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ments having thickness ranging from 0.3 mm to 8 mm
including chips, shavings, strips, strands, fibre bundles,
slivers, fibres and peeled and sawn veneer sheets, have
applied to their surfaces an aqueous solution of ammo-
nium polyphosphate or soluble acid phosphate salt sup-
plying from 0.15 to 0.40 parts of P>0Os as phosphate ion
per part of fragments by wetght, and particulate cement
solids comprised of MgO or CaO or Mg(OH); or Ca-
(OH); or MgCO3 or CaCQO3 ranging from 0.25 to 1.0
part per part of fragment, and from 0.01 to 0.80 parts of
inert filler particles and the mixture is molded and held
under predetermined compaction pressure until the
product has ngidified, in about 10 minutes’ times. The
molded mass is held under compaction with unit pressures
in the range from about 0.3 to about 14 kg/cm<. The
process 1s practically immune to cement poisoning sug-
ars and polyphenolics which were found to be detn-
mental to other cement mixes.

61 Claims, S Drawing Figures
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1

METHOD OF ADHERING MINERAL DEPOSIT IN
WOOD FRAGMENT SURFACES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue,

This invention concerns an improved process for
bonding or combining lignocellulosic fragments with
mineral mmorganic binder matenals and forming the
admixture 1nto a structural product.

The invention particularly relates to such processes
wherein the binder matenals comprise selected alkaline
earth metal compounds and solutions of salts of phos-
phoric acid reactive therewith capable of developing a
bond mass which is distributed initially on fragment
surfaces as a gel coating that sets rapidly to a rigid
stone-like solid strongly bonding the fragments to each
other.

Fragments having thicknesses ranging from 0.3 mm tn 8
mm including chips, shavings, strips, strands, fibre bun-
dles, slivers, fibers and peeled and sawn veneer sheets, have
applied to their surfaces an aqueous solution of ammonium
polyphosphate or soluble acid phosphate salt supplying

Sfrom 0.15 to 0.40 parts of P10s as phosphate ion per part of

fragments by weight, and particulate cement solids com-
prised of MgO or CaO or Mg{(OH); or Ca(OH); or
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MgCOs30r CaCOsranging from 0.25 to 1.0 part per part of 30

Jragment, and from 0.0] to 0.80 parts of inert filler parti-
cles and the mixture is molded and held under predeter-
mined compaction pressure until the product has rigidified,
in about ten minutes time. The molded mass is held under
compaction with unit pressures in the range from about 0.3
to about 14 kg/cm?.

The present invention is based on the discovery that
when a major volume proportion of lignocellulosic
fragments are admixed with aqueous solutions of phos-
phoric acids or solutions of nearly neutral phosphate
salts, particularly aqueous solutions of ammonium salts
of polyphosphoric acid in amount to partially impreg-
nate the fragments, and the admixture is then dusted
with a minor volume proportion of magnesium or cal-
cium oxides, hydroxides, or carbonates, a bond mass is
developed at the fragment surfaces which sets rapidly
from a gel phase to a strongly adhered rigid concrete
integral with the fragments regardless of the presence of
sugars, phenolics water or extractables in the fragments.

Products molded by the processes according to the
invention may comprise any of the common structural
shapes such as boards, panels, slabs, beams and blocks,
and may comprise frames, trusses, poles, tubes, and
virtually any castable configurations. Such products
may be made economically with little or even no mixing
in a wide range of product bulk densities according to
the degree of compaction maintained during setting,
and require very short molding and curing times. Such
products after curing are flame resistant, rot resistant,
weather resistant, and are not attacked by termites.

BACKGROUND OF THE INVENTION

Heretofore much effort has been made to realize
lightweight and low-cost concreted products utilizing
as filler material lignocellulosic fragments, and employ-
ing as bonding agent some form of mineral cement, to
produce building materials. Typical cements have com-
prised Portland and other hydraulic cements and pozzo-
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lans, and magnesta cements such as Sorel cement. The
problems of forming products of adequate strength and
with densities less than unity arise because of inferior
junction bond strength. that 1s, the adherence of the
mineral mass to the woody filler. An understanding of
the composition of wood fragments, and the chemistry
of the reactants producing the mineral bond mass, may
be gained by considering the following discussion.

Woody plant structures comprise arrays of hollow
cells (tracheids) having fiber constituents compnsed as
cellulose which 1s present as high-polymer strong mi-
cro-fibril wall structure surrounded by non-fiber carbo-
hydrate, constituents which encompass the lignins, sug-
ars, starches, extractives, proteins polyphenolics, resins,
waxes, fatty substances, and gums. Various sequestered
minerals may also be occluded, chiefly silica. When
woody plant matenals are comminuted to product frag-
ments by mechanical processes a wide range of frag-
ment shapes, [porosites] porosities, pore opening area,
sizes and ratios of surface area to volume can be pro-
duced; for example, the fragments may be crumb-like
saw-generated particles and dusts; rough lumps, slivers
and dusts made by hammer milling or hogging; puip
fibers made by wet grinding; and shavings, veneers,
strands, wood-wools and excelsiors made by slicing
with knife-edge tools.

The prior art has shown amply that although frag-
ments of a range of sizes may be admixed with a minor
volume proportion of cementitious binder material such
as 2 hydraulic cement or magnesium oxychloride ce-
ment, the cast product may be useless due to poor bond-
ing between the gelling bond mass and the fragment
surfaces, or due to poor setting or even total absence of
setting of the [bonder remants] binder reactants. For
example, any attempt to make a lightweight concreted
product using Western Red Cedar (Thuja Plicata) frag-
ments made from bark-free boles, combined with
Portland cement, results in a non-setting mixture which
never hardens or forms a bond. The failure to achieve
set has been ascribed to the detrimental effects on the
cement hydration process of certain extractives, chiefly
wood sugars and polyphenolics. Poor sets with hydrau-
lic cements also result from combinations of many other
wood species, notably most tropical woods, and at the
present time cement-bonded compositions are restricted
to a few species such as the spruces (Picea Stitchensis),
true firs (Abies Sp.), aspens (Populus Sp.) and some
pines (Pinus palustris, Pinus Lambertiana). However,
even preferred species which have lesser amounts of
adversely-reacting extractables require precleaning and
migration-blocking treatments to either remove mhibit-
ing substances, or to seal fragment surfaces, or to con-
vert near-surface contaminants t0 Innocuous residues.
The contaminating substances present in untreated frag-
ments become partly dissolved as water from the ce-
ment slurry migrates through the fragment openings,
and the extracted material has ample time to become
distributed in the slurry to impede or prevent gelling; it
may also be conjectured that the fragment surfaces
become coated with extracted matenal, impainng the
adherence of the bond mass.

Typical treatments hitherto resorted to comprise: (a)
impregnating fragment surfaces with soluble metal salts
such as chlornides of calcium or magnesium, which has-
ten the set of hydraulic cement slurry adjacent the frag-
ment; (b) digesting extractables at and near fragment
surfaces by treatment with baths of lime or caustic soda.
with or without further stabilizing by a pozzolan or a
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polyvalent metal salt; and (c) loading surfaces of frag-
ments with a mineral gel, e.g. sodium sthicate. Despite
such costly pre-treatment procedures, which necessitate
at least an additional drying step, the adhesion of the
mineral bond mass 1s relatively poor, as compared for
example with that of thermosetting resinous adhesives
currently employed for bonding wood fragments as
boards. The inferior adhesion of such prior junction
bond masses to wood fragments is thought to anse from
the fatlure to develop a gel phase of reacting binder
materials extending within pores and lumen openings
presented at fragment surfaces, with consequent non-
mntegral deposit of mineral bond mass following harden-
ing. Such bonding as is observed i1s speculated to be
mainly the result of embedment of fragment portions by
a partial matrix of the bond mass. Examples of pnior art
lignocellulose/mineral composite products are de-
scribed in United Kingdom specification No. 1,089,777
of Nov. 8, 1967, and in U.S. Pat. Nos. 2,175,568 of Oct.
10, 1939 to Haustein, 2,837,435 of June 3, 1958 to Miller
et al, and 1,568,507 of Jan. §, 1926 to Jaeger. Nailing
concretes are described in United States Department of
the Interior, Bureau of Reclamation text “Concrete
Manual”, Sept. 1949, pp. 351-352.

The pnior art has proposed dry cement compositions
compnising phosphorous containing compounds includ-
ing phosphoric acid, and basic metal oxides such as
aluminum and magnesium oxides and their oxyphos-
phate compounds, settable on mixing with water to
form a concrete binder, as dislosed in U.S. Pat. No.
3,525,632 dated Aug. 25, 1970 issued to Enoch, C. R.
Such cements are intended to be used with mineral
aggregates.

A number of prior workers have combined water-sol-
uble or dissolved acid phosphates with magnesia in
rapid-setting compositions incorporating refractory
fillers. In U.S. Pat. No. 2,456,138 issued to Wainer,
dated Apr. 5, 1949, a mold of this type uses ammonium
di-acid phosphate and dead-burned magnesia as cement-
Ing constituents which set rapidly to a refractory solid.
Gunning mixes for repairs to linings of metal-melting
furnaces have proposed alkaline polyphosphates, iron
oxide, with magnesia or chromite non-acid constituents,
in U.S. Pat. No. 3,278,320 dated Oct. 11, 1966, issued to
Neely et al. Suggested polyphosphates named include
sodium and ammonium polyphosphates.

Another wet-chemistry composition intended for a
casting Or pressing mix in repairing furnace linings has
been proposed by Limes et al in U.S. Pat. No. 3,285,758
issued Nov. 15, 1966 using ammonium polyphosphates
in water solutions of analysis 109% ammoniacal nitrogen
and 34% P10s, further diluted and mixed with a minor
weight proportion of magnesia or calcined magnesite
and a major proportion of refractory aggregates.

A similar composition intended for very rapid chemi-
cal reaction and gunning application to hot oven walls,
disclosed in U.S. Pat. No. 3,413,385 issued Nov. 26,
1968 to Komac et al, utilizes mixed ammonium phos-
phates combined in the gun with a minor weight pro-
portion of magnesia dispersed in a dry aggregate.

It has been proposed in U.S. Pat. No. 3,821,006 i1ssued
June 28, 1974 to Schwartz to make a castable concrete
by admixing water to dry constituents comprising dead-
burned magnesia, an acid phosphate salt such as ammo-
nium orthophosphate, and a finely-divided inert aggre-
gate, utilizing heat of the exothermic reaction yielding
magnesium phosphate binder to set the concrete within
minutes and develop a cure within a day.
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A fast-setting concrete of low porosity disclosed in
U.S. Pat. No. 3,879,209 1ssued Apr. 22, 1975 to Limes et
al, 1s made with 15 parts by weight of 34 percent P->Os
ammonium polyphosphate solution and an equal wetght
of — 150 mesh magnesia, admixed with 70 parts lime-
stone, dolomite, sand, or gravel, 3 parts salt, and 15
parts water; such concrete develops an early set and
high compressive strength in a few hours.

The formulation of a substantially dry mix wherein
one constituent 1s an acid that 1s normally liquid such as
hydrochloric or phosphoric, or ammonium polyphos-
phate solution, and another constituent is alumina, dead-
burned magnesia or chromite, is proposed in U.S. Pat.
No. 3,475,188 dated Oct. 28, 1969 tssued to Woodhouse
et al, wherein the liquid chemical is adsorbed in a chem-
ically inert pulverulent mineral solid such as bentonite
or kieselguhr. Upon adding water to the dry mix the
bond-forming liquid is flushed from the absorbent min-
eral to react with the base constituents to form a refrac-
tory solid.

While the formulations hitherto proposed are effica-
ceous in binding granular mineral aggregates such as
refractories to form high-density products, the substitu-
tion of wood fragments in the mixes has failed to pro-
duce high-strength, low density structural products.
Only when a major volume proportion of mineral ce-
menting materials ts present, yielding product densities
well above 1.5 characterized by nearly complete occlu-
sion of any fragment in a mineral matnx, can products
of significant compressive strength be realised. How-
ever, the composite product proves weak in shear and
tension, due to inferior bond adhesion.

The binding together of mineral solids by a cement-
Ing agent essentially requires that such agent be a vis-
cous liquid, paste, or slurry, capable of wetting all sur-
faces of the mineral solids while plastic, and capable of
gelation and development of interlocked crystal groups
adhered to at least some portions of the aggregate mate-
rials. Cast bodies have high compressive strengths due
to the effective support column created by the cement
matrix surrounding the aggregate grains, but low tensile
strength due to relatively low shear strengths of the
bonds.

The problem of producing a truly strong lignocel-
lulose/mineral composite product has not heretofore
been met. As an objective, the production of low
weight structural products with bulk density under 0.8,
and preferably under 0.65, with Modulus of Rupture in
static bending above 10 kg/cm? and preferably above
100 kg/cmé4, is highly desirable in order to provide
cheap building materials utilizing forest and crop resi-
dues. Generally, the proportional limit of fiber stress for
average woods in tension is above 350 kg/cm? in air-dry
condition; the weakest strength 1s in shear parallel to the
grain, usually above 35 kg/cm?. It can therefore readily
be appreciated that provided a sufficiently strong junc-
tion bond can be developed between assembled wood
fragments, structural products potentially having excel-
lent Modulus of Rupture strength properties would be
feasible. The following discussion elucidates the prob-
lem of achieving such structures.

DISCUSSION OF STRESSES IN MOLDED
COMPOSITE MINERAL-BONDED
LIGNOCELLULOSIC FRAGMENT

ASSEMBLIES

When wood fragments in a range of sizes are packed
together with a binder matenal in such volume propor-
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tions that the binder volume is a fraction of the actual
wood volume, and the binder coats the fragment sur-
faces to form hnking and bridging domains between
adjacent fragments pressed together under molding
pressure, the product inherently includes voids. If very

great compaction pressures are applied, the void vol-

ume may be less than 10%; however when assemblies
having densities of 0.5 to 0.9 are desired the ratio of
internal spaces to total molded volume may range from
30 to 75% or more. It will be evident that the stress-
resisting structure 1s weakened by the presence of such
voids as compared to a specimen of whole, clear wood.

The ability of the composite molded assembly to
resist an applied load, as in pure tension, or as a column
In compression, Or a torque, or as a beam supported at
its ends subjected tO a load intermediate the ends, will
depend on the ability of the fragments as laid up and on
the junction bond cross-section and strength to with-
stand the localized stresses. The directions of principal
tensile and compressive stresses do not follow smooth
curves, as in an ideal homogeneous beam, because of the
presence of wvoids. Consequently, in light-weight
molded structural products the bond adhesion to frag-
ment surfaces, and the actual sirength of the binder
itself, are the critical parameters which determine the
capacity of the molded product to resist loads.

In panels, sheet, post, beam and slab product forms
which the invention primarily is intended to make, an
analysis of the stress-resisting structure undergoing
lateral bending as a beam will show the magnitude of
principal tensile stress to be maximum at mid-span and
parallel with the span length, the magnitude decreasing
and the direction of stress sloping increasingly upward
until it reaches about 45° at the supports. Because the
span length is a large multiple of the beam depth in
panels and boards, and since the constituent fragments
will usually have thickness dimensions a small fraction
of the beam depth, a large number of linked fragments
are involved in a three-dimensional chain or lattice
resisting the tensile stress, the fragments and their asso-
ciated bond bridges located along the lower mid-span
surface carrying the largest bond loads. A similar chain
or lattice adjacent the upper beam surface at mid-span
opposes the largest compressive stresses. When a facing
sheet of veneer or paper is adhered such member obvi-
ously shields the outer chains from part of the stress.

In any randomly compacted group of fragments
which are coated with a volume of binder less than the
amount that would fill all inter-fragment spaces, the
actual cross-sectional area of the junctions which are
included in any stress-resisting chain will be less than
the fragment cross-sectional areas. It will also be obvi-
ous that the bond bridges will have different directions,
i.¢. the fragment contact planes will usually not be par-
allel with the direction of the principal tensile stress,
hence the bridges will be subjected to varying propor-
tions of shearing and tensile stresses. Because a chain is
no stronger than its weakest link it may be seen that
those bond bridges subjected solely or mainly to tension
represent concentrated stress regions limiting the flex-
ural strength of the product.

For the majority of fragments derived from stalks,
stems, boles and branches of woody plants and trees by
breaking or cutting operations, the exterior surface of
each fragment will be irregular and will comprise partly
crushed, deformed, and fissured fiber groups, present-
Ing a relatively large area of openings extending into the
woody fragment as compared to the minimum enclos-

10

15

20

23

30

35

45

50

35

63

6

ing surface for the fragment volume. Such individual
fragments therefore represent hgnocellulosic fiber
structure which s significantly less strong than the
volumes of wood in the plant or tree before the frag-
ment was removed. It becomes highly desirable. there-
fore, that the setting of the binder mass around and upon
the fragment should enhance the flexural and compres-
sive strengths as well as the flexural and compressive
moduli of elasticity.

More specifically, the nature of the desired junction
bond should be such as to lock the domain of binder
between and surrounding fragments integrally to the
greatest possible surface area of the fragments; this
implies a substantial penetration by binder material into
all fissures, apertures and pores opening to fragment
surfaces, and no degradation of the strength of binder
material by extractables present in the plant matenals.

STATEMENT OF THE INVENTION

The present invention contemplates a process for
making an adhered mineral cladding layer on a surface
area of a ligneus body by applying to the surface an
amount of ammonium polyphosphate aqueous solution
sufficient to initially wet the surface and a deposit of
particulate mineral solids such as magnesium or caicium
oxide, or magnesium or calcium hydroxide or magne-
sium or calcium carbonate in an amount to form a cling-
ing layer adhered to the wet surface, and drying the
body. The drying step is carried out by circulating air at
low relative humidity about the product at a temperature of
between about 10X C. and abou: 30° C., and recovering the
ammonia gas which is released as a by-product of the
reaction of the ammonium phosphate and magnesia from
the air.

The invention in a principal aspect envisages the use
of ligneus material which has a moisture content in the
range between essentially dehydrated state and about
100% by weight of water, and also envisages use of
particulate mineral solids in an amount of between
about 15 mg and 200 mg of MgO per cm? of the ligneus
surface of grain sizes ranging between 149 microns and
about 15 microns, with an amount of solution supplying
from 12 to 20 mg of P20s per cm? of surface. The frag-

ments have a moisture content between about 0.5% and
100% by weight prior to the application of the mineral
binder. The ammonium polyphosphate solution comprises
mixed ammonium phosphates including about 35% up to
40% of ammonium orthophosphate, about 43% to 50% of
ammonium pyrophosphate, about 9% to 1% of ammo-
nium tripolyphosphate, and about 2% to 5% higher am-
monium polyphosphates, a solution having an ammonium
content equivalent to a nitrogen analysis of 10% to 1!%
and having a phosphate iron content equivalent to a P10s
analysis of about 34% to 37% by weight. The solution
comprises mixed ammonium phosphates produced by re-
acting concentrated ammonium hydroxiode solution with
polyphosphoric acid having a P2Os content of about 83 to
produce an aqueous solution providing about 28% to 37%
of PyOs by weight.

