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By K. Riechers and J. Olns

Transparent plastics are used in alrplane construc-
tion prinelpally to replace silicate glass, having receat-
ly become indlspensable in the construction of the gunner's
cockplt for increasing the fleld of view. The advantages
of the artlificial materlal are its low specific gravity,
and the absence of the great brittleness characteristic of
ordinary glass. The fracturing of sllicate glass 1s al-
ways accompanlied by the formatlon of dagger—-shaved, very
sharp-edged splinters (fig. 1) that may cause severe or
even fatal 1njurles. The disk shown in figure 1 was test-
ed for 1ts resistonce to a high pressure on one slde by
belng subjected to a bursting test through the application
on one side of high pressure air. Similar disturbance phe-
nomena arise whenever impulslve stresses are set up as,
for example, occur 1in difficult laondings.

In general, two types of dangerous conditlons may
arlse:

1. If the digk is fractured as a result of the im-
pact, the splinters may be hurled against the
occupants of the airplane and may lead to cuts
and eye injuries. Bloquent testlmony of thls
are the gutomoblle accldent lliasts, for example,
in the newspapers.

2« The occupants may be hurled against or even through
the windshield, in which caso - whlle the glass
breaks away at the poilnt of colllslion -~ there
gonorally romainsg a ring of sharp~edged splin-
tors in the frame, with the result that serious
and even fatal arm and throat injurles may hardly
be avolded.

'“Vorwendung und Priifung durchsichtiger Werkstoffe im Flug-
gougbau," Luftwissen, vol. ¥V, no. 6, Junc 1938, pp.
197202, T
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It wes attempted to meet bPoth of these defects of
normal glass elther by preventlng formation of the large
dagger-shaped splinters or by binding the splinters so as
to prevent thelr scattering. These attempts led to the
development of the so-~called laminated safety glass of one
or geveral layers.

SINGLE-LAYER SAFETY GLASS

In the so~called hard-glass type, ordinary plate glass
ls subjected, by heat treatment, to large lnner stresses
which, when released during fracture, give rise to small
crumbly fragments as shown 1n figure 2. These small frag-
ments are generally not very sharp-edged, and so cannot
lead to the same tyve of injuries as the splinters of nor-—
mal glass; besldes, there never remaln in the frame those
extremely dangerous knlfe-like splinters. Nevertheless,
the accupants may be covered by numerous small fragments
and thus posglbly suffer light inJuries. If the disk, 1n
breaking, remains in the frame, the vlsibdillity through an
obliquely set windshleld becomes serlously 1impaired.

MULTILAYER SAFETY GLASS

By the above type of safety glass is generally meant
the type consisting of two glass sheets which are flrmly
attached dy means of a transparent elastic layer, sand-
wiched in binding, being thus a comblnatlion of normal and
artificial glass. The sandwliched layers are products of
cellulose nitrates, cellulose acetates, and polymerlzatlion
products, the oldest in use being cellulose nltrate. Dia-
advantages are the strong dlscoloring and formatlon of
bubbles and haziness. UMoreover, the dinding force of the
cellulose~nltrate layer weckens considerably by the dis-
perslve precipltatlions ln agelng, so that the protective
action is diminished. Safety-glass panes wlth cellulold
layer as binder, acqulre after some time the appearance
shown in flgure 3. If safety glass with a cellulose ace-
tate layer 1lg used, thero is likewlse observed after weath-
ering for somo tlme, a slight discoloring which, however,
only affects the avponrance. Great progress has been made
wlth the highly polymerigzed plasties which are not sensi-
tivo to woathering and moisture.
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In the above binding materials the silicare glass 1is
alwvays used as a thin cover sheet, the object belng to
save welght since the specific welght of silicate glass is
2.6 as compared with l.,4 of the artificlal materilals.

TRANSPARENT PLASTI0O RESINS

The transparent plastics in use are cellulold, cellu-
lose acetate, mixtures of polymers and esters of poly-
acrylic acid. In the followling paragraphs these materlals
will be considered in more detail.

