in which only clear stock is suitable . The specification s
covering the items to be produced will generally describe the quality o f
product required and the defects which may be permitted . In selecting lumbe r
for laminating high-strength ship timbers, the more critical curved part s
bent to the maximum curvature permitted require clear and straight-grain
lumber free of defects except small holes not over 1/16 inch in diameter and
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sound tight knots not over -- 4 inch in diameter, while uneur-md members wil l
permit 1/4-itch holes and 3 4-inch sound knots . Intermediate curvatures shoul d

permit intermediate sizes of defects since such defects do not interfere wit h

the bending of the laminations to the required curvature „

Sapwood, when used under conditions of high moisture content, ie :
readily susceptible to attack by wood-destroying fungi, It is also attacked

by insects . When placed in a laminated assembly, the decay of a single boar d
of sapwood may cause failure of the entire member . When it is .. required that
the , wood be durable, the amount of sapwood in any lamination therefore shoul d

accordingly be limited.
%

6 .2, i-ioisture content of lumbe r

The moisture content of lumber at the time of gluing ih of importance
in the fabrication of laminated products . Low-temperature, phenolic glues de -
velop the strongest glue joints when the wood at the time of gluing has a
moisture content within the range of 8 to 15 percent . Any change-in moistur e
content after gluing ' and curing' bauses swelling or shrinking-of the wood . Such
dimensional change develops in the glue lines and wood stresses that favo r
delamination and reduce the load that the member can carry in service . The
ideal moisture content for the _liunber at the . time of gluing is that which wil l
produce strong glue joints and will be as near as practicable to the average
moisture content of the laminated timber in service . A moisture content o f
11 to 12 percent in the lumber is probably the most practical for most plant s
that are lazriinating timbers' for ships and other outdoor use .

	

-

The uniformity of moisture content'between the lamiriatidn.s of any
one assembly and throughout the cross section of each board is also important ,
If adjacent laminations differ widely in moisture content at the time of glu-
ing, subsequent moisture equalization changes will cause'them to swell o r
shrink differently, with the consequent development of stresses in the glu e
line, of deleminatien,' and of distortion' of the finished member . An extreme
range in moisture content, between laminations not greater than 3 percent i s
recommended, Stresses will also be created if the interior portion of any
one board differs greatly in moisture content from•the .outer portion . or shell ,
This difference should not exceed 2 percent,

	

-

6,3 .	 Determination of moisture content

iioistnre content of the lumber should be determined before machining
operations are performed . Determinations should be made both for average
moisture content and for uniformity between boards .

Moisture content determinations will normally have beein made in 'connection
with the kiln-drying operation . It is desirable t o make moisture content
determinations for each kiln charge of lumber . At least 10 such sample s
should be taken ,from each 5,000 board feet of lumber . Samples should be
selected at r7andom from various points-in the kiln truck .
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Immediately prior to laminating, a resistance-type moisture meter
may be used for spot-checking the moisture content of surfaced stock . Con-
stant use of this instrument is strongly recommended to avoid inclusion of wet
or extremely dry lumber in .a laminated member . Electrical moisture meters ,
however, do not read below 7 percent moisture content so that they are not
usable in measuring the moisture content of extremely dry lumber .

6 .4. Selection for grain in stock used for laminating

It•has been shown in section 2 .2 that flat or plain-sawed lumber will
shrink more across the width of the board than will quarter-sawed lumber (11, .
pp . 193-198) . For example, a flat-sawed board of white oak 12 inches widew
having 6 percent moi,sture.content will expand approximately 3/4 inch whe n
soaked to saturation, while a quarter-sawed board treated similarly will expan d
about 1/2 inch . This possible difference in amount of expansion can produce a
severe stress on the glue line in ,a laminated member with changes in moistur e
content' and can be minimized by roasenable care in the selection of lumber fo r
laminations . At some stage in the preparation of the stock, therefore, the
lumber should be segregated into two groups . All quarter-sawed stock, includ -
ing all boards in which the annual rings run at an angle of more than 4 50 from
the wide face of the board, should be put in one group . Plain-sawed lumber ,
having annual rings parallel or within 4 50 to the wide 'face of the board ,
should be placed in the second group . Boards containing both quarter-sawe d
and plain-sawed grain should be . classified according to their predominan t
grain . These groups should be kept segregated in all, subsequent operations
and the two classes . of stook should not be mixed in any single laminated as -
sembly . This sorting can be done at any time prior to final surfacing,-if
stock of full length and width is used, .but should be done prior to idgalglu- 4
ing''andescarfing if these operations are necessary . -It will usually be con- '
venient to sort as the stock leaves the rough planer,

	

. ,

6 .5 . Cutting and ripping of laminated stoc k

The use of a rough planer is essential as a first step in the
machining of lumber for laminating : This operation will help to disclos e
natural and seasoning defects and, in the lon g .,r-un, will conserve ,time and
material by eliminating unsuitable stock in the betinning . Rough planing i s
also desirable to reduce stock to reasonably uniform thickness . This is ad -
vantageous for accurate work in later ripping, edge-gluing, scarf-gluing, and
surfacing operations . In orde r ' to keep in balance any seasoning stresses tha t
may be in the lumber, the rough planing should remove an equal light cut from
each face . A double surfacer will usually do the most effective'work .

The sequence of operations in cross cutting and ripping to eliminate
defects and reduce stock to desired lengths will be determined by the layout '
and facilities of the individual plant .

When stock is being ripped for edge gluing, it will be economica l
in time and material to select a number of standard widths to-which stock may
be ripped . For exam ple, assume that stock is being prepared Mr a member 8
inches wide, The proportion of 8•.inoh stook would be small, especially i f
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rroduoed from hardwoods . The narrowest piece that is practical for edge glu-
, ing may be 1-1/2 inches . IT the additional ripping width are 2, .2-1/2, 3, 4 ,
5, and -6 inches, there then Wrill be numerous combinations of widths which ,
when edge glued, will produte the desired widths ., These combinations are 6-2 ;
5-3 ; 4-4-1 Ins/2 .- 5 - 1-112 ; 2-4-2 ;2-1/2 - 3 -

	

- 4 - 2-1/2 .
With .such a-variety of combinations possible, maximum utility of lumber 'ca n
be accomplished . • :urthern ore this permits the cutting back of long' strip s ' too
remove defects, and reducing them to other usable lengths 4 feet and longer ,
which, when edge glued and end scarfed, can became part of a laminated member .

Before proceeding with the manufacture of the material for ].aminat-
-ing, careful planhirg is•necessary . Some parts will be such that they wil l
re quire all one-piece-stook . Some parts will req ire lumber. to be' all of one
standard length that can = be obtained from the avqrage run Of the lumber fer
width and length . Some parts will require a clear ''section within a length . . .
If all these factors•:.are thnrough]y studied"before-proceeding much material ,
can be'saved. - Softwood'lumber is usually available in longer and wider ,
dimensions than are :hardwoods ''in the grades used for laminating ship timbers ;
requiring less edge and scarf-joint gluing .

6 .6„ Preparation of edge and scarf. joint s

In preparing lumber for edge gluing, properly planed or• sawed joint s
may be used . -,Successful gluing of sawed edges of lumber reouires that the -
ripsati, be in ;.firstee1ass condition, 'the c; ain-ways true, and 'the saj+: round
and jointed . A disadvantage. to the use of edge jointers for this purpose i s

.the-d ''iculty-of securing a perfectly straight edge for the full length of
long strips . • The use .-of a .cutterhead, either in ' jointer' or molder•, moreover" ,
involves a loss of-material greater than the loss .'When joints are sawed .
tithar a planed_'or seiwed-edge•should•be square .'
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Preparation of scarf joint s

Lumber to be used in laminating is scarf-jointed primarily , ta ob-
tain full length laminations and for the' purpose of' ' securing better' utiliza-
tion of'raw .material and for building into the assembly certain re quired
qualities of grade . The full advantages from the' use -of scarf •joints ,can be
secured only if scarfs are prepared. and -glued in advance ' of final surfacing .
This- procedure makes it possible-to PlOn in'advance of the laminating operatio n
the location-of defects in relation to curves in bent members .-Likewise it
gives- oppar-tumityn:to match the grain and the location of edge joihts' 'in . ad-
jacent boards, minimizing the development'of stresses in the final product .
Assembly time for the fined gluing- operation can thereby also 'be materially

. -

shortened . Advance scarfing with subse quent, final surfacing, moreover, help s
to. i=nsure uniform thZckriess of -stock for the full length of each lamination .
and prevent=s, open'joints which are certain to develop adjacent ' -'to butt joint s
in bent assemblies . When laminations are•in one niece, the entire j'o' of
laying up the final assembly is greatly speeded .

