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RESEARCH- AND DEVELOPMENT OF LAMINATED GLASS AIRCRAFT WINDSHIELDS. 

ABSTRACT 

Thia technical report preeents a complete summary of the theoretical 

and experimental efforts which have been directed toward understanding the 
• . •• • ¡i ■ ■ 

behavior of special test laminates and laminated windshields subjected to 

low temperatures (cold-söak conditions)• 

Good agreement, obtained between theoretical calculations and laboratory 

experiments, indicates that the deflections and average flexural stresses, 

produced in a two-ply glass and plastic laminate by a drop in temperature, 

can readily be predicted. 

Although considerable effort has been expended# no theoretical solution 

has been obtained for the general problem of stresses produced in a three- 

ply (glass-plastic-glass) laminate subjected to cold-soak conditions. 

Photoelasticity, the. experimental method most applicable for the dok nnimtion 

of these stresses, has produced no significant results to date. 

The nature, cauae, and effect of damage attributable to cold-soak con- 

ditiona in both aircraft windshields and test laminâtes have been studied 

rather extensively; It appears that cold-soak conditions are the most prominent 

cause of local damage at the Interfaces. In general, this damage consists 

of chipping of the glass and/or delamination between the glass and plastic, 

both of which may be objectionable in themselves if they become extensive. 

In many cases, this type of damage may initiate the complete failure of the 
I 

outer glass pane of the windshield when the windshield is subjected to other 
,. .■ Y 4 ^ . . 

stress-producing conditlone. 
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j-<E3lARCH. AIÆ UEVELOFi^m’ or LAUIKaTLD CLASo .AIRCFj.FT .«INDSHIblDS 

I. IHTHODUCTXCN 

Certain types of aircraft vdnclshield service failures» ^o^ei-hc-r vith 

several preliminary exporinents .conducted or. this Project» had indicated • 

that the polyvinyl butjrral plastic 'interlayer has. a decided effect’on the 

behavior of a laminated structure when it is subjected to cold-soak condi¬ 

tions} hence, rather extensive theoretical and experimental nork has been 

devoted to this subject, and the present report represents the status of 

these efforts as of July 1, l?bl. 

. The tern "cold-soak11 refers to r. condition under which a laminate is 

subjected to low température, usually for*«attended periods of time. In 

General, the term implies that, the temperature tlirouehout the laminate is 

uniform’ at any given time. However, for certain -tests described in this 

report, the definitiòn of the tens "cold-soak" is broadened to include 

cases where température gradients exist in the laminate. 

At temperatures below 20°F,. the. linear coefficient 'of thermal expan-. 

sion for the plastic interlayer used in aircraft windshields is at least 
• * • ‘ ^ * .4 * 

ll timos larger than the linear ccoXfioient of thenRal expansion for 

glassTherefore, when a laminated' v/indöhield is subjected to cold-soak 

conditions*, thermal stresses .«rill arise vrhich may cause failure of the 

windshield or v/hic&may contribute to failure in conjunction with other 

causes such as mechanical leads# 

Service failures of laminated -windshield? have not been described 

•*Supèrscripts refer to corrte£(F,r,ndinf’ citations in- Bibliography at 
end of this report. 
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accurately enough to make it possible to determine the causes of failure. 

Failures attributed to cold-soak conditions have been observed in standard ao- 

. o 

■ ceptance testa designed to reproduce actual operating conditions. Resistance 

to deterioration under a cold-soak test is required by one of the aircraft 

companies, as follows: 

,rA cold-soak test shall be conducted at -65° F ambient air for a period 

of two hours after temperature stabilization has been reached. Defects such 

as bubbles, separation or small flake chips occurring beyond the trim line of 

the conductive coating shall not be considered as evidence of deterioration."^ 

A few reports on this type of test, issued by the aircraft companies, 

indicate that failures of windshields have occurred under such conditions; in 

fact, frequent failures took place in early tests conducted by these companies. 

In an attempt to reduce the number of failures, a parting medium was 

inserted at the interface of the glass and plastic around the edges of the 

windshield. ^ Only a few failures due to cold soak conditions have been re¬ 

ported recently, although the difficulty has not been remedied completely. 

. THEORETICAL ANALYSES TO DETERMINE STRESSES IN LAMINATES SUBJECTED TO 

Ç0LD-50AK CONDITIONS 

A. Preface 

Considerable time-and effort has been expended in an attempt to deter¬ 

mine the theoretical stress in .a three-ply (glass-plastic-glass) laminate 

subjected to cold-soak conditions. No valuable analytical solution has been 

obtained to date, and the concensus is that a theoretical solution of this 

problem would constitute an analytical program of several years' duration, with 

doubtful results; accordingly, no further effort will be made in this direction* 
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A successful analytical investigation has been made of the deflec¬ 

tions and flexural stresses in tvo-ply (glass-plastic) beams and plates 

subjected to uniform temperature changes. The state of stress at the inter¬ 

face of this two-ply model is now being studied and the results will be 

- presented in a future technical report. 

B. Deflections and Flexural Stresses in Two-Ply Laminates 

An analytical theory which predicts adequately the deflections and 

average fiber stresses may be borrowed from the theory of bimetallic thermostats. 

The deflections and average fiber stresses predicted by this theory for two- 

ply (glaee-plsstic) beams, simply supported and uniformly heated, are given 

in Table I. Included also are the results of an extension of the theory of 

bimetallic strips to include the case of two-ply plates. The development of 

these equations for both strips and plates is given in Appendix A. 

The maximum deflection, as predicted by both the beam and plate 

tbcories> is directly proportional to the total thickness of the laminate 

and the total temperature change and to the square of the span-to-thickness 

ratio. The deflection depends, in a complicated fashion, on the ratio of 

glass thickness to plastic thickness; this dependence is presented graphically 

in Fig. 1. The average fiber stress depends linearly upon the temperature 

change and, in a complicated relationship, on the ratio of plastic thickness 

to glass thickness. 

e^krimbntal analysis to determine the stresses in laminates 

SUBJECTED TO COLD-SOAK CONDITIONS 

A* Preface 

Several cold-soak tests were conducted on two-ply laminates in order 

to provide an experimental check on the theoretical analyses discussed in 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS 
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I. 

Section II, In addition, various methods of experimental stress analysis 

were considered as a means of providing a solution to the problem of the nature 

and distribution of the thermal stresses in a three-ply laminate subjected to 

cold-soak; the 3use of photoelastic techniques appeared to be the most promising, 

Photoelastic studies were consequently made on both two- and three-ply lami¬ 

nated models constructed of polished plate glass and polyvinyl butyral plastic. 

B. Deflections and Flexural Stresses in Two-Ply Laminates 

A tvo-ply (glass-plastic) beam, simply supported at the ends, was 

placed in an insulated chamber in which a uniform temperature could be main¬ 

tained by means of a thermostatically controlled hot-cold box. Dial gages 

and electrical strain gages, mounted at intervals along the top glass surface 

of the laminate, were used to measure deflections and flexural strains. 

Thermocouples were placed at various positions on both the top and bottom 

surfaces of the laminate to measure the temperature of the beam. In the first 

series of experiments the temperature of the beam was raised to 1500 F, and in 

the second series it was lowered to -35° F. Similar series of experiments were 

performed'on a two-ply laminated plate. 

Details of the experimental apparatus and the data obtained are 

presented in Appendix A. For temperature changes of as much as 100° F, which 

occurred above 40“ F, the strains and deflections observed were negligible. 

Significant strains and deflections were observed for temperature changes be¬ 

low 4o° F, however. , The experimental data are summarized in Table II, and 

are compared with theoretical results based on the equations given in Table I, 

It can be seen that good agreement exists between experimental and theoretical 

results. 
Hi** . ^ 
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Cm Stresses 'at the Interface of Tuo- and Three-Ply Laminates 

Photoelastic teste have been performed on tvo- and three-ply beams 

consisting of glass and plastic laminae of various thicknesses. The beams 

were placed in an insulated chamber vitb double glass walls, and the'tempera- 

ture varied slowly so as to maintain the beams at uniform temperature. 

Polarized light was passed through the beams parallel to their 2-inch dimen¬ 

sion and the resulting photoelastic patterns were recorded. In the two-ply 

• beams, it was necessary to lover the temperature of the specimens from room 

temperature to between 10 and 20° F in order to produce a photoelastic pattern 

adequate fór0 the determination of stress values. Lower temperatures were used 

in the ease of three-ply beams. Sketches were made of the isochromatics (points 

of equal maximum shear) and isoclinics (principal stress trajectories); from, 

these experimental data, values of the maximum shear stress were calculated. 

Appendix B contains a discussion of the test setup and procedure, together 

with values of the isoclinics parameter, the maximum shear stress, and the 

shear stress parallel to the interface as observed in a two-ply beam. 

Figure 2, which represents the stress distribution in a two-ply 

beam subjected to low temperatures, shows the maximum shear stress parallel 

to the interface to have a strikingly low value (50 psi) and to be distributed 

over a fairly large region near the ends of the beam. These results are puz¬ 

zling in the light of failures obtained in outwardly identical beams at tem¬ 

peratures which were but a few degrees (10-15 degrees) below that maintained 

during the collection of the photoelastic data. Clearly, the phótoelastic 
«* 

results are in error. The error may be attributed to the possibility that 

in a wide (2 inch) model the directions of the principal stresses in the glass 

change markedly from plane to plane along the optical axis of the polariscope, 
* *V /à . 

' ' , ' . , ’ . i % 
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Distance from end 

ÍÍÈlÂ IBOCIIMiC PARAMBTBt AMD SHEAR STRESS DISTRIBUTION IK TOQ.pLI 
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Examination of such a distribution by the techniques of two-dimensional photo¬ 

elasticity would result in-values of stress which are merely '’'averages" of 

the true stresses existing across the width of the model* 

In photoelastic tests employing three-ply laminates,- it was noted 

that the isoclinics changed position with temperature, and that they became 

blurred and indistinct in some portions of the beam. Thus, it was•necessary 

to conclude that the directions of the principal stresses do change through 

the width of the specimen and models as thick as 2 inches in the direction of 

light propagation cannot be used. The stress distributions obtained in 
c 

photoelastic tests to date are therefore of questionable significance. Exam¬ 

ination, of the state of stress existing at the interface of a three-ply laminate 

subjected to cold-soak conditions will continue on new models more suited to 

two-dimensional photoelastic techniques. 

'An indication of the distribution of cold-soak stresses at the center 

of a three-ply beam can be obtained from photoelastic tests which have been re- 

k ported previously. The stress distribution at the center of a three-ply 

beam is essentially uniform. These-tests showed compressive stresses in both 

glass panes of the order of magnitude of 500 psi, with a bending moment of 

the order of magnitude of 2 to 8 lb-in., when the beam was cooled to -5° F. 
> 

differences in the stresses were found in symmetrical and 

asymmetrical beams. The bending moments were such as to produce concave 

curvature in the glass pane's, the radii of curvature being of the order of 

magnitude of 10^ ft. 
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IV* VPHYSICAL BlOPlÜRTiES OF MTERIALS EMPLOYED IN UM1MTED VÆNDSHIELDS 

A* Preface 
fVr/viv ’ 

P’i --¾ ' ; - •.{• 
is -/-,, 

The physical properties which are of interest 7/hen considering 

cold-soak phenomena are; (a) those which have an influence on the stress 

state produced by cold-soak'condit'ions'^v;^d"'('h) those v/hich 'determine the 
/¾ 

conditions under Tihich failure takes place and the mahner in which it 
; : - , . , ■ ..-i . 

occurs vrhen a laminate is subjected to cold-soak condition:.!. 

B* . Properties, of Glass and Plasticf 

The thermal expansivity and modulus of elasticity‘of-.iimealed 

glass are quite well;.knownIt appears that the.„modulus of elasticity 

of tempered glass differs from that of annealed glass by no more thäp jí'0 . 

to 10. per cent* The effect on the stresses of the rate-of load'applica¬ 

tion is"not known, nor are data available on,the.-stress ifmemorylf of glass, 
• • * • ! iÉi > 

.although it seems likely that these effects "would be small. The residualí 

0 0 6 
^' stresses in tempered glass have been determined phòtoeiastácallj and • 

/ ■’ ... . 

^ -/¾ • correlated,with similar data supplied by the glass companies* , 
wMi'r?: ’ :—'-j.A’.- ■ -v ^ . .° 1 ° . “ . 

/• :- --/-.-- , The modulus of elasticity of the plastic* as a function of tem- 

’ pêratüre and its thermal expansivity have been determined*^ It is knovm\ 

.|;J• V- -r.jwVi tÂát‘'the plastic is extremely sensitive to strain rate and that this sen- 
M. ■ ' -. ' ^ / '. . ■ .• ••' 

r 
If" 'r 

,-, 

Vi. /.¾ 

h 1 .;/ 

1:-- ■ ' 

IV. ; V 

W- 

>-■ / increases.^ sharply vrith’ ris ih^v. temperature ; -also, there are.indi- 

/,.- ,.,- cations that the'plastic-has a considsèr^ble stress memory. 

' “ The npn-elastic: behavior .of the plastic probably is significant 

because (a) stresses in a laminate may dependoon the rate of cooling, and 

.1,/.,: (b) the stress, memory of the plastic may result in a dependence of the 

:■ : f 'Ogress ; upon previous heating and cooling cycles •* 

ARMOUR HCStARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 
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uhilö the elastic properties of glass,arc Auite well known 

its strength is less'vell defined, and little is known, about its mode . 

of fracture; it is usually assumed that glass fails under tension. Data 

on failure of glass .under shear stresses are not available. 

Tha yield strength and ultimato strength of polyvinyl butyral 

3 plastic have been determined under static loading* The effect oí pre¬ 

vious history is likely to be important, but no information is available 

on this subject. Only one failure in the plastic caused by cold-soak 

conditions has been observed. 

C• Properties of the Glass-Elastic Pond 

Little is known about the strength of the glass-plastic bond. 

The strength under the action of* shear stresses parallel to', the interface 

may differ from the strength under the action of stresses normal to the 

interface. In order'to obtain data on the strength of a laminate under 

mechanical loading which produces shear stresses at the- glass-plastic in¬ 

terface,. tests were performed on three-ply laminated specimens; these' . 

tests are described in Appendix;C. A thin, circular ringpòf plastic of 

varying width v/as laminated between 'two .glass plates "2-1/2 in. square by 

3/I6 in. thick. Lach plate was held in a square aluminum frame which was 

• placed in a torsidk testing machine where, -an insulated chamber enclosed 
'M 

•the specimen. Ârtÿr the temperature of the specimen had been established 

at a desired value, a torque, vhich tended to rotate the plates with 

respect to each other, was applied to-the specimens in the plane of the 

-glass. It was hoped that this .test.would produce torsional shear failure 

at the glass-plastic interface. In the course of the tost, the load in- 

creased steadily until failure of the specimen occurred, at which time . 
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' the load suddenly, decreased. The applied torque read on a dial and 

th® l0ad failure p recorded, ¿xamihafion of the failed specimens dis¬ 

closed chippinff.type failures in-the plans in the .area of the Rla3s- 

.pUstie bond. The shear stress at failure, at the outermost fiber of the 

.ring-shaped bonded area, .varied between 1200 and 2600 psi for the six 

■speoiracris tested. The magnitude of-the maximum tensile stress in the 

Gloss at the interface where failures occurred was thus less'than ¿ p¿r 

cent of the accepted tensile .strength of glass. In addition to the 

chipping failures, honover, the specimens showed cracks through the thick¬ 

ness of the glass panes extending inward from the edge of the panes. 