A. Celluloid

The starting material for celluloid 1s cellulose ni-
trate, vwhich is developed accordling to tho scheme of fig-
ure 4, The production of celluloid 1s as follows: The
cellulose nitrate is dlssolved in alcohol and camphor, gel-
atiniged in kneading machines, during which process a part
of the alcohol evaporates so that a doughy mass results.
The latter 1s again strongly kneaded under heated rollers,
colors in some coases belng added. There 1s thus obtalned
a homogeneous nasg in the form of thin, now completely
gelatlnlzed, plates. The latter are put up in layers and
compressed whlle sti1ll warm into blocks and, to remove en-~
trapped bubdbles, are baked for several hours at hlgh ten-
peratures. The blocks are then cut up by sultable ma-
chines into the desired shapes (sheets, plates, rods, etc. ).
The alcohol still remaining (up to about 16 percent) is
driven off by drying.

By further working of the rough materiasl, as, for ex-
ample, rolling and pressing, the final product 1ls obtalned.
Plates which are to receive a high surfece polish are
Pressed boetween hlghly pollshed, chromed layers.

Prinecipal Properties of Celluloid

S_‘pecific weight e o o e o 8 s @ 1.38

Tensile strength. . . . . . . 600=700 kg/com@

Bending strength . , . . . . . . 600 kg/cm®

Elastlcity modulus. . .up to 30,000 kg/cm®



4 ¥.A.C.A. Technlcal Memo;andum Ho. 881

Impact bending strength . . . 100-200 om Eg/cma

Heat resistance according
to Martens, adbout . . . . . . . 4009 C.

Expansion coefficient . . 100 X 10-°

Be. Cellulose Acetates

In the yoar 1907 the gelatinlzing of cellulose acetate
was succesgful, and 1t thereby bPecame possible to work thils
materlal 1n exactly the same manner and with the same appa—~
ratus used in the manufacture of cellulold. Instead of al=-
cohol, however, a mixture of benzol and alecohol 1ls used.
Those cellulose nitrates, while not inflammabdle to the same
degree, have propertles similar to those of celluloild. The
production of cellulose acetate 1s shown schematlcally in
figure 4. .

Principal Properties of Cellulose Acetate
Specific welght . . . « . . . . . 1.3
Tensile strength, about . . . . 500 kg/cm?
Bending strength, about. . . . . 550 kg/cm?
Elasticity modulus . . 30,000~60,000 kg/cm@
Imnact bending strength . . . IOO—éOO en kg/cm®

Heat resistance according
to Martemse, about . . . . . . . 35%2 C..

Exvanaslon coefficlent . . 110 X 10~ °

The artificlal materials to be descrlibed next, namely,
the polyrners, were first developed in recent years. In
splte of a different chemleal vaslis, they are similar to
cellulold and acetate shcots in tholr propertles wlthout,
howevor, possessing thelr disadvantagocous propcrtles

C. Mixture of Polymers
The nolymorilged plastics aro thermoplastlc materlals

whlich do not conslast of cellulose nitrate or acetate dbut
aro built up of water, carbon, and chalk (fig. 5). By mix-

N |
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ing various of these polymors, it becomes possible to ob-
tain definite propeorties of these mixtures. Thelr behav-
ior in flulde may be seen from the followling table:

Change in
Behavior. . welght
in liquid - after slx
monthe
Alcohols Stable +0 percent
Bengine u +0,1 "
Acetlc acld, 10 percent n +0,6 "
n " 30 n " +0.45
n " concentrated n +0.5 1
Solution of
sodium
hydro-
chloride, 10 percent " +0,4 "
1} 20 1) u +O.22 1
] 30 1] ] +o.19 n
1] 50 fn u +0.03 u
Palatine
0118' " +O.1 u
Mineral oils, " -
Plant oils, " ' —
Animpgl oils, " -
Nitrlec gcid, 10 percent " ) ' +0,6 " -
" n 20 n " +0,45 " -
Hydrochloric .
acld, 10 " " +0.36 "
n - 20 - ] n +0.3
Sulphurib .
acld, 10 " ] u +0,4 "
i 35 1 n +°.18 "
" concentrated, , V _ +0 u
" concentrated unchangod
at 46° n after 45

days
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Solution of

soSa. %g perﬁent
dcetone,
Ether,
Bengol,

Full mixture,

Chlorated
hydrooarbons,

Cyclohexane,
Ethyl acetato,

Nitrous aclid,

Princival Propertiles

Specific welght .