In yet another aspect the invention may be under-
stood to provide a ligneus body having in its pore spaces
a deposit of ammonium phosphate salt and having a
surface volume of metal oxyphosphate compounds of a
metal which may be magnesium or calcium crystallised
in micro-cavities and recesses in the surface volume, the
body having an adhered mineral deposit of particulate
solids bonded together and to the body by said com-
pounds. There is applied to the surfaces and pour spaces of
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a mass of ligneous fragments, an aqueous solution of am-
monium phosphate or polyphosphate in an amount of from
about 0.85 to about 1.8 parts by weight per part of the
fragments calculated on their dried weight as a wetting
film supplying from about 0.22 to about 0. 70 parts of P10«

A stil] further aspect of the invention shows that the
invention as recited may provide the body with a salt
deposit of 40 mg to 70 mg per cubic centimeter of wood
volume and an adhered mineral deposit ranging from
about 65 to 400 mg per square centimeter of body sur-

face area.
It will also be obvious that when the fragments are

parallel-sided strips such as veneers, shavings, and ori-
ented slivers, laid up as stacks with the longest fragment
dimension parallel with the span length, the role of the
binder is mainly to resist shearing stresses, which in-
crease generally toward the span ends. As in conven-
tional multi-ply board products assembled from veneer
sheets, the adhesion of the binder should be such that a
significant shear failure of wood should result when the
product is tested to rupture rather than shear failure of
the bond.

The present invention is directed to improved bond
formation between a wide range of lignocellulosic ma-
terials available in nature and mineral binder masses
cementing fragments of such materials together as po-
rous compositions.

The invention is directed especially to providing
concreted lignoceliulose fragment assemblies which
have exceptionally high strength properties, as repre-
sented by the Modulus of Rupture in bending, while at
the same time having light weight and low cost.

The invention is also directed to novel methods of
admixing a basic metal compound such as magnesium or
calcium oxides, hydroxides and carbonates with a phos-
phate compound so as to anchor a metal oxyphosphate-
cemented bond mass intimately to lignocellulose frag-
ment surfaces, resulting in high bond shear strength.

[t is also a purpose of the invention to provide an
economical method of mixing and casting a composi-
tion having a major volume proportion of lignocellulose
fragments and a minor volume proportion of a magne-
sium [of] or calcium oxyphosphate binder mass ce-
menting the fragments together, the composition hav-
ing a high degree of flame retardation.

Other purposes and advantages of the invention will
be made apparent and the practice thereof exposed in
and by the following description of its preferred em-
bodiments.

From another aspect the invention is to be under-
stood as providing for the application of the mineral
solids as an initial layer of magnesium or calcium oxide,
hydroxide or carbonate followed by a second deposit of
larger grain sizes and weight per unit area, the initial
solids being of particle sizes ranging from sub-micronic
to a few microns and in amount of from about 1.5 mg to
about 3.5 mg per cm? of body surface.

The invention can be further comprehended as pro-
viding a process for attaching a metal oxyphosphate
mineral binder mass as an integral cladding on the sur-
faces of ligneus fragments bonding to the fragment
surfaces a mineral solids layer, and for imparting
strength enhancement, fire-retardancy and decay-resist-
ant properties to the fragments by an impregnation
treatment of constituent surfaces with an aqueous solu-
tion of ammonium polyphosphate and a deposition of
the mineral solids layer comprised of a magnesium or
calcium compound reactive with the solution to form
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metal oxyphosphate binder compounds, the solids being
of grain sizes in a range from sub-micronic to about 250
microns.

The invention also contemplates processes for attain-
ment of low density structural composites of board
form having a core portion of wood fragments incorpo-
ratitng surface impregnating amounts of an electrolyte
supplying phosphate ions and carrying an adherent
binder mass formed by the reaction of calcium or mag-
nesium oxide, hydroxide or carbonate grains applied as
a surface deposit with the electrolyte, the binder mass
bridging fragment portions as junction bonding masses,
the core portion being bonded to veneer sheets of wood
by the binder mass.

[t 1s yet another provision of the invention as recited
that sheet-like lignocellulose fragments are utilised hav-
ing contacting surfaces impregnated with an adhered
integral mineral binder mass comprised of the reaction
products with ammonium polyphosphate solution and
calcium or magnesium oxides, hydroxides or carbon-
ates.

The manner in which the invention may be put into
effect, and a description of its preferred embodiments as
directed to the production of a wide range of molded
composite products such as slabs, panels, boards, beams,
columns, posts [ahd] and hollow tubes, may be more
particularly understood from the description and exam-
ples which follow, to be read in conjunction with the
several figures of the drawing accompanying, in which:

FIG. 11s a greatly enlarged sectional view on a [ten-
gential } sangential splicing plane of fragmental portion
of a softwood (Pinus-Strobus L.) showing tracheids and
cell structure;

FIG. 2 1s a greatly enlarged sectional view on a tan-
gential slicing plane of a fragmental portion of a hard-
wood (Populus tremuloides) also showing wood cell
and vessel structure;

FIG. 3 is a graph diagram relating attained tempera-
ture with time following combination of magnesium
oxide with ammonium polyphosphate;

FIG. § is a graph diagram relating the proportion of
active MgO grains of specific grain size groups and the
weight of binder compounds produced by reaction of
the active portion with ammonium polyphosphate; and

FIG. 4 is a greatly-enlarged perspective view of a
surface portion of a softwood constituent carrying an
adhered deposit of mineral solids bonded to the wood
and to grains of MgO reacted to form the binding com-
pounds and phosphate deposit.

In the description which follows the examples given
are intended to instruct and guide in the application of
the invention to certain practical embodiments, which
are tllustrative and in no way to be construed as limiting
of the scope and utility of the invention.

PENETRATION OF LIGNOCELLULOSIC
PLANT STRUCTURE BY FLUIDS

Micro-structures of ligneus fragments cut from soft-
wood and hardwood species are shown in sectional
views, FIG. 1 and FIG. 2, taken on tangential-axial
slicing planes. As illustrative of the softwoods such as
spruce, pine, fir, hemlock and larch, FIG. 1 diagrams a
section in greatly enlarged scale of a fragment of eastern
pine (Pinus strobus L.) 10 having one sheared surface 11
lying in a diametral cutting plane, and, as viewed in
section in radial projection, exposing arrays of conical
cells 12 arranged as sectors of growth rings. Other cell
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arrays may be understood to lie at radially varving
distances of the tree bole.

The longitudinal tracheids 12 have lengths up to
about 3 mm and are of hollow tubular form, the lumens
13 which are revealed by the cutting and sectioning
ranging from about 5 microns to 10 microns in trans-
verse dimension according to the season when they
were generated. The tracheid outer transverse dimen-
sions are about 25 to 30 microns. A plurality of very
much smaller lateral openings 14, called ‘pits’, appear n
the side walls of the cells. Summer cells have relatively
larger lumens and radially thinner walls, whereas fall
cells have lumens which are nearly closed by cell wall
thickening.

The rupture strength of the cellular arrays in tension
is greatest along the columnar direction, with a lesser
strength in the radial direction, and least strength along
the tangential direction. The relative dimensions of
radially-extending wood ray cells 15 and of tracheids 12

3

10

15

may be estimated by reference to a surface deposit of 20

mineral grains 16 of grain sizes up to 100 microns maxi-
mum.

In FIG. 2 a similarly-cut fragment 20 of poplar wood
(Populus tremuloides) representative of the class of
hardwoods such as birch, maple, basswood, blue gum,
elm, or ash, has opening to its upper surface 21 not only
the reduced dimension lumens 13, but also spaced tubu-
lar vessels 22 formed by coalescing of a group of adja-
cent cells. The vessels may measure up to 30 microns
across, and are interrupted along their lengths at inter-
vals by plate members 23 formed with small apertures
24, which allow fluids transported along the vessels to
move through the discs.

In both types of wood, numbers of very small pits 14
open through the side walls of the cells, measuring
about 2 to 5 microns, and comprising only a very small
part of the total wall area of any cell. The pits communi-
cate between the lumens of adjacent cells, affording
means for lateral migration of gases or fluids in radial
and tangential directions of the wood.

The relative dimensions of hardwood cellular and
vessel structures may be understood by comparing the
sizes of grains forming a surface mineral deposit of
which the largest grains are of 100 micron size.

surfaces which are exposed to applied liquid and sohd
binder-forming materials may be understood, and mi-
gration and penetration by liquids into or out of the
wood, as well as transport of colloid products into
wood spaces will be made apparent.

Considering the areas viewed in each fragment,
which represent a wood surface as may be formed by
tangentially slicing a growth ring, a fluid such as water
or an electrolyte solution or a colloidal suspension may
readily gain entry in axial, radial or tangential directions
of the wood into the sliced or shattered surface cells.
These materials may move beyond the surface layer,
through interconnected cells, passing through the pits
and discs to penetrate into adjacent cells. While the
total cross-sectional area provided by the pit openings
and disc apertures is small, the extent of radial migration
may be considerable for gases and liquids of low viscos-
ity. Colloid particles can pass through the pits and aper-
tures provided that the viscosity of the suspension and
the sizes of agglomerations of particles do not exceed
about 2 microns. Solutions of salts, including ammo-
nium polyphosphates, can readily penetrate the frag-
ments from any surface for distances measured in milh-
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meters or even centimeters in a few minutes’ ume, the
movement being more rapid when assisted by a pressure
gradient.

Those tracheid walls which have been ruptured pres-
ent surface recesses of dimensions 5 microns or larger 1n

‘width and up to 3 mm in height into which both viscous

colloids and very small grains of solids may enter. Some
hardwood vessels are large enough to engulf sold
grains smaller than about 40 microns.

The detailed microstructure of cells may be under-
stood by reference to any text on wood technology
detailing the organization of the layers of matenais
forming the cell walls, namely lignins, hemicelluloses
and microfibrils of crystalline and paracrystalline cellu-
lose, all of which have thickness dimensions which are
small fractions of one micron. Even when tracheid
walls have not been punctured or sheared, water and
electrolytes may in time penetrate cell walls after gain-
ing entry to the lumens and eventually occupy the min-
ute spaces between microfibrils. This will be apparent
on considering that lignocellulose planks of 5 cm thick-
ness may be impregnated by surface application of am-
monium polyphosphate aqueous solution through capil-
lary migration, the wood absorbing 70 milligrams of the
dry salt per cubic centimeter of wood which enters as
140 milligrams of a solution of 50% solids by weight, of
specific gravity 1.4.

Examinations of micro-sections of dried wood frag-
ments which had been impregnated by ammonium poly-
phosphate solution of viscosity ranging from about 30
to 90 centipoise at room temperature, revealed a micro-
crystalline salt deposit extending into wood spaces to a
depth of from a few hundred microns to several milli-
meters as partial or total filling of pits, discs, and lu-
mens, and formed coatings on vessel walls. Such deposit
contributes not only significant increases in compres-
sive and bending strengths of the woody matenal, as
will be discussed in detail at a later point, but confers
fire-retarding properties to the wood.

40 Even greater absorption by wood of a surface apph-

cation of a moderately viscous solution is observed
when fragment surfaces are [fissued]} fissured due to
the forces exerted by a forming tool causing partial fiber

‘separation in portions of the wood. Plant fragments
Referring to FIGS. 1 and 2 the nature of the wood 45 such as stalks, canes,

straws and stems may be crushed,
split or bent, present additional surface area penetrable
by liquids and fine solids, and the rate of entry into the
fragment is higher as liquid which forms a capillary
filling in fissures wets a total surface greater than the
enveloping surface of the fragment.

CHEMICAL AND PHYSICAL ASPECTS OF
OXYPHOSPHATES

Electric furnace reduction of apatite produces super-
phosphoric acid characterized in that two or more
atoms of phosphorous are present in chain configura-
tion, whereas wet process production of phosphonc
acid leads to a single atom of phosphorous in the acid
[radicle] radical, characterizing orthophosphoric

60 acid. Acid preheat is required when producing poly-

63

phosphates, the extent of which depends on the conver-
sion level desired and acid purity of at least 60% of
P,0s,

Ammonium polyphosphate is made by reacting con-
centrated phosphoric acid and ammonia under con-
trolled conditions. The salts of the respective acids
differ in chemical activity and in their degree of poly-
merization. The polyphosphates are characterized by
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the repeating orthophosphate group diagrammed below
wheretn n must be 2 or a higher integer. When n=1 the

group represents orthophosphoric acid:

HO

L H n

Upon conversion of superphosphonc acid by any
reaction producing a salt solution, a degree of depolym-
erization of the acid occurs, as when electric furnace
acid 1s combined with 37% ammonium hydroxide sotu-

tion 1n water to make ammonium poiyphosphate of

analysis 10-34-0.

The ammonium polyphosphate derived may consist
of 65% to 85% of P:0s combined as polyphosphates,
and 25% to 30% as orthophosphates, or by a different
ammoniation a salt product having a P20Os content
about equally divided between ortho- and polyphos-
phate salts may be made. These products are highly
reactive with the basic alkaline earth metal oxides, hy-
droxides and carbonates, especially those of magnesium
and calcium, and the reaction products formed are clas-
sifiable as metal oxyphosphates.

Structural diagrams illustrative of the formation of
oxyphosphate reaction products of aqueous solutions of

ammonium orthophosphate and ammonium pyrophos-
phate, respectively, with magnesium oxide, are dia-
grammed below:

O
|

2HNH;—0— I;—O—HNH;; + IMGO =y
O

I
HNH;

ammonium orthophosphate
(NH4)3.(PO4)2

i i
O=—=P=0=—Mg==0=P=—0— + 6NHj + IHzO

|| |
Mg—O O=—Mg

magnesium orthophosphate
(MgQ)3.P20s.4HO

b
HNH;3=O=— lr—o— l;'—o—HNH;; + 2MgQ ——>
O 0

| |
HNH; HNH;

ammonium pyrophosphate
(NH4)4P207

O O

Q == g—- O~ ﬂ—O + 4NH; + 2H;0
(o]
Mg
magnesium pyrophosphate
(MgO)2.P204+.3H0

The corresponding reaction between a calcium or
magnesium hydroxide leads to the formation of the
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same amounts of ammonia with additional molecules of
waler.

The reaction of magnestum carbonate leads to the
formation of ammomum carbonate dissolved in the
aqueous medium, as may be understood from the equa-
tion for the reaction between ammonium pyrophos-
phate and magnesium carbonate:

(NH4)4P107+ 2MCO1—-(Mg0O)rP20s4.13-
H70 + 2(NH)»CO)

Higher ammonium polyphosphates (e.g. tri-, tetra-,
etc.) yield corresponding higher magnesium oxyphos-
phate compounds as may be understood from the exam-
ples of combining proportions of MgO and P,Os listed
herembelow:

] MgQO 10 0,333 Py0Os4
] MgQO to 0.500 P04
] MgO 10 0.600 P305
1 MgO to 0.666 P20
| MgO to 0.7142 P10
| MgO 10 0.750 P20+

magnesium orthophosphate
magnesium pyrophosphate
magnesium tripolyphosphate
magnesium tetrapoiyphosphate
magnesium pentapol yphosphate
magnesium hexapoiyphosphate

The relative weight proportions of the P,Os contents
of the orthophosphate and polyphosphate compounds
typical of commercial ammonium polyphosphate solu-
tion of analysis 10% nitrogen as ammonia and 34%
P2,0Os phosphate ion, having a specific gravity of 1.4 and
a solids content of 50% by weight, are indicated by the
following listing, based on 100 gm of solution:

orthophosphate 6.3 to 7.2 parts
pyrophosphate 9.2 to 10.]1 parts
tripolyphosphate 0.55 to 0.61 parts
tetra and higher

polyphosphates about 0.2 parts

The pyrophosphates of magnesium and calcium are
especially water resistant and strong and are deemed
slightly superior to orthophosphate compounds of these
metals.

Ig the highly exothermic reaction of ammonium poly-
phosphates with the basic oxides and hydroxides water
is produced in mol-formol amount and ammonia is liber-
ated in 2:1 mol ratio with respect to the basic metal
compounds MgQO, CaO, Mg(OH); and Ca(OH);. The
relatively large volume of ammonia gas, although
highly soluble initially in the aqueous reacting medium,
is eventually expelled as the temperature rises. A peak
temperature of from 50° C. to 65° C. is attained when
even small amounts of magnesium oxide, for example,
are reacted with an excess of ammonium polyphosphate
solution within 10 to 20 minutes of mixing. A typical
plot of attained temperature with time for a plug mea-
suring 2.7 cm diameter by 4.0 cm length 1s shown in
FIG. 3.

That portion of curve 30 in FIG. 3 designated (A),
indicating a fast initial rise in temperature, coincides
with observed colloid dispersion of magnesium oOxy-
phosphate compounds as colloidal masses ranging from
a few hundred Angstrom units to about 0.5 micron. The
activation energy required to initiate the reaction of
ammonium polyphosphate with MgO at the grain sur-
faces 1s supplied by hydration resulting from the wet-
ting of grain surfaces by the liquid medium contiguous
to the solid particles. The colloid masses manifest a
mobility which is of great importance in the present
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invention. Colloid migration has been observed through
distances of several hundred microns while the reaction
is proceeding. The migration appears to be effected
both by capillary transport of the suspending liquid or
by mechanically-induced pressure gradients therein,
and by electrostatic forces within the electrolyte solu-
tions, t.e. by Brownian movement.

Substantial transport of colloid matter 1s effected by
hiquid issuing from a porous reservoir such as ligneus
matter contiguous to MgQO grains, and by re-absorption
of liquid into the wood. This mechanism enables the
distribution of reaction products and loading of pore
spaces of a woody substrate thereby, in a manner quite
dissimilar to the formation of a binding mass around
refractory aggregate particles from a surrounding solu-
tion of ammonium polyphosphate. When the solution is
carried as a partial filling of hollow tracheid spaces in
wood and the surface of the wood carries grains of
MgO and mineral extender grains, an outward migra-
tion of liquid occurs which causes lively local motion of
wetting films which move about grain surfaces and
carry suspended colloid masses. A significantly large
transport of such masses deposits them at some distance
from the grains within the wood pores. The formation
of crystallised oxyphosphate compounds loading a
wood surface may be seen from FIG. 4, which shows
that mineral material 31 has been deposited within lu-
mens of tracheids of a softwood by entry of colloid
masses through bordered pits 32 accessible to fluid mi-
grating from the vicinity of grains 33 of an adhered
mineral deposit 34. Deposited Phosphate salt 1s 38.

