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DEVELOPMENT OF AIRCRAFT WINDSHIELDS
TO RESIST IMPACT WITH BIRDS IN FLIGHT

Part 11l

IMPACT CHARACTERISTICS OF
AIRCRAFT WINDSHIELDS INCORPORATING
POLYVINYL. BUTYRAL PLASTIC INTERLAYER

SUMMARY

This report i1s the final general report
covering results obtained 1n the windshield
development project, and includes more
specific data than were previously reported
in Part II, concerning impaci characteristics
of windshields utilizing a thick polyvinyl
butyral plastic interlayer

The present reportis mainly concerned
with a study of the effect of plastic temperature
on the impact strength of windshield panes
incorperating thick plastic interlayers The
effect of windshield slope and the effect of
mass of bird carcass on the 1mpact strength
of these panes were also studied The method
of test, wherein chicken carcasses were
projected by means of a compressed-air cata-
pult at airplane flight velocities against the
test panes, was the same as utilized in the
tests described previously

The test results show that glass-plastic
panes made with 0 188-in thick pelyvinyl
butyral plastic interlayer (20 per cent plas-
ticizer content}, tested at 45° angle of wind-
shield slope with a 4-lb chicken carcass,
have maximum impact strengih at 90° ¥ with
a penetration velocity of 330 mph It was
found that the impact strength decreases
rapiudly at plastic temperatures slightly above
and below that at which maximum strength
occurs At 65° F and 124" F, the penetration
velocity 15 about one-half of that obtained at
90° F Comparable data were obtained for
several other types of experimental panes
varying 1n plasticizer content, plastic thick-
ness, and lamination arrangement

The test results show that the penetration
velocity varies in an approximately linear
manner with the angle of windshield slope
The rate of increase in umpact strength with
increasing angle of slope 1s greatest for the
80° F plastic, which shows a 50 per cent n-

crease 1n penetration velocity in chanping
the windshield position from 0° to 60° slope
Identical panels with plastic temperatures
of 65°F and 110° F show only about a 20 to
30 per cent increase 1n penetration velocity
with the same increase 1n slope

It was found that the effect of mass of
bird carcass on penetration velocity of panes
tested at 0° slope 1s not purely an energy re-
lationship, but apparently 1s modified by the
effect of the diameter of the carcass pro-
A mathematical expression for the
and coin-

Jectile
curve defining this relationship,
ciding with the test data, was developed

INTRODUCTICN

This report was preceded by two
earlier general reports covering this project
Part ! was concerned with the statistical
analysis of the bird-airplane collisions re-
ported by air-carrier operators for the five-
year period from 1942 through 1946 ! Part
II reported the results of the test program
conducted during the same period, concerned
with development of improved impact-re=-
sistant windshields and with testing of numer-
ous manufacturers’ cockpit installations 2

1penl Kangas and George L. Pigman,
"Development of Aircraft Windshields to Re-
sist Impact with Birds in Flight', PartI,
"Collision of Birds with Aircraft 1n Scheduled
Cormmercial Operations inthe Continental
United States,' Technical Development Report
No 62, January 1949

2pell Kangas and George L. Pigman,
"Development of Aircraft Windshields toc Re=
s1st Impact with Birds in Flight", Part II,
"Investigation of Windshield Materials and
Methods of Windshield Mounting, ''Technical
Development Report Ne T4, February 1950



The most important factor which be-
came evident and was partially studied 1n the
investigation reported 1n Part Il was the ef-
fect of temperature of the polyvinyl butyral
plastic interlayer on the impact strength of
the laminated pane Other phases that re-
quired further study, and which are directly
concerned with impact-resistance, are the
effect of windshield slope and the effect of the
mass of the bird carcass It was considered
essential to extend the investigation to secure
more complete data upon these phases of the
problem before discontinuing the project

Inorder toinvestigate more completely
the effect of temperature on panel strength,
it was decided that not only should panes with
the present standard aircraft type polyvinyl
butyral plastic, with 20 per cent plasticizer
content, be tested, but also that there be 1n-
cluded 1n the test program plastic resins of
15 per cent and 30 per cent plasticizer con-
tent

Previous tests had indicated the rela-
tively narrow temperature range at which
polyvinyl butyral plastic normally maintains
highstrength Consequently, anexperimental
type pane was included in an attempt to broaden
this range and perrmt the temperature con-
trol problem in practical installations to be-
come less critical This pane was composed
of two plastic interlayers, one with 20 per
cent plasticizer content and the other waith
30 per cent plasticaizer content, and of three
layers of sermitempered glass

Panes with polyvinyl butyral plastic
.nterlayer greater than 0 25-in  thickness
were notinvestigated, principally because the
present-day a1r transportis are operating at
speeds where protection canbe provided with
this or thinner plastic thickness Therefore,
most tests were made with panes utilizing
0 18BB-in thick polyvainyl butyral plastic
interlayer

It was desired thatan ultimate achieve-
ment of this project be to provide sufficient
information to make possible the design of
windshields which would comply with Civil
Air Repulations without necessity for labor-
atory testing to check the adequacy of such
design This objective has been essentially
reached for airplanes of conventional design
except for incomplete 1mformation on design
of portions of the aircraft structure supporting
the windshield pane As the tests covered in
this reportwere concerned primarily with the

impact strength of the laminated pane 1itself,
the mounting details were not studied The
strength of the mounting arrangement for the
panes, as determined by the bolt size and
spacing, was kept safely above that required
by the impact forces obtained in the tests
However, some additional information was
gawned concerning thickness of metal insert
in the extended plastic edge of the pane, and
15 presented 1n this report

EQUIPMENT AND METHOD OF TEST

The test equipment and method of test
were generally the same as those used 1n the
earlier phases of the program, and are de=-
scribed in detail in Part II of the general re-~
port 3

The s1ze of the experimental pane used
for the present tests was changed from 12-1n
by 36-1n (as used 1n previous tests}to a size
of 18-1n by 24-in The latter s1ze and shape
more closely approximates that of windshields
of recent design, and als o aids 1n avoiding
edge failures caused by the high concentration
of stresses resulting fromimpact close to the
edges This occurred with the smaller vertical
pane dimension used 1n the earlier type ex-
perimental pane

The desired uniform pane temperature
was obtained inmost cases by immersing the
mounted test pane ina controlled-temperature
liguid bath prior to testing The plastic
temperature was measured by means of
thermocouples inserted in the plastic inter-
layer near the edges of the pane The ternper-~
ature of the liquid bath was held at about 2° F
above the required test temperature when
the test temperature was above that of the
room, and sumilarly, to about 2° F below the
required test temperature when the test
temperature was below that of the rcom The
plastic temperature normally was within 1°
of the desired temperature at the tame of
test

Prior to the beginning of this test pro-
gram, attempts were made to improve the
uniformity of the carcass velocity attained
with any particular operating air pressure of
the compressed-air gun Various si1zes of
seamless steel tubes, ranging from 5-in to

35ee footnote 2



t-1n diameter, wereused as barrels for the
air gun inan attemptto improve the fit of the
Laght-weight rigid
cylindrical plugs, fitting snupgly 1in the gun
tube, also were tried in order to provide a

carcass in the barrel

more uniform pressure behind the chicken
carcass in its travel throughthe tube It was
found that a plug sufficiently rigid to resist
crushing ata pressure of 300 psi1 (approximate
pressure required to attain velocities of 350
to 400 mph) was too heavy to be permitted to
follow the carcass and hit the windshield
Deflector arrangements attached to the muzzle
of the gun tube were made which, at low
velocities, did not affect the direction of the
gsoft bird carcass and successfully deflected
the course of the rigid plug However, at
higher velocities (above 200 mph) the use of
suchadeflecting arrangement was unsuccess -
ful

Because of the apparent difficulty of
improving umiformity of the velocities obtained
with the gun, the original method of pro-
jecting the carcass freelyina cloth bag
through the appropriate size gun barrel was
utilized This method, wherein the carcass
velocity 1s predetermined as a function of the
gun air-tank pressure, permaits the velocity
to be predicted withina range of approximately
+10 per cent This variation in the velocity
obtained with the air gun did not constitute a
serious problem during the course of these
tests