	

.

There are several methods ofnmaking scarf ' jointi . Common types are ,
plain scarf-; finger scarf ; and serrated scarf . All of thdse'require a rela~ .
tively long slope to develop maximum tensile strength in the joint . ' A '
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well-glued, plain-scarf joint in oak, for example, might require a slope of
1 :15 to produce such strength, while in Douglas-fir and yellow pine a slop e
of 1 :12 would be equally efficient . Steep slopes have the advantage that they
result in less waste but they are also weaker and may contribute little o r
nothing to the final strength of the laminated member . There is also the
risk that they will break when long laminations are handled'in assembling
and in bending . to curyed form . Scarf joints introduce an added stiffness t o
the board at the scarf area increasing somewhat' the difficulty of drawing suc h
areas of the lamination into bent members .

Plain scarfs can be produced by tilting-head saws, single-end ten-
noners, shapers, planers, or other methods depending on the ingenuity of the
fabricator . There is no fast scarf ing machine on the marbet today that de -
velops high production .

Plain scarfs and serrated-scarf joints should be out so that the
sloped surfaces of both ends of the board are in parallel planes . This will_
permit successive boards to be fitted together as they come from the machine
without being turned over, and will als o . permit cross cutting any board an d
gringing the scarfed ends together without turning over either piece .

6 .7 . Lesawing and surfacinE

Before scarfed lumber 7.s resawed or surfaced, it is necessary t o
remove any surplus glue from the surfaces of the scarfs in order to prod e
the reasonably smooth face essential for accurate final machining . Unles s
this glue is removed, skips in dressing and other irregularities in surfac-
ing will .*esult .

The operation of resawing to thinner material, especially in stoc k
over 6 inches in width, will induce some degree of cupping if there is any ,
casehardening in the lumber . It is well to proceed with the final surfacin g
as soon after resawing as possible in order to equalize these stresses . Thi s
can be done by taking the heaviest'cut from the outer surface with the resawe d
side down in the planer . Cup in the boards after final surfacing prior t o
assembly should not exceed 1 32 inch for each inch in width for boards under
1/2 inch in thickness and 1 64 inch for boards over 1/2 ino h . in thickness .
If cupping exceeds this in the finished lamination, the stock should be bul k .
piled and allowed to equalize . Badly cupped stock is difficult to sprea d
with glue and prevents the application of uniform pressure to the glue line . .
Poor bonding is likely to result .

The surfacing of the stock preparatory to assembly is one of the
most important operations the fabricator of laminated timbers is called on to .

..perform, The final product nay be good or bad depending on the. accuracy and
care with which this part of the work Is done .

All finish surfacing can best be done on a double cabinet surfacer
with ballbearing cutterheads, and the final surfacing should be a compara -
tively light cut, not more than 1/16 inch maximum from each face . Knive s
should be kept well sharpened to prevent compressed fiber due to dull knives .
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Iiatchers-and molders cannot hold the accuracy of adjustanerit neces - . .
sary for the proper surfacing of stock and should not be used, It is neced-
sary to hold the variation An thickness between the two surfaces and throughou t
the_ entire length and width . of each individual lamination to within 0 .01 inch.
The recommended rates o f - feed are from 30 to 60 feet' per minute with from 20 '
to 30 knife cuts per inch . The rate of feed will be governed largely by the .
number of knives cutting . The surfacing job should be of such quality that '
revolution marks are hardly perceptible . -

The use of single surfacers for this type of surfacing is not recom -
-mended because of the greater difficulty in maintaining uniform pressure s
against the bed, particularly with stoc k ' having a .slight tendency to cup,

During the surfacing operation, stock should be frequently gage d
with a slip-on thickness gage on both edges throughout the length of the piece .
These gage s . ane inexpensive and should be not less than 3/4 inch in width t o
prevent rocking . ' Narrow gages will, not give, the desired degree of acouraQy .
The' fit on the stock should be an easy sliding fit and should be just tigh t
enough so'that no side or rocking motion is perceptible ,

1

Clipping at the ends of the board usually indicates improper adjust -
ment of pressure bars, knives ground below the normal cutting ' circle of the
head, or , improper setting of the feed rolls .

	 .	 LAYOUT OF.[ SSEL LY FOR LIiI.'-I1' TING

7 .1 . Location of scarf and edgejoint s

:Tell-glued, scarf joints in lumber do not develop maximum strengt h
except with ']ohg slopes . The more abrupt the slope, the weaker the joint .
Since ' xistin _'ship timber specifications permit scarfs as steep as 1-in 4,
the location-bf the scarfs must be controlled to produce laminated member s
adequate in strength and durability . In a laminated assembly, scarf joint s
should be "staggered in adjacent , laminations . to the maximum practical distance .
In general , ' it may be practical to consider that spacing between soarf joint s
in any group of three 'consecutive laminations, measured center to center hori -
zontally, should be not less 'than 24 times the thickness of the stock. A safe
rule-of-thumb for' arrangement of scarf joints is to permit, in any group o f
three consecutive laminations, no joints closer- . than 12 inches center t o
center if laminae are 1/2 inch or less in thickness-nor closer than. 18 inches
in stock 1/2 inch to 1 inch thick . Scarf joints in boat keels should slop e
downward toward the stern . Since ,such timbers will be variously machined in
ship yards, all scarf joints , , including these , in the center of the membe r." ,
should slope uniformly in one direction .

Edge joints, properly made, do not in themselves materially reduc e
the 'strength Of stook used for laminating . Coincidence of edge joints i n ,
adjacent'laminae, however, increases the possibility of vertical cleavage . if
any imper'fept - joints. are present. ';Ihen ...the' laminations are laid up, therefore ,
subh +ninth should be offset as much as possible, never by less than the thick -
ness of the lamination, This practice will be made easier, when edge-glue d
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boards are scarf jointed for length, if edge joints are arranged to form a
continuous line the full length of the lamination . Alternation of edge-glued
and solid boards in successive laminations is good procedure .

7 .2 .	 Thickness of lamination s

In any curved laminated timber, the radius of curvature of the inne r
or concave face will be shorter than the radius of the outer lamination . In
thick bent assemblies this difference may be considerable and may make neces -
sary the use of thinner stock f'or the inner portion of the timber .

The minimum radius to which dry, straight-grained, clear lumber can
be bent without breaking is approximately 40 to 60 times its thickness, vary-
ing with the species of wood . In general, hardwoods bend to somewhat shorter
radii than do softwoods for the same thickness . In laminating high-strength
bent timbers from boards, however, it is recommended that the laminations be
bent to a radius not less than 1 .6 times the breaking radius ,

Table 1 shows the minimum bending radii recommended for different
thicknesses of lamination when gluing high-strength laminated timber s ?

Table1

Thickness of lamination : Recommended minimum radiu s
of curvature

Inch .

	

Inche s

1/4 18
5/16 24
3/8 30
17/16 3 6
1/2 43
5/8

	

= 58
3/4 73
13/16

	

- 79

In order to obtain maximum utility of stock or to fabricate a lami-
Mated timber to exact dimension, it may sometimes be desirable to use more than
one thickness of stock even in flat assemblies . Arrangement of the different
thicknesses will be governed largely by the end use to which the timber will
be put and by the character of machining operations to be performed upon it .
The thinner laminations ordinarily would be placed in the position entailing
the least subsequent face machining .