No ammonia is liberated as gas during the initial
warming represented by curve portion (A) (FIG. 3). As
the reactants warm a decreasing capacity of the liquid
to retain ammonia leads to evolution of gas.

A critical temperature must be reached before gela-
tion takes place. The slightly endothermic process of
breaking of the phosphate-NH3 bonds is evident from
the temperature piateau at curve portion (B). The time
interval between the wet paste stage and its actual solid-
ification may vary considerably, as the transition ap-
pears to depend on factors such as the composition of
the grain mixture, the ratios and amounts of grain sizes,
the concentration of dissolved ammonia, and the tem-
perature. For example, a high ratio of inert solid filler
grains with respect to active MgO grains lengthens the
interval, as does retention of dissolved ammonia, e.g.
where the reaction proceeds at an elevated pressure.

With slowly-reacting grain mixtures, as where the
inert grain mass is in high proportion, the instial temper-
ature rise depicted by curve portions (A) to (B) may not
exceed JO° C. to 35° C,, and gelation may be delayed to
30 minutes or longer following initiation of the reaction.
In extreme cases gelation may take several hours. With
small high-purity grain sizes, e.g. in the 5 micron to 20
micron range, and with a higher proportion of MgO to
inert filler grains, the initial exothermic reaction may
raise the temperature of the reactants to 55° C. to 60" C,,
and the gelation may set in almost instantaneously or
within 3 to 5 minutes. It will be evident that a setting
behaviour can be selected to correlate with the particu-
lar process for which the invention is used.

The practical significance of the gel point in pro-
cesses for bonding porous solids such as ligneus frag-
ments is that colloid mass mobility at this state is greatly
restricted by reduction of water volume and solution
availability as immobile matenal encloses the surfaces
of MgO grains. Virtual stoppage of the combination of
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phasphate 1ons with the grains may occar when only a
2 micron to S micron surface layer has been reacted. An
increased evolution of ammonia gas also occurs at this
stage and continues as the compounds formed further
harden. The surface appearance of the reacting grains
dulls where earlier it had been wet and shiny. The reac-
tion becomes irreversible once the stage represented by
curve portion C has been reached, and cannot be
stopped even if the reactants are exposed to a large
excess of water, which may be sea water.

An important factor in reducing the amount of water
present is the linking of molecules of water of crystalli-
zation to the oxyphosphate molecules, as may be seen
from the equations previously mentioned. The reaction
of magnesite which yields no free water particularly
reduces available fluid. The crystal forms of the ortho-
phosphate and pyrophosphate, which are respectively
in the monoclinic and tabular monochinic systems, are
established at growth sites and the compounds co-crys-
tallise and interlock to form relatively larger volumes of
binder in relation to the volume reduction of MgO
grams.

Hardening of the gelling compounds is correlateable
with the final temperature rise indicated by transition
from curve portion (C) to plateau (D) when the hard-
ened reaction products attain 50% to 75% of thetr ulti-
mate strength. The release of ammonia gas may con-
tinue slowly for some hours or even days, depending on
the curing temperature. Maximum compound strength
1s reached at a moisture content of 8% to about 10%,
and ammonia has largely escaped.

Continuous casting processes for which shorter reac-
tion times for the basic metal compound with ammo-
nium polyphosphates would be practicable may use a
grain mixture (hereinafter to be referred to as “cement
solids™) with a high proportion of MgO of high density
relative to the inert or weakly inert grain portion. The
MgO preferably would be of highly reactive state, as
represented by USP grade material or dead-bumed
dense grain rather than merely calcined magnesite. As
inert or weakly-reactive filler solids there may be used
magnesite of raw form, or a doiomite, or other inert
solids of suitable particle sizes such as silica, zirconia,
alumina, and alkaline earth metal phosphates and sili-
cates, in the ratio of a fraction of the amount of MgO up
to 100 times the weight of MgO.

When the surface of wood of high moisture content
receives ammonium polyphosphate solution followed
by deposition of powdered cement solids, a higher fluid-
ity of the liquid/solid mixture prior to gelation tends to
make [unneven] uneven the cladding thickness by
dripping and flowing. The early liberation of water
produced in the reaction tends to prolong retention of
ammonia and postpones gelation. In addition the re-
verse osmotic gradient present when air-dry wood 1s
pre-impregnated and then coated by cement solids,
which gradient draws water into the stored solution and
transports colloidal oxyphosphates, is either absent or
weak when the wood has a high moisture content, or
when a mixture of cement solids and aqueous solution ts
applied to surfaces of wood devoid of solution.

It is generally desirable for optimum cladding layer
formation and compound adhesion strength to wood of
any plant species to pre-absorb the solution and then
apply powdered cement solids, although satisfactory
products can be realised when air-dry ligneous frag-
ments recetve the liquid/solid mixture simultaneously;
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inferior products result from such application to green
or wet fragments.

GRAIN SIZE AND GRADING

The selection of the maximum grain size of MgO and
the weight ratios of a range of decreasing sizes of the
grains to be used as the reactive portion of the cement
solids, and the total bulk and weight of cement solids to
be adhered on each square centimeter of fragments
surfaces, requires taking into consideration such factors
as the reactivity of the grain surfaces, the grain form,
the ratio of true solid volume to deposit volume, the
degree of penetration by colloidal reaction products
into contiguous wood zones, and the volume of gases
entrained in the formed binder. A further, important
concern is the speed of setting of the binder mass and
the minimal application time needed to bring the grains
into contact with the fragments and solution and the
minimal assembly and forming time for casting the com-
posite into a mold under the desired compaction pres-
sure.

The optimum binder deposit whether formed on an
isolated wood surface area or as a junction binder mass
between closely-spaced surfaces of fragments theoreti-
cally would comprise an almost wholly-absorbed crys-
talline mixture of magnesium oxyphosphate compounds
within pores and openings throughout a near-surface
zone extending in depth up to 100 microns or more, and
a minimal cladding layer of void-free mineral solids
bonded together by the compounds and bonded to the
wood surfaces. For lowest binder cost such intervening
layer of solids should be as thin as possible. If very small
grains are used, having specific surface above about
1500 cm? per gram, the amount of oxyphosphate com-
pounds developed would suffice to supply a volume of
colloids capable of entering into the wood openings and
of binding a very thin solids layer to the surface, but
such material sets so rapidly that an assembly of frag-
ments cannot be done quickly enough to ensure a strong
bond. Nevertheless, a minor amount of magnesium
oxide may usefully be applied as grains smaller than
about 15 microns to develop a portion of the oxyphos-
phate compounds prior to application of the major de-
posit forming the actual binder mass.

If granular magnesia of high density and uniform
particle size larger than about 0.3 mm is applied 1n an
amount of 20 to 60 milligrams or more per square centi-
meter of fragment surface and exposed to contact with
aqueous polyphosphate solution, the formed mineral
deposit sets slowly and is weakly bonded, particularly
at the lower applied weights, and little bond rooting is
developed. A single layer of such grains, if of sphencal
form and closely packed, occupies only about 60% of a
volume equal to the plan area of the layer multiphed by
the diameter of each grain. Such deposit cannot gener-
ate sufficient binding compounds to occupy the 40%
void volume between the grains, and can supply only
negligible colloidal material for entry into wood open-
Ings.

This may be appreciated by considering that if the
surface reactivity of a grain of 0.3 mm transverse dimen-
sion of high quality dead-burned dense magnesia per-
mits only an outer surface zone of thickness 3 or 4 mi-
crons to become converted to the orthophosphate and
the pyrophosphate of magnesium regardless of the pres-
ence of an excess of aqueous ammonium polyphosphate
solution, the core portion amounts t0 more than 96% of
the original grain weight. By comparison, a smaller
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grain, of say 50 micron transverse dimension, having a
surface layer also of 1 to 4 microns reacted, will have an
unreacted core portion which 1s 789 of the original
weight. Even when a range of grain sizes having spe-
cific surface values from about 60 cm< per gram to about
600 cm? per gram forms the powdered cement solids
applied to a wetted wood surface, a major weight por-
tion remains unreacted and the deposit when cured has
a thickness not less than the thickness of the 1mual de-
posit.

Efficient use of MgO as a surface deposit of given
weight per square centimeter of wood surface necessi-
tates packing the deposit with the least void space be-
tween grains, hence a range of grain sizes should be
chosen which will minimize the inter-grain space which
must be filled by oxyphosphate colloidal matter and
therefore provide ample colloidal matter for entry into
wood spaces. As known in the prior art of making con-
cretes with graded sands, a packing ratio of at least 80%
and preferably above 90% favors the formation of a
well-bonded mineral mass by a small volume proportion
of setting compounds. One grading of granular dead-
burned magnesium oxide which has provided a rela-
tively high bulk density of applied cement solids pow-
der of approximately 150 micron depth, having suitable
specific surface value and reactive weight percentage, is
tabulated below:

TABLE I

GRAIN SIZES FOR 100-GRAM SAMPLE

OF DEAD-BURNED MgO
Screen opening, mm percentage retained on screen

0.149 nil
0.103 22
0.074 26
0.052 28
0.044 I8
pan 6

The screen sizes are based on square openings.

With reference to FIG. §, the diagram represents the
weight percentages of granular MgO of suitable grad-
ings with different maximum grain sizes, and shows the
weight percentages of MgQO which remain unreacted,
and» of developed oxyphosphate compounds resulting
from the reaction with an excess of available ammonium
polyphosphate solution of specific gravity 1.4. The
diagram shows that a greatly increased weight propor-
tion of oxyphosphate compounds is provided as the
maximum grain size of graded MgO powder decreases
from about 0.25 mm. If the actual volumes of unreacted
MgO and of formed oxyphosphate compounds are plot-
ted, the volume proportions are even more striking
because of the lower density of the mixed oxyphos-
phates (about 2.65) in relation to the density of the MgO
(about 3.36).

For a range of grain sizes as shown in the Table, the
volume ratio of oxyphosphate compounds to grain core
volumes was observed to be about 3.5 and the total
binder deposit adhered on free wood surfaces was about
165 microns with evidence of penetration of crystalline
binder material into wood openings to a depth at least
60 microns, and a junction bond mass of thickness at
least 325 microns was formed between contiguous frag-
ment surfaces held compacted during the setting of the
binder.

It may also be seen from the diagram, FIG. 5 that
when the packing ratio of the applied MgO grain layer
of sizes below about 0.25 mm is 0.85 or higher, the
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volume of oxyphosphate compounds produced 1s more
than sufficient to occupy all void spaces in the layer and
to provide compounds for filling accessible wood
spaces adjacent to the layer. With certain jower-density
magnesia grains of high specific surface value the chem-
ical combination with the phosphate solution is likely to
cause rapid early set of the compounds, making difficult
or impractical the assembly of fragments such as strnp or
straw elements requiring careful positioning in succes-
sive lavers. It is however practicabie to dilute the MgO
layer by admixture with either partly or wholly inert
granular solids as earlier discussed, without impairing
the strength of the binder mass or its adhesion to wood
surfaces, provided that the volume of binding com-
pounds generated is sufficient to wholly occlude both
the grain cores and the filler grains. The range of sizes
of the added solid grains should generally conform with
the size range of MgQO grains of the mixture.

The total surface area of cement solids containing
inert or nearly-inert particles admixed with MgQO grains
is correspondingly increased, allowing aqueous soluti~n
to move by capillary action and colloidal products to
disperse at least as freely as when solely MgO grains
constitute the layer.

When it is desired to substitute particulate solids for a
portion of the MgO grains, the additive compnsing a
material of density lower than that of the MgQ, the
volume of such additive must be correlated with the
available reduced quantity of binding compounds corre-
sponding to the reduced amount of MgO remaining, in
order that the increased bulk of solids may be ade-
quately bound and the deposit anchored in the wood
surfaces adjoining.

For example where silica grains of the same range of
grain sizes and relative amounts, having a density of
2.63 are to be used to replace part of a 100-gram quan-
tity of MgO grains of density 3.36, and where from
mspectmn of volume yield of oxyphosphate compounds 40
indicated in FIG. 8 it is evident that only 60 grams of
the MgO would bind the equivalent solids volume of
100 grams and also fill spaces of adjacent wood to a
desired depth such as 60 microns, the amount of filler
should not exceed the weight indicated from the follow-
ing calculation:

Silica wt, =

Original MgO weight — Chosen wt. of Mg0O % 2.63

3.36

which in the present case would be calcuilated as:

100 — 60

338 X 2.63 = 3]1.3 grams.

weight of silica additive =

Accordingly the cement solids mix would include 60
grams MgO and 31.3 grams of silica grains.

When it is desired to design a mixture of cement
solids to form a given thickness of mineral deposit an-
chored in the wood surface of a given species, assuming
the penetration into wood spaces is to be 60 microns
depth, the volume of binder compound to fill accessible
wood spaces in this zone may be assessed for a wood of
density 0.41 by finding the void ratio from the relation:
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J2 081

™ « 100 =

void ratio = TO%%

where the assumed species wood solids density s taken
as 1.4,

The estimated anchoring deposit of about 9 mulli-
grams per cm? of wood surface may be used as the basis
for determining the ratio of MgQO grains to total cement
solids for a junction mass of thickness 250 microns
bridging between extended flat surfaces of wood by the
following procedure.

The average mineral solids deposit on each wood
surface will be half of the junction bond mass thickness,
1.e. 125 microns.

The amount of oxyphosphate binder for binding a
packing of mineral solids of a selected grain size range
as in Table I may be reduced for a packing ratio of 86%
as:

(0.0125 x2.2)/0.86=0.0319 grams

where the average density of the binder compounds 1s
2.2,

The supply of 31.14 mg of MgO grains per cm? of
surface area provides the combined binding and wood-
filling requirements which are:

[0.0319+9=0.0409 grams/cm’,}
003194+ 0.009=0.0409 grams/cm~,

as may be verified by reference to FIG. § showing that
100 grams total MgO furnishes 131.31 grams of the
binding compounds.

The weight of silica which may be used to make up
the deposit thickness if found from the calculation:

silica weight=2.63(0.0125-0.03114/3.36)=8.50 mg.

Accordingly the cement solids comprise a total

weight of 39.64 milligrams per cm? of wood surface
area, as a mixture of 78.55% by weight MgQO and
21.45% silica.
. When the sole reactive grain material in a cement
solids mixture is magnesia, ammonia gas formed accord-
ing to the chemical equation previously mentioned is
expelled from the binder mass partly into wood spaces
and into void spaces between fragments as the mineral
deposit is heated by formation of oxyphcsphate com-
pounds. The greater part of the ammonia gas which is
evolved in early stages, i.e. within a few minutes from
the bringing together of the components, escapes while
the colloid materials are plastic, and a minor portion
remains trapped as the compounds gel, thereby impart-
ing a vesicular character to the deposit. The bubble
volume actually locked in the binder mass i1s not greater
than from about 20 to 35% of its volume.

It has been found that raw dolomite, consisting
chiefly of magnesium carbonate with impurities such as
silica and calcium carbonate, when ground in 1its raw
state and dried but not calcined and screened to a suit-
able range of particle sizes, is so weakly reactive with
ammonium polyphosphate solution of 10-34-00 analysis
that at room temperature there is negligible reactivity,
unless external heat is applied to the reactants. The
reactive portion of dolomite grains in the sizes and
weight proportions of TABLE I has been found to be
considerably less than for high-density MgO. One dolo-
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mite which was tested extensively, of density 2.62, ex-
hibited between about 59 and 4% of the effectiveness
in production of oxyphosphates as the same weight of
MgO of density 3.36. Nevertheless the addition of
ground raw dolomite to MgO grains confers the advan-
tage that the speed of setting of the mixture 1s moder-
ated when up to three parts by weight of dolomite
grains are admixed per part of MgQO. The ratio of vesi-
cie volume to total binder mass 1s reduced.

Ammontum carbonate which has been shown to be
formed by combination of magnesium carbonate with
ammonium phosphates 1s a weak electroiyte which
migrates freely in liquid occupying wood spaces, even-
tually lodging as a crystalline deposit of the salt within
tracheids and wood pores, which deposit augments the
ammonium phosphate compounds remaining in the
wood after curing, if an excess of solution has been
supplied. It is believed that the presence of ammontum
carbonate enhances the fire-retarding action of the am-
monium phosphate deposit.

The proportioning of a cement solids mixture includ-
tng ground raw dolomite is far less critical than with
wholly inert solids such as silica, alumina, zirconia,
magnesium and calcium silicates, and magnesium and
calcium phosphates. This will be evident if the effect of
a given volume of dolomite on the supply and distribu-
tion of oxyphosphate compounds is considered. From
FIG. § the yield of such compounds from the given
volume calculated for the reactivity rates observed after
adjustment for the difference in density of dolomite as
compared with that of magnesia, would range from
about 0.19 to about 0.38 volumes per volume of non-
reacting dolomite grain portions. At the packing factor
of 0.86 for grain grading according to TABLE I, it can
be seen that sufficient binding compound volume would
be produced to bond completely relatively large vol-
ume ratios of dolomite to MgO. However as a practical
limitation a ratio of 4 parts of dolomite by weight to one
part of MgO tends to make for delayed setting and
insufficient bonding due to an insufficiently high tem-
perature during the first five or ten minutes to acceler-
ate the dolomite-phosphate reaction. A satisfactory
ratio has been found to be from 2 to | to 3 to | by
weight, and equal parts by weight perform well but are
slightly less economical.

Other solid additives which may be very slightly
reactive and which provide strong binder masses are
the calcium and magnesium silicates and phosphates.
These solids appear to form, when present in finely-
divided state, sites for crystal attachment of the binding
compounds undergoing gelling. Their use should be on
the same basis as silica grains.

For a more complete illustration and understanding
of the process details for making mineral clad and
bonded ligneus bodies with ammonium polyphosphates
and earth metal oxides, hydroxides and carbonates de-
scriptions of practical procedures, arrangements and
products are offered as outlined in the following exam-
pies.

EXAMPLE I

The fact that ligneus fragments of all species reported
in following examples may be successfully bonded by
the oxyphosphate mineral binder of this invention
strongly suggests that the reaction between ammonium
polyphosphate and [magnesian of ] magnesium or cal-
cium cement solids is substantially unaffected by exu-
dates such as sugars and polyphenolics. Heretofore it

3

10

15

20

25

30

35

45

50

33

65

20

was known that many woody plants carry Wwithin their
lignocellulosic structure quantities of organic sub-
stances which, on addition of water and prior art ce-
menting mineral compounds, are leached from the
woody material and affect adversely the setting reac-
tion of the cement.