All of the tests were made with the 4-1b
chicken carcass pro)ected through the 5-in
diameter gun barrel except for those tests
concerned with studying the effect of mass
of carcass on impact strength In these
tests, carcass projectiles waghing from 1
to 8-lb were used, and were projected
through appropriate size gun barrels The
land 21b carcasses were made from portions
of chickens weighing about 3-lb , whereas
the 8-1b carcass projectile was formed by
tying two 4-1b chicken carcasses tightly to-
gether and then fitting them 1nto a cloth bag

MOUNTING STRUCTURE FOR TEST PANES

The data secured in the tests reported
in Part IT of the general report, relative to
the construction of the test stand and mounting
frame, showed considerable divergence be-
tween the impact strength values of the ex-
perimental panes mounted on the test stand

and similar panes mounted 1n actual cockpit
structures

The test values, interms of penetration
velocity with the 4-1b bird carcass, derived
from the use of the experimental test stand
and mounting frame, were ahout 100 mph
higher than those obtained with the averapge
caockpit The difference apparently was
assoclrated with the flexibility of the test
stand and mounting frame as contrasted 1o
the relatively more rigid normal cockpit
structure Asaresultofthis experience, the
test stand and the windshield mounting frame
were revised to form a more rigid suppart
for the test panes more closely possessing
normal aircraft structural characteristics

The steel test stand was supported by
steel struts againstthe rear concrete wall of
the test chamber This arrangementis shown
in Fig 1 The vertical posts for supporting
the test pane mounting frame we r e made of
3~in by 3-in by l/4-in steelangle, and re-
sisted without appreciable bending the impact
forces associated with the test velocities at
0°windshield slope For high windshield
slopes the rear vertical post received direct
impact of the carcass and was reinforced by
welding two 3-in by 4-in angles to form a
steel boxed section  Fixed bolt fittings with
hand-operated wing-nuts were added to the
post to make attachment of the mounting
frame possible in about 30 seconds

The mounting frame was made of 2-1n
by 2-in by 3/16-1n steel angle welded to
form a relatively ri1gi1d support for the test
pane The strength of this frame was such
that bending occurred 1n the majority of the
tests, necessitating straightening of the
frame members

The test panes, in which a 0 188-in
plastic interlayer was used, were attached to
the retaining aluminum alloy strip with No
10 aircraft bolts spaced l-in on centers
Panes with 0 25-in  plastic interlayers and
those with two 0 125-1n plastic interlayers
were attached with 0 25-mn
craft bolts spaced l-1n on centers

The bolts attaching the pane to the re-
taining strip passed through holes drilled in
the extended flexible edge of the pane which
consisted of the vinyl plastic reinforced with
245-T aluminum alloy insert strip Th=
thickness of the metalinsert was 0 040-1n 1n
the 0 158-1n plastic, 0 065-1n 1nthe 0 25-1n
plastic, and 0.020-in 1n each of the two

diameter air-



frg

FO SR A
ST o tar

£

Rhge w

Fig 1 Test Chamber Showing Timing Wire Supports and Steel Test Stand

0 125-1in plastic interlayers in the double
laminated panes When the metal insert
thickness was reduced to 0 032-1in 1n the
special 0 1B8-1n plastic laminated panes to
eliminate shearing of the plastic at the edge
of the metal insert, 1t was found that No 10
aircraft bolts spaced 1-1n oncenters, similar
to the mounting for panes with 0 040-1n 1n-
serts provided satisfactory strength at a 0°
angle of windshield slope At 45" windshield
slope the bolt holes were shghtly elongated
inthe metal insert For panes with 0 025-1n
metal insert, the bolt spacing was reduced to
0 5-in , and No 8 aircraftbolts were alter-
nated with Wo 10 bolts This arrangement
appeared adeguate in all of the tests to avowd
failure of mounting bolts and of the plastic
and metal insert at the bolt holes

The retaining strip, attaching the test
pane to the mounting frame, was mmtially
made of 0 040-in 245-T aluminum alloy
This retaining strip was fastened to the
mounting frame with No 10 brass screws
In tests at higher

spaced 2-1n on centers

carcass velocities the brass screws failed 1n
shear Thereafter, No 10 aircraft bolts,
spaced l-in on centers, were used in at=
taching the retaining strip to the steel
mounting frame In subsequent tests at
carcass velocities of approximately 150 mph,
the holes in the 0 040-in 245-T aluminum
alloy retaining strip became elongated The
thickness of the retaining strip was thereupon
doubled to 0 08l-in 245-T alurminum alloy,
and no further failure was observed

TEST PANES

The experimental windshield panes used
in these tests were all of the plastic-glass
laminated type, 18-in by 24-1n 1in size
Various thicknesses of polyvinyl butyral
plasticinterlayer, having various plasticizer
content, were utilized in these panes In
addition to these variables, variation in the
thickness of the metal stripinsert in the panel
edpe was introduced in a few cases  All the
variables are listed in Table I, and the con-



TABLE I

Bird~Impact Test Program and Test Variables

Plastic Plasticizer Bird Windshield Plastic Metal
Thickness Content Carcass Slope Temperature Insert
Weight Thickness
Inches Per Cent Pounds Degrees °F Inches
1 The effect of plastic temperature and plasticizer content on penetration velocity
{a) 0 188 15 4 45 75 to 160 0 040
(b) O 188 20 4 45 50 to 165 0 040
{(c) O 188 3o 4 45 0to 150 0 040
{(d) 0 25 20 4 a5 40 to 150 0 064
(e) 0 125 +0 125 20 + 30 4 45 32 to 165 0 020
2 The effect of windshield slope on penetralion velocity
0 188 20 4 0, 45, 60 65, B0, 95, & 110 0 040
3 The effect of mass of carcass on penetration velocily
0 188 20 1, 2, 4, 8 0 95 0 040
4 The effect of metal insert thickness on plastic edge failure
0 188 20 4 45 70, 80 0 025, 0 032, O 040



struction details of the different type panes
are shown in Fig 2

The types of experimental panes in-
cluded 1n the tests were

Type A15 The Type Al5 panes incorpo-
rateda 0 188-1n thick vinylplastic inter-
layer laminated with 0 188-in thick semi-
tempered glass faces The plastic inter-
layer had a plasticizer content of 15 per
cent

Type A20 The Type AZ20 pane was i1den-
tical to Type Al5 except for a 20 per cent
plasticizer content of the plastic interlayer

Type A30 The Type A30 pane was iden-
tical to Type AlD except for a 30 per cent
plasticizer content of the plastic interlayer

Type B20 The Type BZ20 panes incorpo-
tated a 0 25-1n thick vinyl plastic inter-
layer laminated with 0 188-1n thick sermi-
ternpered glass faces The plastic inter-
layer had a plasticizer content of 20 per
cent

The Type C20-30 panes in-
thick vinyl
plastic interlayers laminated with three
0125-1in thicksemitempered glass sheets
One interlayer had a plasticizer content of
20 per cent and the other interlayer had a

Type C20-30
corporated two 0 125-1n

plasticizer content of 30 per cent

The panes were obtained in equal numbers
of each type, as nearly as possible, from the
two principal manufacturers of glass-plastic
the Libby-
Owens-Ford Glass Company and the Pittsburgh
Plate Glass Company

No correlation was found to exist be-

laminated aircraft windshields,

tween the penetration velocity and variation
in the plastic thickness of individual panels,
either as supplied by one manufacturer or by
both manufacturers The coefficient of vari-
ationin the plastic thickness was a maximum
of four per cent for the different types of
panes with 0 188-1n and 0 25-in thick plastic
interlayers For the group of panes with
0 125-in thick plastic interlayer, the coef-
ficient of variation was six per cent

Other possible sigmificant variations in
these panes, such as the type of plasticizer

and resin used and differences in the manu=

facturing process, were considered, butagain
no apparent correlation was found to exist
between these variations and the impact
strength of the panes

TEST RESULTS AND DISCUSSION

Impact strength of the larminated test
panes 1s measured 1n terms of penetration
velocity, or thatvelocity at which a bird car-
cass of specified wei1ght will barely cause
failure of the plasticinterlayer in the body of
the pane  The value of penetration velocity
derived 1in each case 15 normally the median
value between the highest velocity where no
penetrationis obtained and the lowest velocity
where penetration 1s obtained