These cracks indicated that stress concentrations.may have bjocn present 

at. the .judges where the specimens were held in 'the frames; hence, the sig- 

nlficànce of the- results questionable, 

* n‘*rit is somd e7idcnce that^a weak glass-plastic bond (such as 

that obtained by gluing with Duco Cement) produce local damage in the 

glass at the interface.7 Previous tests revealed that very little slip¬ 

page occurred at the,bonded interface when the plastic..underwent volumet¬ 

ric expansion due to heating. In the theoretical treatment of the prob- 

. 1®, it was assumed that no slippage occurs at the interface so that per¬ 

fect continuity exists betwoeri glass and plastic. There is also evidence 

' that ^conductive.coating affects the strength of the bond. 

D. ■ Properties, and Effect of Conductive Coating 

The conductive coating is a layer of tin oxide of molecular 

dimensions.;- Thomal failure, tests of .sample laminates indicate that the ' 

strength of this layer affects the strength of the Laminate. . . . 

• The difference in thermal expansivities, of the conductive 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 
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coating and the glass may cause stresses in the coating. Little is known 

about the strength of the coating; however, there is evidence that it,7Jhas 

8 
considerable abrasive strength. Damage to the coating has been observed 

as follows: (1) in reports from the aircraft companies and in tests on 

full-sized windshields with a conductive coating, discolored areas with a 

web-like texture were observed near the edges, suggesting tensile failure 

of the film in a direction parallel to the interface, and (2) in failure 

tests on full-sized windshields conducted by Boeing Aircraft Co., and in 

failure tests on small beams in the AJtF laboratory^ patches of film were 

observed,on both glass and plastic at the interface after delamination, 

indicating that the film had been pulled off the glass. The patches of 
. / . "=:' ' V- . - •• . / • • •* 

film as such showed no damage, 

Vm gAlLUggg pp LAMINATED InflfTOHlELDS AND TEST LA1¿INAT£3 SUBJECTED TO 

COLD-SOAK CONDITIONS 

A* Preface 

Qualitative information on the.strength of laminates> the possi- 

ble effect of various factors on their strength, and their mechanism of 
•V - • 

failure has beçn discussed in several sections of this report. The obiec- 

tive of this section is to summarize the results of cold-soak tests con¬ 

ducted under laboratory conditions and relate them to failures incurred . 

under service conditions.. Generally, the effect of cold-soak stresses be¬ 

comes evident only when the laminate develops failures. This,'coupled 

with the statistical failure characteristics of glass and complicating 

factors,such as variability of bond and conductive film strength makes 

the interpretation of experiments difficult, 
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B* felluron of Laminated l'/lndühiüldg 

Most windshields which contain an electrically conductivo coat¬ 

ing at the inner surface of the outer pane are flat and trapezoidal If 
shape. Features of construction and approximate dimensions of such a 

■«IMshiad arc illustrate in ng. 3; in »„y „spurts, this rtnUshisU 

. is typical of the electrically heated tdndshields now in service. 

Cold-soak service failures'occur in windshields-at low tempera¬ 

tures With the film power off; cold-soak stresses may contribute, to fail¬ 

ures under other conditions. Generally, cold-soak damage, occurs at the 

interface of the laminate. The meager amount of available Information on 

sorvico failures under various conditions, has, for the most part, been 

supplied by the aircraft manufacturers. The most significant portions of 

this information ¿iro givon hero# 

.One of the aircraft companies indicates that the follovang types 

of service and tost failures have been observed:^ 

• 1-. .^Failure under pressure alone (outer pane fails first). 

, . .. "8* FaUure und¿'r application of heat:alone. Failure- of outer 

,.. ',u pane results from (a) hot spots near the. edge of the windshield, 

(fa) bus bar failure, loading to local hot spots, and (c) failures 

». of coating due to délamination, with outer pane sometimes failing 

ns a result of hot spots produced in the. arc-a of delamination. 

3. Failures resulting from various combinations of pressure 

cind. heat. 

- , I4. Délamination and edge- chipping produced by extreme cold- 

soak tests at -6S't;'' ■ • . ■ 

ft° i0Urtk ^|°f Rurally of most interest in this discussion. 

A*M0UR RESEARCH FOUNDATION OF ILLINOIS ' INSTITUTE OF TECHNOLOGY 

- 13 

ITE . .OF TECHNOLOG 
Project Wo. ?0-6?2J 

fleport. Wo.- 36 





In another report on service failures of vándchiclds, damaged 

. Windshields-are described' as. follov/s 

Approximately two-thirds of 30 vdndshicïds Y/hich were 
examined failed at the bus bar. Failures of thisrtype were 

. about equally divided between breaks in the load from terminal 
to bus and breaks in the connection between bus and conductivo 
coating. The first type of failure vras evidenced by non-heating 

the windshields, while the second vf&s accompanied by arcing ■ 
i Which progressed to- form objectionable delamination and caused 
cracking of the outer pane in one or.two instances. Two of 
these failures were actual brooks of the bus bars# This type 
of failure at the bus bars vas about equally distributed, between 

i upper and .lower bus bars. 

All of the remaining windshields, except one, wore removed 
from servies because of délamination. These délaminations occur- 
red, for the most part, at the lower corners between the plastic 
and the outer pane and were not accompanied by glass chipping. 
The délamination was considered too severe when it.extended 
about 1-1/2 in. into the windshield from the edge. The remain¬ 
ing windshield had à shatt.erodjtnner pane. The break started 
near the upper edge, a little outboard of center, and cracks 

. extended radially across the 'entire pane. No reason-for such 
a break could ba given. 

A staff member of an aircraft company stated that??yinyl stress 

'caused.by. cold-soak is applied largely to the edges and the use of the part 

ing medium has been found to be quite; effective in eliminating- glass edge 

shipping at low temperatures*. The dclanination prcblam, as related to 

parting media, Requires additional study, but in the meantime it is felt 

to. be most essential to eliminate glass edge chipping orí windshields in 

service»1^ 

In an aircraft company test report, the-following results are 
iv;C • * ip -:- . ' 
presented: • >• * 4, • 

With the exception of glass breakage,'the most important 
type of deterioration in electrically heated, mndshields is dolam- 
ination. The délamination may take the form of a separation 
occurring either between the vinyl interlayer and the conduc¬ 
tive coating, pr between the conductive coáting and the glass. 
In the laboratory, delamination has occurred frequently in the 
windshields’ which have been left ever night following a series 
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hcât .nd pressure tests* Ddcirninctxons hxvc* occurred in 
servico in electricc.lly heated -.Tindshiclds of all types. Some 
v/indshiclds are subject to minof.délaminations extending in- 
ward from the edge of the outer pane or edge of the bus bar 
about 1/16 to 1/8 in. These de-laminations, as a rule, leave 
the conductive coating intact 2nd, therefore, are objection¬ 
able only optically. Other i/indshields are subject to délam¬ 
inations v:hich may extend from one to several inches inward 
from’the odge.or corner of the outer'pane. These large deism-, 
illations frequently break the conductive- coating, creating a 
cold spot with adjacent hot spots! The high thoraal stresses 
which result invariably lead to failure of the- glass. The 
causes of delamination have not been obvious; however, it has 
been noted that in the majority of cases, the de-laminations 
have occurred at or near the edge or tip of the bus, places 

.. which have been found frequently to bo hot spots* An experi¬ 
ment to investigate the relationship between delamination 
and hot spots^is therefore in order. 

Comparatively fev.- reports are available on cold-soak tests, as 

such; however, three reports have been obtained which relate directly to 
.0 . . • V 

this subject. Results arc recorded ns follows: 

An electrically heated vdndshield was subjected to cold-soak 

at -65 F. • The test resulted- in some délamination at the upper and lower 

edges of the.- outer pane and some, délamination extending inward from the 

parting, medium around the inner pant. 

Three viindshieldo with ).}/6U-in¡ outor panes and a parting me¬ 

dium at the outer pane were subjected to cold-soak tests at 

Two of the vd nd shields developed chipping at the interface hoar the-inner 

pane. Damage did not oxtend beyond the trim lino. 
.h" V • ., •; ' •’ .. \y . . f . 

Seven vdndshiulds were subjected to cold-soak .tests at -505 

Inner pane chipping • and chipping and .délamination along the bus -bars were 

- produced. The test also produced .dolaminations at random in the .outer 

pane, pulling thé'conductive coating from the glass. 

Summarizing, it is evident from the reports discussed that (1) 

failure generally consists of cither (a) breakage of the outer. Dane, or 
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• ■ o 

(b) local ärwr-ße ’ihich occurs at tho intcrfrcc or uithor Vno outer panty 

or tli- inner pane nocr the ¿.ire of th<i'windshields-, end (?) iocel 

■yc, particularly bus bar T^ilurO. nr damage to the conductivo coa tin j. Is 

objectionable in itself if it is extensive; in addition, it my centró bat 

•to or cause failure of the outer pane since it tends to'create hot spot.:* 

The follc'.dn^ of local damage have been re-ported: 

1* Dclaminaticn (separation of glass and plastic :.t tiie 

interface*)« Separation of glass anel plastic occurs at tlie 

interface of the inter pane (net coated). At the interface cf 

the outer.pane (conductive /..anted), the ebatinp may rdha\ 
• • • - » 

to either the- glhpc or the rlr-silc in tjr. course cf ciahminc.- 

tion. Various touts inOicr.-t^ th.-.t. o d-ilamination -.;hich decs 

not effect the concluctivi.'••'■ontin* docs not r-red".ce n fracturo 

in the outer prm , ’Ml. ?. dolsminntion which iu accoap.nnicd 

by û break in the conductive coating frequently produces euch 

a fracimare« Ir. most instencoc, such fracturar occurred ./hilo 

poTver was bvinc applied to th.> coating, sc that fructiiros mav 
• i 1 ■ # ■ * . ■ 'j 

have- been produced by. hot »pots. Dolsgnjnations v.hich did not 
' # 1 . * , 

affect the coriductlV'. coating occurred frequently while the.- 

povror to tht ouctan:; vru turned on,, ths. plastic being vra/n vie. 

soft. Delmino-tion under ccld-sock cóndiáôns.(without power 

'5. 

to the coating -nd v/itM the piratic cold) uourll- Vd to 
*•**••• * X '• 

• damage of the opting# Dclamtetion occurred most fr-.-¡uently 

at the interface near coated (outer) pane, and somtiines 

from auge of thv.i pur tin.;. n¿*d3 run at Uic inter nane# 

2. Chipping of thv. glass# This typJ of failure occurred •* 
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most frequently at the edges of the inner pane where no part- 
i 

ing noditta was used, or where the parting medium, was inadequate 

or suffered from various imperfections. Extensive chipping 

also occurred at the .edges of the bus bars in the outer pane. 

Cracks in the glass occurred at areas of delamination, parti¬ 

cularly when hot spots were present. 

■ ' Bus bar failures. Bus bars failed by separation 

from the glass or because of flexing-at the terminal's. 

. The damage described above occurred both in service and during 

various tests. Many of those t,.sts consisted of cooling and warm-up cycle 

of the windshields .with application of pressure' and power to the costing 

in -accordance with certain schedules; others were pressure tests, cold- 

soak tests, or various special tests. Thor« is no evidence that cold-soak 

stresses alone caused breakage of the- glass, other than, chipping at the 

interface, in comercial windshields. No cracking of the outer pane 

under cold-soak conditions has been reported; however, cold-soak condi¬ 

tions are the most evident cause of high stresses at the interface and, 

therefore^ nicy..bo a major cause of damage. 

■ Ç. • Failures...of. Tost Umnatos ; 

Throe series of cold-soak tests, which qv discussed In Appâídix 

D, wore conducted iiran effort to better understand'the behavior and*% 

mechanism of failure of three-ply. (glass-plastic-glass) laminates sub¬ 

jected to cold-soak conditions. These tests were initiated to study the 

conditions under which damage to the test specimens occurred, the dr* go" ■ 

suffered ..ns | function of. test specimen construction, and the resulting 

failures,• 
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£hah in the slow uniform cooling, tests* 

In general, damage 'vas first observed after quenching to about 

-80 F. Among the three-ply“bèams provided by the glass companies, those 

without conductive coating at. the interface developed only local damage 

in the course of the tests. Three-ply beams containing a-conductive 

coating at the interface failed by shattering of the coated pane and 

separation of the plastic from the other pane due to chipping in the 

glass parallel and close to, the interface. Similar failures occurred 

in ARP laminated three-ply beams made with two tempered panes. 

Nearly all the local damage observed consisted of chipping or 

cracks in. the glass which began-at the interface. :.Meet., of the cracks bor- 

gan at or near the edge, frequently bn the beveled portion of the edge.. 

In the three-ply beams, complete separation due,'.to chipping occurred in 

the pane opposite the filmed pane;. however, part of the glass interface 

near the edges was frequently undamaged, indicating delamination. Exten¬ 

sive areas of delimination were observed in the two-ply beams made with 

faimed glass panes. Only small areas of delamination’were observed in 

two-ply beams constructed with tempered or annealed glass panes. 

Prior to complete failure of the beam, comparatively little 

local damage at the edges occurred in three-ply beams which had a con- 

dyçtive coating at aij^iaterface; however, discolored spots at the inter- 

ior of the beafll were observed before failure occurred. These spots 

probably indicated delamination which may have, included damage to the 

conductive coating. Inspection of the interface after failure indicated 

that most of the conductive coating adhered to the glass, with the excep¬ 

tion of a few spots in the interior of the beam where the coating remained 
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with the plastic. There was sorie evidence that delaraination occurred 

at the interface containing the conductive coating. In all instances, 

extensive chipping in the glass occurred under the bus bars. 

./ " ■three-ply beams laminated in-the autoclave, those composed 

of two tempered panes and those containing a conductive-coating at an 

interface failed by. disintegration of the glass. The other beams, with 

two probably insignificant exceptions, developed local damage only. 