To determine the tolerance of magnesium oxyphos-
phate reaction compounds discussed in the present
specification to soluble sugars, as represented by dex-
trose, a series of mineral plugs were cast from mixes
consisting solely of dextrose sugar, ammonium poly-
phosphate aqueous solution, and cement solids, using
constant proportions of cement (73% by weight) to
solution (25%) and varying the weight percent of the
sugar from zero to 5%, expressed as percentage of the
combined weights of solution and cement solids. The
cement solids were of grain size passing 100 mesh and
retained on 200 mesh screen, 70% passing 150 mesh.
The cement comprised 25% by weight of dead-burned
magnesia of density 3.26 and 75% of ground raw dolo-
mite of density 2.62 analysing 45.1% MgCOj3, the bal-
ance being chiefly silica CaCO:;.

All plugs were cast without compaction and were
released from the plug mold after 15 minutes in hard-
ened condition and allowed to dry for 7 days. The
strengths observed show no significant impairment of
compressive strength, but a consistent decrease of MOE
with increasing sugar content, which is inferred to re-
sult from the crystal volume of sugar distributed in the
mineral concrete structure.

TABLE II
COMPRESSION
STRENGTH MEASURED
Modulus of
DEXTROSE  °*Crushing strength Elasticity
TEST No. % Kg/cm? Kg/cm
1 nil 25§ 283,300
2 1 241 231,100
3 2 284 217,400
4 3 202 205,100
5 5 241 160,500

*Plugs diameter 3.0 cm, height & cm.

From the previously-observed satisfactory setting of
the binder when the ligneus fragments comprised green
Western Red cedar (Thuja plicata) including bark and
heart-wood, the cementing action appears not to be
affected by contaminants in the fragments which would
impair or prevent setting of prior cementing com-
pounds.

It has also been noted that the mineral binder mass
hardens equally well when in direct contact with a pitch
pocket in Sitka spruce (Picea sitchensis), with an adhe-
sion strength such that on breaking the binder away,
pitch remained adhered to the mineral.

EXAMPLE II

The partial impregnation of wood by ammonium
polyphosphate solution and subsequent drying to retain
a crystalline residual salt deposit within lumens and
pores greatly enhances the strength properties, the im-
provements increasing generally with loading up to the
physical limit. It has also been observed that when an
adhered mineral deposit of metal oxyphosphate 1s at-
tached to the wood surfaces as a continuous anchored
layer, the impairment of strength resulting from fissur-
ing and cracking produced by cutting and crushing
processes of forming the fragments is not only offset,
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but the fragment gains in intrinsic bending and compres-
sive strengths and in the modulus of elasticity of the
wood, exceeding by a large percentage the air-dry val-
ues for clear whole-wood specimens. The improvement
is inferred to result from the presence of a shell of min-
~eral-vegetable material at the fragment surfaces, In
which the in-situ generated oxyphosphate compounds
have migrated for distances up to 30 to 150 microns
[on] or more pnior to the setting of the compound.
When both a crystalline salt deposit 1s retained within
the fragment upon drying of absorbed ammonium phos-
phate solution, and an in-surface mineral layer is an-
chored by crystallization of colloidal metal oxyphos-
phates which have migrated into minute surface open-
ings, the total strength enhancement s outstanding. For
example, the increase of compression strength parallel
to the grain in Aspen, or Red Alder, ranges upwards of
1009, accompanied by large increases of modulus of
rupture (MOR), modulus of elasticity (MOE) and ten-
sile strength to a lesser degree.

To illustrate the beneficiation of wood fragment
strength properties by impregnating into the wood suf-
ficient amounts of ammonium phosphate salt to impart
fire retardant properties, and by adhering a mineral
deposit of oxyphosphate compounds in which filler
solid grains are embedded, eight sets of specimens of
Aspen wood of density 0.38 in air-dry state were pre-
pared from clear billets as beams of section 9 mm by 9
mm, and lengths 11.0 cm.

Two specimens were used in each of four tests (A) to
(D) to measure static bending strength as a beam and
compression strength parallel to the grain as a short
column held at its ends. Three specimens were prepared
for each of the tests (E) to (F) to measure the MOR and
MOE values, the compressive strength, and the tensile
strength alone without bending at rupture.

Test (A) obtained reference strength values for whole
wood as MOR, MOE and compression strength. The
static bending test was carried out with the specimen
resting at its ends on supports spaced by span distance L
with a load applied at the mid-span position increasing
gradually, e.g. by advancing a load [heat] Aead at the
rate of 0.05 cm per minute with continuous indication of
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applied magnitude. The following formulae were used 43

for calculation:

3
b. 2 - d.y

The beam depth and width respectively (d and b) are
0.9 cm. P is the load to proportional limit at which time
the deflection y in cm is read. P is the load read at
rupture.

Compression parallel to the grain was determined by
supporting a second specimen as a column with its ends
held in close-fitting seats, applying a steadily-increasing
load, and observing the magnitude at failure.

Tests (B) were carried out similarly, with oven-dnied ¢

wood, showing expected strength increases as has long
been understood.

Tests (C) involved wet wood, having absorbed
therein an amount of solution 0.47 grams per gram of

wood, corresponding to a salt loading of 178 milligrams 635

per cubic centimeter, which is an amount nearly three
times the amount regarded as imparting acceptable fire
retardant properties. As expected, the MOR and com-
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pressive strength of the wet wood were lowered, but
the MOE exceeded that of air-dry wood.

Tests (D) were carried out on sticks which had been
tempered to air dry moisture content alter absorption of
solution to retain a lesser amount of salt deposit of 14
milligrams per cc and re-drying. All strength properties
were exceptionally improved.

Tests (E) used air-dry sticks which had received an
impregnation load of 65 milligrams of ammonium phos-
phate per cc whereas tests (F) were carried out on sticks
which contained little salt residue but also were coated
by a formed mineral deposit on the wood surfaces
weighing about 36.5 milligrams per cm< which had been
formed by in-situ reaction between a wetting film of
aqueous ammonium phosphate solution and a powder
coating of dead-burned magnesium oxide grains of den-
sity 3.36 in a range of particle sizes below 100 mesh
down to + 250 mesh, in amount 30 milligrams per cm?.
The amount of the wetting film was about 15 milligrams
per cm? of stick surface. The cured deposit had a mean
thickness estimated at 140 microns and bridged the
residual magnesium oxide grains. The cementing mate-
rial included about 10.5 milligrams of magnesium oxy-
phosphate compounds occluding about 26.5 milligrams
of unreacted magnesium oxide grains. From micro-
scopic examination the mineral deposit was inferred to
have extended into pores and tracheid openings and to
have formed crystalline masses extending at least one
cell depth from the wood surface, and to occupy at least
portions of the microspaces within an outer 50-micron-
deep wood zone extending inwardly of the stick surface

From tests (D) it will be apparent that ligneus maten-
als are strengthened and stiffened to a marked degree by
an impregnating salt deposit. The combined effects of
both internal salt deposition and surface cladding by
intimately adhered mineral binder is a still further
strength gain. Tests (E) show the strength enhancement
contributed by a minor volume of adhered surface min-
eral deposit. The absorption of ammonium polyphos-
phate in any practical amount leads to a surprising and
unexpected improvement in bending and compression
strengths. The test data reports strength values in cast
structural products far exceeding those known from any
prior art vegetable/mineral composites.

The modest or even negative tensile strength differ-
ences noted for tests (E) or (D) and (F) can be attributed
to the fact that mineral binders are weak in tension.
Claddings of 70 microns to 200 microns thickness can-
not be expected to contribute usefully to the tensile
strength of a vegetable substrate, especially in view of
the large difference of the respective elastic modul.
The cement coating inttially takes up most of the ten-
sion and shear stresses created by the differential eion-
gations of the substrate and coating, failing long before
maximum tensile stress can be developed in the sub-
strate. The initially-higher strength of cement-coated
composites undergoing loading is evidenced in the
stress/strain curve only up to 20% or 30% of the break-
ing load, the more curved portion pertaining obviously
only to elongation of the wood.

The most important benefit [comferred] conferred
by the combination of an internal impregnation load of
salt and an adhered surface cladding of mineral deposit
is obviously realised when the composite 1s subjected to
compressive stress parallel to the loaded surfaces, as
may be seen from tests (E) showing a strength improve-
ment of 175%.
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EFFECTS OF LOADINGS OF AMMONIUM POLYPHOSPHATE AS IMPREGNATING SALT DEPOSIT
IN ASPEN (Populus Tremuioides) CLEAR COLUMNS AND BEAMS, AND OF SURFACE

DEPOSIT OF MAGNESIUM OXYPHOSPHATES OCCLUDING MAGNESIA GRAINS

WOOD TREATMENTS Max.
Mosture Surface grams Moduius of Moduius of Crush Tensile  Moduius of
TEST  Content, Deposit Sait Rupture, inCT Elasticity  Incr.  Strength  Incr.  Strength Elasticity
No. Weight % mg/cm? per cc kg/cm? % kg/cm? T kg/cm* % Kg/cm® kg/cm?
A 8.72 — —_ 720 — 73,000 — 408 — 1050 69,500
B ] — - 820 + [4 98,000 +34 527 + 29 -— —
C 56 — 0.718 610 — 92,300 — 287 — — -—
D 7.9 — 0.140 1290 + 79 125,000 + 71 952 + 133 670 72,000
E 8.72 36.5° 0.140 1740 + 142 142,000 + 95 1120 + 175 1610 97,700
F 8.72 36.5¢ 0.005 950 + 32 99,500 + 36 — — 668 77.000

*26.5 mg Mg0O. 10 mg magnesium oxyphosphates. 160 1o 200 macron layer

MINERAL-LIGNEUS COMPOSITE
STRUCTURAL PRODUCTS

EXAMPLE I

Screened spruce fragments passing 10 mesh and re-
tained on 20 mesh screens, having 8.3% moisture con-
tent in air-dry condition were divided into nine sampies
and treated with varying amounts of ammonium poly-
phosphate sclution of specific gravity of 1.4 of analysis
10-34-0. Each sample was coated with a constant
weight of cement solids passing 100 mesh screen con-
sisting of 75% ground dolomite and 25% dead burned
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min) samples are due to the intrinsic particle strength
rather the interferance of some wood constituents with
the bonding process as noted from the prior art dealing
with wood products bonded with Portland cement and
other magnesite cements.

TABLE IV

Compressive strength,

kg{cmz Cunng Mode

Lignocellulosic Den- 30 {S min
Test Species sty minutes @ 105 7 days
!  Spruce 0.87 21.2 26.4 57.3
2  Spruce 1.07 215 35.0 94. 1
3}  Spruce 1.30 28.6 46.6 114.7
4  Spruce Excelsion 0.45 — —_ 15.1
3  W. Red Cedar 0.50 1.8 16.8 20.1
6 W.Red cedar 0.77 16.9 212 449
7  W. Red Cedar 0.96 25.5 332 48 8
8 W. Larch 0.39 22.7 _ 59.1
9 Black Locust .09 25.7 43.9 93.2
10 Keruing [.23 33.0 48.8 92.4
[1 Beech 1.03 20.6 44.9 b4.7
12 Hemlock Driftwood 0.86 21.2 — —
13  HembalFir Chips (Wet) 0.86 14.7 — 36.6
14  Bark Douglas-Fir 0.75 17.1 — 2.6
15 Cottonwood 0.58 18.0 19.2 28.5
16 Rice Husks 0.97 — 19.2 —
17 Bagasse 0.89 17.2 — 25.3

MgO in quantity equalling 2.5 times that of wood
(weight). The weight of the solution was varied in three
steps. No compaction pressure was applied to the mix- 30
ture during casting into plugs of length and diameter
respectively of 7.7 cm and 3.03 cm. Compression testing
to failure was carried out on a universal testing machine
just 30 min after casting the plugs. The data shows
highest early strength for samples 2, 3 and 6. The results 35
are given in Table III
TABLE III
Com-
pressive
Wood Cement solids Solution Product Strength, 40
Test Weight Doiomite MgO  weight Density kg/cm?
1 1 2,25 0.75 1.50 0.82 17.9
2 1 2.25 0.75 2.10 0.86 26.4
3 ] 2.25 0.75 2.70 0.93 6.7
4 ] — 3.00 1.50 0.82 12.7 45
5 1 —_ 3.00 2.10 0.86 20.0
6 1 - 3.00 2.70 0.93 26.8
7 I 2.95 0.03 1.50 0.82 15.1
8 l 2.9% 0.05 2.10 0.86 17.9
9 1 2.95 0.0% 2.70 0.93 18.8
50
EXAMPLE IV

In Table IV compressive strength for composite lig-
neous fragment castings of numerous species indicative
of the wide range of applicability of this bonding tech- 55
nnology is given where the screening fragments of pass-
ing 3 mesh and retained on 20 mesh were treated to
remove the green moisture to 8% residual moisture
content followed by application of weighed portions of
ammonium polyphosphate solution of 10:34:0 analysis 60
and uniform cement weights consisting of 75% dolo-
mite and 25% MgO (dead burned). The wood:cement
ratio was | part wood to 3 parts of cement solids and the
wood to ammonium polyphosphate ratio was 1 part of
wood to 2.10 parts of solution. The compaction pres- 65
sure was 1.0 kg/cm? and compression tests followed 30
min, after 15 min heating at 105° C. and 7 days at [20
C] 20® C. Varnations noted in the early strength (30

Where the sample is shown with different cast density,
compaction pressures were 1, 2 and 10 kg/cm?. The
tests show that room temperature curing was superior
to that of oven curing and that at higher compaction
pressures the attained strength was highest with such
cure (7 days at 20° C.)

EXAMPLE V

A series of samples using air dried spruce fragments
passing 5 mesh but retained on 20 mesh screen, in the
form of slivers of a range of lengths approximately 0.5
cm to 3 ¢cm, was mixed with ammonium polyphosphate
solution and cement solids of the same composition used
in the previous example, by keeping the proportion of
solution to cement solids constant as follows:

TABLE V
Compression
Strength,
kg/cm?
Cement Curing mode
Woaod Solids Solution 15 min 7 days
Test Weight Weight Weight Density @ 105° @ 20°
| ] 2.0 1.4 0.63 .2 29.2
2 ] 3.0 2.10 0.87 25.5 57.3
3 ] 4.0 2.80 1.02 29.0 51.9
4 ] 5.0 3.50 1.20 439 122.5
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The samples were formed with a low compaction
pressure of about 0.5 kg/cm- and the density variation
betng primarily due to the vanation of cement sohds
used. Tests No. 1 and 2 show that high quality iow
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being the external fibrous stalk portion lving radially
inwardly of a hard waxy and stliceous skin layer, having
a thickness ranging from about 1.3 to 2.8 miliimeters,
having pith attached.

density products are realisable with relatively low reac- § The rind matenal was prepared as uniform stnps by
tant costs. feeding the cane through pressing rollers to flatten 1t
and the cane is then slit to form segments from which by
EXAMPLE VI . T SeBmeT >
mechanical processes the pith interior 1s scraped away,
Board products of various fragment types, ligneous and the outer skin layer 1s abraded to collect compo-
species and technical description were prepared in 10 nents, notably the wax, The flattened segments are lon-
molds as described in TABLE V1. The weighed frag- gitudinally slit to obtain relatively long (15 to 30 cm)
ment masses were treated first with predetermined inter-node strips [have]} Aaving cross-sections about 1.5
amounts of ammonium poiyphosphate of 10:34:.00 NPK to 5 mm wide and thicknesses from just under | mm to
analysis and allowed to soak until all of the solution was about 1.8 mm, and substantially free of deleterious
absorbed in the fragments. The wet fragments were 15 waxes, gums, siliceous deposits and pitch adhesions.
then dusted with the weighed amount of cement dust of The strip density as determined by dressing fragments
predetermined composition and the mass poured into a to known volumes and weighing, was about 0.22. The
mold having polished stainless steel surfaces. The molds pith side was wvisibly fissured, and some strips were
were placed into a cold press and the mass compressed loosely attached along their long edges by fibrous
to a predetermined nominal thickness and held under 20 strands with another strip.
pressure for 5 minutes. The hardened boards were re- To evaluate the effects of varying the amounts of
moved from the molds and air dnied in a forced air ammonium polyphosphate solution, the total cement
cabinet at room temperature for 7 days. The bending solids, compaction pressure and strip assembly patterns
specimens measured 6.5 cm by 25 cm supported on a 15 on board density and bond strength of binder deposit,
cm span. 25 eight test board products were formed each using 200
The cement filler was — 100 mesh raw dolomite and grams of the oven-dried prepared strips. Because the
the ammonium polyphosphate was either wet process total weight of solution supplies both the P;0Os required
green or black acid. The MgO was etther dead burned for a given weight of reactive fraction of MgO and
or USP heavy powder of 3.54 specific gravity as noted MgCOj; solids, as well as the residual ammonium phos-
in the TABLE. 30 phate salt impregnating the ligneus matenal, and as this
TABLE VI
Compo-
sition: kg
Wood
Cement Nominal Modulus Modulus
solids Thick- of of
Fragment Poly- ness Den- Rupture Elasticity
Type phosphate cm SIty I-:gfc::'n2 kg/cmz Description/composition/ | reatment
| Western Red Cedar 155 1.9 655 21.4 12 290 Fragments: Air dry, ApPh: Green acid
Hog-fuel, 50% Bark 385 Cement solids: 75% Dolomite, 259% DB MgO
232
2 Western Red Cedar 155 1.9 640 7.3 9 980 Fragments: Wet, 50% Mousture, ApPh: Green Acid,
Hog-fuel, 509% Bark 385 Cement solids: 759% Dolomite, 25% DB MgO
232
3 Western Red Cedar 155 1.9 655 20.6 12 000 Fragments: Air Dry.: ApPh: Black Acid
Hog-Fuel, 509 Bark 385 » Cement Solids: 759% Dalomite, 25% DB MgO
232
4 Western Red Cedar 155 1.9 655 18.2 10 660 Fragments: Air-Dry, ApPh: Green Acid,
Hog-Fuel, 509% Bark 385 Cement Solids: 98% Dolomite, 29 USP MgO
232 Heavy Powder
5 Western Red Cedar 155 1.9 655 20.9 12 090 Fragments: Air-Dry, ApPh: Green Acid
Hog-Fuel, 509% Bark 185 Cement Solids: 95% Dolomite, 5% USP MgO.
232
6 Alder, Wafers 180 1.9 870 36.9 17 500 Fragments: Air-Dry, ApPh: Green Acid.
$20 Cement Solids: 75% Dolomite, 25% DB MgO.
240
7 Cottonwood 145 2.54 620 9.5 3 400 Fragments: Air-Dry; ApPh: Green Acid,
Excelsior 18$ Cement Solids: 75% Dolomiute, 259% DB MgO.
232
8 Red Cedar, 155 1.9 755 15.8 8 720 Fragments: Wet, 509 Moisture, ApPh: Black Acid
Planer Shavings 385 Cement Solids: 75% Dolomte, 25% DB MgO.
232
9 HemBalFir 155 2.54 653 9.6 6 140 Fragmenis: Air-Dry, ApPh: Green Acid,
Pulp Chips 185 Cement Solids: 75% Dolomite, 25% DB MgO
232
10 Sandwich Panel | 5S 2.54  (655) 70.0 18 310 Fragments: Core as #1 Mix.
3gs Faces: Spruce Veneer, 3 mm Thick.
232
i1 Aspenite |83 1.9 850 18.5 11 500 Fragments: Oven-Dried, ApPh: Green Acid,
Wafers 555 Cement Solids: 75% Dolomite, 25% DB MgO
65

EXAMPLE VII

A series of structural panels was made using oriented
ligneus fragments derived from sugar cane rind, this

component represents the single largest cost input, 1t 1s
desirable to be able to reduce the weight of solution
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while maintaining adequate product strength and rests-
tance to flame.