As stated previously in Part II of this
report, the number of individual tests de-
fining each value of penetration 1s limated
because of the expense and complication of
each test and the practical lack of need for
extreme precision inthe final test result
Usually,
1s based uponthree or more individual tests

each value of penetration velocity

However, 1na few cases one or two individual
tests were considered sufficient to indicate
the value of penetration velocity with accept-
able accuracy The magnitude of error in
the values of penetration velocity in the data
covered by this report 1s estimated to be a
maximum of £10 per cent

Effect of Plastic Temperature upon
Penetiration Velocity

The effect of variation of temperature
upon the penetration velocity obtained with
the different type panes 15 demonstrated by
plotting penetration velocity-temperature
Such curves define a basic charac=-
teristic of the panes  Although the shape of
such curves1s generally similar for all pane
types, showing a maximum strength at a
particular temperature and a relatively rapid
decrease instrength at temperatures greater
or les s than the optimum value, variations
in the curves are important Such varations
include the value of optimum temperaiure
where maximum impact strength 1s obtained,
the magnitude of the maximum penetration
velocity, and the rate of change of penetration
velocity with temperature at temperatures

curves

greater or less than the optimum value
In the following discussion the portions
of the curves associated with plastic temper-
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atures that are lower or higher than that re-
quired for maximum 1mpact strength wall,
for the sake of simplicity, be called the low-
terrperature and high-temperature portions,
respectively The peak of the curve will be
termed the maximum sirength portion

Type A1H Panes

Experimental windshield panels in-
corporating vinyl plastic of 15 per cent
plasticizer content were included in these
tests, along with the 20 and 30 per cent
plisticized materials, to determine the ef-
fect of abnormally low plasticizer content on
impact strength  Vinyl plastic sheets, with
only 15 per cent plasticizer content, cannot
be formed by the usual extrusion method, but
are formed by pressing the material to re-
quited thickness Such material 1s not used
1in windshield manufacture

The penetration velocity-ternperature
curve formed by the plotted test values for

the Type Al5 pane 1s shown 1n Fig 3, and
conforms to the general shape of the curves
for Type A20 and A30 panes Penetration
velocity values for Type Al5 panes were ob-
tained over a range of testtemperatures from
75°F to 160°F The maximum 1mpact
strength, as i1ndicated by the curve, occurs
atabout 100° F where the penetration velocity
1s 305 mph

Shearing of the vinyl plastic interlayer
at the inner edge of the metal insert in the
pane was barely evident in the tests of the
Al5 pane Only one failure, caused entirely
by shearing at the edge, occurred at 100° F
and at a velocity of 335 mph However, with
another pane tested at the same temperature
butata velocity of 320 mph, the plastic failed
in the normal manner in the local area of the
bird impact

Several examples of types of failures
occurring 1n vinyl plastic larminated panes
tested at high speed can be shown in tests of
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Fig 4 Example of Borderline Penetration of Type Al5 Pane at Temperature Less
Than That at Which Maximum Strength was Obtained

Type Al5 panes Fig 4 shows results of
impact with a pane temperature of 75° F At
this temperature the plastic i1n the Type AlS
pane 15 relatively brittle The wedging of
the carcass 1n the large opening formed in
the pane indicates that the penetration of the
pane was not complete, therefore, sucha
test result 15 considered to be a borderline
type of fai1lure The type of borderline failure
occurring 1n relatively soft plastic 1s shown
in Fig 5, where the plastic temperature
was 110°F and the carcass velocity was
293 mph

It was shown 1n these tests that the
glas s portions of the lamination contribute

very Little to the impact strength of the pane
One Type Al5pane, which had its glass faces
shattered in a previous test without in-
juring the plastic, was subsequently tested
at 160° F and ata carcass velocity of 116
mph This later test resulted 1na small
tearin the plastic, indicating borderline type
of failure Another pane, when initially
tested also at 160° F and at 112 mph, dupli~
cated the amount and type of failure in the
pane that was tested without the support of
1ts glass faces

The above tests als o indicate that the
leveling of the penetration velocity versus
plastic temperature curve at the high-temper-
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Example of Borderline Penetration of Type A20 Pane at Temperature Greater Than

That at Which Maximum Strength was Obtained

ature end 15 not due to strength contributed
by the glass components, as the penetration
velocity was very nearly the same with or
without the glass

It 15 shown in Fig 3 that the impact
strength of the Type Al5 pane drops rapidly
attemperatures below 85° F and above 110° F
From Table II, which was derived from the
dataimnFig 3, itcanbe seen that the temper-
ature range over which the penetiration ve-
locity 1s 70 per cent or more of the maximum
penetration velocity 1s from 78" F to 126° F,
which represents a variation in temperature
of 48° F Temperature ranges for other 1m-
pact strength levels also are shown

Type A20 Pane

The Type A20 pane, with vinyl plastic
interlayer of 20 per cent plasticizer content,
represents the type of pane that 1s commonly
used in present-day transport aircraft to
provide bird-impact resistance This type
pane, with a plastic thickness of 0 188-1n
has a penetration velocity between 250 and
300 mph when tested at 80° F 1in the various
actual cockpit structures, as reported pre=-
viously 1n Part II of this report

As previously reported, the more
flexible type of windshield supporting structure
used 1n the laboratory tests report in Part
11, produced penetration velocities about
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TABLE II

Temperature Range of Type Al5 Pane at Various Impact Strength Levels

Per Cent
of Maximum
Penetration
Velocity Minimum

100 100

90 B2

80 79

70 78

60 76

50 75

100 mph greater than were obtained with
1dentical panes mounted i1n the more ripid
cockpt structures In the present tests, the
penetration velocity for the Type A20 panel
at 80° F, as indicated in the curve shown in
Fig 6, 1s 316 mph This value 1s only

Temperature Range

(°F)

Total
Temperature

Variation
Maxirmum (°F)
100 0
115 33
121 42
126 48
131 55
140 65

slightly above the maximum penetration ve-
locity of 300 mph obtained from tests of
similar panels in cockpit structures It may
be concluded that the type of windshield sup-
porting structure used in the present tests

has elastic characteristics more closely re-
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sembling actual aircraft structures

The maximum impact strength, as in-
dicated by the cur ve for the Type A20 pane
in F1g 6 1s obtained at approximately 90° F
The maximum value was determined prin-
cipally by tests carried out at 95° F, where
the penetration velocity was established as
327 mph Failure of the vinyl plastic occurred
at 330 mph and non-failure was obtained at
324 mph at this same temperature

The penetration velocities at 70° F and
BO® F were more difficult to establish At
these temperatures many failures resulted
from the plastic shearing at the inner edge of
the metal insert 1n the pane Such shear
failures occurred in two out of three tests
made at 80° F, and 1n three out of five tests
made at 70" F, with panes having 0 188-1n
vinyl plastic interlayers and 0 040-1n 245-T
aluminuminsertin the edge Few failures of

(0. 491

12
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this type occurred at lower or hipher plastic
temperatures

Special panes with 0 188-in. plastic
thickness, but with 0 032-in and 0 025-in
metal inserts, did not fail in this manner
when tested with 70° F and 80° F plastic
temperature

It 1s indicated that the critical temper-
atures at which shear-type failures occur
are those temperatures associated with
stiffening of the plastic and decreasing im-~
pact strength just below the temperature of
maximum strength At the extreme low-
temperature end of the curve, failure by
shearingat the edge appears less frequently,
and 1t practically never occurs at the high-
temperature end of the curve

Examples 1llustrating various types of
failure, in addition to those given above for
Type Al5 panes, are shown in Figs 7 and §
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Fig 7 Example of Penetration of Type A20 Pane at Temperature Less Than That at Which

Maxrmum Strength was Obtained
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Fig 8 Example of Edge Failure Where Vinyl Plastic Sheared at Edge of Metal Insert

Fig 7 shows an example of a failure of rel-
atively brattle vinyl plastic at 64° F, tested
at 184 mph Testofasimilar pane at 172
mph resulted 1n no failure Fig 8 shows an
example of edge failure, where the plastic
sheared at the inner edge of the metal insert
In this case, the plastic temperature was 72°
F and the carcass velocity was 27Z mph An
example of a failure 1n plastic at high temper-
ature1s showninFig 9 Athightemperatures
the plastic has high elongation, and normally
fails by tearing at the point where the carcass
15 pocketed which 1s usually toward the rear
edge of the pane