In determining the allowable thickness of stock for curved timber s
no distinction need be made between solid and scarf-jointed lumber, provided
only that the scarf joints are strong enough to withstand the stress of bend•
ing .
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7 .3 .	 Setting jigs orforms

Patterns-to- be . used for curved laminated assemblie3 should, be of a
rigid type that will not bend or become deformed with use or with a,ehange
in moisture conditions .

Arrangement "of adjustable "arms" on the bed in elempinp jigs moose
sarily must be such that boards will follow the line of the pattern when
clamped to the

	

Any irregularity in the aligxmlent of the jig arms o r
any departure of the'-arms from the line of th4 pattern will be imparted to
the laminated member . Jigs, therefore, must be designed to prevent'movement
or twisting of-the arms"while'stock is being bent and pressure applied . In
setting , up jigs to be used for bending curved assemblies, it will usually be
advisable to parry the , line of the curve well beyond the net length of the
finished timber . Failure to. set at least one arm on the 'bed of the jig be ..
yond this length is a frequent cause of distortion in the finished timber .
This practice is particularly desirable in patterns having-a short curve line
near the end of the assembly .

Invsetting adjustable jigs for curved . laminated assembliea' that per-.-
mit little tolerance in the shape of the . finished product,-it is necessary
to add the thiokness of the caul to. the width of the pattern on the jig side .
Otherwise, the radius of the finished timber will be in error by the tthick•
ness of the caul .

Spacing between jig arms may be varie d , with the degree of curvature .
In flat assemblies, a spacing of 4 feet is not excessive if the oauls" .nd
stook are heavy enough to prevent 'sagging or bending of the package during
the curing process, In curved timbers, the spacing of jig arms must be de•-
creased as the bending-radius is shortened . Tequired . spaoing•may be as close
as 9 inches on sharp bends of 30..inah-radius or less . Proper spacing can best
be judged-by observing the fit ' of the pattern and. the behavior of . the lamina-
tions as they are clamped into position.

Bending . curved assemblies may be done over either male 'or female
forms . In heavy assemblies, the female type of jig will have considerable-
advantage in permitting the bending of laminations to the form one at a time .
By'pressing one end against a head block, the board can be bent and force d
into the curve, and then temporarily held in position by nailing or fastening '
at the other end,, When clamping is begun, (drawing the assembly into th e
desired form and applying retaining clamps to provide gluing pressure) the
fastened or nailed end must be released to permit slippage of the laminations .
When the male type of form is used, the entire assembly is usually bent as a
single .unit . Choice-of bending forms ; therefore . will 'b governed'largely by
the type of-timber to be laminated, .

7,4..Springback' tolerance

4 constant problem in forming curved timbers by laminating is the'
prevention of "spring• back" when the assembly is removed from the bending jig .
When the- assembly can be cured in rlacec ; in the jig itself, appreciable
spring :back does not develop . Under other conditions special precaution s
are necessary to prevent it .



A partial cure or procure in the jig, sufficient to set the glue s o
that it will withstand internal stresses, will permit removal from the clamped
assembly without appreciable spring back .

In assemblies having abrupt curves near the end of the pattern, i t
may be necessary to add enough length to the stock so that pressure may be
applied well beyond the pattern on a tangent to the curve . If the work i s
moved before curing it is advisable to use cradles or slings that will sup-
port the load at several points and to lay the assembly on its side so that
the weight of the stock and clamps will not change the curvature .

8 .0 . LA _ HkTIITG F OCEDUR L

The procedure described in this manual is for producing laminate d
timbers in which the glue joints will be strong and durable (even when used
for structural parts of ships and barges or for outdoor exposure . According
to present knowledge, such durability will be furnished most satisfactorily
by't he use of phenolic-type glues . The laminating procedure described in th e
following pages relates particularly to the use of low-temperature-setting
phenolic-type glues .

8 .1 . Preparing the glue

Low-temperature phenolic-resin glues are furnished in liquid for m
and are preferably kept in coal storage to provide a practical period of use -
ful life . The glue manufacturer marks on each shipment the period of time
that the glue can be satisfactorily held in storage and also the recommended
storage temperature . The glue should not be permitted to become heated above
the recommended storage temperature for an appreciable length of time ; other-
wise some curing action results and the glue may become thickened to such a n
extent that it cannot be properly mixed and spread on the lumber to be glued .
Such periods of heating may occur in transit from the glue manufacturer to the
purchaser, or even at the fabricator's plant, and each such exposure will de -
crease the period of time during which the glue is satisfactory for use .
Slight thickening of the glue in storage may be reduced in some low-temperature
phenolic-resin glues by the addition of a small amount of alcohol, and thu s
permit satisfactory use of the glue without decreasing the quality of the
glue joints . However, the approval and specific directions of the manufac.
turer of the glue should be followed in ado pting this procedure .

Low-temperature phenolic-resin glues may also be affected by freez e
ing temperatures (320F . and less) . At such low temperatures some ingredient s
may settle out of the glue and be difficult to remix, especially in barre l
lots . Transit and storage conditions that avoid 3 2 0 . and lest are recommended .

I.ianufaeturers of low:-temperature phenolic-resin glues furnish a
catalyst (powder or l i quid, and sometimes an added filler) that is to b e
mixed with the liquid glue just before using . The catalyst, the instruction s
for the amount to be added, and the manner of mixing may be different for
each glue and are furnished by the glue manufacturer . No other extenders ,
fillers, or other materials should be added to the glue ingredients or mix-
ture ,
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When mixing the glue, it is usually measured and weighed in stee l
or galvanized metal containers . , The chemical reaction that beings about the
setting or cure of the glue when the catalyst is mixed with .it and when the
.heating treatments are applied may be seriously affected if chemicals'from
other glues, or from other sources, or if oils, greases , , and the like are
allowed to contaminate the equipment . It is essential that glue rne'asuririg ,
mixing, and spreading equipment be kept thoroughly clean to avoid ' darhagetp
the glue .

8 .2 .	 Gluing edge joint's

	

-

• The glue used in edge gluing boards to produce full width lamina -
tions should develop as great glue joint strength and durability as the glu e
used in laminating the timber . The edges to be glued should be prepared a s
previously discussed (pat .' 6 .6) . The glue May 'be spread on•the edges with a
single roll spreader usir}g a'norma.l glue spread .

Various types of clamping equipment may be used for edge gluing of
jointed stool . The' conventional wheel or tractor type of clamp carrier
satisfactory for use provided the stook is held under pressure for in.tial r
cure of the glue long enough to permit handling the edge,-glued stoele'upoa 're=
moval from the carrier Without damaging the glue joints . The carrier should
be aligned .to assure straight glued edges . This type of clamp can be a lose d
and heated, and thus speed up the initial curing of theAlue .. T`1hen' using 4~4= .
inch lumber, low-temperature phenolic-resin glue used for edge gluing can be
cured sufficiently in 4 hours in this type of clamp 'carrier if a temperature
of 150°to 1800F . is maintained in the stock . Clamping edge-glued stock can

also be becempliehed with piling clamps, rhich permit the assembly of such
stock= do trucks and moving into heated chambers for initial' curing . Low.-
temperature phenalie-resin glues pure too slowly at room temperature t o
develop sufficient strength within a few hours to permit handling the stock .
The use of heated chambers for this initial curing is recommended .

In assembling edge-glued joints it is importe:i to provide . suffi-
cient gluing pressure along theentire 'glue line . Best distribution of pres -
sure is .obtained if the wider boards are placed on the outside, next to the
clamps, and if the narrower strips are- placed inside the pack, and if clamp s
can be spaced at .as much as 18"inches when the outside boards are no t' les s
than 4 inches wide-. . Edge-glue&'stock should be allowed .to stand for -24-hour s
after curing in clamps before surfacing for •scarf ,ointing ' or laminating .

