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SUMMARY

This report describes theoretical and experimental investigations
of the inherent advantages, in plastic structures, of resin bonded shear
Jjoints over comparable pin joints, and the most efficient material
distribution for load diffusion,

Loads of over 50 tons in tension and compression have been achieved
by the bonding of steel inserts into vaouum moulded, ohrysotile asbestose
reinforced phenolic resin panels, with an efficiency 50% of the theoretical
ideal diffusion panel,

Satisfactory strermgth characteristics were shown over the temperature
range -80°C to +90°C, with a drop of about 20 immediately after wetting
and exposure and with consistent failure in the plastic, not in the glue
Joint,

Variations of moulding technique had small effect on strength compared ,
with correct choice of materials, splice proportions, span and sharpness
of inserts; factors which are most important for high load capacity,

Thecretical analysis and graphical solutions are developed to obtain
the ideal distribution of material for load diffusion; these have general
applicebility to structural design problems,

It is believed that by carefiul design and manufacture, very high
diffusion and joint efficiencies can be realised.
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1 Introduction

High strength inserts and joints, capable of sustelning tensicen or
compressicn loads of the order of 40~50 tons or more, economical in weight
and as compact as possible in size, werc needed for plastic structures
requirang daffusion of point-loands; 3n particular, roct faittings for
plastic wings,

Little anformation on such inserts could be found 1n the literature,
though 1t is common practice to mould them under high pressure, but without
gluing, into many comnercial plastic materials, Such anserts are froequently
notched or serrated to give o mechanieal "key"; efficient lcad carrying is
generally of secondary importance provided strength is adequate for the
required purposc,

A glued Jjoint of adequate area between a metal insert and a plastic
structure provides potentially the best method of distributing large
concentrated loads, and 1t 1s to this cnd that the present investigation
has been directed.

Ad hoc experiments had indrcated that a falr molecular bond between
steel and phenolic (P.F.) resin could be achieved by the simple introduction
of clean stecl inserts botween sheets of Durestos® subsequently cured by the
R.A.E. vacuum moulding process . In the absence of additional glue, however,
adhesicn was unreliable and strength insufficient. Other inter-dependent

factors not at all obvious at the tame are now known greatly to influence
Joint strength.

A step-by-step approach scemed the only feasible method of 1nvestig-—
ation, but cven so, all varisbles could not, with available rescurces, be
dealt with completely or cntairely sclectively.  The ideal would be statist—
rcal investigation of much larger nmumbers of many sizes and types of
Joint under the range of conditions nscessary for aircraft structural
materials,

However, Joints madc under closcly similar conditions have shown
better reproduczbility than expected, the strength characteristics being
much the same as theose of the plastiec 2tself.

Though no size limitation has been discovered, larger-scale investi=
gaticns proved morc difficult in practice, chrefly because of increase in
manufacturing dafficulties in atteompting to approach the theoretically ideal
linear relationship betwecn load copacity and depth of insertion.

A practical difficulty also ariscs in attemptang to simulate poant
load diaffusion into a semi~infinite skin or panel structure; semi-infinite
that is compared with insert dimensions, Ultimately a truly representative
test specimen can only be the completed structure i1tself; +this is especially
sc for a plastic wing with point attachments, because the stress distribution
is even less determinate than in wings of orthodox construction,  Where
many tests are necessary, test panels of reasonable sizes with two opposed
inserts prove the best method of experimental load daffueion. These do
not behave however aos o scmi-infinite panel containingone insert only from
the stress viewpoint, particularly when inserts are large comparcd with
panel size,

For o closer gpproximation to the 1deal state of plane diffusion,
interplotting of theorctical stress~patterns for each insert, with sub se-
quent panel contouring according to elasticity requirements, was found
necessary for reasonsbly uniform planwise stress-distribution across
inserts up to 20 in, span, the maximum size so far employed.

* A proprietary asbestos-reinforced P.F. plastic,
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The real significance of this pranciple of stress pattern inter—
plotting however, lies in its general application to structural design.

Theoretical analysis of load diffusion both in the plane of a panel

and through 1ts thickness 1S considered in detail at para. 6 of this
report,

The experimental investigations are considered in order of increasing
load capacity.

2 Initial experiments

Early experiments were small in scale but the results were of valuc
because

(a) nothing was previously known about the load capacities of
inserts of any given size or shape

Cb) they demonstrated that with satisfactory glue adhesion to the
metal, the most consistent type of failure was shear i1n the
plastie material, well outside the glueline, of'ten within
the first laminate

(c) they proved conclusively that, as theoretically antilcipated,
the relative elastic moduli of steel and plastic greatly
influence optimum insert dimensions and insertion depths for
most effrcient stress distribution in both materials and

) in glue layers,

For these exploratory experiments conditions were necessarily some—
what arbitrary; constructlional details, howsvor, arc given below, since with
modification and refinements of technugque they formed the basis of the
larger scale viork,

2.1 Glued inscris 1n simple btest panels

Converient test pieces took the form of plain rectanguler laminated
Durestos panels with two exnctly samilar opposed inserts, each terminating
in a projecting lug suitable for attachment to testing machine shackles
by means of simple pin joints.

2.11 Inserts

Inserts wore cut by bandsaw frem nominal 10-SWG spring steel sheet,
Spec, D.T.D,1384 of thc order 40 tons/sq.in. U,T.S., as received, without
heat treatment. With the exception of the first spike-shaped inserts,
corners or abrupt changes of shape were suitably radiused, and the peri-
meters of areas to be glued chamfered to form a continuous feather-edge,
except round the lugs.

Surfaces for gluing werc cleaned first with coarse, then with
finer emery cloth te remove scale, the strokes being always in the same
direction in order to facilrtoie final cleaning,

The bright steel surfaces were degreased with pure benzenc by
vigorous application to and fro along the emery scratches with successive
wads of clean crurpled tissue paper soaked in the solvent. This process
was repeated until the peper remained clean, A final rinse an bengene
completed the degreasing which was done shortly before use, care being
taken to avord subsequent contamination, e.g. by fingermarks, beforo

gluing.
8.
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2.12 Test panel construction and assembly

Panels were built wp of an even number of (.06 an. Durestos felts
to a fanished thickness such that fallure would be more likely at an
insert than elsewhere. Panel size was decided on a rough estimate of |
insert tip separation such 'that when the test-piece was eventually loaded,
each insert could be considered as acting more or less independently.

It was realised that these simplc testwpieces wore not good'load
daffusers; gradation of pancl thackncss for improved stress daistribution
followed later from elastic considerations.

The felts were stacked ain two eoqual piles with the longer edges
adjacent, glue being applied (2.13 below) to the topmost face only of
each pile, over areas at each end of the same shape as the inserts, but
extending an inch or so all round; there were four such arcas in all,
Glue was also applied to both faces of the two inserts, cleaned as already
described. The inscrts were placed one at each ond of one of the foli
piles and carefully aligned in precise opposition. The top (glued)
felt from the other pale was inverted and placed dircetly upon the inscrts
without drsturbang their aligmment, he rest of the felts were asscmbled
in order so that all werc in rogister, )

The result was a rectangulaor 'pancl' vith the two ansert lugs
projecting from the cnds,

2.13 Gluing-

A hot-setting gluc givang good bond strength to stecl and with much
the same cure cyecle as Durcstos was available, (Bakelite J.11185) and was
found satisfactory, A few cxpeorimentss were later made with another gluc,
but the above materzal, which combines thermo=setting and thermoplastic
componcnts 1n a single viscous syrup, has not beon bettered for giuing
the steel inserts inteo Durcstos,

The syrupy glue was diluted with sboutl 30% methylated spirat before
use, to facilitate spreading.

Sirice Durcstos 1s porous in toxturc, glue starvation at the joint was
gbviated by prior application to the fult areas to be glued {not stecl)
of two brushed coats of 7% Formvar in a 70% benszene=30% alcohol solution;
the second coat was applied an hour or so ofter thoe farst, Thas thin
thermoplastic £ilm tends to restrict gluc to the actual Jjount faces
duraing carly stages of curc when gluc viscosity 1s at i1ts minimunm,

Howcver, at a later atage 1t was found that the high thermoplastic
content of J,11185 (in the form of polyvanyl butyral) was sufficient to
render unnccessary separatc scaling coats. This 1s considered at 3,2.

2,14 Vacuum moulding

1

The panels, made up as described at 2,12 above, were provided
with thermocouples for progressing of the cure cycle. Thesc wore
sltuated

(a) at 1nsert positions in contact with the stecl, centrally
through vancl thickness -

(v) at centres of longer sides, also ot md-thickness

(c) on the mould face bongath the panel and on top surfaces.

9



The projecting lugs were railsed from the mould face by smell piles
of felts of half panel thickness less half steel thuckness to provide
support, otherwise they would be tilted dowrwards by bag pressure.
Cellophane was interposed between these felt packs and the lugs to
ocbviate stxcking.

The panels wecre then veacuum~moulded rn the usual mannerz in the
R.A.E. moulding rig, the cure temperature of 150°C being reached an
" 1% - 2 hours and maintained for a further 1} - 1% hours, The vacuum of
25-27 in., of mercury wog maintained until fanal cooling to room tempsrature,

2,15 Mechanical testing

Tension tests were convenicntly made in an electrically driven 10 ton
Olsen machine, the rate of load applicetion heing about 2 - 3 tons per
minute, A few sharp cracks were heard from time to time, ascribable to
glue flash fracturcs., These were mcre severe where the glue had exuded
round the necks of lugs., After fairlure of the specamens, which was sudden,
the testing machine was speeded up to effcct complete withdrawal of the
failed insert from the panel for examination.

Panel compression tests (insert shear reversed in direction) were
deferred until stabilisation could be accamplished, with end fixation of
the lugs instead of the sumple pin joints. (For Rates of loading, see
hppendix I),

2.2 Relative efficiencies of insert shapes

A series of experiments with diffcerently shaped inserts provaded
useful data, swmarised in Teble I and discussed below,

2,21 Tapering to narrow point in both planes

Consideration of scarf joints first suggested a long tapering
sword-like insert, or a combination of several inserts, disposed famvse
for diffusion of loads into penels or shells, Hence two such prongs 12 in,
long and 1 in. wide at the neck of the lug were moulded into a 36 in x 6 in,
panel as descraibed at 2,1.

A tension load of 3.8 tons caused failure of one insert in shear,
the mean shear stress being 710 p.s.x. The appearance of ‘the insert
after complete withdrewal was interesting (cxtreme left, Fig, 1). The
glue/steecl bond was intact over the glued area except at the extreme tip.
The Durestos had failed in shear about half vay through the lamination
adjacent to the insert, o distance of 0,0Ll5 in. away from the glue Ilane,
There was no evidence of delamnation of the plastic over the insert
region, For a distance of 2% in. from the point, the spike was almost
bare; a trace of glue remained but no Durestos.

Hence this rudamentary form of scarf Joint in two planes was very
inefficient because of the uncven stress distribution over the glued
area., This latter was very small at the pointed tip and the peak shear
stress excessively high,

Thas throws an znteresting light on the behaviour of high stififness
fabres surrounded by much lower stiffness resin exasting in these fabre-
reinforced materiasls, the fibres being analagous to sword-type inserts
on a very small scale,

2.22 Parallel flat strips

Parallel stecl strips with semi~ciroular ends, chamfered around the
edges os before, were gluod into 24 in, x 6 in, Durestos panels and vacuum

10,



moulded, To maintain the same ;lued area for comparison with the above
spikes, the depth of insertion was 6 in, instead of 12 an.

The failing load for the farst panel was again 3.8 tons, the same
as Tor the spike~type inserts. The failed strip was completely covered
with Durestos, shewing the woolly appearance of severed asbestos fibres.
(F1g. 1, second from lef't, top row).