Generally, local damage in these beams was more extensive than that ob- 

served in commercially prepared beams, partly due to the fact.,t.hat Arif 

laminated beams were constructed with square edges. Fragments of the 

shattered tempered (filmed) glass pane fell off the plastic at the inter¬ 

face. The failure tests also disclosed the fact that in most cases 

edge chipping was reduced by alcohol attack softening -the plastic. 

Beams composed of one annealed pane and one fully tempered pane 

suffered more damage in the annealed pane than beams containing two 

annealed panes. Only slight damage occurred in the tempered pane of 

such beams. It was not possible to determine the effect of the relative 

thicknesses of the., glass panes on the. damage suffered by the beams. -V : 

, Damage to the plastic in the form of a transverse fracture was observed ' 

'in only one instance* ° 

. .’The r«suits of these test| may be interpreted as follows: 

" . . 1. The fact that two-ply beams failed under uniform 

cold-aoak conditions, while three-ply beams developed„no 

- ^damage except when quenched in cold alcohol, indicates either 

(a) that the1 stresses at the interface in three-ply beams 

differ from those in two-ply beams, or (b) that the stresses 

at the- interface changed due to the deflection of two-ply beams. 
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2. The consistent failure of beams made with a filmed 

surface at the interface indicates that the conductive coat¬ 

ing either (a) affects the strength of the bond, or (b) in¬ 

fluences the stress state in the glass next to the'interface. 

Experiments indicate that the strength of the bond is reduced. 

3. The most extensive areas of delamination were ob¬ 

served in two- and three-ply beams with a conductive coating 

at an interface. This shows that délamination takes place 

more easily at an interface next to a conductive coating; this 

conclusion is corroborated by the fact that delamination in 

commercial windshfefds occurs most frequently next to the outer 

pane, which has a conductive coating* 

ti. The fact that beams laminated in the laboratory de¬ 

veloped more edge cracks than commercially prepared beams in¬ 

dicates that the extent of edge chipping depends largely on 

... the condition of,the glass edge; however, it also was evident 

that a multitude of edge cracks did not, as a rule, develop 

; . . ¿ into more extensive damage at the edges, nor did they produce 

complete failure, of the glass panes* 

*•• •' t,hat nearly all jlj&cal damage in the glass 

occurred at the edges indicates a concentration of tensile 

,, . stresses in the glass very.near the edges. The appearance of 

the fractures indicates that tensile stresses nearly perpendi¬ 

cular to the interface were the cause of these failures. 

6. The fact that chipping occurred in glass ‘which was 

not filmed agrees with the occurrence of chipping.at the inner 
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pane and the absence of chipping in the outer pane óf commercially 

prepared windshields, except near the bus bars. Chipping under¬ 

neath the bus bars in the test laminates agrees with the occurrence 

of chipping at and near the bus bars in the outer pane of service 

windshields. 

7. It was not possible to determine whether the stresses caus¬ 

ing délamination were of the same nature as the stresses producing 

failure In the glass. 

VI. CONCLUSIONS 

Cold-soak stresses have their largest value at the interface of glass 

and plastic where they appear to be the most prominent cause of damage. 

Damage under cold-soak conditions has been observed in aircraft windshields, 

although the use of a parting medium has overcome this difficulty to a cer¬ 

tain extent. Damage at the interface in service and in the course of various 

laboratory experiments has been observed frequently and may be .due-also to 

cold-soak stresses or stresses with similar action. 

The analytical study of stresses at the Interface of the laminate is an 

extremely complicated problem whose solution has not been achieved. 

Several methods of experimental stress analysis have been considered as 

a solution to the problem of determining the nature of cold-soak stresses in 

laminates. The photoelastic technique was found most readily applicable; 

however, little success has been achieved with this method to date. 

The nature, cause, and effect of 'damage under cold-soak conditions have 

been studied. Cold-soak damage consists of damage at or near the interface. 

No breakage, other than chipping, of laminated glass windshields under cold- 

condlticms has been reported, although such failures have been produced 
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on small beams in the laboratory. Interface damage is objectionable as such 

and frequently is a contributory cause of outer pane breakage. 

Consideration of the viscous nature of the plastic indicates that cold- 

soak stresses depend on the cooling rate and the sequence of loading cycles 

and, therefore, are not strictly an elastic problem. Failures under cold-soak 

conditions depend on the properties of glass and plastic, the strength of the 

glass-plastic bond, and the effect of the conductive coating; information on 

these properties is limited. 

Damage in cold-soak tests conducted by the aircraft companies has been 

studied and some correlation with damage under other test conditions has been 

established. Cold-soak tests of small laminated beams have been performed in 

the laboratory; these tests yielded some information on the effect of the de¬ 

sign of a laminate on Its resistance to failure and on the conditions under 

which failure occurred. The nature of the damage in small beams was similar 

to that observed in tests conducted on windshields by the aircraft companies. 
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APPENDIX A 

THE BEHAVIOR OF r.jO-FLY (GL^SS-PL/.STIC) LA>-TM:-.t^ 

SUBJECTED TO UMIFORKi. TBiPERATURE CHANGES 

I. IHTROKiciriQH 

The bending properties oí' fvo-ply (glass-plastic) laminates sub- 

; jectf;d t0 uniform temperature changes .wore'¡studied experimentally by 

./placing test specimens in a thermostatically controlled air ch/asber and 

measuring deflections and flexural strains ¿Ah dial gages, and electrical 

resistance strain gages. 

The experimental data v/ere compared v.ith the analytical theory for 

two-ply Icminatoclbeams, developed by s. Timoshenko* for application to 

bimetallic thermostats, and with extensions of this theory to laminated 

plates# 

Glass failures which occurred in low temperature ranges irero 'studied 

with the aid of photographic technique for examining the fracture-sur- 

façon# 

III EXPERIMENTAL MEA.SUIMiENTS OF DEFLECTIONS and ELEaimi STyiUS 

A, Description of Apparatus 

All uniform temperature tests were performed in a 12..cubic 

foot, constant-temperature chamber made of Celotex and fitted with 

double-pane observation windows (see Fig. A-l). 

cur rial of the; S»^Timoshenko, "Analysis of Bimetal Theraostata", Journo 
Optical oocioty of Amr.rip.-^ n (Sept. 1925), 233-255.-: 
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Air, circulated through the test chairber by means of sn electri¬ 

cally driven blower, served as the heat transfer medium. Desired test 

6, temperatures were obtained by means of a thermostatically controlled mix- 

■>., ing valvo which appropriately directed the air over cither a tray con- - 

taining broken pieces of carbon dioxide (dry ice), or series of electric 

1 ■ heating elements,. 

’..¿l-t'i ■;•' Experiments were performed on three different specimens, the 

dimensions and mounting conditions of which .are summarized in Table A-I. 

Several preliminary experiments. were performed on a single 

glass pane (Specimen No. 3) with temperature changes from 60° F to 

-150° F and from 60Q F to 0° F to measure the temperature stability of 

the test chamber and to determine the corrections needed in two-ply, 

. experimental results to compensate for thcmal strains, m the dial gages 

and gage supports, measurements at various points in the chamber in- 

dicatcd that temperatures on the same horizontal plane would vary less 

thati + 1° F. The corrections in dial gage readings caused by thermal 

: :/- •• v;’ contractions or elongations of the dial ^ages and gage supports amounted 

. 'Ó V to lass than 0.0005 inch for the maximum temperature change recorded. 

SP.-!*, Type A-l electrical strain gages were placed at intervals 

along the top glass surface of the laminates to measure flexural strains, 

■.. ‘■'•'i'.. :. : \ ; ' ... 

la i.-;. i.y • p :./,1 e 3$ ■. 
i :i; v'- I mm •1 ^v-..;A. •' ^ ‘vAï 

AÁV 
¢-:0^ 

: 

r. 

:&r\u-v ‘ 
¡.V Vv¿.-V;" ‘ :j . ! 
» " 

gages* were mounted above the beam to measure deflections, and 

" , jllmocouples** were placed in various positions on bottí'tho top and 

■ r--.':-1 ..:1-. -- . - -1.- '• *• .••' 

--. r ‘î Ê' 

^One-inch tráv«4, 0• OOÍvln• PedetaX Gages, 

**Iron-constant an junction soldered to a copper foil button cemented 
WA ' to the surface of the laminate with sodium silicate (water glass;. 
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bottom surf^cos of the laminates to measure temperatura, in all o:<peri- 

merits, the dial gagea were mounted* on Invar supports/' . 

Strain.gage readings (microinches per inch) were obtained from 

a Baldwin SR-li, Model K, Strain Indicator. Temperature compensation was 

obtained by using a dummy gage' mounted on a single glass pane located in 

the test chamber as one of the reference arms of the* indicator's Wheat¬ 

stone bridge; thus, the strains measured are those due* only to bonding 

resulting from the difference between the coefficients of expansion of 

the glass and plastic. 

Millivolt readings, obtained from a Leeds and Northrup Potentio¬ 

meter (using a 32 K water-ice reference junction), wore converted to . 

Fahrenheit temperature .mensuruHents with 'the aid of-standard-conversion 

tables provided by the potentiometer manufacturers. .. -..- 

B. Experiments with ^ro-Fly (Olass-Flastlc) Beam (Speclrcan Nq, 1) 

The laminated befaia (Spocimon No* 1) was simply supported on 
-. ’ . * ■ r ■ • . 

round rods,- irith .gages and thermocouples located as shown in Fig. A-2* 
'• / • 'dv 1 \ ■ ' v; ; .. , 

Thcbdam' was placed.in the insulated chamber at room tempera- 

ture, and then the température of the chamber was gradually lowered to 

•-35 F* Negligible strains' and dpfloctions were observed above LO0 F, 

but belcw hO F tho^ became,. comr.Karatively large-. Table A-II summarizes 

the experimental data. The average temperature of the beam r.presents 

the avorage of five, themocouple readings on both the top and bottom •' 

surfaces of the specimen :and tvro thermocouple readings in the vicinity 

of the dummy ¡strain gage. The temperature varied .less than + Io F * 

• . ■ ‘ ■■ ? 1 * .. 1 1 .. ' ..— .. i.— . 

. ; Invar is ah iron-nickel^alloy with the lor/ thermal coefficient of 
linear expansion of 0.8 x 10^° (irj/in)/°F. 
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Table A-II 

STRESS AND DEFLECTION OF A TWO-PLY (GLASS-PLASTIC) LAMINATED BEAM (SPECIMEN NO. 1) 

SUBJECTED TO A UNIFORM TEMPERATURE CHANGE BELOW 1¿>* F 

■ 

1 

. i 

Reading 
No. 

— 

Time from 
Beginning 

of 
Test 

Average Temperature 
of Bean J 

Change in , x 
Temperatura^^ 

Average^^ Observed Deflection, S 

Fotenti cmetei 
Reading 

i » 
[’emperature Hi

 
U 

i 
°
 

1=0.115 x*o.2UiU x = 0.369 
x-0.500 
midpoint 

rain mv *F •f in. in. in. in. in. 

1 

2 

3 
U 

5 

6(c) 

0 , 

30 

US 

6o 

75 

105 

+ 1.03 

- 1*27 

- l.uS 

- 1.5U 

- 1.38 

- 1.83 

67.6 

- Í3.Ó 

- 19.8 

- 23.3 

- 21.7 

- 3U.2 

- 53.0 

- 59.8 

- 63.3 

- 6L.7 

- 7U.2 

0 

- 0.0019 i 
- G.00li9 

- 0.00U9 

- 0.0051 

- 0.0063 

0 

0.0335 

+ o.oiai 

+ o.ol:l9 

+ 0.0U25 

+ o.oLUL 

0 

♦ 0.0628 

+ 0,0756 

+ 0.0771 

+ 0.0703 

+ O.O83O 

0 

+ 0.0801 

+ 0.0965 

+ 0.0985 

♦ 0.1001 

+ 0.105L 

0 

♦ 0.0858 

+ 0.1030 

♦ 0.1052 

+ 0.1072 

♦ 0.1122 

ng 
No. 

Nonnaliied reflections, (S/h)AT 

x= 0 x= 0.115 x=0.2U* x= 0.369 X =0.500 

(in/in)/*F (in/in)/*F (in/in)/*F (in/in)/*F (in/in)/*F 

2 
3 

5 
( . 

7 

0 

6 

0 

0.0022 

0.0025' 

G.oo:L 

c.oo?L 

0.0022 

O.OOI4O 

0.00 Lit 

•J.OOL2 

0.00L? 

O.OOÜO 

0.0051 

0.0055 

0.005h 

0.0053 

• O.OO50 

0.0C5h 

0.0059 

0.0057 

0.0057 

0.0053 

A 

h =0.1675 in, 
ë 

=: 0.120 in. 

L= 20.00 in. 

1 

Glass 

Plastic 

h=hg + hF = 0.3075 in, 

m * h /h ■: 1.562 
6 P 

p = h/h = 65 .OU 

>> 
i 

Reading 
No . 

T .: ■ ~ 
Average 

-,r T' 

- - 
Flexural Strain, e, 

>T -11 ass 
Flexural Stress, <r, 

on Top Hass Surface. <t/AT 

* = • .007 
i 

i - w .¿ÚO , X = ^ .300 X =1 G.OO7 X m O.2U6 x = 0.500 X* O.OO7 x = o.?U6 
_ 
X m~. >vX 

.1* i n. - i n ” 77; (2-} . /, i rv m 1 n/ i r. p«i psi psi psi/* F pai/*r psi/* F 
■3 

? 

3 

h 

5 

6(c) 

0 

71 

138 

1U9 

IU9 

181 

0 

138 

175 

171 

191- 

0 

1U3 

203 

209 

226 

710 

1380 

1L90 

IU90 

1810 

0 

1380 

1750 

1710 

1910 

0 

1U30 

2030 

2090 

2260 

13.L10 

23.08 

23.5U 

23.03 

2L.39 

26.OL 

29.26 

2Ó.L3 

25.7h 

26.98 

33.95 

32.30 

30.U6 

NCHENCLATURE 

e = flexural strain at top glass surface 

hp = thickness of plastic layer 

L = length of beam 

p = L/h - shape ratio 

X = distance measured al ong beam 

S = deflection of beam 

h = thickness of glass layer 
s 
h =r h +h = total thickness of be«n 

P ë 
m * h /h = thickness ratio 

S P N 
AT — change in temperature from U0# F 

X = x/L 

<r - axial fiber stress on top glass surface 

NOTES 

( a x 
'Reference temperature is UO* ¥; no deflection was observed above that point. 

' Heaaines on gages symmetrically placed about the midpoint of the beam are averaged I ~3 

Failure of the beam occurred before this reading was made. 

! ♦ s, 

(d) 
These readings are also corrected for the lateral contraction (change in thickness) of the plastic. 



