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[57] ABSTRACT 
Unidirectional reinforcing fabric for resin laminates 
and the laminates including it, in which parallel yarns 
of ?bers of very high modulus of elasticity, in excess 
of 8 million pounds per square inch, such as high mod 
ulus graphite yarn, with or without some glass ?ber 
yarn, are maintained parallel and uncrimped by knit 
ting them together using a ?ne, ?exible knitting yarn. 
None of the knitting stitches penetrate any of the high 
modulus yarns. The wales are very widely spaced rela 
tive to high modulus yarn cross-section, in excess of 
two and one-half times with the coarsest material. The 
stitches are chain stitches, and the very brittle high 
modulus graphite is not bent or crimped and is main 
tained parallel by the chain stitches of ?ne, ?exible 
knitting yarn. 

4 Claims, 6 Drawing Figures 
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UNIDIRECTIONAL, HIGH‘ MODULUS KNITTED 
FABRICS 

RELATED APPLICATION 

This application is a continuation-in-part of my co 
pending application Ser. No. 851,408, ?led Aug. 19, 
1969, and now abandoned. 

BACKGROUND OF THE INVENTION 

Resin laminates have been reinforced with ?bers and 
fabrics, especially glass ?bers in the form of woven fab 
ric, mats and the like. Glass ?ber reinforced laminates 
have been extensively used as a covering for boats, 
molding of boat hulls and other articles The glass ? 
bers have a fairly high modulus of elasticity. Through 
out the present speci?cation the term “modulus of elas 
ticity” will be used for Young’s modulus, i.e., the stress 
required to produce unit strain. This is usually mea 
sured in pounds per square inch or dynes per square 
centimeter. For simplicity Young’s modulus of elastic 
ity will be brie?y referred to as “modulus” throughout 
the present speci?cation. This property should not be 
confused with tensile strength. For example, nylon ? 
bers or ?laments have an extraordinarily high tensile 
strength; their modulus, however, is very low, much 
less than a million pounds, because they stretch under 
stress. Certain other materials, such as certain elasto 
mers, also have high tensile strength but negligible 
modulus. The best non-metallic high modulus ?bers are 
those of high modulus graphite, produced by graphitiz 
ing highly crystalline stretched cellulosic ?bers, such as 
rayon. Some of these have moduli in excess of 50 mil 
lion pounds psi. However, they are extremely brittle. 
They are usually referred to in the art as high modulus 
graphite. It should be understood that they are a partic 
ular form of graphite. Many graphites have very low 
modulus of elasticity and are quite ?exible and pliable. 

In recent years, starting about a decade ago, a de 
mand arose for reinforcing fabrics for laminates of very 
high modulus for turbine blades, helicopter rotors and 
the like where extremely high modulus in a single direc 
tion is essential. Even the strongest woven fabrics from 
glass ?ber threads lose modulus because the threads 
cross over and under each other during weaving and 
are crimped or bent on a short radius. Even with ?ne 
glass ?bers strength losses in the laminate of 25 percent 
and more may result. 
An attempt was made to improve the strength of rein 

forcing fabrics by the weave, described in the Genin 
US. Pat. No. 2,893,442. This patent describes laying 
high modulus thread, such as glass ?bers, across each 
other without crimping them as would be the case if the 
fabric were woven in the ordinary manner. The fabric 
was held together loosely by weaving with much thin 
ner and more ?exible yarn. Crimping of the glass 
threads was reduced, and the Genin fabric therefore 
represented an improvement, with less loss of modulus, 
but crimping was not eliminated as the binding warp 
and weft threads caused some crimp and so loss in 
strength still took place. It is impossible to weave even 
with ?exible binding threads without producing some 
crimp, and the Genin fabric also paid a price for its re 
duced crimping by the fact that the threads can readily 
slide out from the binding threads, they are not woven 
over each other, and raveling at the edges can take 
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2 
place. For some uses this is not a serious objection, for 
example in reinforcing fabrics for boat hulls and the 
like. Genin fabrics, of course, are bidirectional and so 
are the reinforced laminates produced therefrom. 
As has been stated, high modulus graphite ?bers have 