Sufficient initial cure of the glue in this process should ,be ob-
tained toy permit handling of the stock without damage tq the glue line, and
the full car--e of the glue will be developed later when -the laminated beem i s
cured .

Tightening of clamps should begin at the center of the package and

	

r
proceed toward each end s

8 .3 . Gluing scarf joints

Where scarf jointing is necessary, it will normally follow the edge - -
gluing operation . Where permanent scarf joint strength will be required in' . .
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the laminated member, the glue used for scarf jointing also should be a s
strong and durable as that used for laminating the timber, and should be ap -
plied to both faces of the scarf . The initial cure of the joint should de-
velop enough strength to permit handling the laminations and bending them t o
the re quired curvature without damage to the scarf joint . Full cure of th e
joint till be developed when the laminated timber is cured .

The scarf joint is most satisfactorily glued under the combine d
application of heat and pressure . Several methods of heating may be possible .
Pith the development of phenolic-resin (or equal quality) glues that can b e
cured rapidly at low temperatures, the use of hot plates applied under pres -
sure to both outside faces of the scarf joint area of the lamination to pro -
duce sufficient initial cure may be possible .

The boards, at the time of gluing the scarf joints, must be in a
plane and aligned to a straight guide . Assembling boards on edge for scar f
jointing should produce laminations that are satisfactorily straight . Table
supports with dowels in the top to hold the boards in vertical position hav e
also given satisfactory results . Some gripping device to avoid end and sid e
slippage at the scarf joint is desirable . The use of the serrated scarf make s
the lining up of the scarfed areas easier and avoids side slippage . It also
offers an advantage in the final surfacing of the lamination since it shows
as a serrated line on the surface of the board and results in less chipping
or tearing of the grain .

The practice of gluing scarf joints at the time of laminating, b y
placing the unglued scarfed boards into the assembly, does not insure accurate
fit in the scarf or sufficient pressure at the glue line of the scarf to pro -
duce a strong glue joint . It also fails to bend the ends of the lamination s
to the curvature desired and increases the assembly time in laminating a long
timber . It is important, therefore, that scarf-joint gluing be performed as
a separate operation prior to laminating .

8 .4 . Gluing laminated assemblie s

Iiuch of the success in fabricating satisfactory laminated timber s
depends on following proper procedure when gluing the assembly, particularl y
with reference to spreading the glue, placing the laminations into prope r
position, and applying adequate pressure uniformly and quickly to avoid
initial setting of the glue before application of the pressure is completed .

In the normal laminating procedure ; the lamination has been edg e
glued (if edge gluing is necessary), followed by scarf jointing (if necessary )
and then has been finish sur#'aced justLpri- V to .,g~ n r_, •

The glue to be used for laminating should be a low-temperatur e
phenol, meeting the requirements of Bureau of Ships Specification No . 52-G-12
(Glue, phenol-formaldehyde, low-temperaeure setting) or equal . Not all low-
temperature setting phenol-formaldehyde glues will produce suitable glu e
joints for laminated ship timbers, and a list of acceptable glues for the
laminating should be furnished by the purchaser with the order .
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When only a small amount of glue is needed, some low-temperatur e

,phenolic-resin glues may be mixed by hand . A mechanical glue mixer is, how-

ever, preferable . A suitable paddle speed for such a mixer is about 60

revolutions per minute . Higher paddle speeds have a tendency to develop foam

it1 the glue .

A variable-speed mixer is advantageous, since slow stirring wil l
avoid loss of powdered catalyst when first stirred into the liquid glue .
Lhen the powder is completely submerged in the glue, a shift to the higher
speed of about 60 r. .g:mswill,more quickly produce a homogeneous mixture .

A total mixing time of 3 to 10 minutes is usually sufficient for low-
tempe'rature phenolic-resin glues, which are then ready for spreading .

The mixed glue should be applied to the laminations by spreading o n
each face of each lamination one -half of the glue required (except outer
faces of outer laminations) . This can be most satisfactorily done with a
double-roll spreader in which the rolls are rubber covered and grooved an d
are fitted with "doctor" rolls to control the glue spread . Spreading glue on
each face i s ldesirable since it insures wetting of all the wood surface to b e
glued .

At the time of spreading glue, the lumber should preferably be at a
temperature of 700 to 80°F ., and should not be colder than 50°F . It should not
be warmer than 100°F ., to avoid too rapid initial curing of the glue before
clamping can be finished . Usually 25 to 30 pounds of liquid mix low-
temperature phenolic-resin glue per 1,000 scuare feet of joint area should b e
applied to each face of each lamination and some glue squeeze-out should tak e
place during clamping . The glue spread can be determined by weighing a sec-
tion of board of the same thickness as that being used for laminating befor e
and after passing through the glue spreader . Dividing the weight of the glu e
added by the surface area covered will give the amount of glue spread pe r
unit area .

The glue spread for each face can be determined by passing two sec-
tions of thin boards, whose combined thickness is equal to that of the lamina-
tions being used, through the glue spreader together and measuring the glu e
spread separately on each .

The mixed glue will have a longer working life if it is kept cool
until spread on the wood . This is desirable if spreading is done in a room
in which the temperature is above 80°F ., and can be done by water jacketin g
or refrigeration, to a temperature of less than 70°F ., but not less than 40°F .
After spreading, the temperature of the glue will become the same as that o f
the lumber .

At room temperature the mixed glue may develop initial set in th e
spreader, both in operation and while standing idle, to the point where clean-
ing the glue from the spreader becomes difficult . Spreaders with glue on the
rolls should not be left idle for more than 5 to 10 minutes at a time and i n
use should frequently be washed out and refilled rith fresh glue . Vhen used
continuously, washing at 2-hour intervals may be satisfactory . In intermit-
tent operation that includes idle periods more frequent washing is necessary .

t
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If mixed glue is left in the spreader unused for several hours, i t
will cure to such an extent that it cannot be removed by washing with water .

Low-temperature phenolic-resin glue can generally best be cleaned from a
spreader by using cold or lukewarm mater . The use of hot water or steam wil l
develop cure of the glue before it can be washed off . Some low-temperatur e
phenolic-resin clues are in an alcohol solution. Cleaning the glue spreade r
can then be more satisfactorily accomplished by adding alcohol to the wate r
used for washing . In melamine glues, the addition of acetic acid to the wash-
ing water facilitates removing the glue .

The period of time between spreading glue on the first laminatio n
and completing the clamping for gluing pressure is called "assembly" time .
Assembly must be completed before the glue has developed an initial set, whic h
is the result both of chemical reaction and of loss of moisture to the wood ,
The permissible assembly time will vary with each glue used, and will becom e
less as the temperature at the glue line is increased . If the spread lamina-
tions are exposed to the atmosphere, water will evaporate from the glue surfac e
and the allowable assembly time is reduced, Placing the spread lamination s
promptly together so that the glue surfaces are not exposed to the atmospher e
(Qlosed assembly) reduces the evaporation and permits a longer assembly time .
Information on the permissible open and closed assembly times should be
furnished by the glue manufacturer .

8 .5 . Gluing pressure and clam inc procedure

In both bent and flat members, it is essential that adequate gluin g
pressure be provided over the entire area of the glue line . In gluing oak, ,
comparatively high pressures are required . An average gluing pressure o f
150 pounds per square inch of glue area is desirable and local pressures u p
to 300 pounds per s quare inch are not harmful to the glue joint . At no point
should the pressure be less than 100 pounds per square inch . Softwoods can
be satisfactorily glued with average pressures of 150 pounds per square inc h
and local pressures up to 200 pounds per square inch are not harmful .