Repeat tests gave slightly higher loads but all werc of the same
order of about 4 tons(Table I), In one or two, gluing was imperfect;
one insert in particular, though failang at the higher load of 4,32 tons,
was 1mperfectly stuck except for the last 2 inches of the tip (Fig. 24,
right) whereas a precisely similar specimen from another such panel, failing
at 4.15 tons, showed unaform shear failurce in the Durcstos, with perfect
glue/steel adhesion,

Since the elasplc moduli of stecl ag& Durestos lengthwise are
respectively 30 x 10° pes.i. and 2.1 x 10° p,.s.2, it was concluded that
the load was carried chacfly by the tip areas of anserts, the stecl (of
the thickness used for thesc experamonts, 0.112 in,) being too stiff to strain
with the Durestos sufficlently to carry load further back along the after-
portion,

A further cxperiment confirmed this, Two more panels were constructed
with exsctly similar inserts. The first pair wore glucd over a distance of
4 in. from their tips; the second pair 2 in., only from the taps, Corras—
ponding areas of inner felt faces next to the steel were also glued. As o
precaution against Durestos-resin adhesion to ungluced steel, a layer of
cellophane was wrapped round the barc parts. The inserts were assembled
and the panels vacuurmoulded simul.tancously,

Failaing loads were 3.9 and 3.7Y tons respectively, compared with
3.8 tons for the first insert of this iype, glued the fudl 6 in, of its
length. Fig., 2B shows the three inserts aide by side.

Mean shesar stresscs per sq.in. total glued area were respectively
710 p.s.1., for 6 in, ‘off'ectave insertion depth, 1120 p.s,1. for 4 in, and
2250 p.s.1., for 2 in. In the previous tost whore poor adhesion had axtended
to within 2 1n. of the tip, though glued the full 6 an, (Fg. 24, right),
suffrcient well-stuck arco romained to sustain 4.32 tons before failurs,
showing good agrecment with the shove test vherc the glue had purposely
been applied over 2 in, only at the tip.

However, parallel strip inserts showed only slight improvement on
taperced spikes of twice the length and havang the seme glued arca; high
peak tip stresses still occurred with lattle or no stress in the aftermost
two-thirds of the length.

It thercforc seemed reasonablc to reduce the depth of 1nsertion,
consistent of course with the provision of sufficient arca for shear

attachment of the two materials by means cf the Joint.

2.23% Fishtail: increased span, reduced insertion depth

Since 1mercasc of span distrabutes the load over a longer edge,
and glued ares 1s most cfficiently disposcd when ncar tips for rclatively
thack inserts, the shapc was modafied in stages to that of a triangle
suitably radiused to blend in with the circular lug.  Sharp corners at
the base werc rounded since they would otherwise be gstross~ralsers. The
true span of inserts was thus rather loss than the bases of the triangles
from which they were doveloped,
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) With insert span increase, later panels were suitebly widensd to
Increase the amount of diffusion in approximately the same proportion.

Pig. 1 illustrates various shapes which were tested and their
appearance af'ter failure, (For clarity, the edges of inserts were
lightly chalked; dotted lines represent parts still buried in the
panel remnant), Failing losds, shear and tensile stresses arc shown
against scale drawings of inserts, in Table I, Glued areas were
measured by plammeter where possible i.e, after a clean shear failure,
This was partly to check if thc tapered inserts had suffered outward
displacement during moulding, before scldification of the glue. A
Jig was used later to prevent movement.

It was intended to keep the glued area oonstant at 10 sgq.1in., but tne
more effacicnt the inscrt the nearer the load approached that of lug failure
by elongation, Hence for the last three tests (Table I) the arca was
reduced to 8 ag.in,

In all these failures the glue/stecl and glue/Durestos bonds remained
intact over the whole adheszon ares, shear failure being in the Durestos
itself up to 4.9 toms, Above this, tcnsion failures occcurred at tip
regions where stress was most concentrzted, Sec Fug, 1.

Table I shows that with tho exception of the reversed triangular
insert, a broad "spiks", mean shear stresses have risen steadily with

Drogressive span incrcasc and inscrtion decrease within the range of
shapes tested,

The 4 in, span by 1.25 1n, decp fishtail was considered an optimm
for this steel thackness; further span increase and corresponding depth
reduction would result in excessive bending flexure causing load relief
at the tips, thus upsetting crosswise otress distribution.

The fainal tcst in thas series wes made with heat-treated inserts
(80 tons/sq.in. U.T,8.) and a 12 instead of an 8~fe¢lt panel to reduce the
likelihood of tension failurc occurring in the Durestos at insert tips
before the maxamum shecr strength of the Jjoint had boen attained.

The failing load was 8.2 tons, glving o mean shdar stress of 2300 p.s.1.
over the glued arca,

Steel stiffness of coursec, was 5t1ll excessive, and it was then
realised that the i1deal stocl section would be similar to that of a hollow-
ground razor (Flg. 22) an extremcly difficult shape to produce without
distortion.

Thin scetions of high strength stcel were eventually used for larger
inserts (4.1 and Fag, 23), but for the present, comparative tests were
contimued with the sumple s-inch span type cut from sheet and thinned
at the tips, The panel size was maintozned at 144 in.by 8 in. the
separation: span ratio being 3:1, Murther experiments were made on
panel thickness and on reproducibility of failing loads of these simple
inserts.

2.3 Effect of panel thickness on ingerlt farlurc

Teble II shows test results for panels of 8, 12 and 16 felts
respectavely, the first threc being token from Table I for direcct
comparisocn,

Of the four failures with 12-felt pasnels, onc only, at 8.52 tons,
occurred in clean shear in the Durcstos; that at 8.2 tons in part-shear,
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Glued inserts: span increase insertion decrease TAELE 1

.

Shape of Ares|Span| Depth Tip | Fanel lPalling IMean Mean Type & position
ingert of sepn.] size | load {shear | tensile of failure
insertion gtreas | panel
jegin.f in.| in, ip. | in. | tons |p.s.i. | centre
| iz 1 {12 12 [36x6 |3.81 | 710 {5940 |Shear in Durestos
glue strip of
] tip 2"

2 |1 4 12 | 24x6 | 4.15 | 713 | 6450 |Shear in Durestos
| " » " L] " 5.30 710 5920 n ] "
h@l " . n " " 3.99 T45 6200 " & pt glue strip

" ] " ] n 1&-- 31 805 6720 non n ] "]
| 7.785| " L glued| ® = |3.90 |[1220 | 6070 ne a n w
3.7851" 2 glued| "™ . .79 |2250 5370 " in Durestos
10 |1.51 & 16 | 24x6 | 4.55 [1020 § 7070  |Shear in Iurestos
|
|
12,562 | & 16 |2ux6 | 5.05 | 893 | 7850 [shear in Durestos
i
h0.6 |2 3.5 17 | 24x6 | 4.90 |1032 | 7620 |shear in Durestos
|
| 10,5 (3 2,5 19 | 24x6 | 5.83 |1242 | 9060 |Tension in
Durestos over +tip
0.4 | 3.5 | 2 20 2ixb 1 5.79 11247 9000 Tenaion in
I Durestos
ho.u511. 1.67 20.6] 24x8 | 6.19 |1328 | 9630 |Tension in
I Durestos
J 8 |a 1.25 21.5| 2ux6 | 6.17 [1730 | 7200 | Tension in
I Durestos
' 8 |4.5| 1.25 21.5] 24x8 | 5.69 [1590 | 6640 % tension and
= shear in
h Durestos
l 8 |4 1.25 12 | 5x8| 8.20 |2300 | 6360 ,} tension and
5 shear in
| Durestos »
Common c¢onditions Steel DTD 1384 not hardened. Thickness 0.112"

. Angle at nose 12°
Durestos Curing time 1} - 14 hr at 150% Vacuum 25"
Felt laminates 8
Gluing 2 coats Formvar on felts.
Glue Bakelite J,11185

® Hardened and t&mpered steel. PFelt leminates 12.
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Pansl tniclkness:

TABLE I

cffect on failing load

A, Glue: J,11185, wath or without formvar felt treamtment
No.of I Cure o tFaxling ¥Mean | Mean Mean Description of failure |
felts|150-1607C| load | shcar | tensile tensile | (Glue adhesion satisfactory)
hours tons ' stress| stress|panel
PsS.l.lat tips centre
| P.Se¢le (PaSul,
8 | 1.25 6,19 ;1328 1 1L,450 | 9630 | )Tension in Durcstos: £*
1.25 5.17 1173% (14,350 | 7200 Fracture across
; insert tip A
12 ! 1.5 8,2 {2300 !12,700 | 6360 Durcstos shear one side,
| tension other
1,25 8.52 2380 113,250 | 66%0 Clean shear Durcstos
1.0 7.62 2135 111,840 | 5900 Tension an Durestos across
tip
1.0 B,02 ;2240 12,500 6GLOO Tension an Durestos across
tip
16 1.0 >7.58 2120 8840 4420 Steel lug feilurc (1 insert
not H,T.)*
1.25 7.85 12200 9160 L7700 Shear in Durestos
1.25 7.55 2115 8800 LBL0 Shear in Durestos
3.0 9,12 12550 (16,600 | 5280 Durestos shear 1 sade,
tension other
3.75 @.4 2350 980G0 4775 Shear in Durestos
3.75 (.8 \1900 7340 3970 " i "
3.75 6.9 11930 BoLO K020 " " n
3.75 7.27 2035 8470 L2u0 " " "
7.5 12116 | 8800 44,00 oo "
2.75 7«15 I2170 5020 L4525 " " "
2.75 6.9 1930 | 8040 | 4020 LA
2¢75 7.2 | 2010 8100 4200 " " "
2.75 7.2 2010 | 8400 | 4200 oo "
2.75 7427 12035 8470 4240 " " "
2.75 7.21 12150 | 8410 | 4205 meoom e
! (D.T.D.33L steet)®*®
2.75 7.75 12170 9020 4525 Shear in Durestos
i 375 9.3 1 2600 10,850, | 5425q Panel in compression
> } , Shear in Durestos (PlateIV)
B. Glue: Bakelite R,B540 with Formver treatment
16, 1 | 7.26 12030 | 8450 | 4225 | Shear one side, tension
I | I other, with suxaliary
‘ i | fracture round insert
1.25 7.65 2140 | 8920 [ 14580 | )Shear an Durestos
3 8,1 12270 | 9450 | 4830
Common conditions Steel D.T.D.138A (Heat treated except whore marked®)
ghlckness C.112 gn. Angle at nose 12° approx.
pan 4 in, Area 8 sq.in. Insertion 1,25 in.
Tap separation 12 in,
Durestos Panel 14.5 in, x B in,

Cure temp, 150° - 160°C
Thickness cne ecured laminate 0.03 in.

*%  Ares 7.5 s8q.in. Insertion 1 in.

Panel size 24 x 8
# Panel size 24 in.

in.
x 6 1in,
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pari~tension (Fag. ;A); the rempining two failed in tension across an
insert tip (Fig. 3B).

To prevent such tensicn farlures complicating future tests 16=felid
panels were used, there being no point 1n continuing with insufficient ~
material at insert tips where peak stresses were highest.  As the table
shows, subsequent failures were nearly all an clean shear, an exception
being that at 9,12 tons (Fig., 3C), where, at this higher than average
load, the likely sequence was primery shéar farlure of one side immediately
fellowed by bending stress added to the tensaon in the other.

A series of the 16-felt pancls was made; they were vacuum-moulded
in batches of up to sax at a time (the limt of the available equipment),
st that panels from the same batch werc strictly comparable., However,
other variables were being explorcd at the same tame, and these arc given
in the Table, whenee 1t 1s seen that wide variations an curing times appear
to have little influence on the results,

These variations were made purposely in order to ascertain if, in
felt assemblics of greatly unsqual scction such as are often necossary
1n large structures, the thinner sections would suffer much loss of
strength from over—curing, Thas is of course assumng uniform heat
dissipation per sq.ft. of mould and blanket (see, however, end of 4.3).

Although an optimum peried for curing Durestos has bcen recémmended2
it must be remembered that 'hot spots' often laumit the permissible rate of
heating of large moulduings; thus sufficient time must be ellowed for
every part to atiain and then maintain the rure temperature.