Moreover, a reduction of total mineral solids de-
creases the cost of expensive magnesium oxide of the
high-density grade which provides the desired reaction
rate with ammonium polyphosphate solution. By limit-
ing the compaction pressure and by arranging the frag-
ments so as to obtain the most favorable strength prop-
erttes for the product in relation to its intended use,
optimum low-density and high-strength boards, panels
and sheets can be formed.

A first senies of three boards was prepared in which
the weight ratios of the strips, the cement solids, and the
aqueous phosphate solution were, respectively, in parts
by weight:

1.00:3.00:1.80.

The cement solids comprised 0.75 parts of magnesium
oxide of high density and activity, amounting to 150
grams, of density 3.36, and 2.25 parts of ground dolo-
mite analysing 45.1% MgCO;3, the remainder being
chiefly silica and CaCQjs, of grain density 2.62, in
amount 450 grams. The solids were of grain sizes pass-
ing 100 mesh screen and retained on 4250 mesh, with
70% passing 150 mesh.

The strips were sprayed with 360 grams of a commer-
cial fertilizer grade of ammonium polyphosphate solu-
tion of specific gravity 1.4 having 50% by weight of
dissolved salt, and solution analysis 10:34:00 in respect
of nitrogen (as NHy4) and P2Os (as phosphate ion). This
solution was filtered to remove suspended dark matter
believed to be carbonaceous solids.

The wetted strips were mixed to distribute the liquid
evenly over the surfaces. It was noted that different
parts of the wood seemed to have greater permeability
to the liquid than other areas, the pith side accepting
liquid freely. The solution was absorbed by the greater
part of the fragment surfaces within about three minutes
from its application, to the extent that the strips were
slightly moist to touch.

The estimated enclosing volume of the fragments, not
taking into account the fissures, was calculated to be
about 10.700 cm? per 100 grams of rind strips. The ap-
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plied solution represented a layer amounting to 33.6 45

mg/cm? of surface, providing 9.88 milligrams of P;Os as
reactive component.

The cement solids were then sifted over the cane
strips while the fragments were tumble-mixed, and the
tumbling was contained for about 20 seconds to distrib-
ute the free powder until all the cement grains were
adhered. One-third of the coated strips were then imme-
diately shaken into a flat mold with side flanges, of
bottom plan area 15 cm by 30 cm. The strip lengths of
this layer were aligned generally in parallel and the
layer levelled, after which a second one-third portion
was transferred into the mold and raked to orient the
strips parallel with each other and at a small angle with
the first layer; the remainder of the coated strip mix was
added with these strips being laid nearly parallel with
the first layer strips. A compaction pressure of 0.5
kg/cm? of the top area was applied to the composite by
a stainless steel pressure plate having a polished contact
face, holding the fragments compacted to form a board
of thickness about 3.17 cm. The plate was held at this
distance from the bottom of the mold for 5 minutes. At
this time the plate was removed and the product was
taken out while hot and steaming, giving off an odor of
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ammonia gas. at a temperature of 44° C. [t was dried
air for 5 days.

In a similar way, boards #2 and #3 were formed.
with compaction pressures respectively 0.7 kg/cm? and
7.6 kg/cm<. The corresponding board thicknesses, de-
termined by fixing the plate at the distance from the
mold bottom according to the initial position for the
attained compaction pressure, were respectively 2.12
¢mand 1.19 cm,

Two further boards, #4 and #5 were prepared with
the same components, but with the cement solids and
solution decreased from the amounts used in the boards
-3, the ratios by weight being:

#4 1.00:2.50:1.30

#5 1.00:2.50:1.25.

Board #4 was compacted at 12 kg/cm? pressure, pro-
ducing a thickness of 1.90 ¢cm, while board #5 was held
compacted at 4.5 kg/cm? producing a board thickness
of 2.74 cm. The “‘springiness” of the assembled strip
materials was clearly apparent from the pressure in-
crease needed to compact the fragments by 0.8 cm
thickness.

To explore the feasibility of producing strong board
products with markedly decreased amounts of mineral
cement s0lids while using a decreased amount of ammo-
nium polyphosphate solution contributing good frag-
ment-stiffening and fire-retardant properties, boards #6
and #7 were prepared by the procedures described for
the first five boards. The weight ratios of the compo-
nents were as follows:

#6 1.00:2.00:1.20

#7 1.00:1.00:1.30

The boards were held under respective compaction
pressures of 11.6 kg/cm?. The difference in the amounts
of cement solids being the primary cause of respective
densities 1.07 and 0.79.

To test the efficacy of bonding by markedly lower
amounts of cement solids and aqueous solution, board
#8 was prepared by the procedures described earlier,
using the weight ratios:

#8 1.00:0.93:1.10

All strips were laid flat and parallel in the mold. The
strength of the cured board at seven days of drying air
was excellent, and the board costs were appreciably
lower than for the other boards. This product would be
suitable for wall construction as sheathing, having good
nailing and fastener-holding properties in common with
all boards of the group.

While the texture of the board surface was rough and
1t was pervious to air movement, it would have use as a
decorative finish panel.

All of the boards of the series, #1 through #8, would
be equally castable to form a core board having a con-
tinuous face sheet on one or both major surfaces, as
conventional in the manufacture of wall panels and
boards. Such face sheet may comprise any porous
strong layer such as kraft paper whether bleached or
unbleached, a porous plastic film such as a perforated
vinyl or polyester film or a sheet of woven textile made
with natural or artificial strands, yarns or monofiia-
ments, Or it may be a wood veneer. The application of
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such facing sheet or sheets can readily be done either
during the casting of the board or after mounting of the
structural product on a wall or ceiling. An integral face
sheet may be laid on the bottom of the mold box pnor
to assembling the fragments, and if desired a second
sheet of the same or a different material may be placed
on the upper surface of the fragments prior to applying
compaction pressure. While the migration of binder and
solution to the contiguous surface of the sheet from
outer fragment portions can adequately bind the face
sheet to the core, if desired the inside surface of the one
face sheet laid on the mold bottom can be loaded by a
sprayed-on wetting film of ammonium polyphosphate
solution and a dusting of cement solids just before the
treated surface receives the coated fragment mass. Simi-
larly, the under-side of the top sheet if one 1s t0 be
bound to the core may be treated to ensure strong adhe-
SioN.

Post-cure application of a face sheet may be done at
any time by similar procedure, provided that an ade-
quate pressure is exerted to hold the face veneer, board,
paper, card, or woven or mat sheet closely contiguous
to the core so that reactant wetting film and powdered
cement solids may form junction bond masses linking
the face sheet to the outer fragments.

TABLE VII
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composites widely used at the present time of even
higher density have MOR values below 7 kg/cm-. and
lack fire-retardant qualities.

EXAMPLE VIII

Fire-retardant low-density structural board products
were made from sugar cane residue, 1.e. bagasse result-
ing from mechanical expression of cane juices by pass-
ing the stalks which had been stnpped of leaves through
crushing rollers, and rinsing. The matenal compnsed
the rind fiber structure, the pith, and all other plant
components namely waxes and siliceous deposits nor-
mally present in surface zones of sugar cane.

The bagasse was hammer-milled to produce frag-
ments of random size ranging from dust-like particles to
slivers of lengths up to about 8 cm with thicknesses 1n
the range of 1-4 mm. The dust and finest fragments
were screened out by passing the fragments over 20
mesh screen and by air-current separation. The dry
fragments had average specific gravity about 0.21 and
had visibly open and non-smooth surfaces except at rind
exterior faces. The calculated total internal space, based
on density and solids other than lignocellulosic mate-
rial, was about 83% of the fragment volume, and tests
with aqueous ammonium phosphate solution of density

TABLE OF PROPERTIES OF COMPOSITE
BOARD PRODUCTS CAST USING SUGAR
CANE RIND STRIPS FREE OF PITH

AND OUTER SKIN PORTIONS

Compaction
Weight of Proportions of Pressure
Broad ligneus Cement Ammomum Initial Bulk
No. strips Solids  Polyphos. Kg/cm? Dens.
l 1.0 3.00 1.80 0.5 0.34
2 1.0 3.00 1.80 0.7 0.53
3 1.0 3.00 1.80 7.6 0.93
4 1.0 2.50 1.50 12.0 1.08
5 1.0 2.50 1.28 4.5 0.75
6 1.0 2.00 1.20 11.6 1.07
7 1.0 1.00 1.30 11.6 0.76
8 1.0 0.93 1.10 4.5 0.34

MOR MOE Thickness
Kg/cm? cm
104 11,300 3.17
37.8 35100 2.12
169.5 65,100 1.19
150.7 56,300 1.90
Jo.1 17,700 2.74
177.1 62,350 1.67
142.0 41,100 0.75
312.7 31,300 1.72

The exceptionally high MOR values measured for
boards Nos. 3, 4, 6 and 7 pertain to thicknesses substan-
tially lower than were obtained at the lower compac-
tion pressures used for boards Nos. 1, 2, § and 8. Be-
cause cane rind is a highly compressible fibrous mate-
rial, the strips are intimately brought together along
their entire lengths wath adjacent strips, and the rela-
tively small void space resulting is largely filled by fluid
expressed from the highly porous woody material as the
wood volume decreases. This decrease may be 30% of
the free bulk volume of the strips. The binder mass
which forms adjacent to the major surfaces of the mold
and which therefore is at the extreme fiber position of
the board contnbutes high beam strength and stiffness.
The interface between fragments provides a maximum
area of junction in shear capable of resisting bending
moment due to applied load. The MOR values reflect
the advantages of using the longest possible fragments
such as strips, stalks, slivers, flakes and veneers where a
very strong product is desired.

It is also evident that where the quantity of residual
salt solution held in the woody matter and the continu-
ous cladding by mineral solid bridging substantially all
inter-fragment spaces is favorable, as in the denser cane
rind assemblies discussed, strength enhancement of the
fragments is at a maximum, as in board No. 6. By way of
comparison, conventional wood-wool/Portland cement
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1.4 indicated that 65% of the fragment volume could be
readily impregnated by this liquid.

The estimated enclosing surface area of the selected
fragments excluding minute fissures formed by the frag-
mentation process was 19,000 cm? per 100 grams of dry
fragments.

A test quantity of 200 grams of air-dry fragments was
measured out. Because of the fineness of the fragments
and their very low bulk density, very low density
formed products would be feasible to produce even
under considerable compaction of a composite of which
a major volume proportion—e.g. above 85%—is consti-
tuted by ligneus matter. A formulation of reactant ce-
ment solids was accordingly selected to provide a vesic-
ular binder mass having 30% or more of its volume as
gas-filled minute vesicles, gaining in binder mass vol-
ume and enhancing junction edge volumes of binder
through lateral flow-out of the more fluent gel matenal
during compaction. The void volume objective of not
over 10% cavities was considered to gain the highest
structural strength of the composite, for randomly-laid
fragments. |

A cement solids mixture was prepared comprsing
150 grams of a dead-burmed magnesia and 450 grams of
dolomite, each component being of grain size to pass
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100 mesh and retained on 200 mesh, with 70% by
weight passing 150 mesh. The quality of the magnesium
oxide grain as judged from measured density of 3.36
was inferred to furnish about 11.5%, 17.3 gms reactable
to form magnesium oxyphosphate; accordingly 132.7
gms would serve only as a dense inert filler solid. The
dolomite reactivity as judged from the measured den-
sity of 2.62 and CO: combined was inferred to contrib-
ute 10.5 gms of MgO 1o the reaction, the remainder, 428
grams, being inert filler sohds.

360 grams of commercial fertilizer grade ammonium
polyphosphate aqueous solution, of specific gravity
[1,4] /.4 and analysis 10% nitrogen as NH3 and 34%
P>Os as phosphate, was poured over the bagasse and the
fragments were tumble-mixed for two minutes. The
surfaces then appeared visibly moist, those fragment
portions less than one mm thick appearing to be surface
saturated. This amount supplies about 9.5 milligrams of
solution per square centimeter of enveloping surface,
equivalent to a film of thickness 68 microns, supplying
3.23 milligrams P20Os per square centimeter.

The powdered cement solids were sifted onto the
wetted bagasse while the fragments were tumble-mixed,
the mixing being continued for 22 seconds from the time
of first contact of the solids with the films. The mixture
was immediately dumped into a flanged board mold
measuring 15x 30 cm. levelled, and compacted by a
pressure plate closely fitting in the form at unit pressure
of 7.5 kg/cm?. A slight relaxation of pressure at con-
stant thickness of 2.53 cm was observed in the first 10
minutes. |

The pressure was released at 12 minutes time after
casting, and the board was removed and air dried for
five days. At the time of release the product tempera-
ture was 54° C., and issue of ammonia was noted. The
cured board thickness was 2.52 cm.

The resulting board product had a cured volume of
1017 CC and weighed 998 grams, indicating a bulk
density of 0.980. The product along its edges and on its
larger surfaces exhibited open structure, and could be
blown through. By noting the initial displacement on
immersion in a column of water, the cavity volume was
measured as 67 CC, representing 6.6% of bulk volume.
The MOR and MOE values obtained in static bending
were respectively 79.4 and 17,900 kg/cm2. These
strength values are exceptionally high, for a composite
having randomly-associated fragments. It is inferred
that the high values result from the high volume ratio of
binder mass (about 255 CC) relative to fragment bulk
volume (1000 CC) and average binder deposit of 75
microns, there being significant deposit thickening adja-
cent to fragment junctions.

A computation of the residual ammonium phosphate
solution remaining as dried salt crystallized within
pores and cell spaces of the bagasse indicates that an
amount in excess of that meeting Class A requirements
for interior finish wood matenals by building codes was
held in the fragments. Two tests were performed to rate
the product.

In a first test, the board product was exposed to direct
flame of 800° C. temperature over an area of 4.5 by 4.5
cm, for 15 minutes. At the end of that time only minor
surface scorching was evident; there was no flaming,
minor gas evolution, and no smoke, but within the first
two minutes water vapour was observed to be given off.
The flame side was red-hot, but the applied flame was
not enlarged by any flame contribution from the heated
surface. At the end of the test, the face opposite to the
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test face was only shightly warm, with a localized sur-
face area at 40° C.

In a second test an intense heating flame with flame
temperature of 1200° C.-1400° C. was directed against a
face area measuring about 15 cm diameter, untul the
board was perforated. The imptnged surface area be-

came glowing hot in about 30 seconds and a gradual

ablation of oxidizing ligneus material was noted in a
crater area developing. At 3% minutes, the opposite
surface was glowing. The time to burn through the 2.52
cm-thick board was between 31 and $ minutes from the
commencement of the test. This test which s intended
to be destructive showed that the fire-retarding proper-
ties impeded significantly combustion in the presence of
very hot oxidizing flame as compared with conven-
tional composites made of ligneus plant fragments and a
mineral binder.

EXAMPLE IX

In order to evaluate the effects on shear strength of
the mineral bond mass deposited as a joining matenal
between adjacent surfaces of wood fragments contnb-
uted by different reactive cement solids, and the effects
of very small particle size and mode of application, a
series of wood veneer laminates were made up wherein
a minor portion of the cement solids was chosen from
magnesium and calcium oxides and hydroxides and this
portion was used as an initial application to the wood
surface which had previously absorbed ammonium
phosphate solution, followed by application of the
major portion of cement solids compnising coarser
grains of dead-burned magnesia and dolomite.

Twenty-one wood vencers measuring 15 by 30 cm
were sawn from clear billets of the wood species:
black cottonwood (Populus trichocarpa)

Douglas-Fir (Coast type) (Pseudotsuga menziesu)
Sitka spruce (Picea sitchensis).

Each wood strip had smooth flat surfaces and thick-
ness 2.8 2.8 mm.

Mineral solids for use as the minor portion of reactive
alkaline earth metal compounds were prepared as fol-
lows:

A quantity of calcium hydroxide was prepared by
hydrating fresh-burned lime and dispersing the hydrate
as a slurry with vigorous beating in warm water (55°
C.). A suspension of the finer particles was reserved,
containing about 80 grams solids per liter.

Fresh-bumed lime (CaQ) was prepared by calcining
lump limestone having 97.8% by weight of CaCQO;, the
remainder being chiefly silica and clay. The matenal
was ball-milled to a fine dust, which was screened to
remove all particles larger than about 15 microns. The
dust was held in dried state at very low relative humid-
iy,

A quantity of magnesium hydroxide was also pre-
pared as a precipitate using epsom salts (MgSOy) and
sodium hydroxide, the solids being filtered, washed, and
slurried in cold water to form a suspension containing
about 100 grams solids per liter.

A quantity of dead-burned magnesia grain of high
density (3.36) was ball-milled to very fine particles, and
screened to remove particles larger than about 15 mi-
crons. The fine dust was [slurred] s/urried in ether to
form a suspension carrying about 45 grams per liter
immediately prior to its use in the tests to be descnbed
next.