been produced with moduli of 50 million to,6() million 
pounds, whereas the maximum for glass does not ex 
ceed 15 million pounds. High modulus graphite threads 
are extremely brittle and cannot be woven practically 
as they break. 
For certain important uses, such as airplane propel~ 

lers, blades for jet engine fans or compressors, helicop 
ter rotors and the like, laminates reinforced with unidi 
rectional or substantially unidirectional, extremely high 
modulus materials are needed. For these purposes rein~ 
forcing fabrics with unbroken, substantially parallel, 
high modulus ?bers are needed. 
Excellent laminates have been prepared by laying on 

a ?at surface parallel ?bers or yarns of high modulus 
graphite. The surfaces can be quite long, and the ex 
actly parallel bands or stripes of high modulus graphite 
yarn have to be laid by precisely controlled, very ex 
pensive machinery, which lays a stripe, then moves 
over and lays another stripe, until ?nally the desired 
width has been achieved. These parallel strands are 
yarns treated with a thermosetting resin, which is 
coated onto the yarn in liquid form. This resin is per 
mitted to set slightly to the beginning of the “B” stage 
and is slightly tacky though not sticky‘or so soft that the 
yarns can be moved out or parallelism. The tapes of 
coated yarns are then refrigerated because they have to 
be kept- quite cold to slow down the further setting of 
the resin, because if it once gets to the “C" stage the 
resulting tapes cannot be practically molded to form 
strong laminates. Even when kept refrigerated the 
tapes do not have an inde?nite storage life, but can be 
kept for many months. Transportation of the refriger 
ated tapes also presents a serious problem because, of 
course, they must be transported in refrigerated con 
tainers or vehicles. This presents a further problem, in 
volving both the expense of the carefully refrigerated 
transport and, what is much moree important, in case 
of an accident, if the temperature rises tapes are 
spoiled, and with the extremely high price of high mod 
ulus graphite this can result in a serious monetary loss. 
Of course the laminater receiving the tapes coated with 
the “B” stage resin must keep them refrigerated until 
they are molded or otherwise formed into the ?nal lam 
inates. Once a laminate, such as a blade for a jet engine 
fan or airplane propeller or helicopter rotor, has been 
molded and the resin transformed into the “C” stage, 
i.e., cured, the resulting products are of very high qual 
ity: the high modulus graphite yarns are not broken and 
adhesion is excellent. This result in a very high inter 
laminar shear strength. which is of course essential for 
?nalproducts of maximum strength. In other words, 
when resin preimpregnated high modulus graphite 
yarns or tapes are laid, the resulting product is of excel 
lent quality, the only drawback being high cost of ma 
chines of extreme precision for laying the yarns parallel 
and the costs and problems of refrigerated storage and 
transportation together with the somewhat limited stor 
age life under refrigeration, although this storage life is 
adequate for most uses. 
For certain other forms, such as curved fan or propel 

ler blanks, some problems arise. It is not practical to 
cut the tapes to exact form and it is dif?cult to produce 
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blanks, such as those for propellers and certain fan 
blades, with taper in thickness and particularly if they 
are curved. Thus it is common to make up blanks of 
laminates which are somewhat squared off and in gen 
eral cannot be readily produced in a feathered form to 
thin edges or ends. These blanks, which have excellent 
unidirectional strength in the direction of the high 
modulus graphite ?bers, are then machined to the ?nal 
precise curved form. The final product is of the highest 
quality, but the machining adds very substantially to 
the cost of the ?nal product, both from the standpoint 
of the additional cost of the added machining step and 
also from the fact that if a blank is made which is 
thicker in some places than needed, the machining off 
of course uses up very expensive high modulus graph 
ite. All in all the refrigerated “B” stage resin impreg 
nated tapes can be used to produce ?nal products of 
the highest quality, but only at a markedly increased 
cost. In the trade these tapes of high modulus graphite 
yarns coated or preimpregnated with thermosetting 
resin hich is subsequently slightly “B” staged are usu 
ally referred to as “prepregged” tapes. There thus re 
mains a need for the same high quality material at 
lower costs and with still longer or substantially inde? 
nite storage life. 
The requirement for parallelism and straightness is 