" from the mean value at any point on the bean. The chanfre in temperature 

of the beam was computed using bP°: F as the initial temperature, .since 

the plastic does not seen to have any effect on the beam above this 

. température# Readings arc recorded for temperature differences of 50° F 

to 75° F. Deflections observed on the dial gages varied from.approxi- v 

matüly.-0#(X)í)'inch (negative sign indicates that the top glass surface ' 

moved doTOward toward thö supports) .over the'Supports to-as much as 

40,1122 inch at the oidpoint of the bean. The deflection over the sup¬ 

ports resulted from the contraction of the plastic in a direction per¬ 

pendicular to the plane of the. plato; the effect of this contraction may 

be separated from ¿he flexural deflections by subtracting the. deflections• 

over the supports from the readings at other points along the beam, 

• Since' thy flyxural deflections would be expected to vary nearly linearly 

vdth 'the temperature, it is convenient to express the deflections in 

normalized fora: 

where ? 

S ■ honaalized deflection,. (ij.i/in)/°F 

fi • observed deflection corrected for the 

contraction ofuthe plastic (change in thickness), 

. ■ in. r V . 

h • total thickness of the laminate, in. 

AT » change in temperature, °F. 

If the dependence of deflection on temperature were exactly linear, the 

normalized deflections should be the same for each reeding. Inspection 

of the values given in Table A-II indicates that the observed values vary 

.... ' ' 4 ' - 
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less than 5 por cent. The moan maximum deflection is 0.0056.3 inch per , 

irich of bean thickness per degree temperature chango. . ,f 

The average.flexaral stress on the top surface of thc -glass was 

obtained by. multiplying'the elastic modulus of the glass by the flexural 

strains recorded from the strain indicator* -A maximum flexural stress of 

'¿■260 psi was recorded at the midpoint of tlK- beam for =a temperature change 
• ■ j * 

of 7lj0 F. 

Since the stress is .a. ..linear function of temperature> it is again 

convenient to use a normalized form: 

• - IT 

c? " — 

where 

CT = normalized stress, pel 

(Tobserved stress, ps.i 

AT, = total change in temperature, °F 

' ■ Inspection of the tabulated values indicates satisfactory 

agreoment betvreen observations of-the normalized stresses at the samo 

point on the beam for different - temperatures. The mean flexural stress 

on-the top glass surface was.26.psi/’F. Normalized deflections and 

stresses are plotted-in Fig.- A-3 and Fig. À-V 

At approximately -25° F, a fracture in the; glass was observed 

near thé end of the bear: just above the plastic-glass interface. The 

plane of cleavage wás parallel to the interface surface; in effect, a 

layer of glass was pulled away from the beam ana adhered to the plastic. 

As the temperatui’e was loweréd¿ the crack spread along the edge toward 

the midpoint of the beam and simultaneously became wider. By lowering 

the temperature- to.-50° F, it was possible to separate completely a 

. ■ ■ ••••>. ” ■ - 
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Thicltneas Ratio: m ■ h^/hp • 1.562 

Shape Ratio: p - L/h - 75.90 

For theoretical curve: 

■ 0.005913 (in/in)/°F. 

lib ±=1 DEFLECTION CURVE d TWQ-PLI (GLASS PLASTIC) BEAM AT 
4 0- 

UNIFORM TEMPERATURE (DIAL QAOE READINQS) 
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Shape Ratio« p » L/h » 75.90 

For theoretical curve« 

•jŸ " ?7.26 p8i/°F. 
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Distance from End of Beam of Unit Length 
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section approximately 6 inches long at the end of the beam. Fig* A- 5 

shows the beam after failure. 

C* geperiments with Two-F;ly (Glass-Plastic) Plate Specimen No* 2) 

The two-ply plate (Specimen No* 2) was pin-supported at each 

corner. The location of instrumentation on the specimen'is shown in 

Fig. Á-6. 

The plate was placed in the insulated chamber at room tempera¬ 

ture, and then the temperature of the chamber was gradually raised to 

150° F. For temperature changes of as much as 100° which occurred above • 

hO F, the strains and clef lections observed were negligible (less than 

Q.001 inch) so that the plastic may be considered to have a negligible 

effect on the bending of the laminate in this temperature range. 

In another series of three experiments, the plate was'- placed 

m the insulated chamber at room temperature and the temperature of the 
.i , -.. ..... * ., 

chanber vraa gradually lowered to temperatures between itO° F and -60® F; 

ïable A-III summarizes the experimental results. The average tençerature 

of the. plate represents the average of 10 thermocouple readings on both 

the top and bottom surfaces of the specimen, A dummy strain gage was 

mounted on a single glass pane 2 inches below the test specimen; however, 

no temperature measurements were recorded in. this'region. 
. ,7 

Jit;.»ras indicated that for most measurements the temperature 

variation over the surface of the plate -was less than + 2® F i'rcm the 

mean. The change in temperature of the plate was computed using JuO® F 

as the initial temperature since the effect of plastic is comparatively 

small at higher.temperatures. Total temperature changes of or much as 
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97?;F were obtained. A máximum doflection of l/á inch vais obtained at 

the center of the plate. No deflection measurements wore made over the 

supports so that the effect of the contraction of the plastic perpendi¬ 

cular to the plane of the plate‘could not be'determined In this series of 

experiments. 

1 The flexural deflections should vary nearly linearly with tem¬ 

perature; therefore, it. is convenient again to express the deflections in 

normalized form: 

I - (&A) 
AT 

Maximum deflections at'the center of the plate as a function 

of temp er ature are plotted in Fi,'; •. A*^ . Normalized deflections as a 

function of position on the plate are plotted in Fig. A.-fi . Inspection 

of the values given in Tablé A-III indicates that, the observed deflec- . 

tions expressed in normalized form vary less 'than .10 per cent from the 

mean value of 0.00879 (in/in)/°F. 

In the center of the plato, tvro strain gages wore placed so. as 
.-3. ' • . . ‘ . • * , * ■ 

to measure the strain.in perpendicular directions. The stress in these 

directions may thon be obtained from the stress-strain relations, 

Et '7 ... I 
*—» f e + 7J _ , 

ß y O’- = ■—(ft + Vr, ej 
z 1 V¿ ' x 

g. = 

and 

<4 - 

ft! ‘ >y -.-' (i 

'‘TyWÊS 
1 - V 

( i> e + e ) ■ g. X y 
g 
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The letters A,B, . 
dial gages 
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TO A UNIFORM TEMPERATURF CHANGE 



where» 

V 
CT . * normal stresees 
* y 

E * modulus of elasticity of the glass 
es 

lJ m Poisson's ratio for the glass 
8 

\) *y * normal strains in the direction of the length and 

width of the plate,, respectivé¿.y. 

A maximum flexural stress of 4839 Pßi w*s observed at the center of the plate 

for a temperature change of 95°F. 

Single strain gagea were also placed along the edges of the plate 

at two places (Positions A and H on the diagram in Table A-IIl); however, 

these gages measured the strain in one direction only and, therefore, stresses 

obtained from these readings by multiplying by the elastic modulus for glass 

necessarily neglect the effect of Poisson's ratio. Nevertheless, stress values 

computed in this manner are also included in Table A-III. The maximum stress 

at the center of the plate is plotted as function of the change in temperature 

in Fig. A-Q, 

At approximately -50°F, a fracture in the glass similar to that 

which occurred in the beam was observed near a corner of the plate Just above 

the Interface. As the temperature of the plate was lowered to -60°F, the fail¬ 

ure spread along the edge of the plate and simultaneously became wider. 

III. *' DISCUSSION'OF GUSS FAILURES IN COLD TESTS 

In.the low temperature test of the beam (Specimen No. 1), failure 

ocourred at a temperature of -25° F* The failure consisted of a single 

crack in the glass near one corner of the beam, Just above and parallel 

to the glass-plastic interface (Fig A-lO) • By lowering the temperature 

of the specimen it was possible to cause the crack to propagate into the 

interior of the beam. At approximately -400 F, another crack appeared 
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aV' ariother corner of the beam ahd .r.lso proongcted into the interior . At 
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>50f>> the two cracks covered 80 per cent of the area of the beam (i'ig>' '" 

«y:'¿i>, ■ - v: ■' : -¾ ; 
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The glass which; adhered to the plastic separated from the failure sur 

. face in one piece without br^éaking. The thickness.,of this layer varied 

‘ from Ö,010 to 0.025 inch. 

The fracture surface ekhibited a systen of tiny scratches. These 

scratches y/e^e /examined by a photographic technique suggested by C. D. 

Oughton, According to this method a photogram of the fracture surface 

is taken by placing a piece of sensitized photographic paper directly 

under the glass and projecting li.7ht through the fracture surface 

(Pig* A-là* A standard photographic enlarger was used as the light 

source. It was found that the smallest possible diaphragm aperture 

was necessary to get;good definition of the lines bn. the fracture. 

,r\.‘ 'surface.' 

A photogram tatajn in this fashion is shown in Fig. A-13. J. B. ' 
■íHf ■ ' ••; •• - . ’ 

¿-urgatroyd first originated a nomsnclature for glass markings of-this 

' type. The long ar.ee ’(Fig. A-13) are called -'rib'- lines -nd represent 

rest points in the forviard movanent of the fracture. Thus, the rib lines 

indicate crack propagation fronts and show the direction in which the 

failures travel. The fine lines perpendicular to rib lines are called 

marks* They occur when, glass fails under a strong shearing 

•Cv;'íbrbe-'.ahd pröbably-represent: ninute-oiracks in the glass as it peels avmy 

from the fracture surface. 

; C. di Oughton,. «Analysis.of Glass Fractures”, Glass Industry, Feb- 
ruary, 19li5, Pi72« - ; 

7,;. ' J, B* Kurgatrbyd, îrThe Significance of Surface Marks on Fractured 
Glass”, Journal of the Society for Glass Technology, XXVI (19Ü2), 156. 
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The. specimen used in thé experiment wan sawed from a larger laminated 
L1: • ,..-, 5 •; 1 ., ■' ;J; ’■ r ■. ,- *. 

plate and the eawed edge v/as not polished# Inspoction of í ie* a-Ïî in- 

dicates that failures began at tiny cracks along the sawed edge, joining 

with other failures as they grew largor, and finally moved toward the 

centerline of the beam as one crack. The other edge of the beam was' 

factory-polished and the failure at this edge appears to have started 

independently at points approximately 1/8 inch from the edge. Between 

the edge and beginning of the glass failures the glass and plastic appear* 

to have delaminated., The failure at the polished edge began at lower 

temperatures than the failure at the sawed edge, 

Iv* THEORETICAL DETERMIKATIOi'! OF DEFLECTIONS AND FLEXURAL STRESSES 

The deflections and flexural stresses in a two-ply beam subjected 

to a uniform change in temperature may be obtained by using? the theory 

developed by S# Timoshenko.. The theory is recapitulated below and ex¬ 

tended to two-ply plates. 

A. Theory for Two-Ply Beams' 

Consider a slender beam made up of a plastic strip laminated to 

the bottom of c> glass pane (Fig. A-&). Because the thermal coefficient 

of the plastic is greater than that of the glass, an increase in tempera-' 

ture will cause bending of the beam .with the' concave side upward. Assume 

; that'the. bending moment and the axial normal force in each layer does not 

vary along the length1 of the beam. Consider an element of. the béam cut 
• ■ - :.-- /.;• - ' ■ ' Ki.v..; ^. ; • v /- 

out by two adjacent sections, mn and pq. ..Tho resultant of the stresses 

SE* Sil’ Seeajso S. Timoshenko, Strength of Materials, Part 1. 
Second edition, 1). Von Nostrand (New York), 1910,, pp, glB-¿19. 4 
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acting on the cut section of each layer will bo statically equivalent 

to a nomnl forco and a couple. (The shear force is neglected.) 

The following notations vá'li be used in the theoretical analysis: 

b X width of boom 

I Eg « elastic modulus of-glass 

V £p = elastic modulus of plastic 

f thickness of glass layer 

bp = thickness of. plastic layer ‘ 

h ^‘‘g + hp - total thickness of‘beam 

I g * mcan?n,t inertia of {jlaos cross' section about 

cehtroidul'axis 

Ip = moment of. inertia of plastic cross section about 

centroidal .axis , 

L ~ length of finite beam '' 

m s: ^g/hp - thickness ratio 

n - Eg/Ep - ratio'. of-olastlc mcKiuli 

. p. - L/h = shape ratio 

. r = radius of curvature-of beam ; . 

• Tl> M1 “;foice- *v-nd couple statically equivalent to normal 

-. . stresses acting on cross section of • glass layer 

^2 - í0rce and couple statically equivalent to normal 

stresses acting on cross section of plastic layer 

■6T = increase in temperature of beam from unstressed 

condition 

th&rmal coefficient of expansion of glass 

O-p - thermal coefficient of expansion cf plastic 
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• ‘ C = deflection 'if trm 

c 
C" ” mximm dtflaction rf ^..nn — 

> 1.« . ' * 

•S s cästnnc* fror r.id^oirit -rf t-van 
■.. ... j' ‘T \ ;■ , 

0 - fib'ir. stress-.r lûÿs surfr.c.o \ 

tJ.net there arc* no fpreis nctii^ cn th, i 

CMlt-mt force, -nd croupis on c.ny section r.ust. be zero, Theru^rt:. 

n 

: .no 
=P2 = f a-lj 

f(n + h ) 
_.P- 

But from the usual boar, theory^ 

• , -5i 
H r 

thot Çq. (A-?) becomes: 

= la-i + 1-:. . 

\iv 
¿ I 

V = JLt 

(A-Z ) 

(A-3J 

2 1 “ CVk + W ? = 0 *' (A-i:). 

Toe^/jri'ii strain on the interface surface ce*' n¿si 1* u*.. game 
y 

in th« piiss ond plastic ls.ye.rs, so th'-fc 

r. 

or 

ri !l (-. h- 

i yTn 5r °S ^ h b ?r 
•' P f1 

■rTF + r¥T; ,F + ? ? --= ( - - ) ¿T- 
g « r p V " • )■ »* . . 