From Table II, the arithmetical mesn failing loads are as follows:-

Thackness Fazling load
(No, of felts each 0,03 1in., cured) tons
8 6.18 (mgan of 2) °
12 8,09 (mean of 4)
16 7.54 (mean of 19)

Though the results for 12-felt panels are slightly up, it can be
anferred that within the scatter range, sbove a cerbain manimum neoessary
to carry tension, mere increass of panel thickness has negligible effect on
load eapacuty. It has, however, a large effect on diffusion (See 6.2).

These results lgnore the cbvaiocusly stronger inserts which remained
intact. The dufficulty of making satisfactory attachments to "fairled ends"
of panels for withdrawal of ihe opposite insert made it hardly worth while,
though for certain high-temperature tests (3,2) this was done, wath partial
success only. (See end of 5.2).

Variation

For true statistical sigmificance the number of exsctly comparable
tests of this kind should be about 60, instead of the 16 an Tsble II.

However, the standard deviation for insert failing loeds is 0,57 ton
on the mean value of 7.52 tons.

The coefficient of veriation iz thus 7.64%, cxactly comparable with
the known variation of Durestos (&% - 8%). This is reasonable, since
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failure occcwrs i1n Durcstos preferentzally, and better than expected
considering the many variables, including stress concentraticns in insert
I'Sglons,

One compression result only appears in Table II, This test was
merely a check to sce 1f there was any reduction in failing load compared
with tension, since the strength of Durestos along the 60% fibre-orientation
axiLs in compression is only two-thirds of that in tension (See however

5.2).

The result, for the externally-stabilised panel with end fixation,
mounted between spherically seated anvils in a 30 ton Avery testing machine,
was greater than the best for tension in this group, failure cccurring by
shear at one insersg, The panel was cut around this area; the portion so

Ebtalne? separated easily 1nto two haives for examunation of the fallure
Fag. 4).

3 Four-inch span fiishtail inserts in plain Dursstos panels under
various conditicns

Having determined some of the load characteristics of sunple relatively
small inserts, it was desirable, before scaling-up, to 1nvestigate conditions
(e.g., glue change, temperature, deterioration, etc.,) likely to influence
insert failing loads,

3.1 Comparative glue tests at normal temperature

Though Bakelite J,11185 had so far proved quite satisfactory for
gluing of i1nserts i1nto Mhurestos, ats high thermoplastic content might bo
cxpected to reduce Jjoint strength at elevated temmerature,

The first step was to ascertain i1f a good enough bond to stecl was
obtalnable with a reduced proportion of thermoplastic, A zystomatic
testing of many glue mixbtures with graded thermoplastic contents was
cutsade the scope of this work, since it has been shown (2.23) that under
normal conditions the glue bond 1s stronger in shear than Durestos.

However, the results of a faw tests using both J,11185 and Bakelite
R.540 (a P.F. resun without or with very lattie thermoplastic, and hence
similar to Durestos resin), with andwithout Formver sealing coats, which
provide a rcady means of varying the amount of thermopiastic in the joint,
are given in Table IIT, and sumarized in Table IV.

3.11 Effect on insert failing loads of weiting prior to vacuum
moulding

in good moulding condition, Durestes is [lexible and easily
manipulated. Consolidation of built~up laminates is then satisfactory,
wath lattle "stepping". Loss of moisture through exposure to a dry
atmospherc in transit, storage, or during use csuses the sheets to
stiffen so that not only are they liable to crack i1f bent, but final
bond strength between Telts 1s impaired.

Restoration of mozsture mey be accomplished either in the liquid
or vapour phase, the former by direct application, thc latier by storing
for 2 = 3 days before use an an atmosphere with 2 contralled high gelatlve
humidaty, preferably 93%, though not cratical between 75% and 100%°. o
Such conditioning over saturated sodium sulphate sclution at about 20 C
was the method normally used for panel felts,

16.



TORLE IIT
Glus comparison

Sealing Treatment Failing|Mean |Mean Mean | :

Glue | coat 1of folts | load |shear |tensile|tensile] Type of failure
japplled.: before tons |stressiat tip |panel |

ito felts; cure P.S.i.iv.5.1. |centre !

J.11185 2 coats 8.2 2300 {12,780 |6360 Conmbanation

: shear/tension*
174 Form- 8.52 2380 113,250 {6630 Clesn shear
var | Durcstos*
\ 7.85 12200 19160 L4700 Clean, shear
| Durcstos
Wetted 5.31 1485 8250 L1450 " "
None 7.62 2135 |11,840 |5900 Tension across
tip*
>7.58 |2L20 8840 4420 Lug failure (one
lug not HT)
7.5b5 2115 8800 44,00 Shear in Durestos
9.12 {2550 10,600 {5280 Durestos shear
one side,
tenston other
(Pre- 2.5 2660 111,100 {5550  {Durestos shear
ressed one side,
750 p,s.i. tension other
8.4 2350 98GO L7755 Shear in Durestos
6 " 8 1900 ?940 397@ I ‘tl' n
6.9 1930 8040 L0OZ0 " " f
7.54 (2110 | 8800 4400 e "
775 2170 19020 4525 " " "
775 12170 19020 L525 noon "
6.9 1930 8040 4020 " " "
7.2 2010 | 8400 4.200 " " "
7.2 2010 8400 L7200 " " "
7.27 |2035 8470 4240 e "
721 2150 8410 \j;ZO_S " 1 ok
Bak, 2 coats 8.02 2240 112,500 {6250 Tension Durestos
R.540 ' (tip)*
7% Form- 7.26 2030 |8450 4220  Durestos shear
var \ i one sxde, tension
i . other,
7.65 2,40 |892¢ L4580 |Durestos shear
8.1 12270 (9450 14830 'Durcstos shear
None 5.24 1468 |8150 14070  |50% stick only™
5.88  |1650 6880 3440  Less than 50%
i ; stick
Vetted 4.8 1347 |7480 13740  :Shear in Durestos

No glue |None 2,59 ! 750 | 4025 12020 yUnder 50% stick®

except 2,02 566 (2360 |1180 !Very little stick;

Durcstos! Wetted L b 1248 17150 13460 |Shear an Durestos™

resin | '

Common conditions:- Steel D.T.D. 138A Heat trecated. Thickness 0.112 in,
Span 4 an. usrea 8 sq.in. Tip separation 12 an.
ingle at nose 12° 2pprox,

Durcstos Pansl size 14.5 in, by 8 in. -

¥ 12 felt panels

Ao

No. of felts 16 (cxcept where indicated)

7.5 sq.1n. area, inscrtion depth 1 an,

17.
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TABLE IV

Average failing loads in tons of glued inserts with and without sealing coats

Glue With Formvar sealing | Glue alone as supplied %
coats as at 2,13 |

J.11185 ° 8.19 . E 7.52 i

R.540 7.78 ! 5.56 |

Thus, for tests at room~temperature, sealing coata showed an
advantage with both types of glue, (See, however, Table VI),

3.11 (Contd)

Addition of moisture by spraying or sponging is difficult to
control, A few experiments with pancels built up i1n the usual manner
except that of moisture addition by sponge application hardly sufficient
to darken the Durestos appreciably, revealed that during subsequent
moulding, loss of resin by absorpiion into ventilating layers considerably

upset the joant as shewn in Table IIT, Table V shows this more clearly:
TLBLE V

Effcet of wetting before cure

| TInsert failang load tons (iv, of Table ITI) :

Glue and '
felt treatment Pelts in satisfoctory Very dry felts |
mouldable state mo1stened before cure
by light sponging
J.11185 8.19 5.31 5
with sealing coats |
J,.11185 7.52 -
alone !
R.540 with 7.78 - '
Formvay
R.540 5.56 L.81 ;
alone i
No glue
(Durestos resin 2.3 Louf
only)

The bottom figurcs rofer to Durcstos/stecl only, showing poor
adhesion unless the steol 1s wetted {actually with an aqueous solution
of Durestos resin acting as glue.,  Though adhesion to the steel was
suf'ficient nenrly to double the failing load, the shear strength of
Durestos had suffered through resin starvation, particularly at outer
laminate faces, Hence if', for intricate mouldings, water an the liquid
state has to be used, gluec should also be added to componsate for loss
of felt resin into absorbent material during vaguum moulding. The
optimum resin content for Durcstos is aboat 55940,
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3,12 Effect of pre-pressing on strength

A 16-Telt test panel with inserts glued with.plain J,11185 glue wes
pressed between parallel platens at 750 p.s.z. for 5 minutes at room
temperature befpre varuun moulding.,

The subsequent test faalure (Fag, BD) occurred at 9.5 tons compared
with the average 7.52 tons, a significant diffserence,

The follewing points may be noted:

(i} .Over the steel, except at the nose, the consclidating pressure
exceeded 750 p.s, i,

(i1) Glue, of high viscosity because of solvent loss during open
assenbly, was pressed into ithe felts rather than expressed -
from them, reducing voids near the glueline.

(1ii) The effect of roncentrating the asbestos fibres closer to the
steel 1s advantageous in that it 1noreases Durestos shear
stiffness locally, so that more load 1s transferred through
the joint to the thicker steel section away from the nose,
relieving the high tip peak stress of these thick inserts,

Pre-pressing is advantageous and where practicable, is recommended.

The above points may have a bearing on high strength inserts in high
pressure mouldings, provided ventilation problems can he overcome.

It is foreseen that for large low-pressure mouldings a local high
pressure over inserts might be achieved by incorporating in the insert
locating jig (see 8.2), a mechanically-operated platen suitably shaped
to epply extra pressure over these areas,

A warning 1s necded, however, that for the plastic, the coefficients
of thermal expansion vary with moulding pressure, Some evidence of warping
1n large wing mouldiangs has been attributed to residual stresses on cooling.

3.2 Effect of temperature on load capacity

At hagher than normal temperstures a fall in insert strength was
expected for two reasons;-

(i) The uﬁtlmate tensile strength of vacwim-moulded ITurestos was
found™® to fall steadaly from sbout 23,000 p.s.1. at roem-
temperature to 16,000 p.s.1., at 120°C, No values are available
for shear but the drop should be proportional.

(i1) Presence of thermoplastic in the glue,

A nurber of 143 in. by 8 in. 16-felt test panels with opposed inserts
was made up for preliminsry tests at 90°C, thas temperature being chosen
because

(a)  of normal sircratt de=ign requiiements

(b) 1t approximates to the average sof‘teming temperatures of
thermoplastias used as wngredients in these types of glues,

The panels werc from the same batch, vacium-moulded similtanecusly,

19.
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Three types of glue application were employed; J.11185 with and
without Formvar sealing coats, and R.540 with Formvar, sinee the bond to
steel is unsatisfactory wathout 1t (3.1; Tsble IV).

For tests at 90°C in the herizontal position (10 ton Clsen machine)
the panels were completely surrounded by an clemtrically heated muff
(flexible wire elements sewn into glasscloth), power being supplied
through a Variac transformer.

Durang construction, the panels were provaded with thermocouples
moulded 1n at the glue line adjacent to the steel at each end, so that
the temperaturcs of both inserts could be measured.  Heating was
adjusted so that they were egual.

Abcout hslf an hour's ‘'scaking' was given to censure that each
insert and surrouncing material had resched the samsz steady temperaturc
before commencement of test.

Results arc shown in Table VI,

TABLE VI
Effeot of glue variation on failing leads at 90°C i
) Insert falling ! ] ol
Gluing losd, tons ! Type of failurc '
20% 90°C |
J.11185 B.33 T.22 l
J. 11185 & Formvar f 8.19 6.95 All shear in Durestos with ;
good adhesion to steel
R.540 & Formwar 7.78 5.99

Altheugh the quantities of Formvar ond glue are small compared with
total Durestos resin, the drop in leoad capacity 1s perceptible with
Formvar present at the joint.

Taking these results mercly as o pointer, 1t seemad best te omit
Formvar in future, and use J,11185 only,

No glue starvation cffeots had been noticed with this material,
probably berause 1ts own high polyvainyl butyral content is sufficient
for "sealing".

A wider temperature range, from 20%to 14500 was now explored for
simple J,11185 glued joints in another batech of panels. Ths test mothod
was exactly the same, using the heated muff,

Io find the effeot of repeated heating, the stronger inserts were
re~tested at the same -respective temperatures. Failed ends of panels were
sawn off square and Arilled for bolts, which passed through twe steel plates,
one .each sgide, the assenbly bheing in faot a large bolted Jjoint fitted with
a lug.