The retaining clamps generally used on laminated work apply pressur e
by drawing up a nut on a threaded bolt . Torque .°trenches can be used t o
measure the load applied to the nuts and the total pressure applied to the
head can be calculated by formula provided that the threads are kept Glean
and lubricated (19, p . 73) . Retaining-clamp bolts may be furnished with V
threads or with square cut threads . The sq uare cut threads will maintain a
more uniform thread face in use than V threads and are preferred, especially
when the pressure is determined by the use of torque wrenches . An equalizing-
head retaining -clamp serves to apply the pressure more uniformly over th e
width ofthe assembly than a clamp with solid cross bars *

It is usually not practical to place retaining clamps directly o n
the laminations so close together that they will distribute suitable gluin g
pressure directly to all parts of tho glue line, and cauls are used betwee n
the laminated assembly and the retaining clamps to carry the pressure ove r
the area between clamps . These cauls may be wood or metal and are placed on
both sides of the work . Thick cauls, such as 2-inch wood planks are commonl y
used on flat laminated work and will permit spacing the clamps as much as 1 5
inches apart, while the use of 3A4 inch cauls will permit a clamp spacing o f
not more than 9 inches . In gluing bent laminated timbers, thick wood Gaul s
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cannot readily be used and sometimes the cauls cannot be any thicker than the

laminations being blued . Then closer clamp spacing is desirable . A space
not greater than 4 inches between clamps is recommended when the caul-i s

!hen'laminations,are glued in a, bent assembly, .it ' is necessary-t o

apply pressure .that will draw the laminatioxs snugly into position . Thi s
process cannot be considered as applying full pressure on the glue line . 'It
is advisable to use drat-up clamps to establish the bent form , , and retaining
clamps to furnish pressure on the glue lines . In drawing an assembly , of
laminations into bent form, the laminations must be permitted to slip ove r
each' Other to permit wood-to-wood contact at all glue liwareas . This_can . .
be aocomplished'-by drawing the assembly snugly to the form. at some central.
point in the•curve, and drawing other positions of the assembly ap p,1oximat~ly ,
but not tigh-ly, to form, and then on each side of the clamped central poin t
progressively applying retaining clamps toward each end, drawing each draw-up "
clamp tightly to the form as tie application of retaining clamps ree.ches that '
paint . This procedure enables the-bent lartinatidns to slip endwise wher e
necessary•to produce a tight_ joint (fig . 2i) :

9 .0 .	 CURING OF LAMINJ TEDASSEI.MLIES

9 .1 .; Time-teidp4bature re :uii.emeint for' curift low-tem erature thheholic lue

L Isow4-temperature phenolic glues, : are sometimes described as "cola:

set'ti:.g", or more frequently, '. g low-temperature setting",' indicating that such .
gluesinight cure at-room temperature . While it~ is true that these glues .. fil l
develop'appreciable strength and cure at room temperatures, it has been fund
that at these temperatures the glue does not become completely cured . When
the glued timbers are used in the construction of boats, where they are ex-
posed tb s"oaking . 'in'fresh and in salt water, or then they are . exposed to, the
weather ,4ethee glue eared at'ebom temperature is ;got . sufficiently water resis-
tant to prevent• delain.ination. 'With one . glue, for-example, white oak glue d
beams : cured under pressure far . 20 hours in a room heatad at 110°F . axii later
exposed to soakin and•dryihg;' developed complete delamination . Similar; ; _
beams cured at 1600F;. ' '•fer over 2b = hours, likewise delaminated ; even though
the .glue" jointe' sobiq aftter , curing- s'ho*ed high shearing strengths . Curing
this type- of phenolic glue at higher temperat :ares develops some increase in .
strength and' st tstanti.&1 iAor4ase_ ,r. resi .ptacce tp watp.,r . and ' es.ther gxp t a~rg+ .
Men cured at a tomperature of about . 1900F . to " 0°F . for 10 hours, ,om® sif

these glues are cured sufficiently so that well-glued timbers of, white oak
can be repeatedly• soaked" in salt water and dried without dela n natipn, Glua d
Douglas-fir timbers;'iowever,' were cured sufficiently in 10 hours at 1_6 .0°F ,
(measured at; th'e center glue ' line) to resist dela3nination on exposure , to .re-

3/8 inch thick .

' With some•"g3?u4b' •clamping 'pressures ' fall off soon after as,semb~ly, and
it is recommended =that the ` prressures bte rechecked about 30 to 45 minutas,afte r
the first clamping .

pea-bell 's•oaking'and dryin'g .

Ftii Cher experiments in curing laminated white oak' beams at 19 0e'1a'. . . ,
showed• that highly acid-©atalysetl low..temperature phenols with 'a film .,pH of,• .
1 .5 weakened the wopd adjadent to the glue line, resulting, Under soaking,, and .
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drying eiosure, in low shearing strength and eventual delamination with a
thin layer of wood failure . This effect was also observed when gluin g
Douglas-fir with the same adhesive cured'at 160°F . Such 'delamination is just
as detrimental as in the glue line itself . '

The minimum temperature• and m{imum time requirements for satisfactory
curing Will vary with glues and species of wood . These requirements should be
included as a part of the information in the list of acceptable glues fur -
nished by the . purchaser with the order for the laminated timbers . kt'present ,
however, when . gluing white oak, the minimum reouirement Appears to be 190°F .
at the glue line maintained for 10 hours, and, when gluing Douglas-fir, 160°F . .
at the glue line maintained for 10 hours, for the low..temperature'phenolic
'glue in approved use . This requires that the clamped assembly be heated unti l
all portions of the glue line have reached such a minimum temperature, whic h
is designated (T), then be held at or above that temperature for at least 1 0
hours . Extension of the curing period beyond the 10-hour minimum requiremen t
will not be'detrimental to the glue bond but such extension should not be
carried to a point-where it .will seriously affect the strength of the wood .
There are several methods of heating but, the most satisfactory to date is t o
place the assembly under clumped pressure in a curing chamber that can .be
hated to and maintained at a temperature approximately 20°F . or more above
the required glue line temperature (T) . However, curing chamber temperature s
above 215°F . are not recommended .

9 .2 . Transfer of heat in laminated assemblie s

The rate at which heat will be transferred to the center of a lami -
nated assembly .varies somewhat with the species and moisture content .of the
wood, and a great deal with the dimensions of the assembly . The graphs in .
figures 9 to 20 show the rate at which such timbers of white oak and
Douglas-fir in cauls and clamps heat in curing chambers maintained at the
temperatures indicated . ''eating periods required for other sizes can b e
calculated by the use of formulas (13) .

The .total period of curing can be divided into three parts : -

(a) Beating the assembly to bring all glue lines to the minimum .
temperature (T) re quired for curing the glue .

(b) Laintaining temperature (T) or higher for 10 hours at al l
'glue lines .

(c) Cooling the laminated assembly . The length- of time that the
glue line areas are at or above temperature (T) during _
this period may be considered as_ a .part-of the 10-hour .
requirement given in (b) . ,

while. the outer area of an ordinary . size of laminated ship timbe r
assembly may be expected to heat rapidly along with the atmosphere of the
curing chamber, a period of hours is required before the glue line at the
center of the assembly will reach the temperature ,(T) required to-cure the
glue .- ?:hen cooling, however, the outer area cools first and a period of hours
again elapses during which the center remains at or above the temperature (T) .
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9 .3 . Relative humidity requirements for curing chamber

:hen wood is heated to 210°F . without humidity control 'for a 'niunber

of hours, considerable drying of the wood takes place resulting in shrinkage

oh the outside of the assembly . This will result in opening the 'edges of the

glue joints before the glue is cured, or in checking of the wood . Drying
will 'be avoided if a h1gh relative humidity is provided and maintained in th e

cut ng chamber .' Under'these ' conditions the glue joints will remain tight an d

the wood will' not check . It is desirable to maintain a relative'humidit y ' that
meetsthe equilibrium moisture content value of the wood in the laminated as -

- semb1r . Figure 6 indicates, for example, that to maintain a moisture conten t
of 1Q to 12 percent a relative humidity of 80 to 85 percent is required . ht
a curing chamber temperature of 210°F ., such a relative - humidity requires a
wet .,bulb temperature of 199° to 202 0F .