In all tests the 3-ply laminate product was air dned
for 6 to 8 days before application of test loads. Where
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necessary the board was slit lengthwise to provide one
specimen for evaluation of MOR and MOE 1n 5tatic
bending. and a second specimen for measuring bond
shear strength. The second specimen was trimmed to 5
cm width and a groove was recessed into each outer
face to pierce two wood layers, the grooves being
spaced in the length direction of the board to provide a
shear zone of area 5 cm by 5 ¢cm; the end portions of the
specimen provided gripping areas for applying tension
load. This test would reveal failure of the weaker
“glue™ line of the pair of gluelines placed in shear stress
by the load. The test data is presented in Table VIII.

One board was prepared from each wood species for
tests (1), (2) and (3) by first tempering the wood to a
measured moisture content. A wetting film of ammo-
nium polyphosphate solution of commerctal fertilizer
grade of analysis 10:34:00 of specific gravity 1.4 having
50% solids content was applied to both faces of the
interior ply and to the inner faces of the two outer phes,
estimated to provide about 70 milligrams of solution per
cm? of surface. The plies were clamped together and
dried for 8 days, when the moisture content was ag~in
measured. The outer faces were grooved to pierce two
wood layers to define a 5-cm long shear area, and the
edges of the laminate were trimmed to leave a width of
3 cm.

The tests indicate that the dried salt residue at the
interface between plies had limited shear strength, the
value for cottonwood being almost 0.6 kg/cm?, hence
negligible contribution to measured shear strengths in
other boards of the series could be attributed to sait
residue.

Tests (4), (5) and (6) were carried out by applying
aqueous suspension of Mg(OH); to the ply faces n
amount to supply about 7 milligrams solids per cm? of
surface. The plies were air dried for three days to re-
move most of the water, when the faces showed a thin
white coating of mineral. Ammonium polyphosphate
was applied as a wetting film at the rate of 70 milligrams
per cm? and the plies were assembled under about 7
kg/cm? unit pressure and air-dried while clamped. The
boards were grooved and trimmed as described earher,
and tested to failure in at least one glue line. The results
show that the deposit is weak in shear, due to insuffi-
cient volume of binder mass and the inability of the
reaction products-chiefly magnesium oxyphosphates-to
coalesce as a continuous deposit.

Tests (7), (8) and (9) were carried out to establish
both the shear strength of a mineral bond mass formed
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Each contact surface of three plies was mmitially wetted
with an application of ammonium polyphosphate soiu-
tion to supply about 40 milligrams of solution per cm- of
surface area. after which the plies were allowed 1o ab-
sorb the liquid but not to dry out on their surfaces. An
aqueous slurry of magnestum hydroxide was distributed
on the solution-treated faces to apply about 7 mg of
Mg(OH)2 per cm?, and the surface was allowed to dry
in air until barely moist. A further application of 30
milligrams per cm? of the phosphate solution was made.
followed by application of 80 milligrams of the mixed
cement solids used in boards (7) to (9). The boards were
pressed and cured as described. The marked increase in
shear strength over the control specimens of tests (7) to
(9), and the degree to which failure of the wood sur-
faces had occurred rather than fatlure through the
binder mass, is apparent. The highest wood failure, 1n
cottonwood, and the lowest, in Douglas-fir, corretates
with reported shear strengths for these woods parallel
to the grain, which are respectively 71.8 kg/cm* and
80.3 kg/cm?. Because of the strength enhancement of
the surface zone of wood contiguous to the mineral
binder deposit, as has been reported tn the other exam-
ples, it is speculated that failure in a plane through the
binder lying between the ply surfaces occurs because
the shear strength of the mineral binder is slightly less
than that of the strengthened wood zone. It shouid be
noted that the comparable strength of laminates bonded
by phenol-formaldehyde resin, using the same woods,
did not exceed 7 kg/cm?.

The large increase in shear strength for combined
applications of Mg(OH)2 and magnesia/dolomite ce-
ment solids of particle sizes as mentioned may be as-
cribed to the improvement in penetration by magnesium
oxyphosphate compounds into the pores, lumens, and
microscopic wood fissures opening to the fragment
surface, so that a strongly-anchored crystalline oxy-
phosphate mass occupies microspaces of the surface
zone, which zone extends at least one cell layer in depth
and possibly extends to a depth of 80 to 100 microns
from the outer surface.

When structural products are made from ligneus
fragments bonded by cement solids reacted with ammo-

‘nium polyphosphate solution as recited in these tests,

and subjected to static bending, the beam strength will
be improved in direct proportion to the capability of the

junction bond masses to withstand honzontal shear

stress. To evaluate all strength properties of products
made with combined forms of cement solids, tests {13),

by reaction of — 100 mesh cement solids comprised of 50 (14) and (15) were made using very fine particles of

dead-burned magnesia and dolomite with absorbed am-
monium polyphosphate solution as well as bending
strength data, where no minor portion of very fine
cementing compound is applied. The laminate board
products were made by applying 70 milligrams of solu-
tion per cm? of surface, then dusting onto the wet films
cement solids comprising 20 mg. of dead-burned mag-
nesia of density 3.36 and 60 mg. of raw dolomite of
density 2.62, both solids being of grain sizes between

100 mesh and + 250 mesh. The plies were clamped at 7 60

kg/cm? compaction pressure and held for 30 minutes,
then released and the boards were air dried for 7 days.

A 3-ply board specimen was made with veneers sawn
from each of the three wood species to carry out tests

(10), (11) and (12) to investigate the combined effects of 65

an initial minor surface deposit of magnesium hydroxide
of sub-micron particie sizes, and a subsequent loading of
a major portion of cement solids as in boards (7) to (9).

55

MgO of high density.

The contact faces of three plies of each wood species
were wetted by polyphosphate solution as in control
tests (7) to (9), and when the film had become absorbed
into the wood leaving a surface moist to the touch, the
prepared MgOQ (in ether suspension) was applied to the
moist surfaces to supply about 6 mg of MgO per cm?,
and the ether allowed to evaporate, after which the
cement solids of the control tests were applied. The
laminates were quickly assembled and held clamped for
30 minutes, after which the boards were air-dnied for 7
days. After slitting lengthwise, one specimen was tested
for binder shear strength and the other tested in static

bending.
The very high shear strength observed data indicated

benefit to be obtained by using an initial minor loading
of very small particle sizes before applying the major
portion of the cement solids, as compared with the
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control group of laminates. It is of interest that both the
control laminates and the laminates of tests (13) to (15)
showed MOR values for cottonwood and spruce ex-
ceeding those for whole wood, which for the three
species are respectively 600 kg/cm?, 824 kg/cm? and
718 kg/cm?. The gain may be ascribed to the combined
enhancement of strengths by penetration of oxyphos-
phate compounds into the ply surfaces, and the residual

36

pound improves the strength properties as compared
with the control tests.

Further test laminates (19}, (20) and (21) repeated the
procedures of tests (13) to (15), except that an aqueous
suspension of Ca(OH); in amount to supply about 9
milligrams per cm<? of veneer face was applied. The
strength measurements indicate that such compound
improves the ioading properties of the mineral binder

ammonium phosphates crystallizing within the interior mass 1nto the surface wood zones.

TABLE VIII

WOOD
FAILURE STATIC BENDING
SURFACE [N MODULUS MODULUS
MOISTURE LOADING SHEAR SHEAR OF OF
CONTENT AMOUNT STRENGTH AREA RUPTURE ELASTICITY
mg/cm? kg/cm? % Kg/cm*® Kg/em-

*Amm. Phos. [0.6)0.6 nil —_ —
Amm. Phos. [0,5305 nil — —
Amm. Phos. [0.37 J0.37 ntl — —
Amm. Phos. [0.670.6 nil — -
6.836 mg Mg(OH)-
Amm. Phos.

7.80 mg Mg{OH);
Amm. PL_s.

1.2 mg Mg(OH);
Amm. Phos. 4.36 15 1030 12,600
30 mg cement t

Amm. Phos. 4.60 5 670 9,700
20 mg cement

Amm. Phos. 6.21 . 5 150 11,900
30 mg cement

Amm. Phos. [3.08 40 1150 13,200
6.86 mg Mg(OH);

80 mg cement

Amm. Phos. 12.04 15 990 12,000
7.80 mg Mg(OH)»

30 mg cement

Amm. Phos. 11.28 25 860 11,600
1.2 mg Mg(OH),

BO mg cement

Amm. Phos. 2.4 50 1100 {2.800
6 mg MgO

80 mg cement

Amm. Phos. 11.8 20 870
6 mg MgO

80 mg cement

Amm. Phos. 8.6 § 706 3,800
6 mg MgO

30 mg cement

Amm. Phos. 9.3 T 1050 12,700
7 mg CaQ v

B0 mg cement

Armm. Phos. 8.7 6 718 9,900
7 mg CaO

80 mg cement .

Amm. Phos. 8.8 |7 890 12.100
7 mg CaO

80 mg cement

Amm. Phos. 12.7 22 080 13,100
9 mg Ca{OH);

80 cement

Amm. Phos. 1.1

9 mg Ca(OH)
80 mg cement

Amm. Phos. 10.6 17 802 [2.800

9 mg Ca(OH)
80 mg cement

COTTON- DOUGLAS-
wOOD FIR SPRUCE
Test No. 7%

l 8.5
2 8.0

3 8.0

4 10.2
5 9.1 [0.610.6 nil — —

6 10.0 [0,550.55 nil — —

10 10.2
11 9.8
12 10.0

13 ' 10.2

14 9.8 10,300

13 10.0
16 0.2

17 9.8
18 10.0

19 10.2

20 9.8 12 741 9,900

21 10.0

*Deposn. of Amm. Phosphate solution supplying 23.8 mg PyOs per cm?, all resn.
“ Cement sohids 20 mg MgO and 50 mg MgCO1 (new document) — 100 mesh no + 200 mesh.

portions of each ply. The cell character and sequestered 60
materials in Douglas-fir may account for the inferior
MOR and MOE measurements of laminates.
Test laminates (16), (17) and (18) followed the same EXAMPLE X

procedures as recounted above for tests (13) to (15), A number of woody piant materials of low density,
except that the alkaline earth metal compound applied 65 such as the straws of cereal seed plants (wheat, oats,
in minor amount was CaQ, as a suspension in ether, to rye, barley, millet) and stalks of oil seed plants (rape-
supply about 7 milligrams per cm? of veneer face area. seed, flax, cottonseed) which have relatively low
The test data in TABLE VIII indicates that such com- strengths and may include pith portions, all of very low
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bulk densities. mav be used to form useful products
which. though being generally strong enough to be
handled and transported without support, are not suffi-
ciently strong tn compression or bending to be properly
called *structural™ products, due to the very low
formed densities when assembled without compaction.
The chief utility for panels formed from such matenals
at densities under about 0.35 1s as insulative forms in-
tended to occupy space between inner and outer struc-
ture walls of cold storage chambers or as wall, cetling
and roof insulation in houses.

To evaluate the properties of extremely low density
panels which may be formed from optimum arrange-
ments of straw, as low as about 0.10 bulk density, hav-
ing fire-retardant properties, mature stalks of winter rye
were harvested from the field just above ground so as to
avolid bending or crushing the stems, and the heads
were removed, leaving average stalk lengths of 91 cm,
relatively free of leaf residues. It was found that a mold
box measuring 2.5 m by 0.50 m by 15 cm depth would
accept parallel-laid straw weighing 11000 grams in air-
dry state, alternate layers being reversed so that butt-
ends overlaid head-ends, and vice versa.

The 11000 grams of straw was laid out on a flat sur-
face as a layer about 6 cm deep and 11270 grams of
aqueous ammonium polyphosphate solution was
sprayed, in stages, to apply a surface wetting film. The
solution was commercial grade 10:34:00 material of
50% solids, solution analysis 34% P20s as mixed ortho,

pyro, tri- and tetra-polyphosphates of ammonia, and 30

included a minor portion of higher polyphosphates. The
straw was rolled over three times while maintaining
parallelism as spraying continued. The straw was again
laid in shallow, paraliel layer and 2400 grams of cement
solids compnising 11270 grams of dead-burned, fine-
grained magnesia of density 3.36 and 9500 grams of
silica grain of density 2.63, all being of particle sizes
passing 150 mesh screen and retained on -+ 250 mesh,
was sifted in stages onto the wetted straw. The straw
was rolled up into a bundle after about one-third of the
cement solids [have] Aad been applied, then laid out
flat while a second one-third portion was sifted onto the
stalks, again rolled into a bundle, spread, and the final
portion of cement sifted. The application was com-
pleted within about 90 seconds from the initial contact
of cement with the film. All parts of the straw appeared
to have a continuous adhered coating of the powder.

The coated straw was lifted in portions which were
spread uniformly in parallel arrangement, aligned with
the 2.5 m direction of the mold, and further portions
were arranged similarly as layers. A sheet of paper was
laid upon the straw, and a polished, waxed mold plate
was laid upon the paper, exerting only a few grams
pressure per square centimeter of plan area, i.e., without
compacting the straw.

The formed product was able to be removed within a
half-hour and was cured by drying on a rack for 6 days
at low relative humidity without application of heat at
room temperature. The formed product [has] had a
gross weight when cured of 38.15 kg representing a
bulk density of 203.45 kilograms per cubic meter.

The straw could not be ignited by being exposed to
direct flame of a gasoline blow-torch for 10 minutes, but
charred in the heated zone.

Such panels are remarkably strong in bending despite
being of very low density, due to the very long frag-
ment length and lap joint area. The hollow tubular
stems represent a favorable cross-section for resisting
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conduction of heat transversely of the assembly. The
product stiffness was such that 1t could receive plaster
Ofr stucco, vet its stiffness was not too great to prevent
the panel from being pressed as a friction-held insert
between framing members.

Because this panel was far stronger than necessary, a
further panel using one-half of the cement solids, and
about 60% of the solution used in this example, was
prepared as described below.

EXAMPLE Xl

Rye straw as in the preceding example was weighed
to provide a batch of 11,000 grams in air dry state.
Following the wetting by 65,000 grams of ammonium
phosphate solution, the wetted stems were clad with
powdered cement solids as before, and the board was
cast and cured, using a kraft paper liner in the mold
bottom and a bleached light calendered card sheet of 0.4
mm thickness as face sheet, both sheets being left un-
treated otherwise than by capillary absorption of liquid
from the straw in contact with the sheet surface.

The dried panel has a weight of just under 25 kilo-
grams, representing a bulk density of 133.34 kg/cm’.
Even at this low density the binder formed on the free
straw surfaces was of a thickness about 75 microns, and
contiguous stems were well bonded by bridging depos-
its of mineral binder. The panel was amply strong for its
purpose as insulation, and had good fire retardant prop-
erties.

The foregoing examples illustrate that many plant
stalks and stems which are of low bulk density, notably
reed grasses and cattails, may be assembled economi-
cally to form relatively rigid and strong composites
having good insulative properties. Where such compos-
ites are integrally cast with a strong outer face sheet
such as a wood veneer, a hardboard, or card or paper
stock, the unit serves limited structural applications as
well as being an insulating body.

Ammonium polyphosphate in solid form is also useful
as impregnating salt and in one-step admixing of cal-
cium or magnesium compounds with fragments, salt,
and water. The utilisation of a solid such as TVA
11-55-0 or 12-54-0 powdered sait can be equally effec-

‘tive, but different procedures are indicated as compared

with aqueous ammonium polyphosphate solutions, as
shown in the following example.

EXAMPLE XII

Two batches of composites using Red Alder air-dried
wood flake fragments of average thickness 1.3 mm and
width and length dimensions 2 cm by 6 cm were made
up, one by the single-step procedure of admixing salt,
cement solids, and wood fragments then adding water,
the other by first making an aqueous solution from the
salt, and combining the solution with mixed flakes and
cement solids.

In the first batch, 69 grams of 11-55-0 salt were added
to 215 grams of air-dry wood fragments of 8.3% mois-
ture content, together with 250 grams of particulate
cement solids comprised of 25% dead-burned dense
MgO of density 3.36 and 75% of dolomite both solids
being of a range of grain sizes between 149 microns and
33 microns and having a packing ratio in tamped bulk
form of 0.87. The mixture was stirred while 100 grams
of water was sprayed onto the mix, and 30 seconds later
the batch was turned out into a mold, raked and lev-
elled, and compacted under 3 kg/cm? pressure between
stainless steel mold plates. The product was allowed to
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set under pressure for |0 minutes, then reieased and air
dried for 7 days before testing.

A second batch, using the same materials, was made
by preparing a solution with the salt and the water,
combining the cement solids and wood flakes, and add-
ing the solution with mixing for 30 seconds before
molding.

Both board products were adequately strong and had
fire-retardant properties. The comparative strengths are

40

One veneer of each species was tested in.static bend-
ing to establish reference ultimate bending strength.
MOR and MOE for the whole wood.

One Birch veneer specimen had both faces coated

s uniformly with ammonium polyphosphate solution of
specific gravity [1,40] /.40 and analysis 10-34-0, by a
wetting layer weighing [26,4] 26.4 milligrams per
square centimeter of surface area. Such layer if applied
to a non-absorbent matenial would have a thickness of

shown 1n 10 [0,188] 0./88 mm. It was quickly drawn into the ve-
TABLE IX neer surface leaving a shghtly mqist film. Two other
— veqeirs h?d only one ;‘;;e \a;_ctteq sm}ilarll)};. A mcasui'zg
» o , weight of cement solids of grain size between —
Test bﬁ;ﬁ‘f Thls:::]m L:;?:: k;g:: k’:,?iz mesh and + 200 mesh, compnised of 25% dead-burned
: 1 T a0 ™ 000 13 MgO and 75% of dolomite, was sifted onto each moist
3 > 19 540 200  12.100 surface, to supply a uniform loading of [56,3] 56.3
3 3 1.9 870 36.9 17,500 milligrams per square centimeter. The coated veneers
*EXAMPLE VI, TABLE VI, Alder Waters. were immediately clamped to form a three-layer lami-
nate, with clamping pressure 2 kg/cm?. The clamps
20 were removed after 30 minutes and the board dnied for
EXAMPLE XIII 5 days before testing.
Tests were made to investigate the influence of ab- An identical procedure was followed to make a board
sorbed ammonium phosphate solution on the adhesion with three sawn veneers of Douglas Fir.
of the mineral binder deposit to lignocellulosic surfaces, By a modified procedure, a 3-layer board was made
by comparing composite products made with preim- 25 with the three remaining Birch veneer pieces, and 2
pregnation by solution and subsequent loading with 3-layer board was also made with the remaiming Doug-
cement solids, with products made by a process las Fir pieces. The amounts of ammonium phosphate
wherein the reacting components are simultaneously solution and of cement solids calculated for each face as
applied to the fragments. The tests also investigated the  explained above were first mixed briefly together in a
extent to which an effective amount of the solution can 30 round-bottom bowl until a viscous slurry was formed,
be withdrawn into the wood surfaces from a wetting  and this matenal was quickly transferred to and spread
layer in which MgO grains are reacting, so that a suffi- evenly on the face while the veneer was seated in a jig
cient residue of ammonium phosphate salt will remain  having side flanges so that a straight-edge could be used
following the completion of curing of the product to  to trowel and strike off an even layer about [0,3] 0.3
contribute fire-retardant properties. 35 mm thick. The coated faces were immediately assem-
The relative openness of hardwoods to entry of the  bled, clamped under 4 kg/cm? compaction pressure,
solution despite their higher bulk density and smaller  and cured as described hereinabove.
lumen diameters results from their large-section pores The boards were tested to their ultimate bending
which form conduits extending deeply into the wood. strength, obtaining MOR and MOE values. All boards
Softwood fragments offer tracheid lumen apertures 40 failed in tension wood fracture of the bottom layer.
which are substantially larger than in hardwoods, but An end portion of the test board then was grooved by
penetration beyond the first cell layer by migrating 2 pair of transverse grooves, one on each outer veneer
solution is obstructed by the very narrow ports at cell and the grooves being spaced 5 cm apart along the
junctions. board, severing two wood layers. The strength in shear
Seven sawn veneer samples were prepared from air- 45 was determined by applying a steadily increasing ten-

dry Yellow Birch, which is a hardwood species high in
hemicellulose content, having high strength. Seven

sion load to stress the bond layers in shear. The data s
presented in Table X below.