The results of both series of tests are shown in Teble VII, a few of
the previous results for 9006. being incorporated.

20,



TARBLE VII

Effect of termerature on insecrt load capacity

Second heating (Test of

Mirst heating 1 remaimng insert)
Degrees Failin Mean | Mean tensile Type of failure Foaling | Mean Mean
c t g s yp
entigrade load shear stress at load shear tensile Type of failure
tons stress tip tons stress stress at
— | _P-s.1. PeSale tip p.s.1.
20 1 8.33 2330 9720 Shear in Durestos - - -
70 7.97 2230 9280 woowo >8,15 2280 9510 Failed panel (bolt holes)
80 7.73 2160 9000 W " >7.2 2010 8400 Failed panel (bolt holes)
50 7. 22% 2080 8430 n i " - - -
100 6.1 1710 7120 n " " 4.9 1372 5720 Shear in Durcstos
115 6.39 1790 71'_60 1] ] " 5.6&_ | _']_570 6580 1 " T
I
130 5.15 42 6000 " " " 5.4 1510 6360 " " "
145 6.1 1710 7120 " " " 4.8 1342 5600 u " n

Common. conditions:

s

Steel ~ D.T.D. 138A Heat trcated.
Nose angle 12° approx,
Area 8 sg.in.
T1p separation 12 in,

Durestos ~ Panel 14.5 1n, x 8 in, 16 felts

Thickness 0,112 in,
Span 4 in,

Insertion 1,25 in.

Glue J,11185 o
Cure 2 ~ 3 hours at 150°C

Mean of 2 results



Conclusions -

First heating: From 20 to 90°C the drcp in strength was not serious,
but between 1000and 145 C it was more pronounced,

Second heating: Since these inserts had not failed in the first tests,
the effect of re-heating on their strengths was more adverse, though there
was little falling~off up to 80°C,  The exact fagures for the first two
were not cbtaincd bcecause of premature panel failure at holt holes at the
higher loads, 1llustrating the suporiority of glued inserts over this type
of bolted Joint.

The generzl concluslon 1 that temperature charscteristics of such
joints are largely thosc of Durestos, provided thet the properties of the
glue do not fall off mere raprdly then those of Durestos itself,

These tests suggested that provided maxamum loads are not sustained
at btemperatures greater than 80 - 90°G glued inserts should be satisfactory.
Repeated loadings at higher temperatures should bhe avolrded. There has becn
no oprortunity for hot creep tests yet, but they are obviously necessary,

Low temeraturss

The ultimate tensile and compressive strengths of Durcstos have
been measursdt dovrm to -150°C where they =pproach sach other at approxi—
mately 24,000 p.s.x,

Hence at low temperaturcs an .nsert glued into Durestos would be
sxpected to carry greater load were 1t not for increase of brittieness.

A check test was made with cnc of the 16~-fclt panels with opposed
inserts having an average failing load at room temperature of 7,52 tons,
Using a box packed wath solid carbon dioxide and allowing time fer a
steady temperaturc of -80°C to be attained, the failing lead was 8,0 tons.

The main reason for this check test was to find if dafferential strain
due to dafferent coefficicnts of expansion, which would be expaected to have
an adverse effoct (see 7.5), dad in fact reduce falling load, the effective
temperature range here being from +150°C (cure temp.) to ~80dc (test temp,)
l.e. 230°C,

The result indicated the probability that within this tempersture
range Durestos strength increascs twore than 1s required to offset the
effect of dafferential strain.

3.3 Leterloration

Short term tests of the effect of moisture on farling loads were
required.

3,31 Water immersion

Two exactly similar panels with_inserts-were completely immersed in
plain tap water in a deep tray for 21 days, snd pulled while still wet, at
reom temperaturae,

The falling loads were 5.71 and 6.2 tons, the average adverse effect
bexing 21%.

3.32 Clinatic exposurs

Three sumilar pancls, vacuum moulded in one batch, were exposed with
unprotected lugs, for b months on the open roof under winter conditions
before tension testing.
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TABLE VIIT

Deterioration
Panel condations !Failing | Mcan Mean Mean - .
before test load shear (tensile |tensile Type of
tons stress |stress |stress Tailure
p.s.1. lat tip | panel
P-5.1, centre
PaS.d.
Pulled damp as 6.51 1825 7600 3800 Clean shear in
taken from l Durestos
cXposure site '
(5 months
winter roof
exposure )
48 hours 6.0 1680 7000 3500 Shear in Durestos
drying out in
laboratory
Panel dried at 7.07 1980 B250 4125 Shear in Durestos
110°C in vacuo
(27" Hg) for two
hours, Pulled
at room temp.
Panels sozked 5.71 1600 6680 3340 Durestos shear
in water for
F 21 days
6.2 i737 7240 3620Q Durestos shear
Average value YMostly shear;
for these inserts a few part tension,
in similar panels | 7.52 2110 8800 LL00 part shear
not exposed or
wetled J

Common conditions: Steel As in Table VII

Durestos 16 felt panels 14,5 x 8 in.
Glue J,11185 No formvar
Cure time 2% hrs at 150°C
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Table VIII shows the effect on insert strength,

The first, pulled at onece while still damp, failed at 6.5L tons
instead of the average 7.52 tons for such panels 1in the dry state. The
strength reduction was thus 13.4%,

The second panel, kept for 48 howrs in the laboratory for supere
freal drying-out gave a lower lcad of 6.0 tons, a drop of 20%.

After thorough drying at 110°C under vacuum for two hours and cooling
to room temperature, the third panel fairled at one ansert at 7.07 toens,
a reduction of only 5.9% on the sverage figure for these panels (7,52 tons).

Examination of failed inserts showed that though lugs had rusted there
appeared to be little or no penetration of rust under the glue layer, which
gseemed unafiected, failure being by clean shear in Durestos away from the
glue line as usual, Alternatively the glue resin may act as rust inhibitor
for steel,’

Hence the effect of such exposure was largely that of moisture on
Purestos, Summer exposure tests have not been done, but outer Durestos
would be expacted to protvect the Joint from the effect of U.V. 30 that
deterioration should be influenced chiefly by zntermittent heating and
cooling plus occasional wetting,

L Inserts up to 20 inch spen with panel contouring for daffusion of
point loads up to 50 tons

Fazling leads of the L an, by 1.25 in, fashtazl ainserts, of the order
of 2 tons per inch of span (1 ton/sq.in. average shear stress over total
glued ared§ were sufficiently premising for scaling up of insert dimensions,
assuming linear »roportionality between span and load, though not between
area and load,

Increase of span was accomplished in two stages: first approximately
twice, then fave times, in an attempt to meet fully factored load reguire—
ments for front and rear root attachments respectively for the R.ALE,
plastic Delta wing, (See 8.1 and Fig. 39).

Contouring 1s necessary to 1ncrease radaal stress diffusion, and
hence load capacity for minimum weight, and 1s most efficleont when
symmetricel sbout an insert. In praoctice this would invelve external
as well as internal contouring of the wirng shell at the root, not permiss-
ible 1n a wang dssigned to & definite aerodynamic profile having singlo
curvature only.  Contouring had thus to be limited to the inner surface
so that representative test panels viere neaessarily asynmmetrical 1in section.

For efficiengy irvestigations however (5.2) a few completely
symmetrical panels were made, the weight cconomy being about 30% compared
with the asymmetrical type.

Inserts also were asymmetrical in secticn, thus differing from thosc
used in the small scale experiments already described, though stall centrally
disposed in laminates to share shear stress as equally as possible betwoen
each glued fane,

L.l Inserts from 7 an. to 9 in, span in contoured panels

The differsnce from the 4 anch size lay in increased thickness and
an extended tall instead of the circular lug, Early 7 in. types were
of 0,30" thick spraing steel plate with tips thinned by grindang so that
both faces taperad to a feather edge. Subsequent inserts wers end-milied
on one face only.
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Though load capacity was in rough propertion to the 4 inch size, steel
thickness and nose angle were excessive. This led to poor consolidation of
Durestos at the tips because the bag tension reduced pressure over the
resulting 'hollow!, Greater tip pressure was attained by introducing a
roll of glass cloth beneath the top blanket and lying crosswise, so that
bag tension assisted consolidation.  This was, however, overdone, the

Durestos being displaced and tip stress distrabution upset, resulting in
early failure at 8 tons,

Table IX shows variations of insert shape for these experiments,
includang the recessing of onc pair to 0,06 in. over the adhesion area
instead of taper milling, but the tip thickness was excessive.

Increase of span to 9.25 in. showed scme improvement (highest
15.75 tons). A pair of inserts made with fishtail extended to give
increascd adhesion area, and milled further back, which redueced the nose—
angle from 10° to 6° gave a satisfactory failing load (after a preliminary

test showing poor conselidation) of 22.25 tons, with clean Durestos shear
over both faces.

These inserts were recovered and used again in another exactly
swmilar contoured pancl, the failure this time being at 22,15 tons,
showing good repeatebility.

A reectangular tapered plate of almost the same span, gp less nose
angle and 35% greater area gave a lower failing load of 19,1 tons with
an abnormally low mesn shear stress of 714 p.s.2. much of the thicker
steel beang redundant. Hence by trial end error a rough optimum had
been found for insert dimcensions, (Later, the design of correct shapes
and seotions for inserts became possiblé from theoretical analysis -
see 6, and Figs, 21-23),

A compression test panel was made up with the pair of fishtail
inserts giving the best tensile figures (above), the thackness beang
inereased at the sentre, compensating for the lower nompressive strength
of Durestos as compared with its tensile strength. The panel was
stabilised by a wooden frame (the inserts being suitably leBd), and
tested 1n compression (30 ton Avery machine}, the failing load being
22,5 tons {Table IX).

The failed insert and the surrounding plastic are shown in Fig. 5;
Fig, 6 zhows the other face of this insert. The mean shesr stress for
the best {ishtail 1nserts was, however, only half that produced by the
4 1nch span type, apparently because of the scale effect well known with
practical glued joints, load not being sumply related to insertion depth,

These expeoriments were intended as a prelude to more efficient
insert design for this size, but, in view of larger locad requirements,
improvements oconforming with elastic theory which was being worked outb
at the time were incoporated in the design of inserts of 20 inch span,
These were sumilar in plan form to that shown in Fags, 5 and 6, but were
of thinner section over the adhesion area, with a nose angle of 1° only,
and were prof'ile-shaped before heat-treatment as shown an Pig. 7.

4,2 Contouring with stress-pattern interplotting for improved stress
distrabution . '

In the simple asymmetrically-contoured panels developed for the 7 in.
and 9 in, anserts, where tip separation was large relative to panel vwidth
(Table IX),it 1s probablc that the arbitrary panel contours used gave a
reasonably uniform panel stress and load across insert span.
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In the larger scale experiments, moulding equipment dimensions limited
the penel size to 56 1n, x 27 in, sc that wath 20 inch span inscrts only
33 in. tip scparation was possible,

For tests to be at all representative of stress dastribution wath
diffusion around a sangle ainsert an a plastic structure, it was necessary
for opposed inserts to take into account winteraction between the two stress
fields, This was accomplaished by interplotting graphically according to
the pranciples described at 6.17, the resultang contour shapes being seen
in Fag. 9. This modified contousring gave much closer approxaimation to
uniform plarmise stress distribulion across these large inserts, Improved
diffusion by radial orientation of laminates, discussed at 7.3, was not
done for test panels, but was incorporated an the plastic vang skin design
at insert rogions according to the best informatron then available,

The panels were constructed from felts cut to templates based on the
interplots, and built up in the usual vay as an assembly of laminates with
the smallest contour cutermost.

Those intended to simulate wing root end construction were asymmetrical
in sectlon as shovn in Fig. 13, but panels completely symmetrical about each
of thne threc praincipal axcs “ere also made in order to test stress distribu-
tion theory. Fag. 18 shows onc of this series.