The curve for Type AZ0 panes, shown
in Fig 6, tends to become level at both the
high and low terperature ends The curve
15 approximately parallel to that of the Type
Al5 pane aver the high temperature portion
of the curve The extreme high temperature
end of the curve for the Type AZ20 pane was
deterrmined by tests at a plastic temperature
of 165°F Inthe firsttest at this temperature
the glass faces of the pane were shattered,
but no failure resulted in the plastic However,
a subsequeni test upon the same pane at 115
mph resulted in penetration failure The
penetiration velocity for this pane at 165° F
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Example of Penetration of Type A20 Pane at Temperature Greater Than That at

Which Maximum Strength was Obtaned

therefore was evaluated as 108 mph It s
considered unlikely, on the basis of experience
discussed 1n the previous section regarding
Type Al5 panes, that this value would have
been significantly greater had each test been
made witha virgin pane At the low-temper-
ature end of the Type A20 curve, the tests
made with plastic temperatures of 65° F and
B0°F determine the portion of the curve
where the change 1n slope 1ndicates a tendency
toward leveling

The i1mpact strength of the Type A20
pane changes slightly more rapidly with tem-

How-
the maximum penetration velocity of
the Type AZ20 pane, approximately 330 mph at
90° F, 1s slightly greater than that for the
Type Al5 pane  The impact strength of the
Type A20 pane decreases rapidly with de-
crease 1n temperature below B80° F and with
increase in temperature above 100°F Re-
ferring to Table III, 1t can be seen that the
temperature range over which the Type AZ20
pane has a penetration velocity at least 70
per cent of 1ts maximum value 15 from 70° F
to 112° F, The width of this temperature

perature than that of the Type Al5 pane
ever,



TABLE III

Temperature Range of Type A20 Pane at Various Impact Strength Levels

Per Cent Temperature Range Total
of Maximum ' Temperature
Penetration Variation

Velocity Minimum Maximum (°F)

100 30 g0 0
90 76 104 28
BO 73 108 35
70 70 112 42
60 68 118 50
50 63 123 60
40 57 134 77

range 15 42° F  Simular temperature ranges
for other 1mpact strength levels also are
shown

Type A30 Panes

Panes utilizing 0 188-1in 1interlayers of
30 per centplasticized vinyl plastic, although
not of the type used in present-day aircraft,
were 1ncluded 1n this test series to determine
the effectof abnormally high plasticizer con-
tent on 1mpact strength

The curve relating penetration velocity
toplastic temperature for Type A30 panes
15 shown 1n Faig 10 This curve 1s not well
defined inthe temperature regioncorrespond-
ing to maximum strength The panes testedin
this region, with plastic temperatures of
30° F to 80° F', had the highest frequency of
failure of all Type A panes by shearing of the
plastic at the edge of the insert Failure re-
sulting in the shear of the plastic accurred
mm seven of ten tests 1n this region of the
curve, which made 1t diufficult to ascertain
accurately the temperature at which maxi-
mum strength was obtained and the maximum
penetration velocity The position of the
curve was chosen on the basis of non-pene-
trationat30° F and 260 mphcarcass velocity,
and the median value of 310 mph between
penetration andnon-penetration at 45° F
The curve connecting the penetration velocity
at 310 mph and 45° F and the penetration
velocity at 136 mph and 110° F was made to
pass between the borderline failure values
obtained at 65° F and 60° F

It 1s believed that 1f tests from 30° F to
70° F were made with Type A30 panes, ufi-

lizing thinner metal nserts, more reliable
penetration velocity values would be obtained
without serious edge shear failure A similar
situation occurredin tests of Type AZ20 panes
which was solved by the use of thinner metal
inserts

The location of the region of high
strength for the Type A30 pane, as compared
to the Type Al5 and A20 panes, shifts a con-
siderable distance down the temperature scale
with rmmaximum impact strength occurring at
45° F However, the rate of loss 1n strength
withincreasing temperature above the temper-
ature of maximum strength 1s much slower
with Type A30 panes than for the Type Al5
and A20 panes For example, 1n Table IV 1t
1s shown that the temperature range, over
which the 1impact strength of the Type A30
pane 1s 70 per cent or more of the maximum
strength, 15 from 26° F to 81" F, a variation
of 55° F This variation 1s approximately
15° greater than obtained for Types Al5 and
AZ20 panes At lower impact strength levels
the corresponding variation 1s even preater

Type B20 Panes

An important qualitative change, with
respectto the correlation between the plastic
temperature and 1mpact strength, 1s indi-
cated by tests of the Type B20 pane, where
the thickness of the vinyl plasfic interlayer
1in the laminated pane 1s increased to 0 25-1n
fromthe 0 1B8-1n thickness used in the Type
A20pane AsshowninFig
penetration velocity obtained with Type B20
pane 1s about 355 mph, which 1s abaut 25 mph
greater than that obtained with the Type AZ0

11, the maximum
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TABLE IV
Temperature Range of Type A30 Pane at Various Impact Strength Levels
Per Cent Ternperature Range Total
of Maximum °F) Temperature
Penetration ( Variat on
Velocity Mimimum Maximum (°F)
100 45 45 0
90 32 62 33
B0 28 72 44
70 26 81 55
60 24 92 68
50 23 103 80
40 18 115 97
pane This increase in penetration velocity covers a relatively preater temperature range

of only eipht per cent was obtained witha
one~-third increase in the plastic thickness

However, the rtate of loss in sirength of the
0 25-1n wvinylplastic, withincreasing temper-
atures over the high-temperature portion of
the curve, 1s much less than for the panes
with 0 188-in plastic The curve for the
Type B20 pane, consequently, 1is flatter and

at high impact strength levels than the curve
for the Type A20 pane The temperature
range, over which the penetration velocity
for the Type D20 pane1s 70 per cent or more
of the maximum penetration velocity, 1s from
about 68° F to 153°F, which represents a
variation in temperature of 85° F Temper-
ature ranges for other impact strength levels

150 I
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also are correspondingly great

The maximum strength for the Type
B20 pane occurs at about 100° F This tem-
perature 1s 10° F greater than obtained for
the Type A20 pane waith i1dentical plasticizer
content of the vinyl plastic interlayer The
slope and posi1tion of the low-temperature
portion of the curve for the Type B20 pane
are closely 1dentical to those for the Type
AZ20 pane  The principal varation between
the two curves for Types A20 and B20 panes
pccurs 1n the high-temperature portions It
15 of particular interestthal a simple 1ncrease
of plastic interlayer thickness from 0 188-in
to 0 250-1n , withno other change being made,
results 1n the types of change noted in the
temperature - penetration velocity relation -
ship

Type C20~-30

The curve shown in Fig 12 represents
the correlation between plastic temperature
and penetration velocity for the Type C20-
30 pane which utilizes two 0 125-in wvinyl
plastic interlayers, one with 20 per cent
plasticizer content and the other with 30 per
cent plasticizer content A maximum pene-
tration velocity of 295 mph 1s obtained at a
plastic temperature of 65° F It 1s 1nteresting
tio note that the peak of the curve for the Type

C20-30 pane 1s about midway on the temper-
ature scale between the peaks formed by the
corresponding curves for Type A20 and A30
panes

Definition of the position of the maxi-
mum strength point of this curve was not
complicated by the accurrence of shear failure
along the inner edge of the metal insert
Only one such shear failure occurred, at
45° F and at 275 mph carcass velocity This
rarity of shear failure probably i1s explained
by the relatively low value of cne-sixth for
the insert-plastic thickness ratio used

The rate of loss i1n impact strength of
the Type C20-30 pane with increasing tem-
perature, above the temperature corresponding
to maximum strength, is the lowest obtained
for all the types of panes tested The curve
15 generally flatter and broader than the
corresponding curve for the Type B20 pane
The temperature range over which the pene-
tration velocity1s 70 per cent or more of the
maximum penetration velocity 1s from about
39° F to 134° F, whichrepresents a variation
in temperature of 95°F Th1s wvariation 1s
10° F greater than that for Type B20 pane,
and about twice that for the Type Al5 and
AZ20 panes