an important one because sinuous curved yarns do not 
produce extremely high strength in laminates because 
under stress in the laminate the curved threads can 
stretch, and so, even though individual yarns or threads 
may have fairly high moduli of elasticity, for example 
glass ?bers, the laminate itself is weak. Such fabrics 
with sinuous threads are described, for example, in the 
Nisbet et al. US. Pat. No. 3,256,130. Very beautiful 
fabrics can be produced, but for the special use of ex 
treme high tension and high modulus in a particular di 
rection, such fabrics are not of value as reinforcing fab 
l‘lCS. 

lt should be emphasized that the extremely high mod 
ulus material, such as high modulus graphite, is not 
necessarily of high modulus merely because of its 
chemical nature. Many graphites, in fact most, are soft, 
?exible and pliable and have very low modulus. Such 
fabrics are described in the Peters US. Pat. No. 
3,235,323. Fabrics which are made by heat treating ni 
trogenous salt impregnated rayon have high melting 
points, are very pliable, and can be used for high tem 
perature ?lters or, in the case of tapes made therefrom, 
?reproof tapes, which are useful for many purposes. 
The material is not a graphite as it contains large 
amounts of oxygen, the carbon content not exceeding 
about 61%. It has also been proposed to further car 
bonize these fabrics or ?bers, and when this is done, 
electrically conductive materials are produced, but, as 
Peters states, they are not graphitized carbon and they 
are of low modulus through pliant, strong and very ?ex 
ible. These products are not practically useful for the 
specialized reinforcements that require maximum lami 
nate strength in a single direction as has been described 
above. They bear no relation to the extremely high 
modulus graphite produced from oriented crystalline 
?bers and they do not have extreme brittleness, which 
is, unfortunately, a characteristic of high modulus 
graphite. 

SUMMARY OF THE INVENTION 

The present invention produces unidirectional high 

20 

25 

35 

40 

45 

55 

60 

65 

4 
modulus laminate reinforcing fabric of maximum mod 
ulus with substantially parallel ?bers, for example of 
high modulus graphite ?bers or yarns. It is possible to 
produce reinforcing fabric, not prepregged tapes, 
which can be made into laminates of as high quality. 
The fabrics have inde?nite storage life in the unrefrig 
erated state and without risk or breakage of the high 
modulus graphite yarn or departure from parallelism, 
the importance of which has been brought out in the 
discussion of the background of the invention. Cost can 
be markedly lower as expensive machines for laying ex 
actly parallel yarns are no longer needed, the cost of 
refrigeration, refrigerated transport, and the risk of 
losses if refrigeration breaks down are also eliminated. 
The present invention, therefore, permits the produc 
tion of ?nal laminate products of the highest quality at 
a very substantial saving in operations and in costs. 

In the present invention the reinforcing fabric is pro 
duced by knitting on a warp knit knitting machine fab 
rics with insertion of wefts. The wefts are of high modu 
lus graphite yarns which are held in exact parallelism 
by the knit stitches, which are preferably in the major 
amount chain stitches. The warps can be of soft textile 
yarns, such as nylon, polyester, cellulosics and the like, 
which are preferably of very much ?ner denier than the 
inserted high modulus graphite weft. The chain knit 
stitches surround the high modulus graphite yarn in 
serted weft without crimping or otherwise bending the 
yarns to the point where breakage can occasionally oc 
cur. The resulting fabric, of course, has an inde?nite 
storage life in a completely unrefrigerated state. Trans 
portation problems are eliminated and the cost of ?nal 
laminate products is markedly reduced and number of 
operations from raw material to ?nal product also re 
duced, without reducing quality of ?nal laminate. 
The wales of stitches must be spaced quite widely so 