4.5  Assembly and vacuwm moulding of laige insert test pancls

Construction and asceubly, felloving the same gencral prcoedure
described at 2.1 are rncst easily explained by reference to photographs
taken during the burlding of & typical asymmetrical pansl with 20 in.
glued inserts, it being most convernent to assenble in situ in the moulding
chamber .

Fig. 8 shows thc base felt pack with carefully aligned inserts
assembled on the electrically-heated mould face after glue applacation to
necessary areas Jard the regurtred open-—assenbly for removal of cxcess
velatale solvent., Durestos surfaces are gluced over areas greater than
thosc of inserts by L - 13 in. 2ll round, and the stecl glued separatcly.

The first contoured felt shovm slanding on edge is lowered to cover
insert adhesion areas and the rost of the laminates assenmbled in order
(Fg. 9).

During assembly the nccessary thermocouples were interleaved betveen
laminates at points most suitable for temperature control during cure.
Eight were generally used, four of -/hich vere in contact waith the stecl
in the important tip regions. Then followed the usual assembly of venting
layers, electrically-heated top-blankect, asbestos cloth and bag, and
finally, the top frame with vacuum-seal,

When felts had stiffencd by exposure to dry atmosphere during cutiing
and open asscubly, gentle heat was applied with the asserbled 'panel' ain
position so as to brang the average temperature up to 50 - 60°C maximum,
thas talang about half an hour. DTurestos resin viscosity was thus
lowered sufficiently to permit of better imataal felt consolidataon, vith
the added advantage of further removal ef glue solvent not accomplashed
by mere open-assernbly”; a fow inches of vacuum only were maintained at
this stage. Pro-consoladation was also applied to plastic wing insert
felt packs. (8.2),

Cure proper then proceedsd with application ef full vacuum and

rapad heating to 80 - 90°C and continued at the Lower ratc of about
30°C/hour untal attainment of cure temperaturc, the taime from starting
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being aboult L hours for this stege. Heating was containued for a further

3 hours to ensure that every part of the assembly, though of varying section
and complicated by the presence of large sbteel inserts, had attained the
cure temperature of 150°C for the requisite period.

This long slow cure is advisable for all such composite thick
assemblies; it also limits the femperature gradient over the range of
maximum rate of evolution of volatiles from the resin curing reaction,
so that they come off more steadily and duffuse more evenly through
partly cured materaal.

This as true for thick Durestos assemblies generally, but much more
important foxr the materaal beneath the inserts, particularly the glue.
These precautions are considered in detaal at 4.4 below,.

Some practice in temperature contrel is recquired in order to hold
the thin centres of penels at the permissible 150°C while the greater mass
of material is coming up to curc temperature; this is a further rcason for
the slow rate of 30°C/hour. Tcmperature recorders are useful in this
connection,

Cooling-off under vacuum to 509G or less usually necded 2 - 2% hours.
The rould - as then opensli up on’ the panel provided with end fittings for
mechamcal testing. Pre-consclidation was found greatly to reducc
*atepping’ at contours, thus improving smoothness of profile of the fanal
surface. This was espceaally notaiceable at root regaons in wing moulding,
where local heating around inserts, switched on in advance of the main
mould, reduced overall moulding tame to Jittle more than that necessary
for the other parts of the wing shell.

L.  Ventilation of glued Joints with metal inserts

The volatiles gaiven off by a P,I', resin consist largely of steam
which 1s an inhibitor and must be removed in order to obtain the best
resin properties,

Good ventilation also cnables heat from the exothermic poly- -
condensation to be dissapated as latent heat of vaporasation, thus reducing
hot spots,

Vacuum moulding assasts an this extraction of volatiles and at the
same time produces a moulding pressure of nearly one atmosphere,

A vacuum gauge gives a misleading indication of the actual
consolidation pressure as local restrictzion of wvolatiles causes steam
pressure to bwld up. (Complete trapping would give about 80 1b sqg.an.
at 150°C, curing temperature),

It should be noted that for satisfactory removal of volatiles at
very low pressure, extraction ducts should be of relatively large cross-
section and pump dasplacement adecguate.

The larger the metal insert the more it encourages local trapping of
volatiles, the vorst position being the centre of an insert under-surface.
Thus the adhesion arca with the longest diffusion-path is most affected,
as shown ain Fig, 10B, The resultant glus-bubbling, steel oxidation and
lack of adhesion woere iorse the gieater the guantaty of glue and the
higher the rate of tempcrature rise.

Top surfaces, however, were well-ventilated by the porous top glass
cloth layers so that adhesion was satisfactory (Fag. 10A}.
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Venting layers altermately of glass cloth and copper gauze totalling
% in, thick under the whole pancl and drilling of inserts brought about only
slight improvement compared with gluc reduction, The glue spread of
0.19 1b/sq.ft. which had been satisfactory with inserts even up to 9 in,
span (Figs, 5 and 6) proved excessive for the larger inserts which
compelled volatiles to fraverse longer diaffusion paths,

A wmach reduced glue spread, 0,05 1b/sq.ft, prevented bubbling and
the joint gave the high failing load of 52 %ons (Fig, 14) but same
starvation was evident, hence this was the lower limit,

The most satisfactory glue-spread on steel and Durestos vas
0,06 = 0,07 lb/sq,Tt, of J,11185, diluted 50% /W with methylated spirit,
applied 1n L = 5 successive coats with a total open-assembly time of
2 hours,

4L failed insert fron a subseguent panel glued in this way had the
appearance shown in Figs, 114 and B, Sondang of the Durestos down to
the glue showed the glue layer to be uniform and well bonded to the
steel over both faces,

4.5 TLoading tests wath inserts of 20 anch span

Tensile testang followed the usual procedure, but the size of the
panels necessitated a large machine (200 ton Avery used over the 100 ton
raage)., Panels were provided with sartable end-fitbings and set up as
shown in Fag, 12, The asyrmmetrical section of this panel, typical of
the first group, and representative of plastic wing root canstruction,
1s shown in Fig, 13, The rate of loading for all tests was about
16 tons/min. {Appondix T).

The respective contoured ard planc faces of the same panel after
failure at 52 tons in the region of one insert are shown in Pigs, 14 and
15, Intermittent sharp cracks, attributed to brittle glue "flash"
fracture during straining, accompanicd the earlier tests, but after
modification of gluing technique for ventilation reasons, (4.4 above)
this flash no longer exasted; the tests being almost noiseless right
up to failure, Compression panels even with glue flash present were
always guiet up to failure, ‘

Compression testing was less straightforward than tensile, since a
tensile test piece is inherently stable, whereas for panel compression
external stabilisation and end-Tixation are necessary, It 1s also
essential, if test results are to have real significance, that panels

be accurately aligned between the spherically-seated anvils of the
machine,

Satisfactory stabilisation was accomplished by two heavy timber
frames very lightly clamped each side of the test specimen by means of
tie-rods, The inner faces of the cross-pieces in contact with the
panel surfaces were accurately scribed to them, Figs., 16 and 17 show
the general arrangement, par ticularly the heavy fabricated end fixings,

Test results

In this larger-scale work, variables were explored to an extent such
that few test panels were cxactly similar, but where duplicates or
triglicates were tested, both in tension and compression, there was good
agresment after initial daffaculties had been overcome,

Shear stresses at inserts due to tension loads are not exactly
comparable with thosc due to compression of equal magnitude, nevertheless
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the close asgreement betwesn tension and compression faixling loads with

9 1nch inserts in similer but smaller panels (4.l sbove) was also found

for the 20 inch size in the large panels (Table X, Nos. 6-9 ainclusive).

The lower compressive strength of Durestos compared with i1ts tensile

ftrength)does not reduce load capacity because the failures are in shear
See 5.2).

Tenszon and compression resulis with the asymmetrically-contoured
panels so far described are given in the Table.

FPurther experiments with 20 in. span inserts were dirccied to more
efficient utilisatrion of material; results are garven in Table XI, for
tension only.,

L.6 Some factors influencing load capacity

Panels The first %o panels, Tabie X, suffered from incorrect
dastribution, the amount of Durcstos being ansufficient, particularly
at the centre,

In the second group of threc panels the material distribution was
better, but stall insuffacient at the pencl centres.

Interplotted contours (See¢ 6.16) gave a more correct distrabution,
with sufficient material to produce shear failures (Panels No. 6, 8 and 9).
These panels attained the 48 tons load considered desirable for the plastic
wing rear root attachment,

An attempt was then made to 1mprove efficaency, symmetrical panels
being constructed based on theorcticel distributions (Fig, 18) and though
higher efficiencies were obtained (5.2) the overall quantity of meterial
was somewhalt excessive, and load carrying penalised by incorrect splice
proportions (6.23),

Inserts

Inserts wath varying thickness of splice portions showed that load-
carrying was somewhat sensitive to these dimensions. This is to be
expected from theoretical considerations, especially with a large insertion
depth (Fig. 19).

Tables X and XI show that if the insert tip thaickness exceeded
0,030 an. the failang load was appreciably reduced,

Wath a steel root thickness below 0.065 in. load carrying capacity
was also reduced, owing to the effect descraibed at 6.23. The upper limit
of root thickness has not so far been imwvestigated, though it is known
that the 1deal thaiclness for these panels 1s sbout 0,090 in.

5 Interpretation of experimental results

5.1 General load characterzstics of stoel inserts in Vacuum moulded
Durestos, from experimentel results

The characteristics of steel inserts in Durestos can be gathered
from Figs, 19 and 20 where curves of mecan shear stress and load per inch
of span ageinst depth of ainsertion, and load agoinst span, have been
plotted by extractaing from the Tables the mean results of the various sized
fashtail inserts,

Depths of insertion

It will be noted that there 1s a considerable falling off of mean
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TABLE XT

20 in., Span inserts in contoured symmetricsal panels

Inserts
Fazling Mean . Mean Mean Panel
Felt At root At tip load shear tensile tensile eff,
contours of in, in stress stress stress F.load Remarks
radius tons 1b/sq. across panel /1b,w
in. in, tips centre /in,
P.s.1. p.s.1. panel
length
18 - 36 >0.09 >0,03 33.8 473 L4230 6800 374 Panels cured
on shaped
" 0.08 0,02 42,0 587 5220 8450 46,5 female felt-~
pack with
" 0,07 0,01 Le.L 793 5270 8560 46.8 two glass cloth
parting layers,
. 0,066 0. 0L 29.6 UNE 3650 5975 32.7 A11 shear
farlures with
" 0.063 0.01 22.8 319 2830 4600 25.2 good adhesion.
16 - 28 0.095 0.015 40,5 567 5400 9440 5.0

Common condartions

Steel Inserts

Durestos

D.T.D. 138A H.T. 80 tons
Depth of insert 4", 1° Nose angle

Av, curing time 8 hrs.

Vacuum 28 in. Hg.
Panel size 27" x 2"

Glued area 160 sg.in.

Contouring interplotted symmetrical




shear stress (calculated on glued area) with inoreasing depth of insertion,
This confirms the existence of a high stress peak at the tip of the insert
with & repad falling off to a small shear stress over the rest of the insert
length., The greater the depth the lower the shear over the af'ter portion,

The curve of load carried per inch of span again confirms this
conclusion, as it wall be: seen that there 1s no further increase of load
beyond about 2 inches of depth,

This characteristic iz due to inserts having been made too thick to
strain with the Durestos, for with the idesl splice joint (Fags. 21 and 22),
theoretically the load should increase umformly with increase of depth,
and thus the shear stress of Durestos would be reached throughout the joint.
With increasing span it will be seen that load carrying capacity increases
linearly withan the range of inserts tested. It 18 expected that this
linear increase of load with span would continue indefimtely.

5.2 Efficiency criterion for insert test panels

Comparative efficiencies on a weight basis can be obtained by
using the simple expression:-

Failing load in Ib. per 1b, wt. of complete panel per inch of panel
overaell length.

By this means 1% is possible to compare composite panels with
columng of plain material.

Below is given a table of mean values for various panel sizes with
efficiencies given as a percentage of that for Durestos in plaln tension
and compression (longitudinal properties), i.c. 18,000 1b,sq.in, and
13,000 1lb.sg.in. respectively.