. '■ .* ' *■ 
Solvin? ¿tpi (A-t) and (A-ï) chvât-jicouùlrTffrj/r^ftvùs 

(A-f) 

.) AT 

2 I r + -(^ I + £ I ) -¡’tSTT-r + - -r fü ,,,.. i Ü f i p-p7 ‘.¡orr+ rrp' 

(A-b) 

3. hjnoshonko, 3trenr;tl. or (/.torir.lc, Pr.rt 1, 2jv¡ áLtioo. n. 
lios brand Co. (tip:; YorüTmü), o. 91.-r- . 
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I ' 

•■ Equation (A-6) can be.written in terms of the ratios of the 

thicknesses and elastic moduli of the two layers; .thus, make the sub- 

ßtitutionsi . 

h 
m = 4 and 

• E 

(/-.7) 

and use the expressions for moment of inertia: 

,3 
and bhg I =r _L. 

g 12 

bh ^ 
I = —EL 

P 12 

Thon: 

h 
r AT 

6 (1 + m)L ( V. - i ) 
-iL— 

3 (1 + |).if +' (1 + m3n) (.1 + 4) 
mn' e 

(A-8) 

The maximum deflection of a simply■ supported beam of .length 

-, L wil1 bc given fey thc’ f-ltitudo of a segment bounded by a circular ore 

of length L and its subtended chord: * 

¿ 3 ' : 
max . 5r 

or 

( ¿ /h. ) 2 max n~ / 
_ at ‘ " r (f A T <' (A-9) 

..f;, y/here p = L/h. 
. ^ , 

the oriein of ^rdinates is taken at the center of the 

span, the deflection curve is^given approximately by 

lA-10) 

The fiber stress at the top glass surface is the algebraic sun of the 

flexural stress and normal stress: • — 
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■i-:, 

./. -, . - ■ 

» •'Y- : M'v-i 

or 

^ V. h E .<r= ¿-o 

^= ' Ec (rir ) 

2m2 + 3?. —i. 
_ mn 

6(1 + m) .(/¡-11, 

*“ tfi Sie” iMi^ t*p.r„t„re 1¾¾ ;ew,. risc t0 
. coiaprossivG stresses# 

MUctim, ,„d ,ft|| * oomputâd y ¡¿io Spl for b £g 

having dimensions identical tn rhr,c*~ » 
to thoSü of tho be.™ used in the experimento.] 

work. The predicted deflections and «tresses %■ 
presses arc also compared with the 

observed values in FiEs. A-3 and :Ú. 

V.._ B> jh-cOfy for TvTc-fljv Platos 

Consider ., plot, of infinite cl;Ul„t m.ld. ¿ if| 

laninntod to the botto. of , ||3 If t| 1¾¾ of the L. 

onnte is ch,„e„d, the jig „m be„d ^ t0 g g |¿ gga 

coeffiCiento of »xpjng« of the gss end p/|tk :¿Í£ tllat th„ 

^stresses do „,t vory over the &g of the plot, (¿y „y^oÂhÍy 

T mr th0 tMCk"“S) - - indent of direction. Consider , 

^=llindric,l,l„e„tc«t,r»theplate,sshon„i„FiE. n.!;. The ' 

■ »trtsses.d» the cut .octi«,4ii bc ¿Wy distributed aroiuid the 

ifiÜ **«*»*• WW’ - # layer „1H be staticnlly 

equivalent to,.= load .and a couple unifo„ly distributed around the cra„ 

section.' 

“f t**«* »■»d.Am-jm t. 1. 
analysis of this bending. 

a = length of finite.{»lato 
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b = vddth of finite pinte . . 

D = flexural, rigidity of glass pane 
& ’ 

= flexural rigidity of plastic layer 

E = elastic modulus of glass 
6 

= elastic modulus of plastic 
P 

h = thickness of glass pane 

hp = thickness of plastic layer 

h = h + h = total thickness of beam ^ g p 

,22. L = Ya , + ^ ~ maximum distance between supports 

m =: hg/hp = thickness ratio 

n *= E/Eä = ratio of elastic moduli 
& P 

. p =• L/h - shape ratio 

,1 - V x 
q =:. i j =r constant dependent on Poisson’s ratio 

' * ‘ P 

r = radius of curvature of plate 

Pp = force and couple per unit length statically cqui- 

valent to normal stresses on lateral surface of 
.•• •«; ' ' ; . ' 

glass pane , * 

Po> .Mg “ Porce vand couple per unit length, statically equi¬ 

valent to normal stresses on lateral surfacqs of 

plastic 

AT = increase in temperature of beam from unstressed con¬ 

dition 
;--o . . , ' 

thermal coefficient of expansion of glass o 
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s 

9¿, sr thermal coefficient of. expansion of plastic 
P • 

ÿ s. deflection of plate perpendicular to its plane 

Â ^ = maximum deflection* of plate 
^ max 

= Poisson's ratio for glass 
g 

7/ = Poisson's ratio for plastic 
P ■ 

= distance from midpoint of plate 

Q * = fiber stress on top glass surface parallel "to length 
X 

of plate 

.T = fiber stress on top glass surface parallel to ;d.dth 

of plate. 

Because there aro no external forces acting on the plate, the 

resultant force and couple on 'ny internal surface must be zero. 

Therefores 

P-, = P. = P 
1 c 

(A-12) 

and 

F(h 4 h ) 
-= M-, + H, (.-13) 

Put from the usu.^l plate theory: 

(1 4 v) D 

“l = 
’.nd 

O 4 V) n 
k =-2—H 
2 r tt-lh) 

so that Eq. (A-13) becomes: 

j P - i (1 4 ty Dg 4 (1 4 yp) Dp ' i = 0 (A-15) 

S. Timoshenko, Theory of Platea and Shells, McGrsv/ Hill Hook Co.f 
(New York,19li0), pp. 3U-52. 
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The radial ntrain on the interface must be. the seme in both thu nlass 

and plastic layers, so that: 

P, n 

<y.FAT+(i-vg) rr|^+a-^) ■£- rr-(1-/p) ï 

or 

• I-?; 1-r x • (1 - V)h 4 (1 - ¿* )h v 

! 4 rr^ f --^ if,' ' ^ - V " ' 1 ^ ^C, P.1) 

Solving ilqs# (A-15) and (A-16) simultaneously gives: 

1 h(%~ ^)AT 
?' |h (I-i.* jli +(1-7. )h 1 * (A-17) .. T-TZy—r~a-"‘ 

2;—-£' £■■■,-£-^-+: (1 + 7- )D +(1+ î' )D I I r-^+7-7-2 . 
¡ U «ne p p!í h L hL ' 

\ - - ■ î; g p p 4 

Using the definition oi flexural rigidity; 

3 
ieli 

e 12(1 - >•> .") 

tnd making tho substitutions: 
•• 

’h .Z 
, h.= ^ , a 

• P P 

■-.nd 
E^h ' 
JUL 

12(1 - Jy) 

1 - V. 
UKÍ q Ä ar ■ ■ ■ -»A , 

1 1-37 ' 
P 

q. (/.-17) becomes: 
* 

h 
6(1 + n)^ (C^v - ■$ f) 
—_ ., .,.,,.-.1.. ,. „ • L- . (A-1P) 

r A T / 1 , / . 
3(1 - (1 4 m) (1 h mq) 4 (1 4 1 4 -i- i p . *. \ q \ mn 

i. , 0 

This reduces to Eq. (i-11 ) if Poisson^ ratio-is zero.. % • ; 

The maximum deflection of a rectangular plate vdtiv length a 
* 

rJid jridth b , pin-supported it th. corners will be approximated by the 
♦ * * . • » 

4 * r 

altitude of a. segment of a great circle of a sphere of radius r bounded 

by «?n arc of length . L = 4 h2 , that is 
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* •• 

ncx = H? 

or 

^ „2 u . 

--V AT 
(:.-19) 

If the origin of polar coordinates is taken at the ctnUr of 

the plate, the deflection of the plate vdll be given npproxirn:.tay by: 

t í: 
& = c ' i -1* ; -f- ) eiajf I- 

(A-20) 

whore ^ in the distance from the conter of the plate. 

The fiber stress at the top glass surface is the algebraic 
• *• o a 

cum of the flexural stress and nor?:)0.! stress; 

r 
¢:-¾ • 

Using the equations developed for’on infinite plate the result ivas the 

following expression for stress, -Mch approximates-the fiber stress, in 

•.a rectangular plate at points removed from the edges, 

' E o .. 
“sr- 

, ' 2m^ + 31^ “ ; / h » ' mn 1 
rr '.r f / 

(A-?l) 
6(1 + m)1- 

Deflections and stresses are computed in Table A-V for a plate 

with the dimensions used in the experimental vrork. The predicted deflec¬ 

tions and stresses are also compared vñth the observed values in Figs. 

(À-8), (A-9), and (A-10). 

V. CONCLUSIONS . 

A. Above 1:0“ F, the plastic in a two-ply (glass-plastic) laminate 
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has c. negligible effect on the.'lominatela thtxtial-elastic behavior# 

In particular, negligible deflections and bonding stresses will bo in¬ 

duced in a laminate subjected to ¿ uniform temperature change above 

h0° F. ‘ 

Belov; 1^0° F, comparatively large deflections are induced in a 

two-ply (glass-plastic) laminate by subjecting it to a unifom tempera¬ 

ture change# In particular, for a simply supported beam whose ratio of 

glass thickness to plastic'thickness is approximately 1.5 and whoso span 

.. to total thickness ratio is 6ji, tlie maximum deflection observed ereperi- 

monta iiy was 0.0056. inch per inch of plate thickness per degree' of 

temperature change. For a rectangular plate, pin-supported at the corners 

and with the same thickness ratio as the beam but with a diagonal span 

to total thickness ratio of 75, the maximum- deflection observed experi¬ 

mentally was O.OOßß inch por inch of plate thickness per degroa of tem¬ 

perature change# In the case of both the boom and the plate, the- deflec¬ 

tion surface was approximately the cap of a sphere. 

. Ct The fiber stresses in the glass layer of a two-ply laminate 

vary slightly over its length ('and width). For a beam with the shape 

and thickness ratios given in B, the average fiber stress observed on 

the’top glass surface was 26 psi per degree'temperature change# For the , 

plate with the dimension ratios given above, the'maximum fiber' stress on 

the top glass surface was Approximately 50 psi per degree temperature 

change# 

D# When a two-ply laminate is subjected to a température change • 

below liO° F, a concentration of normal stress arises along the glas.'s- 

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 

Project. No. 90-692j 
A - hi Report No. 36 



plastic intorincc at the corners of the specimen. For th¿ font b£ 

d03Crib6d Ín 0 a' fraturo docroaso of 60« F was sufficient to causo 

failure* 

E. In a beam having one rough and one polished edge, large but 

eradual temperature changes initiated cracks in the glass at the rough 

edge with no failure in the: bond. Further temperature changes produced 

* i/6'lnch bond failure on the polished edge before failure of tho glass 

occurred. In general tho bond show? greater strength at low terme raturas 

than tho glass* 

F. The deflections and average fiber stresses in | tuo-ply laminate 

can be predicted adequately by the theory developed by £. Timoshenko for 

' aPPHCCWOn t0 thermostats. Tho theory predicts that the de¬ 

flection surfaces of simply supported booms and plates will be spherical 

Cap"i Th3 m?jdmum ,dcflcctlon as predicted by the theory is directly pro¬ 

portional to the total thickness of tho laminate, to the chango in temper¬ 

ature, and to the square of the length of .span to thickness, ratio. The 

deflection also depends in a complicated manner on tho ratio of glass 

thickness to. plastic thickness. The small discrepancy between aoperi- , 

mental and predicted values t probably due to tho difficulty in obtain¬ 

ing representative values-of the temperature-dependent•elastic'constants ' 
• ... * --. í 1 : ‘ 

of tho plastic for use in the 'theoretical. calculations. 

>hs '■1:aorTprodlots that the fiber stresses will be constant 

■along the beam, and tho numerical values predicted comparo with the 

average experimental stresses; however, tho -stress concentration in the 

actual beams causes a nch-unifore distribution of the fiber stress along 
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v. 

> 

the- boim and over the plate. Hence, the observed maxi/nem and minimura 

stresses v/ere above and below the ,average values* 
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APPENDIX 3 1' ■' 
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Vßr 
fe' 

> 

> 

PHOTOELASTIC STUDIES OF TOO- AND TKREE-PIY LU'INATES 

SUBJECTED TO UNIPOHK TEMPERATURE CHANGES 

-I. INTRODUCTION 

In general^ a shear stress distribution will exist at the interface 

between two.materials at any temperature other than the one at which they 

«ere bonded together. The magnitude and distribution of this stress will 

depend upon the change in temperature, the coefficients of thermal ex¬ 

pansion of the two materials, their relative stiffness and, in the case 

of those materials having time-dependent stress-strain curves, on the | 

time after bonding, in the case of laminated windshields, it is probable 

that the shear stress on the interface practically vanishes after a few 

dayS dUe t0 the stress-relaxation properties of the highly plasticised 

polyvinyl butyral plastic. • 

The nature of the shear stress distribution and its dependence on 

the factors listed are far from simple. The only available theoretical 

work is a paper by B. J, Aleck which gives an approximate solution for 

the case of a semi-infinite- plate clamped along one edge to an infinitely 

rigid material of infinite extent. This solution contains approximations 

which render it inaccurate in exactly that region where the predicted stress 

highest. Therefore, it was decided'to determine the stress distribution:' 

at the interface of two- and three-ply laminates by photoelastic methods. f' 1 

EcLe'* ^Irnai^íP1:^68363 “ 3 Rfictangu^r Plate Clamped Aionp an ,. - 
E4g J Jg^nal of Applied Mechanics, vol.16, June p, nfl " -¾ - 

• ' ' ■ • ; : , • . * •" :• ^ , '' - j- .- - 
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V 

II* TEST FliOCKnrfBR 

». t.st pioCes Mre two_ ,ntl thrM.pljr lmiM^ s ^ 

by « in. in thc plan8 of tie ^ Ite tfdckn,œ? of ^ ^ 

m ^ fro" * S^"- i ^ n,o.Ply latínat,„, 

i “ "SOd ln ‘“S ^ Oi plastic ^ t0 

: -. ^ Slnele P1“? »ft 8ÏSSÇ »rcc-ply lininate designatec a' elass-plastic- 

: IhG tM* # Placei in a ctobw ^ 

-.1» of selected annclc 5l,33 ttapÄ ,,hioh thä 

pass, »is ctab„ ,a3 so ^ thI sith„ ,sat8d „ ciioJrf a¡r 

cou» bo cinculated thnoueh U i„ œiritaln ^ ^ ^ 

T—.S in tnc ranE0 o, || | to t| F ,j« found t0 be ^ 

or tOjting the tFOrply 1,-minatns, since t,ith„ i|í|¡í m mt pnim 

sufficient stress to pc„,it * trate detain.,,.,on and ones 

.uskod failure of the spectaen Cy nhlppi„[; of J ^ dal!mi | 

-oth. louer temperatures were used for the three-ply- lâjninates. 