that relatively long spaces of unknit fabrics are present 
so that finally when resin laminates are formed there is 
a large surface extent of the high modulus graphite in 
contact with the thermosetting resin and in contact 
with graphite yarn surfaces of the other fabric layers to 
form the ?nal laminate. This requires certain minimum 
spacings which can best be expressed in terms of spac 
ing of wales as compared to high modulus graphite in 
serted weft yarns cross-section. Even for the coarsest 
inserted high modulus grahite weft yarn, for example 
one which may contain as many as 10,000 graphite ? 
bers, the ratio of spacing to cross-section should be at 
least about 2.5, and in such a case the wales are spaced 
about four to the inch of weft length. While the abso 
lute spacing lower limit is not critical, it should not be 
much less than one-quarter inch regardless of the cross 
section of the inserted high modulus graphite weft 
yarns. There is no theoretical upper limit on wale spac 
ing as far as resin adhesion and hence interlaminar 
shear strength of the ?nal laminate is concerned. The 
upper limit is dictated only by the fact that there must 
be wales suf?ciently near together so that the fabric 
produced does not permit signi?cant departure of par 
allelism of the high modulus graphite yarns. This practi 
cal upper limit is not at all critical, which is an advan 
tage of the present invention. The minimum relative 
spacing of wales to cross-section of high modulus 
graphite inserted wefts occurs with the coarsest wefts. 
With ?ner wefts the ratio may be four, eight, or consid 
erably more times the cross-section of the inserted 
wefts. 
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At this point a very brief discussion of desirable prop 
erties of high unidirectional strength and modulus lami 
nates is appropriate. The principal ?eld of use is in rap 
idly rotating elements, such as air compressor blades in 

6 
strength results. Adh'igh idieflémi‘nifshéar strength is‘ 
necessary because the ?nal laminates are made up of 
a large number of lamina and these lamina should not 
slide one over the other. ‘Preferably all or substantially 

reduced and, particularly when ?nal curing of the resin 
results in decomposition of certain warp yarns, signi? 
candy lewereq aqhesieeanttbenqe,intsrheiretsdear 

jet engines, airplane propellers, helicopter rotors and 5 all of the wales should be of chain stitches. However, 
the like. The stresses to which these ?nal products are an occasional pair of wales may be formed with occa 
put depend on their density, and so modulus and tensile sional lock stitches without seriously compromising in 
strength alone are not the ultimate measure. Speci?c terlaminar shear strength. The vast majority of the 
tensile strength and speci?c modulus, i_e_, tensile wales, ‘however, should be chain stitched as significant 
strength or modulus divided by density, are the impor- 10 deterioration in interlaminar strength results if more 
tant factors. This can be well brought out for as a num- than 20% lock stitch wales are present. As chain stitch 
ber of materials in the following table, which compares knitting is at least as conomical or more economical 
two well known types of high modulus and high than lock stitch knitting, there is no economic reason 
strength graphite with other materials. Type 1 is maxi- for departing signi?cantly from the preferred all chain 
mum modulus with good ultimate tensile strength and I5 stitch form of fabric. As has been pointed Out above. 
Type 2 maximum ultimate tensile strength with ade- compatibility of metals, such as steel, with laminating 
quate modulus. The comparisons appear in the follow- resin is so poor that steel reinforced laminates are prac 
ing Table l, in which both tensile strength and Young’s tically useless even though their combination of spe- , 
.medulei. are expressed in milliqns 91’ Psi si?smqvlqeaité§pecitlatsis?g§tensth iinptsieatlx. 

TABLE 1 

Ultimate 
Speci?c Young’s Tensile 

Speci?c Tensile Density Modulus Strength 
Modulus Strength lbs lbs per lbs per . 