TABLE XTI

Panel efficiency

Insert span Panel effaiciency | Panel efflclencyi
in, Type of panel in tension % in compression % |
- Plain Durestos 100.0 100.0
2.75 8~felt panel 32,8 -
4 12-felt panel 33,0 -
4 16-Telt panel T 29.7 50.8
7 semi-contoured panel 27.3 3.7
9.25 " bl 41,0
9.38 " " 46,2 62.0
20.0 " " 37.3 545
20,0 fully contoured panel 43,6 -

It should be noted that all test panels have varying degrees of stress
diffusion while the comparable Durestos column has none.

By calculating the volume of material in the theoretically ideal
opposed poant load panel, (sec Fags. 30-32, also 6.16), and comparing
it with the volume requared in a plaln column to give the same load, it
will be found that for an isotropic material the maximum attainable
effrciensy 1s 90% of that of the plain column. However, if the panel
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and column were both bualt up of orthogonal biaxial and uniaxial systems
of fabres respcetively, the officicncy of the panel would be only 72%
that of the plain column since the transverse faibres cerry the secondary
stress only.

These thern are the optimum cfficiencies for load diffusion, indicating
that point attachments in theory at least nced not constitute a heavy
structurc weight penalty.

On the other hand however, the best test result so far 1s only a
little over half in tcnsion and btwo thuirds in compression of the ideal
isotropic pancl wvalue. The increase of efficlency in compression is
due to the lower compressive properties of Durestos having no effect on
the usual type of failure, 1.e. shear an Durestos near insert, the strength
being substantislly the same as in tenson.

It will be seen from Tobie XII that therc is a rise of efficiency
with grading cf pancl thickness as would be expected, If allowance
1s made for weight saved by contouring, there i1s lattle change of
efficrency with wide variation of panel size,

An attempt was made to compare darectly the efficicncy of a plastic
pancl with glueé¢ metal inserts and one with metal fattangs attached by
shear pins.

A plastic pancl with an end attachment consisting of two metal
plates, cne on e¢ither side, fastened through the plastic by nine
staggercd rivets, showed an efficicncy of 25.2% whereas o similar-sized
panecl with the same failing load but wath 4 in, span fishtail inserts
showed an effaciency of 33%. The achievement of much higher efficiencies
for pin joints in plastics would be difficult, whereas the glued Jjoints
developed so far are by no means considered the optimum,

For comparative purposes, Taoble XIII gaves typical pancl and insert
werghts

TABLE XTIT

Typacal panel and insert weights

Span of | Insert Fanel Type of
insert wh wt panel
in, 1b. 1b,

4.0 0.3 2.7 12=~felt uniform

9.38 1.2 13.0 7 = 18 contoured
asymmetrical

20,0 4.0 40,0 13 - 26 contoured
asymmetraical

20.0 4.0 30.0 18 - 36 contoured
symmetrical
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6 Theoretionl analysis of load diffusion

It 1s convenient to divide theoretical consideraticns into two sections,
the farst dealing with problems xn the plane of sholl structures, and the
second with problems through the thickness,

Thas approach 1s possible providing the thickness is small, as only
then can stresses in the plane and through the thaickness be itreated as
independent systems.

6.1 Analysis of load daffusion in plane panels

In an atterpt to arrive at the ideal dastribution of materasl in a
panel loaded at a poant, an investigation was made of the elastic thoory
of stress drsvributions in Elane structures, This subject is dealt with
in numerous published works s 7,

Before dealing with theorctical distribution it is necessary to
investigate the behaviour of materials.

6.11 Influence of moterisl on stress distributions

In a plone structure with a single loaded boundary end made of an
isotropic material the stress distribution produced is independent of the
elastic constants, a1.e., Poisson's ratio end elastic modulus,

In ;olid structures with one or morc boundaries, stress distribution
is affected only by Poisson's ratio, and even then to a negligable extent,

In other words, similar structures in different isotropic materials
would have the same stress distribution as postulated by an elastic theory
independent of the elastic constants., This conclusion has been confirmed
by the large number of photo-elastic and theoretisal dastributions which
verify each other.

It should be remenbercd, however, that natural organic materials such
a8 wood, and synthetie laminated plastic similar to that used in the present
experiments, arc far from isotropic,

How then can we apply theoretical distributions to states of
anisotropy?

In plane problems thickness 1s theoretimsally zero, and even in practaical
shell structures 1t 1s small compared with the other dimensions, so that
high orientation through the thickness can have little anfluence on the
plane distribution of stress. It 1s the orientation in the plane which
can cause considerable dlscrepancles in the appllcation of theoretical
distributicns,

Therefore, providing that in the plane the axes of principal stress
and strain, and hence prineipal elostac modulil, are coincident, and the
elastic moduli in the principal stress dircctions are equal, the materiel
behaves isotropieally.

Thus 1t 1s possible to replacc an isotropic plane structure having a
given loading and stress distribution by an 1deal structure, consisting of
highly orientated materisl arranged with lines of orientation coincidaing
exanctly with the stress trojsctories, so that both strusctures then have
gimiler stroin and stress distributions. That this 1s the idesl structure
is borne out biologically, where internal bone formation during growth
and with load carrylng consistently develop an orthogonal system of
reinforecing Tlamenta™.
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Agsuming the above to be true and providing that structurcs of
anisotropic plastic material cenform to one of the three states outlined
at 6,13, 2t was considered that certain theoretical dastributions could
be gppidied toe them without too much inaccuracy,

6,12 Failurc under ccmbined stress

Reanforced plastic materials an general can be termed brittle and
therefore follow closely the maximum stress thcory which statesi=-
"Failure in a materisl will occur when any one of the principal stresses
reaches the value for simple tension or compression regardless of the
value of the other principal stresses". This theory is confirmed in
tegts of the randorroricntatod plane mat,  Therefere the best distribution
of material is greatly simplifiecd in that only the distribution of the
separate principal stresscs has to be considered for strength.

Most plastics are almost purely elastie., Accurate prediction of
stress behavicur by clastic thoory is therefore possible, and acoordingly
alleviation of stress concentraticns by plastic flow cannot be cxpected.
Thus it is all the more dmportont thot the material be corrcctly distraibutod
for structural cconcny.

6.13 Geometry, materaicl properties, and stress relaticnships

In purely elastic plane problems there are three signmifaicent states
relating non-uniform distributions of i-

Stress
Geometry (in plane problems = thickness)

Materizl (mechanical properties, L.c., tensicon, compression
and elastic modulus varying as a single quantity),

Btate 1t Constant thaickness and materasl properties, but stress varying.
This state iz 1dentafiable with pramitive structurcs, and with
phetoelastic models,

State 21 Oonstant material propertics and stress, but thickness varyang,
Thas 18 a morc effaicicnt structure, but becaiaes only approximately
true when the thickness gradicnt is large, producing a threc—
dimensicnal stress syster.

State 3: Constant strcss ond thickness but material properties varywng,
wolch 1s probably the structural ideal,

In practice, a combination of any or all three is desairable.
State 3, oalthough of'ten found in Nature's load oarrying members, has only
been made possible to a limited oxtent in plasties by variation of density,
e.g. by mouldang pressure (3.12). It can also be approximated in sudden
steps by Jjoining several materials of differing properties.

It will be secn therefore, that under given conditions, by keeping
any two of the three factors constant the third will always have the same
distribution. In other words the stress distribution in state L also
gives the correct dastribution for the variable property in states 2 and 3.

Hoving arraved at this rcolation, tho formation of various theoretical
daistributions will now be considered,
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6,1, A concentrated load acting on a boundary of a semi=infinite
plate {Casc 1)

This is the simplest theoretical form of the diffusion problem.
From Fig, 24 it will be seen that the stress trajectories aroi-

(a) Radial lines converging towards the point of application of
the load.

(b) A series of concentric circles with load point as centre.
It should be noted that as one se% of stress trajectories takes
the form of straight lines, the principal stress Q@ acting along the

concentric circles must theoretically be zero,

Thus the stress pattern fringes (see Fig., 25) can be interpretated
g3 locl of constant principal stress P,

Therefore this stress pattern, comprising a series of ciroles (of
diameters d, 25 % etc), tangentinl to each other at the load point and

lying on a common line of centres in the directacn of the load, ocan be
1nterpreted as constent loci of either:=-

(a) Praincipal stress P

(b)  Thickness

(c) Material propertics

It is important to note that though in practice local distortion of
the i1deal distribution can cccur owing to 1naccurate equivalents of poind
loads, the effect is always negligible at large distances from the loaded

ared.,

6.15 Uniformly dzstributed load acting on a boundary of a semi-
infinite plate {Casc 2)

This 1s a development of the previous oase, to simulate more
closely the uniform loading applied to a plastic shell by a straighte
edged metel insert.

Fig., 27 shows the stross trajectories, consisting of a series of
confocal ellipses intersected by an orthogonal system of hyperbolas with
common focl at the extremitics of the losd.

Fig, 28 shows the stress pattern, which is a series of circles
intersecting at the extremities of the load; each caircle is a locus of
P+ Q. The principal stresses (see Fig. 29) are biaxial tension or
compression, and at the loaded boundery these are equal. At the semi-
circular fringe the principal stress @ tends toward zero, so that outside
of this area the stress pattern con be interpreted as lines of constant
principal stress P,

Curves of constant P, Q, and P ~ Q are also circles intersecting the
load at 1ts extramities,

6,16 Analysisc of opposed point loads and the formation of a combined
stress pattern {Case 3)

It was found for the experimental testing of plastic panels with inserts
that the most comvenient arrangement was to plase twe concentrated loads in
opposition, forming two stress fields which must be combined,
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The combination can be cffected gropnically (sce Figs, 30 and 31)
which gives the combined stress trajectorics and also the conbined stress
pattern for P =+ Q,

The comstruction is sumply donc by drawing a fresh set of curves
through the insersceting points of the two opposed stress systems of CJase I,
and forming, by addaition of onc higher with one lower frange order, fresh
curves of constant principal stresses P + Q.

It 18 also possible to obtain a stress pattern for curves of ovonstant
9 by interplotiing as before the samc two systems of tangential caircles,
thus construeting a series of circular arcs passing through the two load
points so that the number of curves crossing the diemeter normaol o the
load darection 1s equal to half the mumber of curves of P + 3,

Stress patterns of P - Q ond P can then be obtained by interplotting
patterns of P + § with thosc of Q.

It wall be recognised that this loading case is that of a circular
disc with diametrically opposed loads. The principal stresses are of
opposite sign (see Fag., 32) and both principal stresses become zero on
the boundary circle.

The stress patterns of P + Q, P - Q,and P arc essentially the same
in character owing to the relatively small wvalue of principal stress @,
l.e, Q = 1/3P &t the centre of the boundary circle,

6.17 Oppesed uniformly dastributed loads (Gase L)

This 15 o development of Casc 3 and can be plotted in like manner,
by corbining two opposed stress systems of Case 2.

Fig. 33 gives the stress trajectorzces, and Fig. 34 the stress patterns
for constant P + GQ. Fig, 35 gives the distrabutions on the cantre line of
principal stresses P and 9, also their sum and difference. At the loaded
ends P and 9 are like sign but change to opposite sign over the centre
portion.

Completc stress patterns for Q@ can be obtained by interplotting
distributions for @ in Cases 2 and 3. By further interplotting of this
evolved distribution of § with the stress pattern for P + @, stress
patterns for P -« Q and P con be cbtained.

A modifaed form of stress pattern in Fig. 34 was applicd in the
large test panels,

6.18 Application of stress patterns

(a) To laminated plastics

With lamrnated plastics which arc isotroplc an the plane the
correct thickness distribution is cbtained by directly applying contours
of constant principel stress P or { {(whichever 1s the grenter) described
at 6.14 to 6,17, &s outlines for each successive lamination. With
material considerably anisotropic in the plane however the above method
cannot he applicd,

It was pointed ocut at 6,11 that in order to conform to the same
stress distribution as that for an isotropic material, fibres must liec
along the principal stress trojectories.