Humidity refers t'o the amount of moisture vapor in the atmosphere .
Absolute humidity' is expressed in terms of the weight of water vapor per unit
volume of air . For example, at ordinary factory conditions the amount o f
moisture in She air may amount to 5 grains of water vapor per cubic foot . T
Relative hi'i idity' is th'e ratio between 'thd amount' of moisture present . and the
amount of moisture''rbquired to'saturate the atmosphere at th e - eame'tempera-
ture . For example, if a factory operating at a temperature of '70°F . contains
5 grains of water vapor per cubic foot, its relative humidity is 61 percen t

. since the atmosphere at'70°F . will contain 8 grains of water vapor when
saturated (100 percent relative humidity) . .Iie moisture holding .capa6ityof-
the atmosphere is greatly increased with increase in temperature-(approxi -
mately doubled for each 20° rise in-temperature) . At 210'°F . t4he capacity o f
the atmo-sphere rises to= 255 grains per cubic foot, and a , relative humidity of
80 percent: requires about 210 grains' per cubic foot . It•is obvious that in :
order to provide su ficient humidity in a coring chamber to avoid drying of -

the g1ued'assemb-ly ;"fit becomes necessary to add considerable water vapor- t6 ,
the atmosphere . This is most conveniently done by admitting live s~teani (jet '
or spray) into the chamber, A highly insulated and vapor tight chamber is

	

r
recommended for this use .

904 . Curing chamber operatio n

The curing chamber may use the principles of operation of the moder n
lumber dry kiln, 'in ovhich' heat is provided by steam-heated co'i'ls, humidity i s
provided by steam jets or sprays, and circulation of air is provided b y
mechanically operated fans . Temperature may be controlled by a thermosta t
operating en .the heating coil, and relative humidity may be controlled by a
wet-bulb.therinostat operating on the steam spray lines It is•possible t o
secure required control by hand- .valve-operation but - the use of recording- ,
controller instruments for both temperature and relative humidity is preferred .

Heate'd-'curing of the clamped laminated, assembly glued with a low -
teraperature phenol should be-,in within 7 days after gluing, and during tha t
time the assembly should'be'held in clamps at a temperature• of not less tha n
40°F,. When-the assembly has been placed in the curing chambe r , and •the' heat-
ing process begins { •it is desirable to heat the chamber at-a rate that will
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require 2 to 3 hours to reach 210°F . This will ordinarily remuire-:the use of
all heating coils available . The steam-spray supply'should be throttled t o
avoid'building up the humidity to the point where condensation will appear o n
the-glued timber but the humidity may be raised •as . fast as this limitation
will permit . Lapid -circulation of air in the -curing chamber is helpful in
bringing about uniformity of curing conditions .

	

•

?bile recorder--controllers are usefml in controlling the temperatur e
and relative humidity in the curing chamber, they do not record the tempera- ' -
ture inside the laminated timber : : Thermocouples, •however, may be placed at :
any desired points in the glue lines while laying the assembly, and-the tempefa -
ture in the timber at these points can be read at any time during the curin g
operation by means of a potentiometer (electrical thermometer) . ; ;hile curve s
shown in figures 9 to-•20 indicate the temperature readings to be expected i n
the center of laminated assemblies during curing, they are subject to change
whenever heating conditions in the chamber are varied, and often some correc-
tion must be made . The use of a potentiometer to check the interior tempera -
tures during curing is recommended, particularly when laminating the first. few .
timbers of any size or shape ,

After the curing by heating of the timber has been completed, it i s
necessary to, cool the timber to room temperature without appreciable drying ,
to avoid surface checking . Ordinarily, cooling is accomplished by shutting
off the steam supply to'the heating coils and to the steam spray . Water vapo r
will•escape during the cooling' period, however, usually so rapidly that the
relative , humidity becomes itedtlear.:•and--di ring •and checking of the surface of
the wood take place . • It is important, therefore, to Control the-relative
humidity during the entire cooling•period . If this is attempted by admitting
some steam spray into the chamber, heat also is admitted and cooling is re -
tarded. A satisfactory method of rapid cooling is to inject a• fine water

;'spray or .mist into the circulating ait*•inthe curing Chamber during the cool -
ing period . This introduction of-water pray or nist, however ; should not b e
permitted to. wet the'gluod timber . Laminated timbers may be cooled satisfac -
torily from .210° to 100°F . as rapidly as at the rate of 1 hour per inch width
of timber .

Cooling Preferably should be carried to a temperature within 25°F .
of room temperature before removing the timber from the chamber .

9 .5 . Thermal expansion

In the process of curing in .the heated chmber, both -the metal re-
taining clamps and the wood will increase in dimension due to thermal expan-
sion . The coefficients of expansion'for steel and wood are given - as follows :

Thermal expansion of 'steel'-'O .000006 per °F . (i.

	

r liarxs ..Iechanical .
Eng . Handbook) .

Thermal expansion of oak . across fiber - 0 .000030 per °F . (mood
Handbook - p . 43) (11) .

Mimeo .N'o .R1431 .3146



The thermal expansion for oak lumber 'pis .approximately f±v times : .

that'ot. steel, Thus ',. in' heating the .clamped assembly ; the total thermal : ex- . ' P
pansion of the wood . (without°.change in moisture content)'will be greater th rr _

that of the steel =•retaining : clamps, and -crushing of the reau s under the clamp

heads re .ults ;.- The : greater expansion of the wood will result in increased .

pressure on the glue line, but in the early stages of heating :the clamps will *

heat faster than the wood assembly and there may be danger of reducing th e

pressure if'the :curingehamiaer. is heated :too rapidly . This is one reason why

it Is preferable to-extend the heating period over 2 to 3 hours . Further, the

. initial-setting of :the glue may have taken place before the extra expansion of

the wood=devel,eps ;6$ increased pressure , , and by that time an increased pros -

sure may no loAger .be .beneficial to the glue line . Upon cooling, the woo d
contracts more than :the .clamps .and the clamps will appear loose when curin g

and . cooling have-.: been completed•. . Loose clamps ors cured and cooled assemblie s
is not-an indication .of inadequate pressure during the caring. process .

10 .0 . S CE	 REQUIREMENTSA D Eo,U1l3wT 1JECE S.hR_X F0I_. UIJU&TIN•G STLAIGUT
h D COINED `PI'_dERS

	

___ ..

10 .1 .	 Plant . space requirements

	

=' '

The amount of Boor space :.reeuired fon a plant to engage in=the '
laminatien•of straight and•ourved timbers ..will,depend on three major .points:'

(a) Facilities for kiln drying, storing of i' ln-dried lumber, and machining e
of material before laminating ; (ip) the anticipated daily production ; (c)the
size and the shape of the : laminated material .

	

-

	

-

Assuming that plants intending to engage• in this type of. fe.brica .- .
tier), already have facilities for drying and _storing lumber and have-.determined
then- . expected daily output, .the remaining factor that-will determine th e
amountof , floor space required wil1< .be the type of material to be manufactured .

If the material to be fabricated is to consist largely of length s
longer than those procurable from-the standard lengths of lumber, provisio n
must. be made for the scarfing operation inyolving the -l•ong. lengths to be manu-
factured .' The required space raust be • long, but it can be comparatively narrow .

Since the operations of scarfing, gluing of scarfs, and their cur -
ing precede final surfacing, it is not essential that these operations b e
done in the same space or department in which the final as"sembl y ' , s 'under-
taken. -

	

'

It is difficult to predetermine the total ,area required for lami- .
nating becaus e - the sizes of laminated timber to be produced and the produc -
tion capacity must g .vern: . !i ,final ,•assemblies are often . heavy and awkward
to handle,'ar:eas containing wide, clear spans and freedom from columns are .
desirable .