TABLE X

COMPARISON OF PRODUCTS MADE BY ONE-STEP MIXING
AND BY PRE-IMPREGNATION FOLLOWED BY CEMENT LOADING

Wood VUlumate

Shear Failure, Static Mod. of WHOLE WOOD
Strength % of Bendin Elast. MOR MOE
SPECIES Process kg/cm? face kg/cm kg/cm? kg/cm® kg/cm?
YELLOW one- 7.88 0 590 11,000 1188 148,200
BIRCH step
pre- 17.20 15 370 16,000 1188 148,200
impreg.
DOUGLAS one- 4.20 0-5 330 7,900 344 135,700
FIR step
(Coast) pre- 14.64 20 710 10,900 844 135,700
impreg

The high shear strength and the high MOR of the
similar veneer specimens were prepared from Douglas 65 Birch laminate product made with pre-impregnation of
Fir (Coast type). All veneers had flat, smooth faces, ammonium phosphate solution indicates the ability of

thickness 3 mm, and length and width dimensions of 28 the junction bond mass to resist longitudinal shear,
cm and § cm. which is directly related to the extent to which the
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mineral solid has become anchored physically into the

hardwood surface.
The lower MOR value obtained with each wood

species when the reactant materials are admixed before
application to the wood points to the formation of the
magnesium oxyphosphate product which 1s less inti-

mately associated with the surface of the wood. The

migration of the colloidal oxyphosphate under osmotic
gradient toward the wood is apparently impeded so that
crystal formation within the near-surface zones is less
well developed by the surface application of mixed
cement solids and ammonium polyphosphate solution
which have already commenced to react with each
other.

EXAMPLE XIV

To test the durability of composite material cast using
wood fragments, ammonium polyphosphate solution
and cement solids consisting of dead-burned dense mag-
nesia and silica grain, board products were molded from
a mix using flakes of dry poplar of average thickness 1.3
mm and widths and lengths 2 cm by 6 cm. The magr :-
sia was of grain sizes ranging between 105 microns and
53 microns and of density 3.36; the silica was screened
to the same sizes and had specific gravity 2.62. The
flakes were wetted with ammonium polyphosphate
solution in the proportion 112.5 grams to 215 grams of
wood flakes to 250 grams of cement solids, of which 125
grams comprised magnesia grains. The solids were ap-
plied to the wetted fragments with agitation by tumbile-
mixing until all free powder was adhered to the flakes.

The mix was molded at 4 kg/cm? pressure between
stainless steel polished plates. The plates were removed
and the board taken out at 10 minutes time, and cured at
room temperature for 6 days when the board was fully
air-dned.

The board was sawn into two parts and one was
tested in static bending, having a MOR of 25.7 kg/cm?
and MOE of 12,340 kg/cm2, at density 0.551.

The other part was aiternately immersed in tap water
for 15 minutes, drained and re-dried in air for 3 days,
then immersed in sea water for 15 minutes, drained and
dried for 3 days, and the cycle repeated for 21 days,
ending with prolonged immersion and rinsing in tap
water before final air-drying. The weight in air-dried
state as measured before the first immersion was com-
pared with its weight at the end of the cycle.

A slight reduction (7%) in MOR was measured, and
very low weight loss (3%) recorded for the weathered
portion.

The relatively high bonding rate will make the pres-
ent invention especially useful for continuous casting
and molding of high strength light weight hollow circu-
lar or rectangular tubular bodies especially such as used
for drainage tiles, culverts and longer pipe sections.
Usefulness of this invention for such application be-
comes especially evident as porosity and permeability
to fluids is made technically possibie by selecting manu-
facturing conditions under which porous light weight
tubes such as required for low pressure underground
irrigation can be had. On the other hand, by selecting
conditions under which migration of colloids to surface
is promoted closed surface drainage tiles and culverts
can be fabricated. Similarly, for poles where high bend-
ing strength and light weight might be important assets
the continuous molding process may include low rpm
spinning of the mold during or after casting to cause
simultaneous densification of the wet mass and colloid

10

L5

20

25

30

35

45

50

55

635

42

migration to the surfaces on account of the centrifugal
forces created by the spinning motion. By vanation of
this technology a large vanety of useful molded prod-
ucts can be formed.

EXAMPLE XV

To 400 g of air-dry spruce wood fragments, passing 3
mesh and retained on 20 mesh screens, 700 g of green
wet process ammonium polyphosphate solution of 1.4
specific gravity having 50% salt solids and the solution
analysing 10:34:00 nitrogen (as NHa) and P;Os was
added with mixing. The phosphate-wet fragments were
allowed to stand for 5 min whereupon they were dusted
with 1200 g of cement solids comprised 2.25 parts of
ground dolomite tn amount of 900 g and 0.75 parts of
dead burned MgO in amount of 300 g both in powder
form passing 100 mesh and retained on 250 mesh
screens. The resulting mass was briefly mixed to obtain
uniform coating of the wet fragments before it was
filled into a 45 cm long plexyglass tube mold having a 15
cm inside diameter and fitted with a centre core piece of
11 cm. The mix was allowed to cure for 20 min inside
the tube whereupon it was carefully removed and air-
dried for 7 days. The hollow tube had a density of 0.53
and weighed 1967 g. It could carry a uniformly distnib-
uted load of 2 kg/cm length without breaking and was
relatively pervious to water over its full length.

EXAMPLE XVI

The same mix as described in EXAMPLE XV when
filled into the same mold and the mold spinned at 3 rps
for § min was cured into a hollow tube having a wall
thickness of 1.2 cm and a density of 0.85. The product
was strong and contrary to the previous product it was
impervious to water.

EXAMPLE XVII

In a subsequent trial larger tubular sections were cast
with ease using air-dry spruce wood slivers of 0.5 to 3
cm length and maximum diameter of 3 mm. The propor-
tions of cement solids and ammontum polyphosphate
were similar to those described for the foregoing exam-

ples. The plexyglass tube measured 30 cm inside diame-

ter and was 50 cm long with a 15 cm solid core posi-
tioned exactly in the center. The assembly was filled
with the freshly mixed mass and rotated simultaneocusly
at a speed of 5 rps. Following removal from the mold
and airdrying for 7 days the section was found to have
a density of 1.25 and a wall thickness of 9.7 cm. The
calculated MOR for the section was 580 kg/cm¢ and
should have had a 372 kg allowable bending load capac-
ity on a 10 m section when held at one end. Obviously
stronger sections could be fabricated with judicious use
of stronger fragments such as oriented flakes that could
be “wrapped around” the outside circumference resist-
ing the high stresses and by incorporating high strength
fibers and steel reinforcement in the high-tension areas.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. [The] 4 method of making a [molded} compos-
ite product [including] by joining a plurality of individ-
ual members, each of which is made of a [ligneus] ligne-
ous plant material with surfaces having internal pore
spaces, [ which is bonded with a mineral binder which
comprises ) the method comprising the steps of:

(a) [providing) applying an aqueous solution of an

ammonium phosphate or ammonium polyphos-
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phate on the plant matenal [so as] of the individ-
ual members in a manner to allow the agueous solu-
tion 10 be absorbed within the pore spaces and to
wet the surfaces. [along with] and a particulate
alkaline earth metal oxide, hydroxide, or carbonate
on the wetted surfaces which reacts with the am-
monium phosphate or ammonium polyphosphate
in the pore spaces and on the wetted surfaces to form
an alkaline earth metal oxyphosphate wer paste as
Fthe] ¢ binder within the pores and as a [wet
paste] coating on the [surfaces] surface; and

(b) [molding] curing the wet paste [coated mate-
rial J until the oxyphosphate is solidified within the
pores and on the surfaces to bond with the ligneous
plant material and to join the individual members to
form the composite product.

2. The method of claim 1 wherein the [ plant matenal
is } individual members are in the form of multiple wood
sheets bonded together by the mineral binder at a pres-
sure during [molding of 2} curing of up to 14 kg/cm?.

3. The method of making a [molded] composite
article comprised of a mass of [ligneus] ligneous plant
fragments with surfaces having internal pore spaces and
a mineral binder bonding the fragments together at the
surfaces and in the pores, which comprises:

(a) applying to the surfaces and pore spaces of a mass
of [ligneus} ligneous fragments an aqueous solu-
tion of ammonium phosphate or polyphosphate in g
manner to allow the agueous solution to be absorbed
within the pore spaces and to wet the surfaces, and in
an amount of from about 0.85 to about 1.8 parts by
weight per part of said fragments calculated on
their dried weight as a [setting ] wetting film sup-
plying from about 0.22 to about Q.70 parts of P;0s,
and a loading of particulate mineral solids in an
amount of from about [0.65 to 1.50] 0.93 10 4.0
parts comprised of dead-burned magnesium oxide
admixed with finely particulate mineral filler, said
filler being present in an amount between a trace
and three times the weight of the magnesium oxide,
said mineral solids comprising grains of size rang-
ing from 149 micron to 53 micron, 0 that the am-
monium polyphosphate and magnesium oxide re-
acts within the pore spaces and on the wetted surfaces
to form the mineral binder within the pore spaces
and on the surfaces of the fragments; and

(b) [molding] curing the mass of fragments and the
particulate mineral solids [with compaction] to
form said composite article while said binder is at a
temperature so as to be substantially as a wet paste

[(¢) holding the molded mass until the binder has
solidified to form the composite article.] , the oxy-
phosphate material solidifying within the pores and on
the surfaces to bond with the ligneous plant fragments
to form the composite article.

4. The method of claim 3 wherein the composite
article is [released from holding within] cured for
about 20 to 30 minutes and subjected to drying at a
temperature between about 10° C. and 50° C.

S. The method of claim 3, 4 or 46 wherein said frag-
ments have a moisture content between about 0.5% and
100% by weight prior to application of said mineral
binder.

6. The method of claim 3, 4 or 46 wherein the frag-
ments have [means] mean thickness dimensions of
from about 0.3 mm to about 8 mm and have combined
length and breadth dimensions in the range from about
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7 combined millimeters to about 4,000 combined mulli-
meters.

7. The method of claim 3, 4 or [5] 46 wherein the
[ moided] cured mass 1s held under compaction pro-
duced only by gravity-induced pressures of the frag-
ments, solution and solids against each other.

8. The method of claim 3, 4 or [§} 46 wherein the
I molded] cured mass is held under compaction with
unit pressures in the range from about 0.3 to 14 kg/cm?,

9. The method of claim 3, 4 or [53 46 wherein the
aqueous solution and mineral solids are applied by si-
multaneous spraying and dusting operations while the
mass of fragments is undergoing mixing, and is mixed
further for from 4 seconds to about 4 minutes before
[ molding.] curing.

10. The method of claim 3, 4 or [ 5] 46 wherein the
aqueous solution and mineral solids are applied sepa-
rately and either component i1s applied first.

11. The method of claim 3, 4 or [§]) 46 wherein the
aqueous solution is applied first to the fragments and the
wetted mass of fragments is held for a time sufficient to
allow said solution to become almost wholly absorbed
into the pores spaces In the fragment surfaces while
retaining a wetting film on the surfaces and the said
mineral solids are applied as a coating on said wetting
film and fragments.

12. The method of claim 3, 4 or [ 5] 46 wherein said
aqueous solution is applied as an initial application of a
fractional portion less than one-half of said amount of
solution to said fragments and the fragments are stored
under non-drying conditions, and the remainder of said
amount of solution is applied to the fragments subse-
quently and the mass held for a time sufficient to allow
the added solution to become substantially absorbed
into fragment surfaces while retaining a surface wetting
film, and the said mineral solids are thereafter applied as
a coating on said wetting film and fragments.

13. The method of claim 3, 4 or [5} 46 wherein the
aqueous solution and mineral solids are applied to the
fragments without significant mechanical mixing other
than the mixing effected by [molding] and compact-

ing said curing mass.
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14. The method of claim 3, 4 or [$] 46 wherein said
fragments are adhered to at least one sheet of wood
having opposed surfaces of substantial lateral extent,
and said aqueous solution and said solids are distnbuted
by mechanical spreading action over at least one surface
of each sheet, and said sheet and fragments are assem-
bled in superimposed contacting relation under a pres-
sure of 2 to 14 kg/cm? with solution and solids to form
a laminated board product.

15. The method of claim 3, 4 or [§] 46 wherein the
ammonium polyphosphate solution comprises mixed
ammonium phosphates including about 35% to 40% of
ammonium orthophosphate, about 45% to 50% of am-
monium pyrophosphate, about 9% to 11% of ammo-
nium tripolyphosphate, and about 2% to 5% higher
ammonium polyphosphates, the solution having an am-
monium content equivalent to a nitrogen analysis of
10% to 11% and having a phosphate ion content equiv-
alent to a P,Os analysis of about 34% to 37% by weight.

16. The method of claim 3, 4 or [5] 46 wherein the
particulate mineral filler is selected from the group
consisting of silica, alumina, zirconia, magnesium sili-
cate, magnesium phosphate, aluminum phosphate, cal-
cium silicate, calcium phosphate, pulverised firebnck,
burnt shale, dolomite and limestone.
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17. The method of claim 3. 4 or [57 46 wherein the
aqueous solution 1s applied first for a time sufficient to
allow said solution to become almost wholly absorbed
Into fragment surfaces while retaining a surface wetting
film, and particulate solids comprising dead-burned 5
magnesium oxide and ground doiomite are loaded on
said film as an adherent coating, the dolomite compris-
ing 2 to 3 parts by weight per part of magnesium oxide.

18. The method of claim 3, 4 or [5] 46 wherein said
ligneus plant fragments are shaped from the woody 10
parts of softwood trees, hardwood trees, cereal plant
stalks, bamboo, sugar cane and fiber plant stalks.

19. The process of forming a structural product com-
prised of a mass of ligneus plant fragments having sur-
faces with internal pore spaces bonded together by a 15
mineral binder comprising the metal oxyphosphate re-
action product of a base metal compound selected from
the class consisting of magnesium and calcium oxides,
hydroxides and carbonates with an aqueous solution of
an ammonium polyphosphate or ammonium phosphate 20
compound, the fragments having thickness dimensions
between surfaces of between about 0.3 mm and 8 mm,
comprising the steps:

(a) applying to the surfaces and pore spaces of a mass

of higneus plant fragments an aqueous solution of 25
the ammonium polyphosphate compound to form a
wetting coating providing from about 12 to about

20 mg of Py0Os per square centimeter of fragment
surface per millimeter of half-thickness:;

(b) holding said wetted, coated mass for a time suffi- 30
cient to allow said solution to become absorbed
almost wholly into the internal pore spaces in the
fragments while retaining a moistened surface;

(c) depositing finely particulate powder comprised of
said base metal compound and a particulate solid 35
mineral filler as a coating on said moistened sur-
faces in an amount from about 20 to about 90 milli-
grams per square centimeter of fragment surface
per millimeter of half-thickness, said base metal
compound comprising about 20 to about 50 milli- 40
grams of said amount and said filler being in the
range from a trace to about three times the weight
of the base metal compound to form the metal
oxyphosphate as a wet paste within the pore spaces
and on the fragments; 45

(d) molding the coated fragments into a structural
shape while the metal oxyphosphate is a wet paste
until the mineral binder has solidified;

(e) and drying the product at a temperature between
10° C. and 50° C. 50

20. The process according to claim 19 wherein said
solution comprises mixed ammonium phosphates pro-
duced by reacting concentrated ammonium hydroxide
solution with polyphosphoric acid having a P2Os con-
tent of about 83 to produce an aqueous solution provid- 55
ing about 28% to 37% of P20Os by weight.

21. The process according to claim 19 or 20 wherein
said mineral filler is inert with respect to said solution.

22. The process according to claim 20 wherein said
mineral solid filler is a magnesium-containing com- 60
pound which is weakly reactive with said solution and
is selected from the group consisting of dolomites and
raw magnesium carbonate and the base metal com-
pound is dead-burned magnesia, said filler and said mag-
nesia being of grain sizes ranging from about 50 microns 65
to about 250 microns.

23. The process according to claim 20 wherein said
mineral solid filler is selected from the group consisting

46

of dolomite, dolomitic limestone and limestone. and the
base metal compound 1s oxide of calcium, said filler and
base metal compound being of grain sizes ranging from
about 30 microns to about 250 microns.

24. The process according to claim 22 or 23 wherein
said powder 1s applied first as finely divided particles of
magnesium hydroxide as the base metal compound in
amount of from about 1.5 to about 3.5 milligrams per
square centimeter of fragment surface, followed by
additional base metal compound mixed with said filler.

25. The process according to claim 19 wherein said
ligneus plant fragments have a length dimension gener-
ally aligned with a fiber length direction within the
fragments and a thickness dimension in the range from
about 300 microns to about 8,000 microns and are se-
lected from the group of fragment forms including
shavings, flakes, veneers, chips and strands.

26. The process according to claim 25 wherein said
ligneus fragments are formed from the woody parts of
softwood trees, hardwood trees, cereal plant stalks,
bamboo, sugar cane and fiber plant stalks.

27. The process according to claim 26 wherein said
fragments are formed by slicing wood billets to form
sheets and then slicing the sheets to form strands of
wood having a width between about 1.5 millimeters and
about 5 millimeters.