Material in X lo6 in X 106 per in“ in2X l0‘1 in2>< 1O3 

Graphite 
Type I 
High Modulus 760-900 2.8—4.l 0.072 55-65 200-300 
T 11 
Hip; Streggth 560~7l0 5.6—7.l 0.063 3545 350-450 
teel 104 1.4_2.1 0.280 30 400400 
(drawn wire) 

E-Glass 104 2.7 0.092 10 250 
S-Glass 104 5.5 0.092 10 500 
Boron 530 5.3 0.095 50 7 500 
Aluminum 102 0.72 0.097 10 70 
Beryllium 470 2.3 0.066 45 150 

Note: 
1. Specific modulus is de?ned as: Young's Modulus/Density 
2. Aluminum and beryllium ?gures are for massive material 

3. Gauge length for‘tests on Morganite Fibre 15cm’ 7 _ _ V 7 if H __M W M“ 

It will be noted that the higher speci?c modulus is ob- inferior to some glasses. 
tained with the high modulus graphites, the only other Another advantageous property of laminates rein 
material even approaching them being boron. Speci?c forced with fabric of the present invention is that for 
modulus is much higher than either steel, glass or alu- equal weight they show superior beam stiffness. In 
minum; and even in the case of beryllium, which has a 45 other words, it reduces the weight of the ?nal part 
fairly high speci?c modulus, the speci?c tensile when compared to the weight of a part manufactured 
strength is considerably lower. Most of the metals show from a metal to produce equivalent speci?c modulus 
very poor adhesion to the laminating resins, whereas and/or speci?c strength as that of the high modulus 
graphite has a high adhesion. Glass can be coated to graphite laminate. This, of course, is a very desirable 
produce a fair adhesion, but still not as good as graph- 50 characteristic and can be of great importance in the 

. ite. However, glass when properly coated can be used, case of airplane structures, propeller and helicopter ro 
particularly in small quantities in admixture with in- tors, and of course can also reduce vibration in high 
serted high modulus graphite wefts, and for certain vspeed rotating compressor blades. MM 

products .whgre thhe ulilTate‘m strgngihjndd wggi'lutshlz Another advantage of the reinforcing fabrics of the 
got gequlre Sucf ,{mx “res ?re mtc. u ewh l l 55 present invention is that it is possible to cut or stamp 
.roa er aspecis o tf ehpr?senl lmvfn lon'd are e .u ' out desired shapes of the fabric before lamination. This 
‘mate Propemes 0 Ida .ma anglrllaiesfbo “at requl‘rje is of importance where curved or compound shapes of 
t emax'fnum’io?ef mlxiureg gastsbl ers ashana ?nal products, such as an airplane propeller or fan 
vzgmlage flpbmar. 6. Y oiziermg t 6 cos decauge $5.08,] blade, are desired. The wastage of expensive high mod 
0 %afs l ershls mslgm ‘Cam compare to t at 0 ‘g 60 ulus graphite is less than if thicker block laminates have 
m‘ff “$5613? “6' d b k _ _ . h f h to be shaped by machining, and of course the higher 

1 a ‘(3.116 .1; pripalie . yh l‘mmg w" mo.“ of t 6 costs of machining are eliminated. This is another in 
wales mtlwlt d; 96 5;“; ’ Le.‘ War? giroslsllng .rom stance where the present invention permits producing 
waffe tog/a 6’ a heslon O tf e resm m he ?na anlllnaie high quality products with reduction in required opera- . 

-su ers ecauset e areao contact w1t t e grap 1te 1s 65 tions for producinglhg ?nal product 

It is an advantage of the present invention that the 
strength of the reinforcing fabric is for all practical pur 
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poses independent of the strength of the relatively ?ne 
denier warp yarns and the wide spacing of chain knit 
wales. Essentially the knitting is only for the purpose of 
holding the high modulus graphite wefts parallel during 
lamination. After resin preimpregnation and once the 
resin has begun to set, the knitted wales could decom 
pose completely without any signi?cant effect on the 
strength of the ?nal laminate. Thus warps may be of 
materials which-are destroyed or seriously weakened at 
the temperature of ?nal lamination. 
The important distinction between modulus of elas 

ticity and tensile strength is another facet of the prob 
lem of adhesion discussed above. Even if there is good 
adhesion, if reinforcing ?bers, no matter how high 