DJiSCUSSION 

? °‘ ** *U t0r ttS bohorminotion e, the shear stress 

d otribution on the glass-plastic interface arc readily detomined photo- 

elastically. The clroulur p.lariscope pi.es the loci of point, (lsochri>_ 

"**' lrlmeS) *‘rS thC ■“*“ ^ «-«s has certain Seï da. 

pond c„ the physical constants ef thc „.erial, « the plane pelari.eipo 

• = ‘P **"«“*• ”r lTOl °f Í@”‘F *nre the directions cf the nrinci. 
pal stresses coincido -h+k xu . 

onoidc pith the principal directions o, the polariscope 

(which »ay b, rotated to cover all possible directions).: 

f*0“1 "SÎA,CH 'OUNO*,,ON 0f fH iami: Of TECHNOIOGY 
Project No. 90-692J 
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For the purpose of these tests it vns fourd rose convenient to sketch 

the isochromatics and. isoclinics than to record them photographically- 

results for the two-ply laminate ore ahown in Fig. ^1. Perhaps the 

most striking feature of these results is the fact that the indicated 

values are .extremely lov, much lovær than would be expected from the 

fact that the. glass is known to fail;at temperatures only 10 or 15 de¬ 

grees lower. Two possible explanations, might b.e advanced: from-the 

fact that failure by chipping of the glass seems to occur at higher tem¬ 

peratures when there is reason to suspect the quality of the bond between 

P^ntio and glass, it might be- assumed that there are isolated spots of 

good bond which carry the entire load, thus producing local stresses 

which are high enough to cause glass failure while the average stress 

seen by the golariscope remains very small. . More probable, however, is 

... th° lWOtheSÍS that thü St— distribution is such that, the directions 

'•0f the PrÍnCÍpal 8treS8es in the glass change markedly from layer to 

layer along the optical axis of the polariscopo. Such stress distri¬ 

butions arc not suitable for examination by the usual techniques of two- 

dimensional photoelasticity» 

Several attempts were made to obtain information similar to that 

shown in Fig. 9-1 for three-ply laminates, but in every case difficulty 

was encountered with the isoclinics. A beam ,«de,up of two plates of 

3/8-in. glass separated by 3/8 in. of plastic w2 finally tried in the 

hope that the larger dimension would pomit a moro accuratè determination 

iodclinic pattern. During this test it became apparent that the 

isoclinics were changing positions as the temperature was lowered. At, 

some temperatures they became blurred and indistinct and finally vanished 
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«Itoothor. On tho bani» of this widsnen if is asccsiaiy to conclnde 

that the direetions of the prineipei stresses do ohanse fro, aaJror to 

; i-aj,er “d *“ the Ph^Wi» »Othod cannot be used »ith spectaons as 

thick as ! tn* in the dirootion of light propagation. s„o idM „ the 

distribution in the central region of , long edge ,ight possibly brained 

b' ’ “n (Sa)r 3/9 * direction of light préparation)'' 
slice of a laminate. 
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APPENDIX 

SHEAR TESTS ON THREE-PLY (GUSS-PU3TIC-GLASS) URINATES 
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APPENDIX c 

m« im a mmz 

ï> OBJECTIVE ■ > - 

». obj.cti« „f these testa lí te „«ein « „lg „1 the 

*/*“ “f * 1-*. «er the eitlen 

Sh”r StnsSM a.‘ Slasa-plastic intenfaee. 

II. METHOD 

... * “*«•- « laminated ápwi.en, „„„ «* for these teats; „ach v,as 

„«posed of two pieces of puts el.se, ^ b, M/2 by j/lf in., ^ . 

i i“"' T" 0M Ín' ^ HH »—g' 
»th fleas end plastic .ere ÿppUed b, the Ubbey^,,e„s-pord Olas, 

«Pony. . a, fir,, wta», ^ , ^ 

7' “^=. « aapaelty of the tor,n, J 

■7L77- f°r f“rth”' «»»»« «»Its „er, 
f P acino the sp.cte„3 rfej pr*Sfl * an ¿¿¿^ 

oven at 275' r for about. JO minutes. 

Each lanmated |Su| || |eid | grips M ihg ^ .j ( 

:::~ - “—i—« », n ^ and 
rechne pcWtie stress concentrations. The .rips 

“ r",us:- 
th , t0 - fal1 >haftH» «Ä, bet.oen 

o «"Pa approximately oorrespondlng to the thickness of th, pl.eti e » 

if” ’7 ”t,ted “th — ^ - »a-no, „ ’ 
.temWoUiabonded/area.: * 
«MOb. touN0At,ON 0, ,ulHois ,Nsmuie o[ technoi^ 
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,. V,, 

The torque capacity of the machine is low. A worn gear drive is 

utilized to apply a torsional load to the specimen, and the torque is 

measured by means of a pendulum acting through a series of levers. 

Figures No. rf-2 and 0-3 are photographs of the machine. 

An insulated chamber, made of Celotex, was built around the specimen 

and the ErÍPS* A hlWer> t0 circulate thermostatically controlled air, was 

attached to the chamber. 

a° ***"• *%; “«w in the eiachitie end the ble»er » started, 

upon reaching then.,! e^ilibri-. at the desired test tcper.thre, ter,uc 

•as gradually applied „„tu ¿ sudden drop in the indicated tor,he srel„„ncrf 

failure of the speoi.en. ■ me top,,,, procedi^- failure „as recorded, and 

the specimen ,,s removed fro. the chamber. Praetured specimens „ore sub- 

sequently photographed. 

III. RESULTS 

The torsional shear stress at the 'outermost fiber of the interface . 

corresponding to the torque at fracture was calculated and the results are 

ahown in Column ? of Table Ç-I. Values in this column represent the highest 

value of the shear stresses at the interface resisting the torque between 

glass and plastic. The maximum tensile stress in the glass is at an angle 

of to the interface and its magnitude is'equal to that of the maximum 

shear stress. The tensile strength of annealed glass under tension (modu¬ 

lus of rupture) is approximately 6500 psi; the ratio between this value and 

the maximum tensile stress due to the .applied torque is 'shown in Column' | 

Photographs of the fractured specimens are shown in-Fig. an 

enlarged photograph of specimen Ho. 5 appears in Fig. p-5. It will be 
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noted that specimens «o. A, B,"5, and 6 have cracks running from edge to 

edge. Such fractures probably result from stress concentrations at the 

edge of the glass plates, due to the action of the holder. If the drop 

in torque occurred when these fractures originated; the recorded values 

of torque have little significance for the shear strength of the laminate. 

■Most of the specimens removed from the machine fell apart after the 

test. Irt several specimens part of the plastic separated from one of the 

glass plates, while another portion of the plastic separated from the 

other glass plate; in others, separation from both plates occurred, a strip 

of plastic remaining free. In nearly all instances.the plastic II; covered 

by a multitude of glass chips So that it was difficult to detemino whether 

any separation had occurred at the, interface. Most fractures occurred 

in the glass, sometimes extending to a considerable depth into the plate. 

It vras not possible to determine the angle with respect to the interface 

at vMch the origin of such a fracture was oriented. In general, it was 

not possible to deteraine how these fractures originated, so that it is 

difficult to deteimine the, significance of the measured maximum shear 

stresses. 

IV. COKTRIBUTIWG PERSONNEL •. 

P• F» Loew and J, L, Prestini. 
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APPENDIX D 

RESISTANCE TO FAILURE OF lAJCMTEB BEAMS 

SUBJECTED TO A UNIFORM DROP IN TEMPERATURE 

X. ' OBJECTIVE 

Two by 12 in., two- and three-ply laminated beams, employing several 

combinations of annea^d, tempered, and filmed (electrically conductive 

coated) glass of various thicknesses, were tested under three cold-soak- 

conditions to determine qualitatively the effect of these parameters on 

the resistance to failure of the laminate. r. 

XX. test specimens and procedure 

A» General Description of Tests 

During the first test, the beams were placed in a controlled- 

temperature chamber and the- tenperature was varied slowly so as to main¬ 

tain the specimens at nearly thermal equilibrium. The purpose of this 

test was-to produce failure under pure cold-soak conditions, thus pro¬ 

ducing stresses due to uniform tenperature charges of the laminated beams. 

Very few failures occurred in the 70 to -100° F range of this test; there¬ 

fore, the attampt to observe failure due to cold-soak conditions under . 

thermal equilibrium was discontinued. Other tests were devised to dote raine 

the comparative resistance to failure under less clearly defined loading 

conditions* - 

The second test also: was performed in the controlled-temjxirature 

chamber, but the temperature was varied as quickly as possible in the hope 
f 1 \ ° . . ' rV*.’ V.* • t’ # ; . 

-that more rapid inposition of the thermal gradients in the test beams would 
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; - produce failure more., readily. The temperature range was again 70 to 

-100° F and, as in the first test, very few failures were observed. 

During the third test, alcohol baths at various temperatures 

were used to quench the beams from room temperature to successively lower 

temperatures. This test produced failures in an appreciable number of*the 

beams, , . 
. , . , -- j . - * ' . *■* .-4/. ^ 

The specimens employed in the above tests are described in 

-UÍ.Q D'«-I,î . 

D, Apparatus 

1, Test No, 1 ’ 

Test . No, 1 '>yhs performed in a Bowser controlled-jbemperaturn 

unit. Tills unit is comprised of an insulated chamber (whose interior is 

visible through a glass window located on one side), an air-circulating 

eystem, heating coils, a refrigeration system, and'a0'temperature-control 

system. The temperature in the chamber was measured by thermometers at 

two locations, while the temperature at the center of the thickest beam 

. v/as measured by a .thermocouple in,specimen No, 17, To observo attainment 

of steady-state conditions' in tho beams, readings were taken on Westinghouse 

,: sensing ö/lements located in the plastic core of several spocimns^ While 

'those readings Y/ere;^not. interpreted as temperatures, steady-state conditions 

were assumed to exist when the resistance of the sensing elements showed 

no change for several successive readings. Special racks were constructed 

^for supporting tho specimens; Fig* D-»l shows the arrangement of the speci¬ 

mens in the chamber, ’ , '_ 
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SpecÍJB#n 

No. Manufacturer ARF Dirg. No 

Tabic 

DgSCRIFTlON OF TEST SPECIMENr 

Description 

1 • Two-Ply Bgana * » X peana 

1 Ql*sa Ccnpanlea* Í7D3-003 IV^in. .»..le, £l„s, 1/s.lllf 

! «ÍW* UM-!. 1,1.., gU,„ V8.in. 

2« Three-Ply fínam» 

; teisr 
„k Glass Canpanies 17D3-006--? U/u a 

3 13/611-111. annealed glasSj 3/8„in. 
“ annealed glass, 1/8-in. plastic 

òÂ:vs,r ei“s (2 

èfcsr si"s (2 

ptauf gl*,s (2 pl*t*s) 

5 ARF 

6 ARF 

7 ARF 

ARF No. 7 

ARF No. 8 

ARF No. 9 

n „ v.ua^-m. piaatic 
G1..S C«p.a„ 17D>^X)5_i 1V6U„..„W glasa) 13M.ln_ 

9 nlaq p . annealed glass, 1/8-in. plastic 
Olaaac^,, 17^5.3 13/6U.. ^ ^ 

10 01.., c-pan,.. 17113.005.2 Xt eÎr’,Tn' ^r“' 
fui Tv Í fi*ed ßlass» 13/61i-in, 

11 fllaa, Ciaapanles 17O3-O0S-A wl , T ' ’ ^ ^ 

flLaed «lass» 3/6-in. 

12 01.., Caap.rJe, 1703-006-2 U/Ol-ir^rüuv8,*3*’ 

» - o_. 17D>^ ¿rxr^-“ 
j/o-in, fully tempered cdass 1 /), 

U ARF annealed ßla-. 3/8-in. plastic ^ 
ARF No. 10 T 1/6),-1 n m ^ , 

„ XS: SS/ (2 pl*t8,)- 

w 2 Ä“-i3/äV“prd <2 15 « op P-iates;, 13/61,-in., plastic 
ARP ilo. 3 11/^.^21.,,,,^ 

17 AHF 13/ò4-in. plastic 

Thermocouple specimen, 3/G-in. fulîv 

—--.Sr* el"c 12 pi*te“)' vo-i,. 
fQlaaa Companiea*1 ± , ^ --— , ___ 

01.,,¾. or Ubb.jMW.p« ¡LTcoT8 5UPPUed by elth" f1“8»“'*'' Plat. 

ARP refers t. epecl.«« prM,„„d in th. ARP l.b.r.torj- .nod,».. 

B-4 Project No, 90-692J 
Peport No. 36 



h M in ^ 

£ 
♦» 

f 
U 
w 
a 

s 

W J 
»4 ti M 
m ¿ ¿ ñ ! 

AMAMaonaiT or awcína n boto cut 
. HR 18313 »0.1 A» ? 

Project No. 9Q-692J 
B*pori lo. |6 



2. Teat No, 2 ■' 1 1 " 

■ Teat No, 2 was also performed in tho Bowser unit. The || 

rangement shown in Fig. >1 was used; except that specimen No. 8 was re¬ 

placed by specimen No. 2, 

3. Test No, 3 . / 

Cold alcohol was ençloyed as the cooling medium in Tost 

No. 3. To obtain the desired low temperatures, dry ice was dissolved in 

alcohol in a 55-gallon drum insulated with Celotex. Three rectangular, 

woven wire baskets were constructed to hold the beams in tho drum; thermo¬ 

couples were attached to the baskets to measure tho temperature of tho 

bath in the vicinity of tho beams. Westinghouse sensing elements again 

were used to obtain a qualitative measure of the rate of temperature 

change in the interior of the specimens. The arrangement of the spool 

mens and thermocouples is shown In Fig. d-2. 

0« Test Procedure 

!• Tost No. 1 

> ; .chamber w*s brought to equilibrium at 30° F. Then, 

the temperature wan lowered 10« F at a time, and tho chamber was maintained 

at each temperature until steady-state conditions were observed on thermo¬ 

couples, and Westinghouse sensing elements for a period of 30 minutes. Maxi- 

mum temperature differences within the chamber were observed to range from 

5* to 10e F, as recorded by top and bottom thermometers. The lowest tem¬ 

perature reached during this test was -98* if At the conclusion of the 

cooling test, % chamber wa5..brought back to room temperature. Failures 

obtained during this test were observed, recorded, and photographed. 
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•; ; V' ;* 'í'.v 

?• Tect No, 2 

II» charter »as brcaght to ®jullibrlu, ,t roo, tc^ratcre 

(80* F), n» themoatat »as act for -IOC* F acd the tecperat™ i„ the 

charter »„ dropped to rjl| F »ithin )-1/2 honra M.6- F/hr). T.rt>ra- 

;ÍS "0rB reCordod * « the top and botte» of the charter, 

a thornocouple in the conter of the era of „oci^ „nd 

hcoao sensing elMonta located as aho»n in Fig. i¡.lf ¿ ln tcst ^ 
an failure, prtduced duri«, this tost »ere observed, recorded, and photo- 

graphed. 

3. Test Wo. 3 
■ (Ò ~ ■•••..--, 

The alcohol bathe proviousli doecribed »ero preparod at 

M ^ ^ kel“ tte d«ted ^ temperature. After the apeoimns 

had be.» brought to equilibri„ at rorfte^ra&reí the rock supporting 

th.» »a, suddenly Wad in the both, art ti»c-t„»pe„turo readies 

recorded. Te»ferature readings wo obtained by, (a) thomcoupics 

ftbclv suspendod in the alcohol bnth at each level of the rack, (b) a ther»„. 

couple in „ecirtn »o. l7, .„d (o) fcstiwh,„ae sensing dements in several 

• boacis* ' ’ ^ 

' 4 3Pecl,ni!n-Containing a sensing elcnent »as located at each 

I^ °f * 'S- P M «W-Ä Ã steady-state conditions »as noted. 