'Space should be provided for inspection of lumber and the assembly .
to the final pack-age size prior to the spreading of the glue . This will per -
mit the spacing of scarfs and the assembling of the proper number of piece s
for each package .

i.ime b .Id .R1k3 t
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The ideal inspection and assembly of laminations before gluing ma y
progress on roller conveyors that permit constant flow of material assembled
in package form ready for spreading . '

The space ' renuired for spreading is slightly more than twice the
length of the longest member to be fabricated . Some saving in space can be
made by mounting the spreader on casters so that flexibility in assembly i s
possible . By this method the spreader can be placed at the head end of th e
clamp bed or jig, saving some s pace in depth. If flat material is to be
fabricated, and provision is made for curing in a separate chamber, it will b e
desirable to glue-and clamp the assembly on ' movable trucks or dollies . The
glued material clamped on the movable trucks or dolliesis then-moved to out -
of-the-way convenient storage and accumulated until 4 sufficient quantity has -
been assembled to charge the curing chamber .

The space requirement when using fixed clamping beds or jigs is some -
what greater, but such plant layout has advantages if the =material is to be
cured on the bed . The beds nay be in rows in order , that heating facilities can
be easily installed and the finished material may be easily removed by meehani .,
cal means from the clamping beds . The total space'reruirement for fixed-be d
type of operation will depend upon the number of fixtures needed for the re-
quired curing cycles and the desired production capacity .

Separate curing chambers are desirable but on certain types of larg e
curved members that are difficult to handle it will be necessary either to pre -
cure 'or fully cure these members in the jigs in which they are formed, due t o
the danger of distortion when moved . The fabricator should anticipate thi s
condition in laying out-his plant facilities, and even though a separate cur-
ing chamber is provided, a - certain number of adjustable fixtures should be s o
equipped that the packages may, if :necessary, be cured inplace'in the jig .

As the weight of the finished laminated material :with the clamps added .
may exceed a ton or more, consideration must be given to the handling problem .

Overhead hoists will be most effective, but'floor cranes can also b e
used effectively,-if of .a design and size to span the curing beds : If trucks '
or dollies are used, a level floor is necessary . Otherwise distortion will
develop in the package and it will take a permanent set . This danger is mos t
pronounced in thin packages„ Precaution should be taken at all times to se e
that the laminated packages in retaining clamps are evenly and . well supported
to prevent distortion .

10 .20 . PLA,11T EQUI?' ENT

10 .21 .	 Drykilns

The fabricator should have at his plant, or have access to, kilns
of such design that lumber for laminatin g. ca,n .be uniformly dried, stress free ,
to the high degree of accuracy and balance between shell and core necessary
to meet the specifications and the requirements of good laminating procedure ,
Equipment for testing moisture content of lumber must be available .
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10 .23 .	 Edje andscarf-joint gluingequipment

(a) Clampingequipmentfor edge gluing may consist of hand
clamps, clamp ' carriers, piling clamps, or other types o f
screw device to apply and hold pressure satisfactorily on
the edges of boards during the operations ofedge gluing
and procuring,

(b) E uipment for end soarfin of lumber may be a saw, shaper ,
enoner, or any other device that will produce the fingered ,
plain, or serrated surfaces of the slope and uniformity re -
quired .

()Scarf gluing clamps may be presses, C-clamps or any suitable
retaining device to apply and hold pressure during the gluing •
and curing of scarf joints .

Storage of kiln-dried lumber-- The fabricator should have facili -
ties for the dry storage of kiln-dried lumber in enclosed and heated build .
ings „

10 .22 . Sawing -ecuitrnnent

The fabricator will require the following woodworking machinery, to .
properly fabricate laminated material .

,;.• .

	

(a) Chain feed rip saws capable of ripping a true straight edge ,
suitable for the edge gluing of lumber .

(b) Cross cut saws for trimming boards and removing defeats .

.(o) Band;2resawo- 'Thd . need ..nfia hbndr tesaw will-be__goaernedslargel y
by the product to be made . If much curved material will b e
manufactured it may be considered essential, but the thicknes s
requirements of flat stook do not make this machine a, necessity .,.

h

	

However, if stock is going to be made in multiple widths in
order to take advantage of maximum economies in production ,

' a resaw is essential for splitting the wide assembly into th e
final units .

r ,e

10.24 .	 Surfacing

(a) The rough planer is used for the initial surfacing of both
sides of kiln-dried rough lumber .

(b) The cabinet surfacer is an essential piece of equipment . It
should be a double- cylinder, ball-bearing machine capable
of being set to surface accurately within Close _limits . It
should be not less than a six-roll machine ..
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10 .25 .	 Glue itorage and spreading

(a) Storage facilities for, glue-- Adequate storage facilities mus t

be available to store glue at cool temperatures . Some means
of refrigeration should be provided in order .that tempera-

tures of 400 to 60°P .. may be maintained in the storage room .

(b)• Glue'spreaders--'The equipment for applying glue to the lami -
nation races should be a double rubber-roll resin-glu e
spreader, adequately adjustable,, with doctor rolls to conc. .
trol thickness of spread . The rate of feed'should be 50 '
to 100 feet per minute . Suitable weighing equipment i s
essential for checking glue spread : A 'single roll spreade r
is necessary for edge gluing . :

10 .26 . Jigs, forms, and clamps

(a) Clamping,,jigs, beds, and fixtures-= The type of jigs, beds ,
and fixtures necessary will depend largely on the type of
laminating to be done. It is desirable that the jigs fo r
bent work'be readily adjustable to conform to various curva -
tures . The use of fixtures that are rigid and nonadjustabl e
is apt to be costly unless large quantities of timbers of a
given size and curvature are required . All jigs and fixture s
should .permit the finished package-to be readily removed from
the form, but must be sufficiently strong and rigid to with -
stand the pressures of bending curved work to the contour o f
the jig without deformation. Flat beds for clamping of
straight timbers should be of such construction that the
material can be prevented from slipping during the clampin g
operation .

Provision should be made for the mechanical handling o f
heavy members by overhead hoists, by floor cranes, or by
other lifting equipment .

(b) Retaining clamps-- Retaining clamps should be sturdy aigd
readily adjustable for differently sized packages . It is
desirable that the clamps have some compensating device to
adjust the pressure equally throughout the package gros s
section and to apply pressure equally across the faces . .
I.-beam retaining clamps or other types of -frame clamps cam
be used . The heads and bases should be sufficiently rigid
to prevent distortion during clamping and should be. aapabfe'
of maintaining pressures up to 12,000 pounds total load per
clamp .

	

10 .27 .	 Curing chamber s

The curing of laminated timbers glued with available and approve d
low.ptemperature phenolic resins reouires the accurate control of temperature s
and humidities in the curing chamber . , The closest approach in a woodworking
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:plant to: the kind of control required is by the dry kiln, which seldom, how ..
ever, has been-designed or constructed to maintain the high temperature an d
relative humidities required for this purpose . The principal defect in kiln s
is that they .are .not sufficiently vapor tight . .Dry-kiln equipment, however ,
can be satisfactorily used if it is provided with : .

(a) , Ileating coils ample toheatthe chamber to 210 °F . in a
period of5_qr_ 4 hours . The heating system in a•chambe r
not over'50 :feet•long and installed in a return-bend
system will ordinarily, under-thermi tatic control, b e
able .-toprovide a uniform temperature distribution, It
is desirable :to-have the heating system subdivided int o
several sectien s . .so that only . a portion of the heating
coils need be used .after•the chamber has become heated .
In long chambers, such as 100 feet or more, it is desir -
able .•to have a heating system for each end, separately
controlled by thermostat, to maintain uniform temperatures .