their tensile strength, have a low modulus of elasticity, 
under extreme stress they stretch, but the resins do not 
and so there is a tendency for the resins to break loose 
from their reinforcing material. The high modulus ma 
terial, however, does not stretch and therefore makes 
for greater overall laminate strength. The difference 
between tensile strength and modulus can be clearly 
brought out by considering the Whitehead US. Pat. 
No. 3,l05,372. This patent ‘deals with body armor, in 
which nylon threads, or in some cases high tenacity 
rayon threads, are knitted on a warp knit machine. The 
nylon threads, although of great tensile strength, have 
low modulus of elasticity. This is, of course, exactly 
what Whitehead wanted. The function of a body armor 
is to absorb the energy of a bullet. This requires that the 
fabric give, so that the bullet is slowed down over a ? 
nite distance. For this purpose nylon is ideal. It is very 
strong, it stretches, i.e., it is elastic but has a low modu 
lus, and the bullet, therefore, is slowed up and in many 
cases will not continue its path. High modulus graphite 
is exactly the opposite. If it were attempted to make a 
body armor, it is so brittle that it would break and be 
of little use. It is of interest to note that the Whitehead 
patent has knitted stitches which go through the nylon 
and it is also knit with lock stitches. All of these in 
crease the strength for a reasonable stretch when a bul 
let hits. ln propellers or turbine blades, however, these 
characteristics result quickly in failure. Any penetra 
tion of the high modulus graphite weft by the knitted 
stitch, and of course the‘ needle forming it, results in 
breaking the graphite yarn. 
While the present invention produces fabrics which 

have enormous modulus in a single direction, and this 
is the vital matter for the laminates which have to pri 
marily resist great forces in a single direction, such as 
high centrifugal forces,‘ it is sometimes desirable to 
have multiple laminates in which the reinforcing fab 
rics, while having their high modulus threads parallel in 
any particular layer, may be at a small angle, for exam 
ple up to as much as 30% from one reinforcing layer to 
another. This gives somewhat increased shear strength 
without signi?cantly reducing the primary strength in 
the single direction, and such laminates are included in 
the present invention. _ 

In general the present invention does not change lam 
inating procedure in any signi?cant manner and only a 
very general and typical lamination will be described in 
the more speci?c description which follows. The par 
ticular laminating technique used, therefore, is not the 
distinguishing feature of the present invention, which is 
an advantage because well known techniques can be 
used. 
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8 
The nature of the laminating resin is also not changed 

by the present invention and any of the well known res 
ins, such as alkyds, epoxies and the like, may be used. 
Where an all high modulus graphite reinforcing fabric 
is used, it is often desirable to protect it during ship 
ment and so a suitable backing sheet of polyethylene or 
the like may be employed. The fabric, of course, should 
not be wound on packages with too small a radius and 
care should be taken in laying it up for laminating as 
the fabric is much more brittle than fabrics made of 
glass ?ber yarns. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a plan view of a typical Genin fabric of the 
prior art with some of the glass ?ber yarns at the edge 
unraveled; 
FIG. 2 is a plan view of a modi?cation not described 

by Genin in which glass ?ber yarns are used in one di 
rection only; 
FIG. 3 is a plan view of a fabric according to the pres 

ent invention made of high modulus graphite and enor 
mously magni?ed to show the knitted stitching; 
FIG. 4 is a plan view, unmagni?ed, of a mixed high 

modulus graphite, glass ?ber fabric; ' 
FIG. 5 is an isometric of a laminate using a fabric of 

FIGS. 3 or 4, and 
FIG. 6 is an isometric of a laminate using fabrics in 

which one layer has the inserted wefts at an angle to the 
other. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 shows a typical glass ?ber fabric according to 
the Genin patent. The glass ?ber threads are shown at 
(l) and (2) crossing each other but not woven over 
each other, and thin binding yarn is shown at (3) weav 
ing together the glass ?ber yarns. As can be seen at the 
edge where several yarns are shown raveled off, the 
edges are quite unstable and tend to ravel easily, which 
is a serious problem in forming laminates of material 
for uses such as propellers, rotors, fan blades, and the 
like where edge stability is of major importance. Also, 
at the point where the yarns have been raveled off, the 
glass ?ber yarns show areas (4) where they have been 
crimped to some degree by the binding yarns (3). As 
has been stated above, the Genin fabric represented an 
improvement, even though crimping is not entirely 
eliminated. 