At the high-temperature portion of the
curve, the rate of loss of impact strength 1s
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low at plastic temperatures less than about
140° F However, the impact strength drops
rapidly at greater temperatures, as shown
by test at 165° F, where the pane was pene-
trated at a carcass velocity of 85 mph The
shape of the curve does not conform to the
general shape of the Type A curves, all of
whichindicate aleveling tendency at the high-
temperature end No reason for this vari-
ation 1n the shape of the curve for the Type
C20-30 pane can be offered on the basis of
the tests performed

General Discussion

The penetration velocity-temperature
relationships for the five types of panes tested
are plotted together in Fig 13 for purposes
of comparison The results obtained from
these tests with relation to effect of plastic
temperature on penetration velocity, are
presented in the following

(a) The most sigmificant factor affecting
the locationof each curve with respect to the
temperature scale 1s the plasticizer content
of the plastic interlayer, a secondary factor
being the plastic thickness Type Al5 panes,
utilizing a 15 per cent plasticizer content,
attain maximum penetration velocity at 100°
F Increasing the plasticizer content by 5
per cent places the peak of the curve for the

Type A20 pane at 90° F, and an additional
10 per cent increase 1in the plasticizer con-
tent shifts the temperature of maximum pene-
tration velocity for Type A30 pane to 45° F
There1s plotted in F1g 14 the variation,
with plasticizer content of the plastic inter-
layer, of the temperature at which maximum
impact strength 15 obtained It 1s evident
thatincrease 1n plasticizer content 15 associ-
ated withanincreasing rate of drop in optimum
temperature T he practical application of
these data 1s uncertain, as the plastic with
15 per cent plasticizer content 1s too hard
and unworkable to be formed into suitable
interlayer sections by normal manufacturing
procedure, and the plastic with 30 per cent
plasticizer content becomes extremely soft
with hi1gh ambient temperature However,
under special circumstances, use of such
materials other than the normal plastic with
20 per cent plasticizer content might be
For example, there are also
plotted in Fig 14 the curves showing the
above and below the optimum
temperature value, at which the laminated

feasible
temmperatures,

pane retains 90 per cent and 50 per cent of
1ts maximum penetration velocity value

From a study of these curves, 1t may be
concluded thatuse of plastic with 30 per cent
plasticizer content would be practical in
small aircraft of moderate flight speed and

170 I
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without windshield heating equipment Under

such circumstance a pane with 0 188-in
plastic interlayer, mounted at a 45" angle of
slope, would provide impact protection
against a 4-1b  bird at airplane velocities of
at least 150 mph over a temperature range
from about 25° F to 105° F

Increasing the plastic interlayer thick-
ness from 0 188-in to 0 25-1n for panes
with 20 per cent plasticizer content of the
plastic interlayer causes the maximum
strengthportion of the curve shown 1n Fig 13
for Type A20 pane to move upward 10°F
along the temperature scale, that 15, from
90° F to 100°F for Type B20 This effect
was notinvestigated for the Type A30 and

20

Type Al5 panes with 30 per cent and 15 per
cent plasticizer content, respectively

The maximum penetration velocity for
Type C20-30 pane, which contains equal
thickness of 20 per cent and 30 per cent
plasticized plastic, occurs at 65° F, which
1s equidistant on the temperature scale be-
tween the peaks formed by Type A20 and A30
curves

(b) It 15 shown 1in Fig 13 that there 1s only

a moderate variationinthe maximurn strength
attained by each of the five types of panes
The Type A panes, made with 0 188-1n vinyl
plastic interlayer, vary 1n maximum pene-
tration velocity from 305 mph for Type AlS,
310 mphfor Type A30, and 330 mph for Type
A20 This variationin maximum penetration
velocity for the three Type A panes of 25 mph,
or about e1ght per cent, 15 not considered
significant  Additional tests of Type A30
panes, with metal i1nsert 0 032-1n thick,
might show increase of the value of maximum
penetration velocity and bring 1t closer to the
maximum penetration velocity for Type A20
Also, 1t1s possible that formang of the plastic
interlayer 1n Type Al5 panes by pressing a
body of the plastic to required thickness in-
stead oflaminating 0 015-1n sheets to make
up the required thickness, as was done for
the 20 and 30 per cent plasticized vinyl plastics,
might have had minor effect upon the maxi-
mum penetration velocity measured for the
Type Al5 panes

Type B20 panes, having 0 25-in vinyl
plastic, have a maximum penetration velocity
of 352 mph, or only about ei1ght per cent
greater than that for Type A20 panes, al-
though Type B20 panes have a plastic inter-
layer thickness one-third greater than Type
AZ20 As notests were made of panes with
plastic interlayer thickness greater than
0 25-in or less than 0 188-in ,
correlation between plastic thickness and
penetration velocity can be established

no broad

Type C20-30panes, havingtwo 0 125-1n
interlayers with different plasticizer contents,
have a maximum penetration velocity of 295
mph, nearly equal to that of panes with a
single 0 188~tn wvinyl plastic interlayer, at
a temperature of 65° F, which 1s about mid-
way between the temperatures at which each
component plastic has maximum 1mpact
strength

{c) The impact strength decreases rapidly
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for all types of panes at temperatures both change 1n penetration velocity occurs with
above and below the temperature where maxi- 2°Fto 3" Ftemperature change Similarly,
mum strength 1s exhibited The change 1n for Types B20 and C20-30, the same
impact strength with temperature is most strength change occurs with 4° Fto 5° F
rapwd for all type panes 1in the temperature temperature change
range below that required for maximum (2) In the high-temperature portion of the
strength, curves, there 1s a greater varmation in the
In order to better compare the rate of rate of change of penetration velocity with
change of impact strength with plastic temper- temmperature Types Al5 and AZ20 pane
ature for the various type panes, the curves show a ten per cent change 1n penetration
of Fig 13 are replotted in F1g 15. In Fig velocity for 5° F change 1in tempertature
15, the temperature~strength curves are The rate of change for Types A30 and B20
made to comncide at their points of maximum 15 one-half of thatfor Types Al5 and A20,
strenpth, and the 1mpact strength ordinate 1s witha ten per centvariation in penetration
presented 1n terms of per cent of maximum velocity fora 10° F change 1n temperature
penetration velocity Type C20-30 pane has the lowest rate of
The rate of change in 1mpact strength change in impact strength, with a ten per
for all Type A panes at temperatures both centchange 1n penetration velocity occur-
above and below that required for maximum ring for a 20" F variationin temperature
impact strength 15 approximately the same, (d) The temperature range over which a
as 1s shown in Fig 15 Types B20 and C20- large portion of the maximumimpact strength
30 pane are similar in characteristics, but 15 maintained 1s greatest in the case of the
show a slower rate of change of penetration Type B20 pane, which has a 0 25-in wvinyl
velocity withtemperature than do the Type A plastic interlayer of 20 per cent plasticizer
panes In 1llusirating more specifically the content and the Type C20-30 pane, which
relative rate of change 1n impact strength has two 0 125-in wvinyl plastic interlayers,
with temperature, the following comparisons one with 20 per cent plasticizer content and
are made for the portions of the curves ex- the other with 30 per cent
tending from 75 to 85 per cent of maximum It 1s interesting to note that both Type
penetration velocity B20 and Type C20-30 panes, each having a
{1) In the low-temperature portion of the total plastic interlayer thickness of 0 25-1n ,
curves for Type A panes, a ten per cent appear to have temperature-penetration
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velocity curves somewhat similar in shape
In Fig 151t can be seen that the curve for
Type B20 pane 1s flatter and broader at the
upper porticn and consequently, the Type
B20has a greater temperature range than the
Type C20-30 for penetration velocities 75
per cent or more of the maxi1mum value
However, the Type C20-30 pane shows a
slower rate of change 1n 1mpact strength with
temperature than the Type B20 pane at
temperatures greater than that where maxi-
mum strength occurs, therefore, although the
Type C20-30 pane shows a slightly smaller
temperature range than Type B20 where
penetration velocity 1s maintained above 75
per cent of the maximum value, the Type
C20-30 has a greater corresponding temper -
ature range than Type B20 for penetration
velocities between 50 and 75 per cent of the
maximum value