Tensile strength, about « - . «» . 600
Bending strength, about
Compressive gtrength, about . . . 800
Elasticity modulus .

Impact bending strength . . wup to 450

Bohavior
in liquid

Stable
1

Digintegratesn

Unstable

Disintegrates
or dissolwas

Digasolves
Disintegrates

Unstable

. . L] ] . 1.34

s o+ s = 1,000

Hest resistance according

to Mgrtens, about

Expanslion coefficlent

] [} - [] ] 600

e . . 78 x 10”8

32,000

881

Change in
wolght after
glx months

+0,5 percent
+0,5 u

+16.5 percont
+51 n

+12.3 "

—

+8.3 percent
(after 4 months)

of the Polymer ¥ixtures

kg/cm?
kg/cm?®
kg/cm®
kg/cmB

ecm kg/cn®

C.
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De Polyacrylic acld esters

Plates of acrylic acid esters are formed by casting
into varlous shapes ‘and in thlcknesses of 0.5 tdo 10.mm.

Principal Propertles of Polyaérylic acld esters
Specific welght . . . « « » « 1,18 - .
Tenagile strengtﬁ s+ e o o s o » 750 kg/om?
Bending strength, about . . . 1,100 kg/om8
Elasticlty modulus . . « . . 28,000 kg/cm?
* Impact bending strength » . . 15=30 cm kg/cn8

Heat resistance according
to Martens, about . . . . . « 60° C.

Expansion coefficlent .. 130 x 10~°
VORKING OF THE MATERIALS

The four artificlal materials indleated above, nanely,
cellulogse nitrate, cellulose acetate, polymer nixtures,
and polyacrylic acid esters may be worked in almost the
sane manner. In the case of cellulold, however, particu-
lar caution must be applied on account of its in¥lammabdbil-
1tyo

These materials can readily be shaped at low heat with-
ont introducling any strésses. Tho heating ocan be done by
warm metal plates, hot alr, or hot water - a temperature of
76° to 100° C. being required. The heated material 1s
drawn over heated forms of shoeet metal, wood, or glass and
nust be cooled in the form., The material: can easlly bo
borod, mechanlcal means being best sulted for - the purpose.
Care nust be taken in order to avold the formation of
scratches, soft layers, such as paper, being used under the
materials. .Turning 1s poasible on any lathe.. The naterlals
can be cut along dtralght or slightly curved lines with a
small bend or fret saw, or in the same nannor as glass, ex-
cept that instead of the expensive dianond, a fine stoel
Polnt may be used. The steel point must be appllied with
some pressure, hnd for thicknesses above 1.3 the scratching
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must de repeated several times. For dreaklng narrow pleces
flat~nosed tongs are used and wider speclmens may be dro-
ken along the groove by hand. The rough edge on the
scratch side of the broken plece 1s removed by drawlng off
with a flle or with the blade of the scratcher as other-
wise small grains may fall off from the rough edge and
cause abrasions. The polyacrylic acld esters may be glued
to wood, metal, textlilea, and rubber with the ald of spe-
clal putties. Oare must be taken that those parts whilech
are not to be gluod do not come in contact with the solu-
tions and glues, since thoy may attack the materlal and
injure the surface. Machines used in grinding glass are
also sultable for these artificlal materials. The grind-
ing 18 best done on enery dlske and high-spoed emery bands
of medlun grain., Polishing is done on felt disks under
slight pressure with some pumice-~stone powder and nuch wa-
tor added. Strong heating is to be avoided. If the mate-
rial 1s to be stamped, forns sinilar to those used for
leathor are used. Long hoating or .temperatures above 80° C.
are to bhe avolded.

The small surface hardness that is always found with
the artificial transparent naterlals, may give rise to
scratches and abrasions at very sandy or dusty flylng
fields. By polishing, however, these scratches may easlily
be removed. Filgure 6 shows a pane of polyacryllec acld
ester which was set into the frame of a test alrplane and
exposed for 100 flylng hours to the action of the most
varied weathering conditions. No scratches or abrasions
of any inportance are observed, and the light .transmission
was in no way lmpalred.