If it is attempted to make a woven fabric which is uni 
directional, as is shown in FIG. 2 with the glass ?ber 
yarns (1) and the binding yarns (3), the glass ?ber 
yarns are not held rigidly in parallel alignment as they 
can slide along the woven binding threads. This is 
shown in somewhat exaggerated form in the case of the 
glass ?ber yarn (5). Unless extraordinary care is taken, 
some of these yarns will depart from parallelism, with 
loss of strength in the final laminate because under ten 
sion the distorted yarn straightens out, as has been de 
scribed above. Of course even with a unidirectional 
woven fabric the problems of edge raveling remain and 
so does the small amount of crimping from the binding 
yarns which have been described above in connection 
with FIG. 1. 
FIG. 3 shows in a greatly magni?edform a fabric ac 

cording to the present invention with‘ high modulus 
graphite yarns (6) held together with chain stitches knit 
of a yarn (7) on a warp knitting machine. It will be seen 
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that the high modulus graphite yarns are held in exact 
parallelism ?rmly but gently since the stitches of much 
lighter, soft thread surround them and do not crimp 
them at all. Such a fabric, and of course a laminate 
made from it as a reinforcing fabric, utilizes the maxi 
mum modulus and tensile strength of the high modulus 
graphite yarns. It will also be apparent that since the 
stitches hold the yarns together, there can be no ravel 
ing at an edge, and this problem, which is a serious one 
with a woven fabric if it is to be used for propeller blade 
laminates or the like, does not occur. In other words, 
the great advantage of elimination of crimping is ob 
tained without any offsetting disadvantages and, in fact, 
with a greatly improved edge effect which does not 
ravel. 
FIG. 3 represents the preferred modi?cation with no 

lock stitched wales at all and shows very thick threads 
of high modulus graphite, for example up to about 
10,000 individual graphite ?laments. It therefore repre-. 
sents one extreme, but even here the wales are spaced, 
slightly over three times the cross-section of the high‘ 
modulus graphite threads. 
Because of the markedly higher cost of the high mod 

ulus graphite as compared to glass ?bers, it is often de- ? 
sirable, where the absolute maximum of laminate ten 
sile strength is not needed, to use a mixture of high 
modulus graphite and glass ?ber, and this is shown in 
FIG. 4, the glass ?ber yarns being shown at (9) whereas 
the high modulus graphite yarns bear the same number, 
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some strength in a direction at an angle to the high 
modulus yarns of the ?rst layer. This improves the re- ‘ 
sistance to shear in propeller or fan blades. 
FIG. 5 is a sample of laminate and not a portion of 

a propeller or compressor fan blade. The reinforcing 
fabric is shown'in one direction only, whereas, as has 
been pointed out above, often in the case of a propeller 
or a fan blade there may be more than one layer of rein 
forcing fabric at an angle, such as 20° to 30°. In FIG. 
5 this would only confuse the drawing and so an addi 
tional layer at an angle is not shown. 
While the present invention does not change the pro 

cedure of lamination, the following brief description of 
a typical process is given: 
Twelve layers of the resin preimpregnated fabric of - 

the present invention, (resin used was a dispersion of 
high performance cycloaliphatic epoxy resin), were 
placed into a press and cured, using a standard curing 
cycle, until the resin had completely set. Two samples’ 
were made, one with the epoxy resin sold by Union 
Carbide Company under their designation ERLA-46 l 7 ‘ 
and another with a similar resin sold by the Shell Com 
pany under their designation EPON-826. The fabrics 
were knit with ?ne soft nylon with chain stitched wales 
four to the inch, the high modulus graphite in both 
cases having 780 ?laments. The resulting laminates 
were then tested and compared to the same high modu 
lus grahite yarn in a laminate form produced by a fila 
ment winding of the prepregged graphite yarn, pre 

(6), as in FIG. 3. FIG. 4illustrates very much ?ner laid- 3° pregged with the same resin, the number of laminae 
in wefts and hence the ratio of the spacing of the wale 
is considerably greater, approximatingeight times the 

being the same. Results of these tests are shown in 
Table 2: 