The te^ratnre of the battipi, checked freguontly by th.,»o»eters i,ers.d 

in the alcohol. Ihe specimens »ore kept in thé bath until steady-state 

conditions »eré achieved fer S »in. The specimens »;« then «wed and 

allowed to reach equilibrium With the «Aient roc, teperature ,blle another 

bath was prepared* 
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All specimens were subjected to close visual examination 

sal damage was recorded after each ianersion. Tests ware conducted with 

alcohol baths at the following temperatures» 0, -10, -22, -3!j, -37, -^9, 

-6k, -76, -86, -102,-and -112* F. In each instance, all of the specimens 

werg at room temperature before immersion# 

Specimens No» 3-A, 6, 12-A, and 13-A woro taken apart by 

the following procedure» The beam was sawed in two through the plastic 

core parallel to the fabos of the glass panes. The plastic was peeled : 

off the glass panes after soaking in hot alcohol. The glass panes wero 

then studied and photograms were taken employing the technique described 

in Appendix A of this report. 

In specimens where separation of glass and plastic had 

taken place or where fracture or a chipping type of separation of the glass 

panes had occurred, the broken parts and fragments were collected and photo¬ 

grams wore taken of the plastic core and of the chipped glass panes. Speci¬ 

mens which had been damaged locally, and.which hod-not been takon apart, 

were photographed by the same technique without further preparation. 

The same specimens wore used in all throe tests; however, 

in Test No, ), all specimens destroyed in the course of one immersion were 

replaced for the succeeding inmersión, and several duplicate specimens wore 

replaced by new beams for immersion at -80* F. The fact that these^epeci- 

mens were subjected to repeated cycles of stress and stress relief probably 

affected their behavior in each successive test. This may account in part 

for the different behavior of the bfiams which were immersed for the first 

time at -80° F, 
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• FAILURES OF TffO-PLY BEAMS 

A two-ply beam constructed with annealed glass failed in each of the 

three tests. One two-ply beam constructed with filmed glass failed in 

Tests No, 1 and 3> and two such beams failed in Test No, -2. The tempera¬ 

ture at failure was not recorded in Test No, 3 since further data on 
• - . ' , ; r '• • ' \ 

failure temperatures of two-ply beams were considered unnecessary. Speci¬ 

mens arc described in Table Di-II, together with observed failures. Failures 

produced in previous tests also are included in this table for comparison 

purposes. 

The failures of all two-ply beams were similar, except that bond 

failures of varying extent were observed in all beams. All failures oc¬ 

curred partly at the interface and partly through the glass, parallel and 

near to the interface. Fracturé through the glass began with a few cracks 

at- or near one of the edges (in most cases at the long edges) and moved 

toward the interior of the beam, the individual fractures 'growing and 

merging with other fractures to form a crack-front of increasing -length. 

Figure j-3 is. a photogram of a fracture in an. annealed two-ply beam 

(specimen No, 1). It shows a typical fracture of annealed two-ply beams. 

The surface markings of a fracture are always significant. The long curved 

lines (rib lines) are perpendicular tc the direction of motion of the 

fracture. They represent crack propagation fronts and indicate the di¬ 

rection in which the fracture movès. .The short straight lines (hackle 

marks) arc small peaks on.the glass surface and may represent the edges 

at small individual fractures. It can bè seen that most of the fracture 1 

origins are located close to the edge;, several appearing on the bevel of 

the beam, although a few of the fractures originated some distance from 
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tho edge of the gL^.sö# Somo délamination between glase and plastic is ap- 
• « * 
parent near one edge. 

All of the two-ply beams tested in the courec of this experiment“ wore 

supplied by the glass companies:>(LQF and PPG). The edges of these speci¬ 

mens were beveled and polished. Appendix A of this report describes tests 

of glass beams which had both sawed and beveled edges; in those beams 

fractures at the* sawed edges started at a higher temperature than those 

at the beveled edges. ? ; 

The points of origin of the fractures were subjected to close examina¬ 

tion. It appears that the first small cracks-started at -a very shallovf 

anglo to the interface. This indicates the existence of critical toreile 

stresses normal to the interface. 
„ ’ *V. • . . 

A fracture through the glass of a two-ply beam constructed with filmed 

glass , is-shown in Fig. D-4# The appearance o&the fracture is similar to 
. . • . . , ■ • • • • M>.;v 

that shown in Fig. D-3, except that tho areas of délamination arc more ex¬ 

tensive. The spading of rib marks is somewhat closer, which is typical of 

failures in tempered glass. 

All failures of two-ply beams observed during1 these tests were identi- 
.,1 ' . ' 1 ’ '' " ' . ■; 

cal to those shown in Figs, j-3 and D-I4, with the exception of a two-ply- 

beam made with filmad glass which showed an extensive bond failure during 

’ Tost No, 3. ■' •/ ' !-' v %'" A; . 
' . . . • • V V .• ; • • , •* .■ 

• ' . ; • ' • ' f«-*". 

The failures of annealed beams observed during th#'6e tests seem to 

be reproducible; 'however, the evidence probably is not sufficient to draw 

conclusions about the effect of beam design upon its failure. The failures 
■ ' ; ■' ■-'/ . V ; . .. ; , .-,- 
. of two-ply beams made with filmed glass apparently* are not reproducible. 
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•ró» FAILURES OF THRES-Piy BSÁIS 

A» General Discussion of.Failures 

With tho exception of specimen No# 5, no damage occurred in any 

of the throe-ply beams during Tests No. 1 ahd 2. Damage in those beams 

was produced only by quenching them in cold alcohol in Tost No. 3. 

Failure may have occurred only under very rapid cooling because 

of the stresses induced by high thermal gradients, or because of tho effect 

of the cooling rate on the deformation under stress of the plastic, Tho 

deformation of the plastic under stress depends on tho rate of loading at 
I 

all temperatures, its creep rate decreasing rapidly'ht lower temperature. 

It is likely that the thermal stresses in three-ply beams would bo higher 

under rapid cooling than under slow cooling, due to the suppression of 

plastic creep by quenching. 

Since nearly, all failures took place at tho interface of tho’boam 

whore stresses duo to uniform temperature changes were most severa, it seems 

, likely that these stresses, rather than stress duo to temperature gradients, 

are responsible for tho failures, and that suppression of plastic creep by 

’ quenching accounted for the failure of beams in Test No, 3 but not in'Xosts 

No. 1 and 2, 

Failures observed in three-ply beams are shown in Tables 3-III, 

Ü-IV, and D-V. Beams of all designs were damaged during Test No, 3, In 

most cases, damage was confined to narrow regions near the edges; however, 

in some of the spe.ciraons major portions of one or both glass panes fractured 

and/or separated from the plastic* Soffit of the^. beams which wore* destroyed 

in the course of the tests showed.evidence of slight local damage before 

failure occurred* On the other hand^•extensive local damage did not cause 
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Tabl« 

FAILURES OBSERVED DURING TEST N0# 3 I* THREE-PLY LAMINATED BEAMS 

CONSTRUCTED WITH ANNEALED, FULLY TEMPERED, AND FILMED GLASS 

Co*rue chipping 
(typo 6e) paral¬ 
lel and dose to 
surface near in¬ 
terface of an¬ 
nealed pane« 

Specimen 
No. and 
Manu¬ 

facturer 

8-A 
Glass Co. 

8-B 
Glass Co- 

- Ô6 

Carried 
through 

test 

13/6li-iri. filmed glass^ 
13/6lt-in. annealed 
glass, l/8—in. plastic 

Viliite marks on filmed side 
Slight edge cracks along 1 
edge of annealed glass* 
Traces of delamination at one 

spot after standing over 
night. 

Complete disintegration. 

j—-Filmed glass 
(unbroken,light 
damage only) 

stic 
Annealed glass 

-102 Filmed pane complete frag-, 
merited. Chipping fallare 
and single fracture of an¬ 
nealed plate. Plastic core 
bent as specimen 8—A. 

Glass Co 
Carried 13/6L-in. filmed glass, |- 
through 

test 
3/8—in. annealed glass, 
1/8—in, plastic 

86 I Chirping failure of annealed 
glass. Fragmentation of 

filmed glass. 
^^-^r-Filmed glass 

íESflf'Pl as t i c 
^Annealed glass 

10—A ^aaerted I 13/61»—in. iiifß<s>d glass, 
¡las» Co. I at I 13, ^ , full. 

-8C* glaa*. 

full. *-^rsr,<»redl 
--in* plastic 

10—B Carried jl3/61i—in. filmed ^ , 
Glass Co. through ] 11/61»—in* f My tempered 

test t glass, 1/8—in. plastic 

76 : White narks on coated sur— 
! face. Chipping at one spot 
after standing over night. 

86 Car.plete fragment ati-m of 

electrapane 2/3 length. Some 
i chlpning of t empered glass. 
I Plastic core and broken 

_! filmed glass bent as above. 

Fragmented sur¬ 
face loose; frag*- 
ments with a few 
chips, mostly 
smooth polished 
surface. 

Coarse chipping 
(type 6a) paral¬ 

lel and close to 
surface near in¬ 
terface of an¬ 
nealed pane. 

Coarse chipping 
(type 6a) of an¬ 
nealed pane (see 
Fig. E—11). f 

Chipping failure 

( typ 0 6b ) - 2/3 of 
length of pane. 
Bond failure at 
edge • 

/mbroken 

Fine chipping 
(type 6a) typical 
of tempered glass 

parallel and 
close to Inter¬ 
face of fully 
tempered 

11—B 
Glass Co. 

—102 I Light areas on filmed side 
Cperliaps film failure) • 

-112 Complete fragmentation of 
filmed glass. Plastic sepa¬ 
rated by chipping and bent 
away from tempered glass* 

Carried 
thr qugh 

test 

I3/6L—in. filmed glass, 
3/8-in. fully tempered 
glass, 1/8—in. plastic 

-102 . Light areas (perhaps film 
j failure )• 

-112 j Complete fragmentation of 
I filmed glass. Plastic sepa- 
! rated by chipping from tern— 
! pered glass. Plastic core 
¡ fragments of filmed glass 
j bent same as specimen Mo. 9< 

Fragmentation 
failure. Many 
loose fragments. 
Seme small chips 
attached to 

plastic. 

Fragmentation 
failure. Many 
loose fragments 
A few fragments 
and small chips 
attached to 
plastic• 

Fine chipping 

(type 6*> typical 
of tempered glass 
parallel and 
close to inter¬ 
face of fully 
tempered pane. 

Fine chipping 
(type 6a) typical 
of tempered glass 
parallel and 
close to inter¬ 
face of fully 
tempered pane. 

13.—A 
Glass Co 

Inserted 
at 

-112° F 

a 
I 

13/6h—in* filmed glass, j -112 
3/8—in. fully tempered 
glass, 1/8—in. plastic 

Complete fragmentation of 
filmed glass. Plastic sepa¬ 
rated by chipping from tem¬ 
pered glass. Plastic core 
fragments of filmed glass 
bent same as specimen No* 9* 

Fragmentation 
failure. Many 
loose fragments 
and small chips 
attached to 
plastic• 

Fine chipping 
(type 6a) typical 
of tempered glass 
parallel and 
close to inter¬ 
face of fully 
tempered pane. 

1U 
ARF 

I3/6L—in. filmed glass 
(2 plates), I3/6L—in. 
plastic 

22 

76 

,dge chipped off - Q 
Fragmentation of one side. 
Indications of chipping op¬ 
posite pane after standing 

over night. 

Chipping failure 
(type 6b) 2/3 of 
length of filmed 

glass. Bond 
failure at edge. 

glass 
chips 

Same as lamina 
on opposite side. 

unbroken 

tttt 

16 
ARF 

0 0 
if 

? s: 0 
* 0 

vO 
Uj ro 

13/61>-in„ filmed glass 
(2 plates), 13/6L-in. 
plastic 

- 76 Fragmentation 2/3 length of 
one side. Failure by chipping 
1/2 length on other side. 
Plastic fragments of filmed 
glass bent same as specimen 
.No . 9 • 

Chipping failure 
(type 6b) 2/3 of 
length of filmod 
glass. Bond 
failure at edge. 

Chipping failure 
(type 6*) 2/3 of 
length. See Fig. 

E-13. 



failure in many beams during quenching tests under the most severe con¬ 

ditions. In many instances, damage appeared a considerable time after 

conclusion of the test} in others, cracks which originated during the 

test grew after its conclusion. Local damage, therefore, does not usually 

lead to destructive failure, and may occur as an alternative to destructive 

failure« ’ 

B, Types of Dama go and Failure Observed 

While nearly all failures in two-ply beams followed the same 

pattern, different'types of failure wore observed in three-ply beams. The 

types of failure observed are illustrated in Fíes.D-!> through D~lli, and are 

discussed below* 

1. Type 1 Failure: Edge Cracks 

An example of edge cracks is shown in Fig. D-5 (specimen 
< , ' • > 

No, 3). Those' cracks developed at the edge near the interface during the 

tost. Most of -Wie cracks originated on the beveled portion of the edge 

of the glass specimen. Edge cracks of this nature represented the smallest 

amount of damage observed in any of the beams. A multitude of edge cracks 

was observed in. all beams which had sharp (not beveled) edges. 

2. ’ Type 2 Failure; Edge Chipping 

Example s of edge chipping in annealed and tempered glass 

are shown in Figs. 0-6a and F-6b, respectively. Small conchoidal fractures 

developed at the edges near the interface. 
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- 3* Typo. 3 Failure: Depp Cracks 

An oxaçple óf deep crack failure is shown in Fig. B-7. 
'• , —, . "rlVv .- . 

ihose cracks, which were observed only in annealed glass,, started from 

the interface and penetrated into the pane, A schematic drawing of this 

failure4 which had a smooth surface/ is shown in Fig. ¿)-8; A view per- 

, pcndicular to the fracture surface is. shown in Fig. i)-7. 

t ' > *. « . • f # . ’ • • ' ■ . ‘ . • • 

Typo Failure a Transverse Cracks 

Figure >? shows the only such fracture observed in the 

course of these tests. This failure, which occurred in specimen No, 7, 

consisted of a longitudinal crack on one side of the beam and two trans- 

verse cracks in the opposite pane, 

^ Typo 5 Failure: Failure at the Interface through the Bond 

(Délamination) 

In many cases, part or nearly all of the failure consisted 

of separation of glass and plastic at the interface, as illustrated in 

Fig.D -10. Specimen No. 8 shows an extreme case in which nearly the entire 

failure'was délamination. Only a few chips wore pulled from the glass, 

.Specimen No. 11' shows the interface surface of the plastic after the. glass 

pane located next to this interface had shattered, much of the debris 

^ falling off the plastic after fracturo,. Only a few chips of glass remained 

¡/ti . attached to the plastic. 