28. The process according to claim 26 wherein said
fragments comprise sugar cane having the pith removed
and the rind cut into inter-node lengths, the lengths
divided into segments, and the segments flattened to
form loosely-connected strands of width from about 3
millimeters to about 10 millimeters.

29. The process according to claim 28 wherein said
cane lengths are further prepared by scraping to re-
move waxy and siliceous outer layers.

30. The process according to claim 25 wherein the
fragments comprise straw of cereal grain plants, and the
straw has been roller-flattened to crush nodes and to
fissure the straw.

31. The process according to claim 25 wherein the
fragments comprise bagasse.

32. The process according to claim 27, 28 or 30
wherein the fragments are assembled as a board product
having the fragments predominantly oriented with their
thickness dimension parallel to the thickness dimension

of the board.
33. The process according to claim 27, 28 or 30

wherein the fragments are assembled by tumble-mixing
of the wetted clad mass of fragments and the mix is
transferred while the binder remains as a wet paste into
a mold as one or more layers to form a board product.

34. The process according to claim 27, 28 or 30
wherein the powder is applied by sifting through a
screen to coat the fragments while the wetted mass is
undergoing tumble-mixing and the mixing is continued
for a peniod of about 4 seconds to about 4 minutes, and
then the coated fragments are molded into the struc-

tural shape.
35. The process according to claim 27, 28 or 30

wherein said deposit of particulate powder is applied as
a first deposit of magnesium hydroxide as the base metal
compound of particle size ranging from sub-micronic to
a few microns in an amount of from 1.5 to about 3.5
milligrams per square centimeter of fragment surface
area, and then additional base metal compound and

filler is thereafter applied.
36. The process according to claim 28 or 29 wherein
the strands are assembled in layers with strand lengths
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parailel in any laver and angularly related to strand
lengths of an adjacent laver to form a board product
and said product is held under a compaction pressure
such that said board when dnied has a specific gravity
from about 0.38 to about 0.9.

37. The process according to claim 28 or 29 wherein
the strands are assembled in parallel relation t¢ form a
board product, and said product ts held under a com-
paction pressure such that said board when dried has a
specific gravity from about 0.38 to about 0.9.

38. The process according to claim 27, 28 or 30
wherein said fragments with the solution, base metal
compound and filler are tumble-mixed for a period of
from about 4 seconds to 2 minutes and the mixture is
spread in a mold to orient the fragments as one or more
layers to form a board product, and are held under a
compaction pressure such that said board when dned
has a specific gravity from about 0.38 to about 0.95.

39. The process according to claim 2§ wherein the
aqueous solution and said powder are continuously
deposited on the fragments which are continuously
assembled into the structural product.

40. The process according to claim 20 wherein said
curing step is carried out with circulation of air of low
relative humidity about the product surfaces to entrain
liberated ammonia gas as a by-product from the metal
oxyphosphate reaction and said ammonia is recovered
from exhaust air to provide a portion of the ammonium
hydroxide reacted with polyphosphoric acid to form
the ammonia polyphosphate.

41. The process of claim 3 or claim 19 wherein said
solution of ammonium phosphate or ammonium poly-
phosphate is selected from the group consisting of
monoammonium orthophosphate and ammonium poly-
phosphate in amount to supply said amount of P;Osand
the mixture is wetted by applying water in amount
about equal to the weight of the salt.

42. The process of claim 25 wherein said ligneus
fragments may inciude bark portions of tree plants from
which said fragments are removed.

43. [The] A method of making a cast composite
structural product comprised of [ligneus]} /ligneous
plant fragments bonded together by an adhered mineral
binder, comprising:

(a) applying to the [ligneus]} /igneous fragments hav-
ing mean thickness dimensions between surfaces
ranging from about one mm to about 8 mm as bind-
er-forming components finely-particulate dead-
burned magnesia and an aqueous solution of ammo-
nium polyphosphate providing phosphate ions
equivalent to about 32% to about 379% of solution
weight as P2Os, said components being in the
weight proportion of one part magnesia to {0.9]
0.5 to 1.2 parts of solution, and mineral solid partic-
ulate filler in the proportion of a trace to about 3
parts per weight of magnesia, in a manner to aliow
the agueous solution to be absorbed within pore spaces
and to wet surfaces of the ligneous fragments so that
said solution coats and wets the magnesia, filler and
fragments to initiate chemical reaction producing a
wet paste of a magnesium oxyphosphate binder
settable as a solid adherent binder anchored in the
pores and on the surfaces of the fragments and am-
monia gas, said binder forming a layer of mean
weight ranging from about 15 milligrams to about
120 milligrams per square centimeter of fragment
surface area;
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(b) molding the coated fragments while the binder

remains as the wet paste to form a shaped product,

- {c) holding the molded fragments until the binder has
solidified from the wet paste; and

(d) drying the product.

4&4. The method of making a cast composite structural
product as set forth in claim 43 wherein said drying step
15 carried out by circulating air at low relative humidity
about the product at a temperature between about 20°
C. and about 50° C., and recovering the ammoma gas
which is released as a by-product of the reaction of the
ammonium phosphate and magnesia from the air.

45, The method of claim [ wherein said step of curing
said material includes the step of molding said wet paste
coated material until said oxyphosphate is solidified.

46. The method of claim 3 wherein said curing step
includes the step of molding said mass of fragments with
compaction, said method further comprising the step of
holding the molded mass until said binder has solidified to

20 form said composite article.
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47. The method as set forth in claim | wherein the indi-
vidual members are in the form of fragmented pieces.
48. The method as set forth in claim | wherein the wet

paste is characterized by the absence of added water.

49. A method of making a composite product by joining
a plurality of individual members, each of which is made of
a ligneous plant material with surfaces having internal pore
spaces, the method comprising the steps of:

a. applying an aqueous solution consisting essentially of
an ammonium phosphate or ammonium polyphos-
phate on the plant material of the individual members
in a manner to allow the agueous solution to be ab-
sorbed within the pore spaces and to wet the surfaces of
the ligneous plant material, along with a particulate
alkaline earth metal oxide, hydroxide, or carbonate
on the wetted surfaces which reacts with the ammo-
nium phosphate or ammonium polyphosphate in the
pore spaces and on the wetted surfaces to form an
alkaline earth metal oxyphosphare wet paste as @
binder within the pores and as a coating on the sur-
faces; and

b. curing the wet paste unitil the oxyphosphate is solidi-
fied within the pores and on the surfaces to form a

bond with the ligneous plant material and to join the
individual members to form the composite product.

50. The method as set forth in claim [ additionally

comprising the step of air drying the individual members

prior to step a o reduce an amount of moisture present in

said ligneous plant material.
51. The method of claim ! wherein the aqueous solution
COMPrises:

a. from 0.15 to 0.40 parts by weight of P;Osas phosphate
ion per part by weight of ligneous plant material; and

b. from 0.93 to 4.0 parts by weight of alkaline earth
metal oxide, hydroxide, or carbonate per part by
weight of ligneous plant material.

52. The method of claim 3 wherein:

a. the aqueous solution of ammonium phosphate or
polyphosphate is applied in an amount from about
0.85 to about 1.8 parts by weight per part ligneous
fragments; and

b. the loading of particulate mineral solids is in an
amount from about 0.93 to 1.50 parts comprised of
dead-burned magnesium oxide admixed with finely
particulate mineral filler.

53. The method of claim 43 wherein the weight propor-

tion of magnesia to solution is one part magnesia to 0.9 to
1.2 parts of solution.
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54, The method of maxing a compostte article comprised 36. The method of maxing a composite article comprised
of a mass of ligneous plant fragments with surfaces having of @ mass of ligneous plant fragments with surfaces having
internal pore spaces and a mineral binder bonding the internal pore spaces and a mineral binder bonding the
fragmen:s together at the surfaces and in the pores. which fragmentis together at the surfaces and in the pores. which
comprises. S comprises:

a. applving to the surfaces and pore spaces of a mass of a. applying to the surfaces and pore spaces of a mass of
ligneous fragments an aqueous selution of ammonium ligneous fragments an aqueous solution of ammonium
phosphate or polyphosphate in amount of from about phosphate or polyphosphate in amount of from about
0.85 1o abour 1.8 parts by weight per part of said 0.85 to about 1.8 parts by weight per part of said
fragments calculated on their dried weight as a wet- 10 fragments calculated on their dried weight as a wet-
ting film supplying from about 0.22 to about 0.70 ting film supplying from about 0.22 to about 0.70
parts of PrOs, and a loading of particulate mineral parts of P1Os, and a loading of particulate mineral
solids in amount of from about 0.65 to 1.50 parts solids in amount of from about 0.65 10 1.50 parts
comprised of dead-burned magnesium oxide admixed comprised of dead-burned magnesium oxide admixed
with finely particulate mineral filler, said filler being 5 with finely particulate mineral filler, said filler being
present in amounts between a trace and (Aree times present in amount between a trace and three times the
the weight of the magnesium oxide, said mineral weight of the magnesium oxide, said mineral solids
solids comprising grains of size ranging from [49 comprising grains of size ranging from 149 micron to
micron to 33 micron, so that the ammonium polyphos- 33 micron, so that the ammonium polyphosphate and
phate and magnesium oxide reacts to form the min- 20 magnestum oxide reacts to form the mineral binder
eral binder within the pore spaces and on the surfaces within the pore spaces and on the surfaces of the frag-
of the fragments, wheretn the aqueous solution is ments, wherein the agueous solution is applied first to
applied first to the fragments and the wetted mass of the fragments and the wetted mass of fragments Is
fragments s held for a time sufficient to allow said held for a time sufficient to allow said solution to
solution to become aimost wholly absorbed into the 25 become almost wholly absorbed into the pore spaces in
pore spaces in the fragment surfaces while retaining a the fragment surfaces while retaining a wetting film
wetting film on the surfaces and the said mineral on the surfaces and the said mineral solids are applied
solids are applied as a coating on said wetting film and as a coating on said wetting film and fragments,

fragments; and wherein the fragments have a moisture content be-
b. curing the mass of fragments and the particulate 30 tween about 0.3% and 100% by weight prior to appli-
mineral solids to form said composite article while cation of said mineral binder: and
said binder is at a temperature so as to be substantially b. curing the mass of fragments and the particulate
as a wet paste. mineral solids to form said composite article while
33. The method of making a composite article comprised said binder is at a temperature so as to be substantially
of @ mass of ligneous plant fragments with surfaces having 35 as a wet paste, wherein the composite article is cured
internal pore spaces and a mineral binder bonding the Jfor about twenty to thirty minutes and is subjected to
Jfragments together at the surfaces and in the pores, which drying at a temperature between about 10° C. and 50°
comprises: C.

a. applying to the surfaces and pore spaces of a mass of 37. The method of making a composite article comprised

ligneous fragments an agueous solution of ammonium 40 of a mass of ligneous plant fragments with surfaces having
phosphate or polyphosphate in amount of from about internal pore spaces and a mineral binder bonding the
0.85 to about 1.8 parts by weight per part of said  fragments together at the surfaces and in the pores, which
Jragments calculated on their dried weight as a wet- comprises:

ting film supplying from about 0.22 to about 0.70  ~ a. applying to the surfaces and pore spaces of a mass of

parts of PyOs, and a loading of particulate mineral 45 ligneous fragments an aqueous solution of ammonium
solids in amount of from about 0.65 to 1.50 parts phosphate or polyphosphate in an amount of from
comprised of dead-burned magnesium oxide admixed about .85 1o about 1.8 parts by weight per part of said
with finely particulate mineral filler, said filler being fragments calculated on their dried weight as a wet-
present in amount between a trace and three times the ting film supplying from about 0.22 to abour 0.70
weight of the magnesium oxide, said mineral solids 50 parts of PyOs, and a loading of particulate mineral
comprising grains of size ranging from 149 micron to solids in amount of from about 0.65 to 1.50 parts
33 micron, so that the ammonium phosphate and comprised of dead-burned magnesium oxide admixed
magnesium oxide reacts to form the mineral binder with finely particulate mineral filler, said filler being
within the pore spaces and on the surfaces of the frag- present in an amount between a trace and three times
ments, wherein the aqueous solution is applied first to 55 the weight of the magnesium oxide, said mineral
the fragments and the wetted mass of fragments is solids comprising grains of size ranging from 149
held for a time sufficient to allow said solution to micron to 53 micron, so that the ammonium polyphos-
become almost wholly absorbed into the pore spaces in phate and magnesium oxide reacts to form the min-
the fragment surfaces while retaining a wetting film eral binder within the pore spaces and on the surfaces
on the surfaces and the said mineral solids are applied 60 of the fragments, and wherein the agueous solution is
as a coating on said wetting film and fragments; and applied first for a time sufficient to allow said solution
b. curing the mass of fragments and the particulate to become almost wholly absorbed into fragment sur-
mineral solids to form said composite article while faces while retaining a surface wetting film, and par-
said binder is at a temperature so as to be substantially ticulate solids comprising dead-burned magnesium
as a wet paste, wherein the composite article is cured 65 oxide and ground dolomite are loaded on said film as
Jfor about twenty to thirty minutes and is subjected to an adherent coating, the dolomite comprising two to
drying at a temperature between about 10" C. and 50° three parts by weight per part of magnesium oxide;

C. and
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b. curing the mass of fragment and the particulate min-
eral solids to form said composite article while said
binder Is at a temperature so as to be substantially as
a wet paste.

58. The method of making a composite article comprised
of a mass of ligneous plant fragments with surfaces having
internal pore spaces and a mineral binder bonding the
fragments together ar the surfaces and in the pores, which
comprises.

a. applying to the surfaces and pore spaces of a mass of 10

ligneous fragments an aqueous solution of ammonium
phosphate or polyphosphate in amount of from about
0.85 to about 1.8 parts by weight per part of said
fragments calculated on their dried weight as a wet-
ting film supplying from about 0.22 to about 0.70
parts of P2Os, and a loading of particulate minerafl
solids in amount of from about 0.65 to [.50 parts
comprised of dead-burned magnesium oxide admixed
with finely particulate mineral filler, said filler being
present in amount between a trace and three times the
weight of the magnesium oxide, said mineral solids
comprising grains of size ranging from 149 micron to
33 micron, so that the ammonium polyphosphate and
magnesium oxide reacts to form the mineral binder
within the pore spaces and on the surfaces of the frag-
ments, wherein the aqueous solution is applied first for
a time sufficient to allow said solution to become
almost wholly absorbed into fragment surfaces while
retaining a surface wetting film, and particulate solids
comprising dead-burned magnesium oxide and
ground dolomite are loaded on said film as an adher-
ent coating, the dolomite comprising two to three parts
by weight per part of magnesium oxide;

b. curing the mass of fragments and the particulate
mineral solids to form said composite article while
said binder is at a temperature so as to be substantially
as a wet paste, wherein the composite article is cured
SJor about twenty to thirty minutes and is subjected to
drying at a temperature between about 10° C, and 50°
C.. and wherein the aqueous solution is applied first
for a time sufficient to allow said solution to become
almost wholly absorbed into fragment surfaces while
retaining a surface wetting film, and particulate solids
comprising dead-burned magnesium oxide and
ground dolomite are loaded on said film as an adher-
ent coating, the dolomite comprising two to three parts
by weight per part of magnesium oxide and wherein
said fragments have a moisture content between about
0.3% and 100% by weight prior to application of said
mineral binder.

59. The method of making a composite article comprised
of a mass of ligneous plant fragments with surfaces having
internal pore spaces and a mineral binder bonding the
Sfragments together at the surfaces and in the pores, which
comprises:

a. applying to the surfaces and pore spaces of a mass of
ligneous fragments an aqueous solution of ammonium
phosphate or polyphosphate in an amount of from
about 0.85 to about 1.8 parts by weight per part of said
fragments calculated on their dried weight as a wet-
ting film supplying from about 0.22 to about 0.70
parts of P,Os, and a loading of particulate mineral
solids in an amount of from about 0.65 to 1.50 parts

5

15

20

235

30

35

45

50

53

60

63

52

comprised of dead-burned magnestum oxide admixed
with finely particulate mineral filler, said filler being
present in an amount between a trace and three times
the weight of the magnesium oxide, said minera!
solids comprising grains of size ranging from [49
micron to 33 micron, so that the ammonium polyphos-
phate and magnesium oxide reacts to form the min-
eral binder within the pore spaces and on the surfaces
of the fragments, and wherein the aqueous solution (s
applied first for a time sufficient to allow said solution
to become almost wholly absorbed into fragment sur-
faces while retaining a surface wetting film, and par-
ticulate solids comprising dead-burned magnesium
oxide and ground dolomite are loaded on said film as
an adherent coating, the dolomite comprising two to
three parts by weight per part of magnesium oxide and
wherein said fragments have a moisture content be-
tween about 0.5% and 100% by weight prior to appli-
cation of said mineral binder; and

b. curing the mass of fragmenits and the particulate
mineral solids to form said composite article while
said binder is at a temperature so as 1o be substantially
as a wet paste, wherein the composite article s cured
for about twenty to thirty minutes and is subjected 1o
drying at a temperature between about 10° C. and 50"
C |

60. The method of making a cast composite structural
product comprised of ligneous plant fragments bonded
together by adhered mineral binder, comprising:

a. applying to the ligneous fragments having mean thick-
ness dimensions between surfaces ranging from about
one mm to about eight mm as binder-forming compo-
nents finely-particulate dead-burned magnesia and
an aqueous solution of ammonium polyphosphate
providing phosphate ions equivalent to about 32% to
about 37% of solution weight as P2Os, said compo-
nents being in the weight proportion of one part mag-
nesia to 0.9 to 1.2 parts of solution, and mineral solid
particulate filler in the proportion of a trace to about
3 parts per part of magnesia, so that said solution coats
and wets the magnesia, filler and fragments to initiate
chemical reaction producing a paste of a magnesium
oxyphosphate binder setable as a solid adherent

* binder anchored in the fragments and ammonia gas.
said binder forming a layer of mean weight ranging
from about 15 milligrams to about 120 milligrams per
square centimeter of fragmen! surface area,

b. molding the coated fragments while the binder re-
mains as the wet paste to form a shaped product;

c. holding the molded fragments until the binder has
solidified from the wet paste; and

d. drying the product by circulating air at low relative
humidity about the product at a temperature between
about 10° C. and about 50° C., and recovering the
ammonia gas which is released as a by-product of the
reaction of the ammonium phosphate and magnesia
from the air.

61. The method of claim 1 wherein the particulate alka-
line earth metal oxide, hydroxide or carbonate is applied to
the plant material separately from the application of the
aqueous solution of ammonium phosphate or ammonium

polyphosphate.
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