T" T "T ‘ TAB'IQE' '2" 

' PREPREGGED 

PREPREGGED PREPREGGED YARN FILAMENT 
FABRIC OF FABRIC OF WOUND ON TWO 

MECHANICAL INYENIION. INVENTION SIDED MOLD 
PROFE'EHES RESIN EPON-826 RESIN ERLA-46l7 RESIN ERLA-46-l7N 

No. No. 0. 
Range Ave. 0 Tests Range Ave. Tests Range Ave. Tests 

Flexural ' 

Modulus 24.7- 27.2- 27. - 
>< l0“ psi 28.0 26.4 5 30.2 28.9 8 31.8 29.6 l2 

Interlaminar ' 
Shear Strength 9.3- 7.4- 6.5 
X I000 psi 9.9 9.6 5 9.7 8.8 I6 10.7 9.1 12 

Volume 
Fractions 
% ' Not Determined 57-62 60 4 50-63 57 I2 

cross-section of the high modulus yarn. This is not the 
limit for with even ?ner high modulus yarns and some 
what greater wale spacing. usable fabrics may have a 
ratio of wale spacing to cross-section of high modulus 
?bers as high as 80 or 100 times. i 
FIG. 5 illustrates, in isometric form, laminates of a 

fabric such as that of FIG. 3 or FIG. 4, the resin,'such 
as epoxides, alkyds, etc., being shown at (8). The iso 
metric view permits showing one edge of the laminate 
substantially in section. illustrating the ends of the high 
modulus yarns. FIG. 5 illustrates a laminate in which all 
of the high modulus yarns are in the same direction. 
FIG. 6 shows a two-layer laminate and is partly broken 
away at an edge. the bottom layer (10) shows the high 
modulus yarns (6) in one direction and the second 
layer (11) shows the high modulus yarns (6) at a slight 
angle, about 30°, which produces a laminate which has 

55 

60 

65 

It will be noted that the interlaminar shear strength 
is comparable in each case but with a somewhat closer 
range for the laminates produced with fabrics of the 
present invention. This is a small but not insigni?cant 
advantage as it shows a greate uniformity of properties. 
In other words, products with as good ?exural modulus 
and interlaminar shear strength are obtained with all of 
the advantages, economic and operational, of the pres 
ent invention which have been set out above. 

In the tests for interlaminar shear strength set out 
above the graphite yarns were all in the same direction. 
When products according to FIG. 6 are produced the 
layers, of course, are not parallel, although the ?bers in 
each layer are. 
Another method of lamination which is usable with 

the reinforcing fabrics of the present invention is to 
place a resin ?lm in a mold, then a layer of fabric, then 
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one or more layers of resin ?lm, another layer of fabric, 
and so on. This method produces ?nal laminates of the 
same excellent physical properties as when layers of 
prepregged fabric are used as is described above. As an 
example, the Bloomingdale Epoxy Resin ?lm B.P. 907 
has been used successfully to manufacture laminates 
described in this paragraph. 

I claim: 
1. A reinforcing fabric suitable for laminates formed 

of parallel, continuous ?laments yarns of high modulus 
graphite, the modulus of elasticity thereof, of more 
than 8,000,000 lbs. per square inch, the graphite being 
extremely brittle, the yarns being bound together with 
chain stitch knit wales which surround the outside of 
the continuous ?lament parallel yarns, the parallel 
yarns being held ?rmly by the knit stitches and main 
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12 
tained thereby in strict parallelism, wale spacing being 
at least about three times parallel ?lament yarns’ cross 
sectional diameter in same units and the majority of the 
wales being chain stitch. 

2. A fabric-reinforced resin laminate, the resin hav 
ing bonding af?nity for high modulus graphite, and the 
laminate being for articles requiring high tensile 
strength primarily in one direction only in which the re 
inforcement is a fabric according to claim 1. 

3. A multi-layer resin laminate according to claim 2 
in which at least one layer has its yarns of high modulus 
graphite at a small angle to those of another layer. 

4. A resin laminate according to claim 2 in which the 