Increasing the thickness of plastic of
20 per centplasticizer contentfrom 0 188-1n
to 0 25-1n , as 15 represented by the change
from Type A20 to Type B20 pane,
increase 1n breadth of the temperature range
over which high relative strength 1s main-

causes an

tamned This 1s apparent from the curves
shown in Fag 13 If we select in Fig 13 the
penetration veloci1ty value at 80° F for the
Type AZ20 pane, the temperature at which
windshields in the cockpit installations have
been tested for compliance with Civil Aar
Repgulations and reported in Part II, the value
of penetration velocity shown 1s about 95 per
cent of the maximum penetration velocity
value obtained at the optimum temperature
The temperature range over which the pene-
trationvelocity 1s 95 per cent of the maximum
or greateris about 20° F, from 80" F to 100°
F If Type B20 panes are analyzed 1in the
same manner, the comparable temperature
range at 90 per cent of the maximum pene-
tration velocity extends for 48° F, from 80° F
to 128° F, about two and one-half times morte
than the range for Type A20 panes

Of the curves shown 1n Fig 15, that
for Type AZ20 pane covers the narrowest
temperature range at the various strength
levels from 50 to 100 per cent of maximum
penetration velocity The curve for Type Alb
pane has a 5° F to 10° F greater temperature
range than that for Type A20 at all strenpth
levels from 50 to 90 per cent of maximum
penetration velocity Of the Type A panes,
the curve representing the Type A30 pane with

22

30 per cent plasticazer content shows Lhe
greatest temperature range over which high
strength 1s maintained At 50 per cent of the
maximum penetration velocity, Type A30 has
a temperature range of 84° F, where Type
Al5 has 64° F, and Type AZ20 has 54" F
Aircraft windshield panes utilizing
vinyl plastic interlayers for impactresistance
are lirmitedin the depree of safety which they
provide by the narrowness of the temperature
range over which high impact strenguth 1s
maintained The application and control of
heat to the pane, both for maintaiming the
mmpact-resistant quality 1n the vinyl plastic
and for supplyingnecessary heat for de-1cing
purposes, are more exacting with panes
such as Type A20, with a relatively narrow
15, than for
panes with broader curves, such as Types
B20 and C20-30 The design of an impact-
resistant windshield incorporating a vinyl
plastic interlayer, should take into consid-
eration the heating method to be used The
hot-air method of windshield heating depends
upon circulation of heated air througha space,
usually about 0 25-in thick, between the
front de-icing pane and the rear impact-re-
s1stant pane

peaked curve as shown in Fig

This systermn generally utilizes
incorming air at a temperature of about 200° F,
and the air leaves the opposite end of the
pane at a temperature of about 100°F The
temperature variation of the plastic inter-
layer in the pane may be as much as 100° F
The Type B20 pane, withthe broad type curve
shown in Fig 13, or the Type C20-30 pane,
but possibly with greater plastic thickness,
appear to be most suttable for use with the
hot-air method of windshield heating with 1ts
existent large temperature variation

The electrically-heated, single-pane
type windshield appears to provide a closer
control of pane temperature and a more uni-
The temper-
ature variationin the electrically-heated pane
1s about 10" F to 20° F over the various
portions of the pane The narrow peak type
curve obtained for the Type A20 pane, as
showninFig

formtemperature distribution

13, appears tobe adequate from
For example, at 90 per cent
of the maximum penetration velocity for
Type AZ20, the total range in temperature 15
25° F, with anaverage temperature of 90° F

Temperatures of 90° F to 100° F 1n the wind-
shield pane, whichis about the range of tem-
perature obtained with electrically-heated

this standpoint



windshields, require the use of a vinyl plastic
with no more than 20 per cent plasticizer
content, which has 1ts maxi1mum i1mpact
strengthoccurring atthese or somewhat lower
temperatures

During those flights when heat for de=
icing 18 unnecessary, the need for heat 1s
determined by the requirement for maintaimng
impact-resistance of the plastic interlayer
In the case of 20 per cent plasticized vinyl
plastic, the temperature required for main-
tatminp strenpth1s about the same as 1s needed
for de-icing of the pane by the electrical
method If a pane similar to Type C20-30
were used, the average operating temperature
of the plastic could be lowered about 25° F,
or from 90° F to 65° F whende-icing was not
required This reduction in operating tem-
perature would reduce considerably the
electrical power requirement for the electri-
cally-heated type windshield

It 1s known that there are times 1n
flight whenno heatis applied to the windshield
panes In this case, the Type C20-30 pane
would possess considerable strength at tem-
peratures as low as 35°F, where the pane
has an i1mpact strength corresponding to 70
per centofits maximum penetration veloctity

The Type C20-30 pane might be made
more useful in meeting the conditions of heat
application and periods whenno heatis apphied
1f the thickness of each plastic interlayer were
increased from 0 125-in to 0 188-in  The
low-temperature end of the resuliant curve
probably would be shifted 10° F to 20° F down
the temperature scale, or approximately to
the position of the low-temperature portion of
the curve for the Type A30 pane
mum penetration velacity for such a pane
would be increased, probably to 350 mph,
and the high-temperature end would be raised
to corresponding higher penetration velocity
values Increasing the thickness of the plastic

The maxi-

mnterlayers in Type C20-30pare from 0 1254n

to 0 188-1n would result in an increase 1n
umtweightfrom 6 5-1b /square footto 8 9-1b/
square foot or ani1ncrease of about 37 per
cent This analysis assurnes a thickness of
outer glass faces of 0 188-in , and a thick-
ness of inner glass separating sheet of
0 125-1n , i1n the heavier laminated pane

Type B20 panes, made with 0 250-in wvinyl
plastic interlayer and glass faces of simailar
thickness, weigh about 8 2-1b /square foot,
or about e1ght per cent less than the Type
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C20-30 using 0 1lBB-in
The slight difference 1in the umt weight be -
tween the Type B20 pane and the Type C20-
30 pane, using 0 188-1n plastic interlayers,
would appear to be justified 1n attaining the
advantages of a broadened Type C20-30
curve

plastic inte rlayers

{e) A study of the curves shown in Fig 13
reveals variations 1n their shape at the low
The
penetration velocity-temperature curves for
the three Type A panes tend to flatten at both
the high and low-temperature ends of the
curves at impact strengthlevels below 60 per
cent of the maximum penetration velocity

and high-temperature extremities

It was shownpreviously that the tendency for
flattening of the curve atthe high-temperature
end appears to be associated with a charac-
teristic of the plastic and not to any great
extent with the strength contributed by the
glass components Tests made at high tem-
peratures with panes consisting only of the
plastic interlayer, the pglass faces having
been wholly or partially removed in previous
tests, resulted 1n penetration velocity values
as high as those produced with undamaged
panes

It appears that in the case of lhe curve
for the Type AZ20 pane, whichassumes nearly
zero slope at 165° F, that at some higher
temperature where the plastic has practically
na strength, the values of penetration velocity
may drop to a censtant value corresponding
to the strength of the glass alone This also
probably would be true for the other curves
shown

The reason for the flattening of the
Type A20 and A30 curves at the low-temper-
ature end was not deterrmined Evidently the
glass-plastic lamination acts more as a
homogeneous umt, the plasticat this temper-
ature having high strength and rigidity, and
the impadt strength of the combination becomes
more dependent upon the glass components

The temperature penetration velocity
curve 1n Fig 13 for the Type B20 pane was
not developed sufficiently to deterrmine the
shape of the curve at temperatures above
130° F nor below 64° F At the upper end,
the shape of the curve from 130° F to 150° F,
as shown by a broken line, was plotted in an
approximate manner on the basis of limited
test data obtained at 150° F