The most efficicnt forms of orientation for the three main types
of plane stross are as followsi—
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(i) For shear stresses a biraxial orthogonal oriaentation
{11) TFor uniaxial stresses a uniaxial orientation
(1ii) For a like s1gn biaxial stress a plain random orientation

For these arrangements of the material the following contours are
the correct ones teo give the ideal thickness dirstribution:

(1) contours of P - Q
(11) contours of P or Q
(111) contcurs of P + Q

for opposite~sign prancipal siresses there 1s then the practical
dafficulty of following the curved stress paths, which might be overcome
by using narrow straps of lsminate, For like-sign prancipal stresscs
it 1s possible to utilise straight bands of laminations whach will give
Just as efficient an arrangement of material as would result from followang
an orthogonal system of curved stress trajectories,

For cxample, in Section 6,15 Case 2 and Fig, 28, the material would
conszst of straight bands of laminations spreading fanwise at egual angles,
cach lamnate of a different width according to the angle subtended at the
loaded edge, so that all lamination edges meet at the extremities of that
load. This arrangement gives cxactly the same distrabution of material
as that derived from the circular siress contours of P + Q as 1t utilises
their construction lincs as boundaries for the laminations,

The oricntation 1s then uniaxial at large distances from the load
where there 1s a uniaxial stress, merging gradually to a random orientation
at the loaded edge where a tensile or compressive biaxial stress oxists;
this ensurcs that for all stresses an the structure the corresponding
orientations are the most efficient,

Cb) To metal inserts

For ease of manufacture the majority of inserts described in this
report have been made with a straight loaded edge, to simulate closely
the uniform load epplied to a straight boundary. Although the stress
distribution i1n the panel is known, the exact state of stress diffusion
and optimum confaguration for the insert remains unknown, therefore a
rough approximation only 1s possible owing to the varied requirements
for mechanical attachment to the insert.

There as, howcver, no rcason why the distribution produced by a
point load acting on a boundary (Figs. 19 and 24) cammot be applied to
give the correct distribution for both insert and panel using any
convenient loci of constant stress as the insert boundary, For constant
stress, of course, the correct distribution of material must continue
with the ansert 1tseclf or at least sufficiently so to prevent distortion
of the stress distribution occurring in the joint between insert and

panel, From Figs, 20 and 31 it will be scen that the 1deal shape could
be circular,

Provadaing the specific properties of insert and panel are equal and
both their strengths utilised equally, variation of insert size wall not
affect strustural economy. Insert size, therefore, will depend on glue
shear consaderations only,
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.19 Conclusions

By the methods outlined it has been possible to obtain trajectories
and stress patiorms of P, Q, P + Q, and P - @ for the cases considered.
It 13 also possible to obtain stress distributions for many other
conbinations of loads by a multiplication of the graphical interplotting
process,

It 25 considered that a graphical stressing system could be developed
on these lines which would gave a sclution more easaly than by a purely
mathematical approach. 1t 1s recognized, however, that for complex
loadings and boundary cgndltlons there may be no graphical solution and
here rclaxation methods’, though often lengthy, would be the only solutaon.

The limaitations of experimental rasources have rendered possible only
pertial confirmation of theoretical stress—distributions,

6,2 Analysis through the thickness of the panel at join%s between
plastic and metal

6.21 Types of adhesive joint

As far as is known at present, adhesives employed for relatively
high~strength joints possc¢ss inherently lower strengths than those of the
materials to be Jjoined. It is necessary, therefore, to place the adhesive
in shear in ordor to inercasc 1ts cross sectlon compared with the cross
scetion normal to the dircect stress in the jolnin% members, Such lap or
splice Joints have alrcady been studied in detaill 0,11 80 their salicnt
featurcs only nced bo discussed here.

6.22 Stress distribution along the length of the joint

The plain lap joint between two pileces of constant thickness
material cesuses a very high peask stress at the ends of the lap, and it
therefore should not be considered for high~strength joints. To obtain
the maximum joint strength, the shear stress for any load must be as
uwnform as possibls over the length of the splace, Thais wnaformity can
never be achieved completely, because at the boundary, where the adhesave
layer ends, the normal principal stress must always be zero, A state
of plain tensien or compression only can ¢xlst along a boundary. It should
be contrived, rowever, that this boundary stress should not greatly exceed
the principal components of shesr an the adhesave,

As far as 1s known at present for isotropic materials the straight
tapered scarf Joant is nearest to the theoretzoal idcal.

6,23 Stress distrabution in joints botween two materials of dafferent
elastic moduli

To obtain o uniform shear in the composite Joint the straan
distribution in the two materials must be sensibly egual and constant
over the length of the gplice for all values of load up to fairlure.

Thas is achicved by making the thickness at the ends of the splice in
inversc proportion to their cffective clastic moduli, see Faig, 21, Ir
both materials are to rcach their ultimate strengths simultaneously these
must be in the seme ratio as the elastic meoduli, For further discussion
of this matter, sec Scotion 7.1.

It should be noted that the adeal splice of Fig, 21 wall become
modified when epplied to a state of load diffusion for the joint will
then occur in e section of varying thickness, (see Figs., 26 and 29) the
splicc beeoming superimposed on a curved distribution producing an incrceasce
an the thickncss of the haigh modulus maverial relataive to the thiclkmess
of the low modulus material (sce Fug. 22),
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An incorrect ratio between the two material thicknesses at the ends
of the splice will cause the radial stress trajectories to change direction
at the sharp edge; this increases or decreases ths diffusion locally with
the adverse effect of producing in the planc secondary stresses normal to
the radial stresses in the vital glued Jjolat area.

6.2, Types of insert

A number of inscrts placed one above ancther and interspaced with
lamznations of plastics are unlikely to show any advantage structurally
over a single inscrt, being 1n prainciple only a multiplication of them,

Theoretically, in their best form multiple inserts would consist of
extremely thin laminations, but with plastics givang off volatiles during
cure there would be a considerable ventilation problem,  Also, the
coalescence of than metal laminations inte an integral boss has practical
difficulties.

It appears therefore, that multiple anserts will be limited in
application to extra thick sections of limited spen and from which there
is little diffusion, However the pranciple of using an assenbly of
thin laminates to form a correctly contoured single insert should be
quite practicable.

Where a large daffusion i1s required, as in all shell structures with
point loads, a single insert will always have the advantage over the
inevitably thicker assenbly of an equivalent multiple znsert, for the
latter wall produce a siecper inclination of stress trajectories to the
applied load in the plastic outboard of the insert, thus making less
efficient use of material.

There 1s snother ainsert type which is worth consideration, especilally
an high pressure mculdings. It consists of a single plate formed 1nto
corrigations which spread radially from the boss, The advantages are
increased surface area, and better stress distribution in the Jjoint
through the thickness, The disadventage 1s dafficulty of manufacture.

7 Materials for.load diffusicn

7.1 Mechanical properties of materials to be joined
Metals compared with Durestos

In determining the behaviour of jornts betwsen dassamilar materials
2t 1s necessary to compars their stress-strain curves, Typreal tension
curves of several stecls, aluminium and msgnesium allcys have been plotted
agelnst a typical stress-strain curve of Durestos. See Fags. 36 and 37,

To secure the best compromise between the strain and the failing
strengths of the two materials which could occur in a splice joint,
Durestos curves have been superimposed on those of the metals by using
a different stress scale, The ratic of these scales will represent the
ratio of the material thicknesses at the ends of the splice, see Fig., 21,

Fig. 36 shows supcrimposed curves for Durestos, spring steel to
Spec, D.T.D.138A, H.T. steel 5.28, and D.T7.D.331, also mild steel S.1,

It will be seen that by making the Durestos section twelve times that
of the H.T. steels only a small dafferentzsl strain is caused,

For the optimum use of Durestos properties, it appears that higher
strength steels than were used for these experiments would be advantageous.
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By ccmparison 1t wall be noted that 1f Durestos 1s given the
same_strain as mild steel up to 1ts yield point the steel will reach
failure while the Durestos is only stressed to 15% - 20% of its failing
load.

A ternatively, if the Durestos section 1s reduced to three times
that of mild steel so that the two materials reach failure together, o
dafferentiel strain equal to half the maxamum strain at failure will
occur in the joint, the eguivalent of causing a very considerable stress
concentration at the nose of the steel wnsert.

Therefore, low strength steels are considered very undesirable for
i1hserts in primary structures made of plastics similar to Durestos.
It is preferablc where a lower strength insert s sufficient to use one
of the light alloys, (see Fig, 19). ¥here aluminium alloy D.T.D. 683
and magnesium Z3Z curves are plotted with that of Durestos having the
equivalent sections of 4.5 and 2,5 times that of the alloys respectively,
a very close matching of the stress-straln curves 1s cbtained.

The =zbove comparisons have been made with no consideration of the
offects of thermal expansion, {see 7.5).

7.2 Properties of Durestos

The plastic material used for the experiments described in this
repert has structural properties vhich are far from i1deal, being a planse
mat of Tfibres orientoted longitudinally to transversely in the ratio of
3 to 2 and with tension greater than compression in eather direction in
about the same ratio. Through the thickness the material consists of
2 haghly orientated arrangement of fabres wath a very low tension strength
normal to the plane,

The modull of elasticaty for the threc principal axes are roughly
proportional to the strengths,

The material slso suffers from a scatter of properties dus to variation

of moulding pressurce. Fortunately strength and stiffness vary together;
hence weoker portions do not reach faiiure before the stronger portions.

7.3 Applicetion of Durecstos to panels with inserts

7.3L In thc planc of thc pancl

Durcstos laminations should have the lengitudinal propertics in
alignment with vthe radial stresc trajectoraies which converge on the insocrt.
For an inscrt from which there is little daffusaon, an alignment of 211
lamnations perallel to the load direection 18 probably suffilcient.

7.32 In the thickness of the panel

Theoretically, the best arrangement of fabres through the thickness
at a splicc Joint i1s that shown in Fag. 21, the {ibres following the
trajectorics of the major principal stress,

The properties of an anizotropac moterial at various inclinations to
the major axes conform approximately to the relationship

2

P sin® 6 + Q cos? O

where M 1s the property ot somc angle © %0 P, P and Q being the two
praincipal propertics,
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This relation 1s plotted, (see Fig. 38), to show the variation of
Durestos tensile strength with angle to the fibre axis through the
thickness.

It will be seen that a considerable drop in tensile strength occcurs
when the angle between load direction and main axial tension is relatively
small, Hence the importance of alignment of fibres with the praincipal
stresses in highly orientated materials.,

7.4 Effect of thermal expansion on stress betwecen different materiels

Metal inserts are bonded into Durestos or other heat-cured plastios,
at 150°C, and at thas temperature there exists a condition of no strain.

On cooling, however, owing to the different coefficients of expansion
an increasing differential strain and hence residual stress will dsevelop 1n
the joint, The magnitude of the strain was therefore investigated for the
'greatestotemperature range likely to be amposed on plastrc strustures,

1.8, 22070,

Durcstos coefficients of expansion vary for all three axes in
epproximately the same ratio as the inverses of the respective elastic
modulit?, The coefficient normal to the laminstions i1s 94,35 and 5.1
times the respective plane coefficients. This normal direction will not
be considered as the thickness of shell struotures 1s small.

Below is given the dafferential strain between Durestos (Longitudinal
expansion) and threc metals for temperatures of 209C and -70°C; the strain
quoted 1s a percentage of the averasge strain at failure for these materials,
i,e. 1.0% clongation,

20° =70%
80 ton sprang steel and Durestos 5.4% 13.2%
35 ton Duralumin and Durestos 16.4% 40.0%
20 ton magnesium and Durestos 18,0% L. 0%

These figures may be a little severc as they do not account for any
plasticity of glue and Durestos resin during cooling from 150°C which
would have the effeot of alleviating some of this strain.

It appears from these figures that metal inserts of magnesium or
alumnium alloys, while capable of matching Durestos from streps~strain and
strength points of view, (sce 7.1), will suffer severe residual stresses
at low temperatures which may meke them unsuitable for moulding into thermo-
setting plastics,

. In a splice joint with the 1deal fibre arrangement through the
thickness, {see 7.32) the fibres will subtend some small angle %o the

insert surfacc, thus favourably modifying the effective Durestos coefficient
of expansion relative to the insert.