(b) Highly vapor ti$ht,a xd well insvlated buildiu gonstruction .
• . .~ ,The vapor pressure,,*ithin the curing oharhber at - 210°F . and

, 80 peveent'•relati -e humidity is approximately 12 pounds per .
square. .in:eh, and structural openings ; = cracks, or permeable
wall materiai s gwill permit considerable vapor leakage . It

.~• . is desirable that the chamber structure have an .inner face
-' '

	

through which water vapor cannot pass readily . Painting
the inside faces w$th a good grade of asphaltic kiln pain t

,,°. is very helpful . 0Utside .faces should not be vapor tight .
In addition to providing a vapor-tight construction, th e
chamber"should• also be .wdll rnsiilated against heat loss to
avoid oondensat-ion on the' interior faces-of the chamber .
The use' of live.,steam spray controlled by a wet-bulb thermo -
stat is satisfactory and practical for supplying the re -
quired humidity .

equiZ5
ti
diet described .

	

'

(c) Forced	 aircirculation system.' The control of temperature
and relative humidity uniformly to the curing requiremen t
for the glue is .muoh easier to maintain if there is mechani -
cal equipment for producing definite circulation of the .air
in all parts of the curing chamber . The circulation of ai r
in the eura;ng .charr).ber may be readily observed by releasing

; .; chemical smoke (titanium tetrachloride). into the chambe r
while cold with circulation•system .in operation . It may
be possible to provide sufficient control of temperature

The wall construction of a dry-kilnLtype bf curing chambe r
may be of conventional hollow tile, brick, or similar
materials . In smaller units, the use of a vapor-tigh t

- cement-asbestos. board interior lining, over wh1 ph insulat- '
ing board is'appLlied ; and interior joints sealed with

. asphaltic -plastic is satisfactory for use .inside enclose d
b'uxadings . Pr'ovis5on •for heating, humidifying, . circula-

• - A ton of air, cooling and -automatic instrument control in
' the 5 small chambers are the same as for the dry-kil n
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and humidity during the heating and curing periods b y
natural circulation augmented by steam spray effect ,
but such circulation would largely disappear during the
cooling process . The cooling process cannot be controlled
to maintain a high relative humidity without the use of
mechanically-produced circulation .

(d) Equipment to provide high humidity during cooling . i .Mile
•

	

steam spray may be used to provide humidity during heat-
ing and curing, it is undesirable during cooling sinc e
it will admit heat also . The use of a water mist or fo g
injected into the circulating air by spray heads or by an
air-operated spray gun is satisfactory .

Another successful type of curing chamber for interior us e
has been provided by enclosing the glued assembly, heatin g
coils, and steam spray, with'or without mechanical equip -
ment for circulating the air, with a rubber-treated canva s
that is highly vapor tight . The useful life of such can-
vas covering may be relatively short but may be practical
in certain uses .

It is desirable to have the curing chambers located wher e
escaping vapor will not interfere with moisture condition s
in the plant .

10 .28 . Control instrument s

There are certain instruments that may be considered essential t o
the fabricator of laminated material, as follows :

(a) Shear testing equipment for testing the strength of glue d
joints .

•(b) Potentiometer (electric thermometer), essential for determ -
ining temperatures within the package during heating an d
cooling . This can only be done accurately by the use of
thermocouples .

(e) :oisture meter . This should be of the resistance type an d
is desirable for rough checking lumber prior to laminating .

•(d) Torque wrenches, for applying and testing the proper pres-
sures on the gluing clamps .

(e) Cenpressometer or hydraulic jack with gage . This is desir-
able in order , to check the pressures developed with vari -
ous types of clamps in order to set torque wrenche s
properly .
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(f) Scales . 4z accurate triple-beam balance, or its- equal in
. accur°eecy, to be capable of neighing to i/10 gram for

. 'determination of glue spread . '

	

-

(g)'Micrometers,' Por eheeking accuracy of surfacing stock
before laminatingr These-should be screw type and not
the dial . in&ieator ,

' (h) Slip-on gago . 'V or convenient and rapid checking of thick -
ness of dressed lumber !

11,0 . 'MACHINING OF MIN1tTED ASSE MLIES

	

-

The amount of 'machine work that it is neee'ss .ary to perform on lami-
nated assemblies will be'largely governed by austoker requirements . -

After the retaining clamps hav..& been re=_eved, the .firat operation .
is the removal of the surplus glue caused by "squeeze-out" . This operation
can be• sdt'isfaatorily performed with a hoe-shaped steel hand scraper . As the
glue is brittle, it is removed with comparative` e-ase . If the laminated membe r
is to be surfaced on fdur sides, and ..a four-side matcher is available, the lum-

ber can then r be run Ehr 'ough this machine, the ends trimmed, and the piece is
then ready f-of shipping. If a four-side matcher is not available and the
member shows any distortion, one edge should be squared with a power hand ahr -
Pacer . After this has been dyne, the piece can then be put through a doubl e
surfacer for preparation for shipment . On some curved sections ; it will be '

impossible to surface by mechanical means . Timbers of this kind will have'to'- .
be machined by hand, and for this purpose power-driven hand tools are necessary .

1 4 .

In the interest of economy in manufacture ', it will be advantageous
in the fabricating of many laminated assemblies to make the assembly i n
multiple widths . A factor of importance in such. fa.brieation will be the
difference in titre required to cure the larger package as compared to th e
smaller units . then assemblies are made in multiple widths, the edges shoul d

'be surfaced before resawing .

In breaking down heavy timbers on the re Saw, it is desirable to '
break than down to the lightest possible units by -weight as soon as possible .

For this purpose it is best to reduce by halving through each successive pas s
through the ream .

The end truing of timbers can most generally be done by a smal l
electric-powered circular saw . On extremely-bulky members of large •size, -

= hand trimming may be necessary .

- =Machining operations, other than four-side surfacing and en d
trimming,, will' depend upon , austomer's . requitements . fi
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12 .1 . EM coating

The customer for heavy laminated timbers will undoubtedly specify
some particular type of end coating to be applied to the member after trimming
and before shipping, Thi s , is desirable in order to avoid end checking :of the
finished piece . Resin varnish sealers, phenolic resin, lead and oil paints ,
and other coatings give satisfactory results .

12 .2 . Surface coating

The customer may require surface obatiug or treatment of laminate d
material to protect it against weathering, stair., or fungus attack. These
treatments should, of course, be applied after all machining operation s
necessary on the assembly have been completed . Small members can be dipped
in, the specified coating before shipment but larger members will requir e
brish coating, or spraying . Even thopgh the customer does not specify pro
tective coatings, it is well to give serious consideration to the use of some
surface protection that will not interfere with the subsequent use or finish.•
ins of the laminated timber.

	

-

12 .3 .	 Bundling and wrapping

Since a finished laminated assembly may be considered a semi ..
fabricated product, reasonable . protection should be•given, particularly t o
the ends of the pieces, in shipping., 'Specific details for bundling an d
wrapping are usually included in purchaser's specifications .

12 .4 . Crating and bracing

The customer may require that certain types of laminated product s
be crated for shipping . The crating of curved sections presents some diffi-Y
culty . Thin resawn material can be steel strapped to the inner and outer
faces of a curved member, thus providing reasonable protection ; especially
if square cleated around the package at suitable intervals . Problems of this _
kind are usually arranged between the fabricator and the purchaser, .depending -
upon the degree of protection that must be afforded the final products ,
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Figure 5 .--Some defects in wood. A. Round intergrown knot . B . Oval
encased knot . C . Spike knot, intergrown for most of its length .
D . Pronounced compression failures . E . Bird pecks .
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Figure 21 .--A, equalizing head type of retaining clamp used in applying pressure to
laminated assembly . B, bent laminated assembly in universal jig . Draw-up clamps
provide additional gluing pressure .



Figure 22 .--A, bent laminated glued assembly clamped in solid form, ready for curin g

operation. B, canvas canopy dropped over lam.mated assembly to serve as curing

chamber . Fan at end furnishes recirculation of air . Heating coils and steam

spray in chamber, thermostatically controlled, provide necessary temperature an d

. humidity conditions for curing glue . Canvas, specially treated, provides vapor -

tight construction .
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