The single variation from the general

pattern formed by the curves in Fig 13 1s



exhibired by the curve for the Type C20-30
pane This curve, instead ot flattening at the
high-temperature end as in the case of the
other curves, drops rapidly between 140° F
and 165 F  Although the plastic interlayer
with 30 per cent plasticizer content has low
impactstrength attemperatures above 130° F,
the Type A30 curve shows no corresponding
rapld loss instrengthat temperatures as high
as 150° F
(f) Although several variatwons exist between
the test conditions of the earlier phase of the
program reported in Part II and those of the
later phase covered by the present report,
there appearsto be close agreement between
the results obtained inthe two portions of the
test program with regard to the shape and
position on the temperature scale of the pene-
tration velocity-temperature curves Com-
Plete cormrparison cannot be made because of
the relatively small amount of data secured in
the early tests concernming the effect of tem-
peratule and plasticizer content variations
The variations 1n the test conditions
used 1n the earlier series of tests and 1n the
test now being reported consisted of differences
in the method of attaching thermocouples to the
pane 1n measuring the plastic temperature,
and variations 1n frame mounting rigidity, 1n
carcass weight, and s1ze of windshield panels
Inthe earher tests of panes with 0 25-1n
thick vinyl plastic interlayer and 20 per cent
plasticizer content, 1t was found that the tem-
perature at which maximum 1mpact strength
was obtained was 1107 F, or 10° F greater
than the temperatuie of 100° F determined in
This variation of 10" F

between the opuimum remperature values

the present tests

determined from the two sets of data can be
explained readily by differences 1n test con-
ditions, and probably 1s within experimental
error

The wvalue of maximum penelration
velocity of 215 mph obtained with the 14-1b
bird carcass in the earlier tests 1s 140 mph
less than the value of 355 mph penetration
velocity obtained with the 4-lb bird carcass
in the later tests This difference 1n pene-
tration velocity 1s 1n general accord with the
relation between mass of carcass and pene-
tration veloci1ty determined in the present
tesis of Type A20 pancs at 0" slope

Inthe earlier program some tesis were
carried out with 4-1b chickencarcasses upon
panes with 0 125-in thick vinyl plastic,
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having 20 per cent plasticizer content, at
plastic temperatures of 65° F and 80° F
The slope of the resultant penetration velocity-
temperature curve 1s approximately the
same as that obtained for the Type A panes
13 The penetration velocity
values obtained from the tests with 0 125-1n
plastic interlayer are high when compared
to the corresponding values for 0.188-1n
thick plasticinterlayers used 1n the Type A20
panes This difference probablyis associated
with variation in the rigidity of the frame
mounting structure

shown 1n Fig

Effect of Angle of Slope on Penetration
Velocity

The effect of variation of the angle of
slope of the windshield pane upon penetration
velocity, as determined fromi1mpact tests
with 4-1b
vinyl plasticinterlayer temperature, 15 shown
in Fig 16 The specific angles of windshield
slope used in this seri1es of tests were 07,
45%, and 60°, and the four plastic interlayer

chickencarcasses and varying

temperatures at which tests were conducted
were 65°F, 80°F, 95°F, and 110°F All
panes 1ncluded in this series of tests had

0 188-in thick vinyl plastic interlayer with
20 per cent plasticizer content
In Fig 16 15 shown an approximate

siraight line relation between the angle of
slope and penetration velocity for this type
pane
lation occur at high windshield slopes for the
two curves representing the panes tested at
80° F and 90° F

The effect of windshield slope upon
impact strength appears to be the greatest
for the laminated panes at 80° F At this
temperature and at 0° slope, the penetration
velocity 15 245 mph, whereas at 60° slope 1t
1s 370 mph This represents approximately
50 per cent increase 1n the penetration ve-
At all other test temperatures the
The
curve for panes with vinyl plastic at 95° F
nearly coincides with the curve far 80° F

Variations from the straight line re-

locity
corresponding increase was smaller

except for the values obtained at the highest
slope value

The vinylplastic at 110° F, the highest
temperature included in this series of tests,
shows a relatively low rate of increase 1n
strength with increasing windshield slope
With 0° windsnield slope at this temperature
the value of penetration velocity 15 210 mph

ar



PENETRATION VELOGCITY — MPH
(4 LB CHICKEN CARCASS)

PENETRATION VELOGITY - MPH
(4 LB GHIGKEN CARGASS)

(4 LB GHICKEN GCARGCASS)

PENETRATION WVELOCITY — MPH

PENETRATION WVELQGCITY — MPH
(4 LB CHIGKEN GCARGASS}
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Penetration Velocity of Type

A20 Panes at Various Plastic
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and at 60° slope the value 1s 272 mph, or a
30 per cent increase The relatively low
strength at 60° slope for the pane at 110° F
apparently 1s due tothe recognized character
of the softer plastic wherein the failure 1s
assoclated with pocketing effect of the pro-
Jectile in the plastic and 1s relatively inde-
pendent of the angle of slope

In the case of the vinyl plastic main-
tained at 65° F, the rate of increase in pene-
tration velocity withincreasing angle of slope
1s slhightly lower than that for the plastic at
110" F At 0° siope the value of penetration
velocity 1s 155 mph and at 60° F slope 1t 1s
185 mph, which represents an increase of
19 per cent 1in the impact strength measured
1 terms of carcass velocity At this tem-
perature the plastic behaves as a relatively
brittle material, and at high angles of slope
the brittle plastic appears to be only slightly
stronger than at 0° slope

In Part II of the general report it was
stated that the penetration velocity is maxi-
mum for impact at the center of the panel, a
munimum for impact close to the aft edge, and
of intermediate value for impact close to other
edges Itwas alsostatedthat the penetration
velocity1s relatively independent of the angle
of slope of the windshield pane when impact
occurs near the aft edge of the pane In such
cases the carcass tends to be pocketed by the
plastic and1s prevenied from sliding because
of the adjacent rigid structural frarme member
These conclusions stillare considered valid

In the present tests the point of impact
was always located at the center of the pane
It was noted, however, that at a 60° angle of
slope the carcass slid rearward from the
center of the pane, and, at hi1gh velocities
where the chicken carcass was pocketed 1n
the plastic, the plastic was crushed zgainst
the rear vertical post supporting the wind-
shield frame, wi1th resultant failure The
true value of penetration velocity for panes
at 60° slope and at temperatures from 80° F
to 110" F was made difficult to determine be-
cause of this factor

Effect of Mass of Carcass on
FPenetration Velocity

The effect of variation of the rmass of
the bird carcass upon the penetration ve-
17
The tests were made with chicken carcasses
welighingl, 2, 4, and 81b Glass-plastic
laminated panes with 0 188-1n thick vinyl

locity of laminated panes 1s shownin Faig
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plastic interlayer, and having a plasticizer
conlent of 20 per cent, were used A plastic
temperature of 95° F, and a windshield slope
of 0°, were maintained 1n these tests
Iti1s shownin Fig 17 thateach doubling
of the mass of the carcass projectile results
ina decrease 1n the penetration velocity value
of about 70 mph The peneiration velocity
for the l-lb carcass was 375 mph, or 210
mph greater than the value of 165 mph ob-
tained with the 8-1lb The value of
penetrationvelocity for the 2-1b carcass was
307 mph, and for the 4-lb
240 mph
From these resulis i1t appears that the
value of penetration velocity might be a
function of the circumference of the carcass
projectile as well as 1ts mass A mathe-
matical expression for the curve shown in
Fag
that the circumference of the carcass pro-

CATrcass

cartcass 1t was

17 can be derived from the assumption
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jectile varies as the cube root of the mass,
and that failure 1s determined by the amount
of impact energy transmitted across each
unit length of the circumference This ex-
pression can be stated as

wv3 -51 0x 100

where
W = weight of carcass 1n pounds
V = velocity of carcass in mph

The curve obtained from the above
expression, as shown in Fig 17 agrees
reasonably well with the experimental data,
the closest agreement being with the data
determined by tests with the 1, 2, and 4 1b
bird carcasses The penetration velocity
test value obtained with the 8-lb carcass is
considered probably to be slightly low be-
cause of failure due to shearing of the plastic
along the edpge of the metal insert The 8-1b
projectile was relatively large and irregular
in shape, and tended to strike close to the
edge of the pane

A windshield pane designed for impact
with an B-1b bird, on the basis of the curve
in Fig 17, would have a penetration velocity
about 42 per cent greater than that needed
for a 4-1b hird carcass In like manner, a
windshield designed for a 4-lb bird would
have a penetration velocity about 28 per cent
greater than that needed for a 2-1b bird

As windshields in present scheduled
aiTr-carrier aircraft are required to resist
penetration of a 4-1b bird at design cruising
speed, 1t 15 evident that penetration with an
8-1b bird would occur at a velocity about 23
per cent lower in value However, a 1-1b
bird, which probably 1s more representative
of an appreciable portion of birds struck in
flight, would require about a 54 per cent
greater velocity than the 4-1b bird to ob-
tain penetration