A disadventage 1s the very large expanslon coeffl-
clent which in the case of the polyacrylic acld esters 1s
500 percont as zreat as that of aluninun; %i.e., .at l-neter
length the material will shrink, for a loworing of tenper-
ature by 40° C., about 5 millimeters whereas 'aluminun will
change by only 1 nillimeter. In nmounting these artifil-
clal glass panes, care should therefore be taken that they
.are not rigidly fixed. 1In riveting, the orifices are to be
bored 3 to 4 millineters larger, maklng use of cover strips
or washers. A very sultable nethod 1s franing in U-shaped
edge strips. Further nethods of attachnent are.lllustrat-
ed in figure 7. In orfer to assure a uniform support, an
internmediate layer of leather or rubber 1s, in all cases,
advlisable. .

Whiie the polyscryllc acld esters, fron the point of
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view of strength, are fairly reslstant to heat and weather-
Ing, these two factors play a congiderable part in the
cage” of" the collulose acetates. -In heatlng the latter_to
60° C., there has beon found a drop in tensile strength

of 84 porcent, and in cooling to -~60° C., an increase was
found of 53 percent (fig. 8). BSix hundred hours of weath-
ering resultod in complete warping, shrinking, and strong
discoloration of the cellulose acetates (fig. 9), whereas
the polyacrylic acld ester showed a slight dlscoloratlon
whon viewed parallel to the plane of the plate but none
when viewed at right angles.

TEST PROCEDURE FOR WINDOW PLASTICS

The DVL &éonducts the following tests on safety glass
and transparent plastilces:

l1. Opticel testing,

2., Falling-ball test.

3. Testlng for weathering resligtance.
4, DBendling stress.

For carrying out the optical investigatlions the 300-
by 300-millimeter sheets are inclined adbout 35° to the
horizontal and tested for light transmission at a dlstance
of 1.5 meters. It isg determined whether dbubbles, milky
haziness, discolored parts, schlieren, etc., are present.
In the report of the teat, 1t 1s noted whether viasidbility
1s impaired or the pilcture distorted.

For the falling-ball test, the test apparatus con-
slats of a support, a rolease arrangement for the falling
body, and o mounting device for the specimen. The stesl
support must have a base plate at least 20 millimeters -
thiek, a column 2.5 meters high, and a cross head. TFor
fixing the specimen, two square steel boxes of 260~ dy .
260-nillimeter inner dimensions are used. The lower box
1s 150 millimeters high, and the upper one 23 millimeters,
.the welght boing 3 kilograms. The lower box stands on
the 350~ by 350~ by 20-nmillimeter steel plate which must
rest on an unylelding support. The falling body used 1s
a 57.16~millimeter (= 2-1/4 inches) dlameter ball of the
kind used in commercial ball boarings, and welghs 769 X2
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grans., The glagses of 4.5~ to 6.5-~nlllipeter thlckness
are tested by the DVL from a falllng height of l.5 neters,
and those of over 5,5~ to 6,5~mlllimeter thickness, fronm

& helght of 2 neteras. The falling ball is magnetically
released anl must be allowed to fall perpendicularly over
the center of the free surface. . The ball nay also be re-
leaged by hand, in which case a sultable guide tube nust
be used. Before the test prover, the speclimens are accu-
rately welghed to 0.0l gram, brought to the" test tenpera-
ture, and set horizontally 1ln the mounting. The roon ten-
perature during the test 1s 20°+2°., The test tenmperatures
selected are ~21° =110, 0°, +20°, and +40°. 7For this pur-
pose the speclimens are placed for at least 15 minutes in
the following baths:

-~21° mixture of ice and cooking salt.
~11° ©brine. |
00 1ce-~water nixture.
+20° air bath.
+40° water bath,