By using the rclation given in Section 7.32 and substitutang for
mechan}cal properties inverses of the thermal expansions, effective
expansion at any angle & may be obtained.

& Point attachments for large plastic siructures

8.1 Applications to the plastic wing

Inserts of the type described in Section L.l were used to obtain a
four-pornt fuselage attachment of a plastic Delta wing, using one 20-inch
span and one 9-inch span insert in both top and bottom wing skins, (see

Fig, 39). W3



The 1nserts were attached to machined forgings which bradged between
top end bottom insert pairs, providing at the same time a vertiocal shear
pick=up to the fuselage,

Thus inserts carry only tension and compression loads fed to them
under wing bending.

The fully factored load required for rear inserts was 36 tons each
and for front inserts 15.3 tons, but 1t was considered desirsble to have
same furtharreserve on the shear strength of these joints, and panel tests
were accordingly developed to give 48 and 21 tons respectively.

It should be noted that panel thickness had to be sufficient to cause
a shear failure at this figure although wing design skin thackness was
required to diffuse 75% of these latter loads. Thus wing wnserts had a
shear area reserve of 1.33.

Load diffusion from inserts in this wing structure was complicated
by a shear web structure of somewhat unusual form (Fig. 40) which made
direot theoretical analysis of skin contours extremely difficult and
only an approximate grading of skins was possible, particularly when
strength requarements for the waing included a wide variety of airload
daistributions.

It will be seen also that similar inserts of smaller size are
positioned for an anchorage of the elevon control surface hinges.

8.2 Insert packs for sub-—assembly

It was found that for large mouldings such as the plastio Delta wing,
gluing up of inscrts was best accomplished by sub~assembling them into their
correct position in the local surrounding laminations {see Plate 41) and
partially consolidating by preheating in a small vacuum rig, as explained
at h'- 5-

8.3 ILocation of inserts during vacuum moul.ding

In order to obtain accurate location of all point attachments a
suitable jag ancorporating fastenings to all inserts 1s essential.

Laminated Durestos during cure reduces finally to sbout 50% of its
original thickness which ocauses metal inserts to move normal to the
laminations, Thas dafficulty in jigging of inserts can be overoome
by incorporating a screw jack or similar deviee into the jig which can be
adjusted during moulding to the final dimension requaired (see also 3,123
end). Sub-assembly of inserts greatly facilitates attachment to the Jjig.

g Recommendstions for future work

9.1 Basic information on material physical propertios

Rescarch into structures containing new materials is almost wholly
dependent on the degree to whach the material propertiss are known. It
is felt that before much further advance can be made into solving the .
problems of glued joints, a more comprehensive knowledge of the behaviour
of resins and fibrous materzals is required,

9.2 Use of new materials

It is foreseen that the solutlon to the load diffusion problem as
formuated hero might well be applicd to many other struotural meterials,
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Glass fibre laminates which incorporate cold~setting resins give rise
to a special problem with metal inserts, for the adhesaon of these resins to
metals is uswally poor,

The problem might be overcome ecither
(a) By special surface treatment of the metal, or

(b) By pre-coating and curing a hot-setting resin on to the
metal surface, ,

An alternative solution might be the gluing of Durestos to metal wath
thermo-setting resin, and then treating such an assecmbly as an ‘insert' for
incorporation into cold-setting resin structures,

Prom a stressing viewpoint glass laminates present the difficulty of
matching the low elastic modulus and high strength, and hence high strain at
failure, with similar suitable propertics in a metal, Investigation of
metals reveals that high strength titanium alloys seem to be the only ones
likely to be really suitable if high joint efficicncies are required, For
structures requiring only moderate degrees of diffusaon, and ihere lover
Joint efficiencies are acceptable, laght alloy inserts would be worth
investigation,

The desire for further gains in structural weight economy may necessi-
tate the application of highly orientated fibre materials into the optimum
arrangements for load diffusion, i1.e. radial bands of laminates and laying
of fibres to curved stress trajectories.

9.3 Diffusion of even larpger point loads

It is realised that loads greatly in excess of those already achieved
may be required for large plastic structures.,  Although there is no reason
to suppose that manufacture of inserits to carry loads exceeding 50 tons would
be unduly difficult, further experiments wvould be desirable,

9.4, TFurther work

Other characteristics of plastic to metal glued joints on which further
information is necessary are listed below:-

Inserts in high pressure mouldings
Experimental stress analysis of loaded inserts
Resistance of glucd inserts to adverse conditions such as:

(2) Repeated loading, fatigue, and creep over high and low
temperature ranges, and

(b) the effect of sclvents, fuels, oils etc on load capacity,

10 Conclusions

The efficient diffusion of relatively large coucentrated loads into
comparatively thin reinforced plastic skins and shell structures has proved

quite practicable, though less easy theoretically or cxperimentally than at
farst anticipated,

Tension and compression point-loads cxeceeding 50 tons have been
achicved by sumdtareous gluing and vacuun-mowlding of specially shaped
steel inserts into asbestos-reinforced F.F. laminated structural material,

Satisfactory strength characteristics of plastic to metal jJoints
were shown over the tempeorature range -~80°C to +90°C, with a drop of
about 20% 1mmediately after wetting and exposure, with consistent failure
by shear in the plastic away from the gluc line, with no disturbance of
the glue bond to the metal,
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Corrcct choice of materaals, splice proportions of metal and plastic,
span and sharpncss of inserts have far more influence on load capacity than
variations of moulding technigue.

A detaaled sbudy of load daffusion problems from the general viewpoint
of elastic theory, involvaing theoretical analysis and graphical solutions
for determination of the 1deal dastribution of material, have given new
information of general applicability.

Acknowledgement

The Authors wish to acknowledge the assistance of Mre. E.F.J. Ashley
in the whole of the experimental work, reguiring dafficult skalled
technigques.

REFERENGES

Ref.No. Author Title, etc.

1 J.E. Gordon and Second Progress Report on R.A,E. plastic
C.G. Evans smooth wing.
R.A.B. Report Chem 4Ll
ARC 11,724.  June, 1948

2 P.H.H. Bishop Some factors affecting strength and
stiffness of moulded "Durestos'.
R.A.B. Techlnical Note Chem 1071 Appendix I

3 P. L. Mchiullen The effect of variation in resin content
on the strength and stiffness of moulded
"Durestos".
R.A.E. Technical Note Chem 1119
ARC 12,901, Deccmber, 1949

4 H.F. Downton The mechanical properties of vacuum—
moulded "Durestos" at varicus temperatures.
R.4.E. Report Chem 451
ARC 12,261. January, 1949

5 G.5. Learmonth "The bonding of friction fabrics".
(Structural idhesives: the theory and
practice of gluing with synthetic resins)
Lange lMaxwell and Springer Dec. 1951 pp 1934

6 M.M. Frocht Photoelasticity Vols. 1 & 2.
John Wiley and Son Ince.
Chapman and Hall, London 1941 and 1948

7 8. Timoshencko Theory of Elasticity.
. McGraw Hill Book Co. New York & London 1934

8 Diircy W. Thompson Growth and Form.
Canbridge University Press. 1942

9 R.V. Southwell Relaxation Methods.
Canbridge University Press. 1942
10 N.i. de Bruyne Adhesion and fdhesives.
. and R. Houwink Elsevier Publashing Co. London, 1951

)-1-60



F

M. Goland and
E, Heisner

P.J, Hettam

Repert No. Chem 490

REFERENCES (Contd)
Tatle etc.

Theory of scarf and lap Joints.

Journal of Applied Mechanacs, No. 11
P, 117 1944

Preliminary determination of the linear

coofficients of expansion of Vacuum moulded
Durestos

Tech. Note Chem 1113
ARC 12,982. November, 1949.

L7,



APPENDIX I

Rate of loaﬁlng of insert test panels

For the usual tension and compression tests, rate of loading (or
alternatively strain rate) 18 specified for reproducibilaty of test
conditions. In the work described, insert test panel size varied
widely, hence the use of scveral testing machines,

48 & rough check on scnsitavity or otherwise to loading rato of
such non-standard test plcces, si1x exactly similar 16-felt panels each
1% inches by 8 inches with opposed 4 1inch span steel inserts, were pulled
in two machines, one purely mechanical, the other hydraulie; the latter
being capable of wide loading rate adjustment. Results were as follows:i=

TABLE XTIV

Rote of loading

Panel Failing Mcan Time of Average
No, load shear load rate of Machine
of stress application loadang
insert PeSe1. Sec., tons/min
tons
1 7Bl 2110 170 3.77 10 ton Olsen
(Mech, drive)
2 6.9 1930 50 8,3 )
3 6,8 1900 45 9.07 ;
L 6.9 1930 8 51.8 g 30-ton Ave;y
. (Hydraulic
5 7.2 2080 8 54,0 15-ton range
) 2 2080 8 54,0

ALl failures were of saumilar type i.e, shear in the Durestos, Hence
for rates of loading within the range 3.75 to 54 tons/min (1:1l4.3) failing
loads were little affected, the usual scatter of course being evident,

The more conveniently applied lowest loading rate was used for
Leinch span inserts,

For large inserts and panels tested in a 200 ton Avery machine
(100 ton range) a higher rate of loading, 15 = 16 tons/min wes employed
throughout so that on the basis of "time to failure" (2% - 3 min) for
all tests, both in tension and compression, straimng rates were
comparable,
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APPENDIX T1

Large span steel inserts

Inserts were cut from 0.3 in. thick sheet steel to Spec. D.T.D. 1384,
the most casily obtainable steel which matched the Durestos properties.
(See 7.1). The faces were flattened, ground and profile-machined to the
section shown i1n ¥Fig.23, but with a bead left along the tip to facilitate
heat treatment (see Fig.7). All holes were drilled prior to heat treat-
ment, which was 850°C o1l quench, 430°C water quench giving a tensile
strength of about 80 tons/sq.in. It was then necessary to correct dis-
tortion and when required, curve slightly to wing profile.

Final famshing consisted of sand blasting followed by mechanical
sanding with an aluminium oxade resin-bonded disc, then degreasing just
prior to use.

Although phosphoraic acid etch or similar treatment might well
increase glue adhesion, this 1s unnecessary in view of all failure
occurring in the plastic.

If 1t 1s required to remove inserts for re-use, experience suggests
that it 1s not advisable to loosen the plastic with caustic soda. Removal
can best be achieved by splaitting down the laminations and sanding off the
exXCcess. Other suitable insert materials are given at 7.1 and 9.2 and
their respective manufacturing techniques would need development

accordingly.
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F1G.22 SAME AS FIG.2l BUT WITH PLANE DIFFUSION.

FIG.23 TYPICAL SECTION THRO' JOINT AS USED WITH 20
SPAN INSERT TEST PANELS & DELTA PLASTIC WING.



CONCENTRATED LOAD "ACTING A

NiE fare. T FIG. 24,258 26

m

FIG.25 STRESS PATTERN.

STRESS r

P-q

o .
FIG.26 SECTION OF STRESS PATTERN ON £




FI1G.27,28 &29

UNIFORM LOAD ACTING ON A
SEMI - INFINITE PLATE

A = LOAD ——

FIG.27 PRINCIPAL
STRESS TRAJECTORIES.

iz

PER UNIT -
—_—
WIDTH —

STRESS |

—' \\\ \\ \\
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FIG.32 SECTION OF STRESS ON E£.



FIG.33,34 & 35
FIG.33 PRINCIPAL STRESS TRAJECTORIES.

——
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FI1G.36 COMPARISON OF STRESS STRAIN
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FIG.37
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FIG.37 COMPARISON OF STRESS STRAIN
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WITH THAT OF DURESTOS.
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BOUNDARY OF SANDWICH SKiN
WITH CORRUGATED CORE

FIG 39

METAL INSERTS
BURIED IN SKIN ACCESS DOORS

PLAN VIEW OF TOP SKIN OF PLASTIC DELTA WING SHOWING
INSERTS AND LINES OF CONSTANT THICKNESS
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