The effect of variation of windshield
slope and pane temperature upon the re-
lationship between mass of carcass and wind-
shield penetration velocity has not been de-
It may be assumed that changes
inthese variables would produce some modi-
fication in the established relationships

termined



Effect of Metal Insert Thickness Upon the
Type of Failure Qccurring 1n the Plastic
Interlayer

During the present tests 1t was de-
termined that the conclusions and recom-
mendations developed 1n Part Il concerming
the ratio of the metal insert thickness to that
of the plastic 1interlayer required further
study In the earlier tests, which were
carried out upon a limited scale insofar as
plastic temperature effects were concerned,
it was concluded that the insert thickness
should be one-sixth to ene-fourth of the
plastic interlayer thickness where the inter=
layer thickness was 0 188-in or less It
was concluded at that time that metal insert
thickness of such magnitude was sufficienily
great to prevent shearing of the metal at the
bolt holes 1in the edge of the pane, and si1-
multaneously, was sufficiently small to pro-
vide flexubility for punimizing shear of the
plastic interlayer at the inner edge of the
insert Onthe basis of the general experience
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gained at that time, the 0 040-1n 245-T 1n-
sertwas considered satisfactory for the Type
A20panes, with 0 188-1n plastic interlayer,
as used 1n the present tests

In the test results shown in Fig 6 the
failures occurring for Type A20 panes at 70° F
and 80° F were of the type where the plastic
sheared along the inner edge of the metal 1n-
sert At temperatures above B0° F and below
70° F this type of failure occurred only twice,
once at 95" F and once at 50° F

In order to study the effect of insert
thickness on this type of failure where the
plastic sheared along the edge of the insert,
experimental panes with 0 032-in and
0 025-1n. 24S-T aluminum 1inserts were 1n-
cluded 1n the i1mpact tests of Type A20 panes
withplastic temperatures of 70° F and B0° F
The results of tests upon these panes are
shown 1n Fig 18 It canbe seen from the
data presented in Fig 18 that the panes with
the 0 025-in and 0 032-in 1insert failed by
direct penetration of the plastic, rather than
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by shearing of the plastic at the edge of the
metal insert It may be concluded thata
metal itnsert of 0 032-1n thickness, about
one-s1xth of the plastic interlayer thickness,
1s an approximate optimum value where the
plastic thickness 1s 0 188-in and the plas-
ticizer content 1s 20 per cent

No study of the metal insert thickness
problem was made for the panes other than
Type A20 Types Alb and A30 panes show,
in Figs 3 and 10, edge shear failures oc-
curring at the plastic temperature where
maximum strength 1s obtained and at tem-
peratures slightly below the peak portion of
This 1s also true for Type B20
pane andtoalesserdegree for Type C20-30

the curve

It may be generally concluded from the
results of tests with Type AZ20 panes that with
plastic interlayer thickness of 0 188-in or
less the insert thickness should not be more
than the lowe st value recommended in the
conclusions presented 1n Part I, or not more
than one-sixth of the plastic thickness Sim-
1larly, where the previous recommendation
for insert thickness in plastic interlayers of
0 25-1n or greater was stated as being one-
fifth to one-third of the plastic thickness, 1t
now 15 believed desirable that the lower limit
of one-fifth be used

CONCLUSIONS

1 Resistance to penetratinby bird carcasses
of laminated windshield panes with thick
polyvinyl butyral plastic interlayer 1s de-
pendent principally upon the impact strength
of the plastic
normal flight operating conditions, the tem-
perature of the plastic 1s the predorminant
factor influencing impact strength

2 An optimmum temperature exists for each
type pane where the 1rnpact strength has a
maximum value This optimum temperature
depends upon the plasticizer content of the
polyvinyl butyral plastic interlayer, and, to
a secondarydegree, upon the thickness of the

With a given pane, under

interlayer

3} Laminated panes with a polyvinyl butyral
interlayer of 0 188-i1n thickness show maxi-
mum impact strengthat 100° F with 15 per cent
plasticizer content, at 90° F wath 20 per cent
plasticizer content, and at 45° F with 30 per
cent plasticizer content

4 Laminated panes with a polyvinyl butyral
plastic interlayer thickness of 0 25-in and
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with 20 per cent plasticize r content show
maximum wmpact strength at 100° F Dauble
laminated panes with two separate 0 125-1n
thick interlayers, one interlayer with 20 per
cent and the other with 30 per cent plasticizer
content, s how maximum i1mpact strength at
65° F

5 The maximum penetration velocity at
optimum temperature of laminated panes with
plasticinterlayer thickness of 0 188-in , with
plasticizer content varying from 15 to 30 per
cent, 15 315 mph £15 mph In these tests, a
4-1b bird carcass weight was used, and the
windshield slope was 45°

6 Waith all laminated panes of the types
tested, as the temperature 1s decreased to
values lower than the temperature at which
maximum 1mpact strength occurs, a rapid
decrease inimpactstrengthis observed which
15 assoclated withincreasing brittleness of the
plasticinterlayer As thetemperature 1s in-
creased to values greater than the optimum
termmperature, a decrease 1n impact strength
also 1s observed, associated with softening
of the plastic interlayer

7 The width of the temperature range over
which a pane maintains a large portion of 1ts
maximum 1mpact strength 1s considered to
be an important characteristic of the pane
Panes with a polyvinyl butyral plastic inter-
layerof 0 188-in thickness and with 15, 20,
or 30 per cent plasticizer content maintain
70 per cent or more of the maximum pene-
tration velocity over a temperature range of
about 50" F

§ Panes with polyvinyl butyral plastic inter-
layer thickness of 0 25-in and 20 per cent
plasticizer content, tested at 45° angle of
slope with a 4-1b bird carcass, have a peak
penetration velocity value of 355 mph at an
optimum temperature of 100° F, and main-
tain 70 per cent or more of the maximum
penetration velocity over a temperature
range of 85° F

9 Double laminated panes with two polyvinyl
butyral plastic 1nterlayers of 0 125-1n
thickness and wtith 20 and 30 per cent plas-
ticizer content, respectively, tested at 45°
angle of slope with 4-1b bird carcass, have
a peak penefration velocity value of 295 mph
at an optimum temperature of 65°F, and
maintamn 70 per cent or more of the maximum
penetration velocity over a temperature
range of 90° F

10 Panes with plastic wnterlayer thickness



of 0 25-1n , and double laminated panes
with different plasticizer content in the dif-
ferent plastic interlayers appear to offer
an advantage in providing high impact strength
over a relatively wide temperature range
This advantage becomes increasingly greater
1n cases where little or no heat 1s applied to
the windshield, or where windshield heating
and control methods permitlarge temperature
varilation

11 Theimpact strength of laminated panes,
measured 1n terms of penetration velocity,
increases 1n approximately linear manner
with increase 1n angle of windshield slope
The rate of increase of penetration velocity
with angle of slope 1s dependent upon pane
temperature, and 1s greatest at temperatures
from 80°F to 95°F At these temperatures
there1s a 50 per centincrease i1n penetration
velocity with a change of pane slope from
0° to 60°

12 The penetration veloc1ty of laminated
panes varies 1nversely in an exponential
manner with the mass of the bird carcass
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projectile This relationshi1p can be ex-
Pressed as wv3 -5 0x 106, where W 1s
the weight of the carcass i1n pounds and V 1s
the penetration velocity in miles per hour

This relationship was determined for panes
with plastic interlayer thickness of 0 188-in ,
plastic temperature of 95° F, pane slope
angle of 0%, and with the weight of the bird
carcass varying from l-1lb to 8-1b

13 The thickness of the metal insert 1n the
extended plastic edge of the laminated pane
1s critical with regard to occurrence of pane
failure by shearing of the plastic interlayer
along the inner edge of the metal insert This
effect 15 most pronounced at the temperature
where maximum strength 1s obtained, and at
temperatures slightly less than this optimum
temperature It was found that shearing
fai1lure of this type could be eliminated 1n
panes with 0 188-in plasticinterlayer thick-
ness by use of a metal insert not greater 1n
thickness than one-sixth of that of the plastic
interlayer
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