After the spocinens have been removed fronm the baths
they are drled sonmewhat and nlaced in tho test apparatus.
The falling body 1is released after a dofinlte time, de-
ronding In each case on the glass thickness and the test
tomperature. If the speclimen is not penetrated the pleces,
which in the case of the multilayer safety glassos are
thrown off in the direction of the impact, are welghed as
14 also the pane freed from all the loose pleces, and thre
pPerceant welght lost in the fragments 1s dotermlined. A%
the same tlme the shapes of the pleces are noted. In case
the. speclmen 1s penetrated, it is noted in what manner the
bending layer has been ruptured and how many fragments re-—
sult. The appearance of multiple—~layer glass after the
ball=falling %test at =21°, ~11°, and +20° may be seen from
flgure 9. Figure 10 shows how & multiple-layer safety
glass is fractured 1n the test at -21°. Similarly, large
fragments occur 1n the fracture of artificlal glasses in
the ball~falllng test, but in thls case the edges have no
cutting actlon in contrast to the very sharp éutting edges
of gllicate glass.

For the weathering-resistance tests, *the speclmens
are placed outdoors, intlined at 45° to the horizontal
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and facing the south. The specimens lie unprotocted, so
that they are freely exposed to the actlon of heat and
cold, eunlight and molsture.-- The datd in table I, glving
the mean ratlos of ‘effective sun exposure per day and
month were used as & baslis for the measurement of the du-
ration of the exposure, since the princlpal actlion 1s
that of the sun's rays. After a weathering of 300, 450,
and 600 working hours, the -spoclmens are tested at 20° by
the falling-ball test.

For the bending-stress test, the specimens are placed
on two supports and loaded 1n the conter. 5Steel cylin-
drical rollers 50 millimeters in dlameter and 300 milli-
meters long, ground as accurately as posslble, serve to
tronemlt the load. The distance between thse supports 1s
200 millimeters. The bending strength 1s then computed
from the fornmula

o ='§; (kg/cn?)

t
where P 1g the lond, and d the thickness of the specl-~
men, i

Thls test procedure, with some further detalls and ex-
planations, 1o descrived in the DIN standard test-proced-~
ure sheet DVM 2302 "Safety glass for Vehlcles, test Pro-
cedure."

As nay be seen from the forezolng brief discussion,
the greatest efforts are being made to remove the source
of danger to passengers, arising from the fracturing of
gellicato glass. Tho problem, of course, has not ret boeen
conpletely solved with the artificlal typos of glass at
prosent avalladble, but the danger of serious injJurles from
broken glass has been considoradbly losscned dy the appli-
cation of the safety slasses. It is to the lnterest of
the entire transportation industry - both alrplane and
automoblle ~ to ineure maxinunm safety to the lives of pas-
sengers entrusted to lts care, and thls ides has been
galning ground to an ever-increasing extent.

Translation by S. Reilss,
National Advigory Committee
for Aeronautics
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TABLE I

Daily and Monthly Effective Weatherlng Hours

Average weathering hours
Months
Dally Monthly
January . 0.8 25
February 1.5 42
March 2.5 78
April 3.2 96
May 4,4 136
June 5,0 150
July 4,8 149
August 4.5 140
September 3.8 114
October ' 2,0 62
Novenber 1.1 33
Deconber .6 19




Figs.1,2

View through gunner'!s cockpit of a fighter plane provided
with artificlal glass of acrylate plastic.

Figure 1.- Pieces of sheet silicate Figure 2.~ Fragments of hard (heat
glass after testing for treated) glass, )

resistance against excess pressure
on one side.




Figure 3.- Formation of bubbles in
three~layer safety glass
using cellulose acetate.

Cover plate
screwed on.

Figure 10.-~ Multilayer safe
ty glass after

Fabric = the ball-~dropping test at
-21°, -

‘W

| e.orz i

Figore 7.- Methods of attachment of
transparent plastics.

crylic acid ester
after 100 flying hours, —
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Starting materials
cotton,cellulose

Nitric +
sulphuric acld

Cellulose
nitrate

FMgure 4.~ Production of cellulose acetate

T .
Acetic acid anhydride
+ catalis er

Primary cellulose
acétate.

T
Saponification
i

Secondary cellulose
acetat e,

and cellulose nitrate,

Water

Carbon Chalk

L |

Carbide

Figure 5.~ Production of polyvinylchloride.
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]
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Tigure 8,~ Tensile stremgth of cellulose
acetates-as a functlom:. of the
test temperature.
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Figure 9.- Three-layer safety glass
after the ball-dropping
test at 20°, -11_°, and -21°,
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