' • • r '4 . 1 ; .. . •- • ,.. * .... 

' i ■ • ■ ' ;■ 

'V . ? ' ' * 

V ; ’••• r. , .,. . ... • ... p, '-4 9 ;• • ..-, 
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6* T,ypo 6 Failure; Falluro through the Glass Par^llol and 

Close to the Interface (Chipping Type Failure) 

Examples of a chipping type failure arc shown in Figs, D-ll 

£>■12, and D-13, This type of failure was observed in two-ply beams, and 

also in many threo-ply beams during Test No. 3. The texture observed in 

fractures of annealed glass was generally much coarser than that of tem¬ 

pered glass. Fracture surfaces of annealed and tempered panes, both from 

threo-ply booms, arc shown in Figs. ¢-11 and 1-12, respectively. These 

figures show fractures which traveled from the long edges inward in a 

regular pattern. This is called type 6a failure. 

In several threo-ply b'oams, a chipping type fracture showed 

a less orderly progress of the fracturo front, as shown by the irregular 

pattern of rib,lines and hackle marks in Fig. D-13 (specimens No, 1$ and 

16). In both instances, most of the fracture seems to have traveled the 

length of the beanij alsoj it ic likely that bond fallure took place near 

the-long edges of the laminate# This is called type 6b failure. 

7• Type 7 Failure j Shattering of ' Tendered Glass 

Shattering of tempered and filmed glass panos was observed 

in many beams. Fracture of theso beams was caused by a system of cracks 

perpondiculai^to the face of the pane. Figure D -1Í+ (specimen No, 17) shows 

' the glass íW|oents¡ remaining from such a failure, 

c# Mfect of Alcohol Attack on the Exposed Edges of the Plastic 

During the, pour so of Test No. 3,-iV was noted that the repeated 

submersion of the bcfmp in. alcohol attacked, the edges of the plastic core. 

To determine whether this edge corrosion had reduced the extent of damage 

*' , . ■*+ 
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öufförod by the beams, several spcciircns were duplicated and inxnersed in 

a -80a F bath. Table d -VI shows the offcôt of edge corrosion of the plastic 

in thrqe-ply beams prepared by the glass companies. No duplicate specimens; 

were available for the beams laminated by ARF, all of which had developed 
9“v .. . ■ • • ■ * 

considerable local damage during previous immersions. 

Nono of trie beams developed local damage at the edges after edge 

corrosion of the plástic coro, had taken place; however, all beams which 

entered the bath for the first time at -8o’0 F did develop 4flraagc, 

Attack of the plastic by alcohol did not prevent the failure, of 

beams constructed with a epated, pano; however, there is evidence that the 

fracture was delayed by the attack of alcohol on the plastic. New speci¬ 

mens (No, 8-A and lOrA) failed at a higher.temperature than their dupli¬ 

cates which had boon carried through the tost. No duplicates vraro available 

for the other specimens made with a conductive/coating, except for specimen 

No, 11, , Therefore/ no valuable comparison was possible. 

Those tests indicate that corrosive...attack on the exposed edge 

of the plastic affects the failure characteristics of three-ply laminated 

beams. In all instances, the development of damage was delayed.,or pro- . 

"vented, and in-two instances, disintegration failure seems to have been 

delayed. 

D, Comparison of Commercial Beams with Boams Laminated by ARF 

Seven of the beams tested had been laminated in the ARF laboratory 

autoclave* while all others were-fabricated'by the glass’ companies. Boams 
' » ,r . . 

laminated in the laboratory differed from the commercially prepared sped- *' 

mens in the following manner: 
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1. Since ÄRF had comparatively little experience in the Lamina¬ 

tion of glass and plastic, it is likely that the bond produced in 

ARF laainatöd boa,ns was inferior to that of commercially Laminated 

. beams, ., 

2. While the edges of the glass panes used in commercial beans 

were beveled, the edges of the plates used in the laboratory-laminated 

■ ' specimens wore straight (see Fig. |||| The edges of the square-cut 

glass panos contained a fev; visible cracks and possibly many micro- 

acopio cracks. 

The effect of straight edges may be described as follows; 

(1) stresses at the square edge differ from stresses at the beveled edge, 

and .(2) cracks already existing at.the. square, edge arc points of stress 

concentrations and, consequently, will grow under comparatively low ap- 

plied stresses. 

In general, beams laminated by aRF developed considerably more 

local edge cracks and other damage than the commercially prepared beams. 

Also, failures of ARF Icoranated-beams goreralLy, occurred at higher teàpe.ra- 

tures than those of commercial beams where' comparable samples worn tested. 

k -0-^ari3Qn of Suffored by Different Three-Ply Beams 

-. ThS various beaas tested are compared in Tables u-IU, D-IV, 

and' D-V, • '> . •• 
• •' ■ ' . o. .. • 

1* ^ams Y,lth Two laminae of Annealed Glass 

Specimens No. 3, li, 5, 6, and ? were constructed with two 

panes of annealed glass. Specimens No. 3 and h were prepared commercially 
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With ?.. 1/e-in. plastic interlayer. Mo. 3 being symmetrical and No. h aaym- 

metrical. Specimens No. $, 6, and 7 (symmetrical) rpre laminated in the 

ARF laboratory autoclave, the thicknesses of the plastic interlayers being 

0*26, 0*12, and 0.02 in., respectively. 

Comparison of specimens No. 3 and h my offer an indication 

regarding the effect of .asymmetrical beam construction, while comparison 

oi specimens No. 5, 6, and 7 may assist in determining the effect of inter¬ 

layer thickness. Comparison of specimens No. 3 and 6 may serve as a moans 

of evaluating correr,ercial beams with those laminated by ARF. 

V- 4:--1- - irho damaBü suffered by specimens Mo. 3 and b ms of the 

same type, with slight local damage appearing along the long edge of both, 

beginning at -00° F. In the. .asymmetrical team, damage in the form of edge 

chipping (type 2 failure) occurred in the thicker pane only. In the sym¬ 

metrical beam, both panes wore damaged locally in the samo. area. This 

damage was observed only in the specimens which vrere first inserted It 

-80” F. No damage was observer? in these' beams where^attack of the plastic 

by the alcohol had occurred after the specimens had been carried through 

thg. ont ire séries of immersions, 

Specimn No# 5 was the only specimen which failed during 

.Test No, 1-. The failure began at a corner and traveled in the direction 

of the length of the beam, parallel to the interface until about twc-t&Lrds, 

of the pane had broken off. The texture of the fracture was extremely 

coarse. A large area of the comer whore the .fracture originated showed 

bond failure (delamination). , It is possible that bonding did not take, place 

at this corner during.the laminating.process, thus causing failure at a 

much higher temperature than would bo expected. 
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, Both specimens No. 6 and No. ? developed prof^e ed¿e cracks and 

sirell areas of edge chipping.1 Numerous edge cracks are typical of ARF la- I 

minated specimens, probably because these beams had square edges. Specimen 

No. 6 developed two deep fractures near two opposite Corners {t;pe 3 failure) 

These fractures were similar to deep fractures observed in the annealed pane 

of beams composed of annealed and tempered.glass. It is difficult to deter* 

mine.the point of origin of such fractures, but it appears that thej do not 

originate close to the edge. 

Specimen No. ? developed transverse cracks perpendicular to the 

interface'(type l4 failure), one longitudinal crack on one pane arri two trans¬ 

verse cracks on the opposite pane. These fractures differ from the fractures 

of all other beams. The fact that the fracture was perpendicular to the in¬ 

terface suggests that tensile stresses acting parallel to the interface ,,ere 

responsible. This is contrary to the fact that all evidence' indicated that 

stresses acting in a direction parallel to the ^interface are compressive and, 

hence, would not be expected to cause failure. A possible explanation of 

this fracture is that it was caused by stresses due to thermal gradients dur- 

ing the quench • 

. Beams Yade with One Lamina of Annealed .Glass and One of 

Tgm£ered Glass, and Beams Nade with Two Laminae of Tempered 

Glass 1 . , 1 

The.specimens considered in this section axe listed in Table 

D-IV. Commercially laminated specimens No. 12 (symmetrical) and No. 13 

(asymmetrical) contained an annealed pane and a fully tempered pane; 

specimens No. IS and 17 (symmetrical) were-each composed of two tempered 

panes; "Specimen No, IS; was constructed of 13/ól-in. glass panes'with,a. - 

ARMOU» RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY 

D " Project No. S0-692J 
il Report Wo. 36 



K thÍClC plaátic core» specimen tío. I? was made vith 3/8-in. ' . 

glass panes .and a 3/8rln, plastic cor^v^-í 

, ^ec^ens ^ 12 and 13 revealed the result-of combining tempered 

SlUS ^ b’“' Co,»a,-ls™ »«“««» the t» 3p.c,„ns 

tlie effect of asymmetrical beam, construction. ‘ 

•' S,*0Í"e”S *• “■? and i«, which were CTrici thrcugh.the test, 
suffered „0 Cage, dupll„te sp,cin!5n3 .Ucfc „„ 

at -80 r were imlçei3 loctíXii Specimen ». 12-» developed two deep frac¬ 

ture, at -loo- p to the annealed (tow pane near the long edge, and showed 

a number of edge cracks and edge chipping at -112- p. Edee chlpplne | ¿ 

tenured pan. opposite the damagMarea in tha.annealed pa* „as also observed 

Specimen No. 1>, developed a deep fracture (tppe 3 failure)‘in the annealed 

.- Pa” “r“'-“?«: Fig. 0-7). At .112- r: thé 'opposite • 

. porncr;broke ett;: probably toí4.^¿, fracturei 

chipping occurred in the tempered pane. 

In both, of these specimens most of the damage occurred in .the an¬ 

nealed glass. The annealed pane of specimen^ No. 12-a and 13-A suffered 

mor. damage than either of the panes „ similarly constructed specimens »0. 

3-A and li-A, ¿ich were made entirely of annealed glass. 

, In specimen Sc. 15 one pane shattered completely, and chipping 

parallel to the interface (type 6b failure, occurred in the opposite pane. 

The appearance of the fracture surfaca indicates that most of the fracture 

traveled the length of the pane which was not shattered, at the conduelen 

__ of the test, the plastic appeared curled away from the „„shattered pane. 

.-. . Specimen Mo. 17 „hibited edge chipping and cracks at -80" ,. Jt 

-112- >, both panes shattered and the plastic broke with a transverse frac, 

ture. This was the only, instance .»^W. damage to the plastic was observed. 
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In general, beams constructed of one annealed and one tempered glass 

pane developed considerable local damage in the annealed pane, and some local 

damage in the tempered pane. Beams made of two tempered panes failed com- 

.pletely; the only beams of this type were laminated in the JkRF laboratory. 

3. Beams made with Laminae of Filmed Glass in Combination with 

Larcin36 of Filmed and Tempered Glass 

Specimens No. 8, 9, 10, 11, 11*, and 16 were, constructod with 

either one or two filmed glass pones with the film located at the interface 

of glass and plastic. Specimens. No. 8-A, 8-B, and 9 had ah annealed pane oppo¬ 

site a filmed pane; No. 8 was symmetrical and No. 9 asymmetrical. Specimens 

No. IO-.*, 10-B, 11-A, and 11-B had.a fully tempered pane opposite a filmed 

pane; No. 10 was symmetrical and No. 11 was asymmetrical. Specimens No, 8, 

,9, 10, and 11 were supplied by the glass companies, whereas specimen No. li* ■ 

was laminated in the ARF laboratory; it was made of two filmed glass panes 

with the filmed surfaces at the interfaces. Specimen No, 16 Was made of two 

filmed panes with one of the filmed surfaces at an interface and the other not 

,at an interface; therefore; it was comparable to specimen Mo. 10, except for 

the fact that the. filmed pane with the film facing out was not fully'tempered. 

Thtsu specimens introduce the effect of a conductive film on the 

resistance to failure of laminated beams. :4;This condition actually exists in 

the airplane windshield. Since the filmed panes were partially tempered, 

specimens contained at least one tempered pane, 

ijl specimens containing a filmed pane (both commercially laminated 

specimens and those laminated in the ARF laboratory) were damaged in the 

course of the tc^t.-Specimens No. 8-B and 10-B failed at a .lower ¡temperature 

than .specimens No. 8-À and 1Q-A, apparently due to the. corrosive effect of 
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the alcohol on the plastic in former specimens, which tended to reduce stress 

concentrations along the edges. Ko comparison was possible for specimens 

No, 11-A and 11-B. 

fío local damage at the edges was observed at the filmed interface 

of specimens No, 8, 9, 10, 11, lli, and 16 prior to destructive failure. 

Small local damage (edge chipping) occurred at interfaces without film 

in the specimens where the plastic had not been exposed to attack by. alcohol 

through a series of tests before destructive failure occurred. 

The fracture of all specimens had certain features in ccmron. 

In all specimens containing only one filmed pane, the elastic curled away 

from the other pane, together with a thin layer of glass pulled from the pane 

by a type 6 failure., The .filmed pane shattered with the type of fracture 

■ which is typical of tempered glass.. In one instance (specimen No. 8-a), 

the filmed pane was preserved almost without damage and only a few chips 

were pulled from the glass, except underneath the bus bars where chipping 

(type 6 failure) occurred. Chipping underneath the bus bars occurred in all 

beams in which failure' at a filmed interface took place, the bus bars ad hi r- , 

ing to the plastic after separation of glass and plastic. 

Inspection of the interface of the plastic which had been in con¬ 

tact with the filmed glass surface in specimens No. 8-A, 8-3, ?, lO-g, li-A, 

and 11-3 (made by the glass companies) revealed that most of the s eparation 

of glass and plastic at this interface had been a bond failure so that only , - 

small chips of glass were left on the free interface, in most instances, 

damage to the conductive film was observed. Resistance measurements showed 

that in all beams most of the conductive film remained attached to the glass, 

except for the bus bars which remained with the plastic. 
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The commercial specimen No. 10-,, and the ARF-laminated specimens 

No, lit and 16 did not show extensive bond failure. Instead, delamination 

took place only at the edges, while most of the plastic interface after fail- 

tire was covered by a thin layer of glass pulled from the coated pane by a 

chipping type failure (type 6b failure). The fracture path was in the di- i 
rection of the length of the beam, as shown by the texture of the fracture 

surface. Only a part of the pane broke off, the remainder staying attached 

to the plastic interlay6ir. 

In specimen No. 10-A, a chipping failure (type 6a) occurred over 

the cntiro length of the beam at the tempered glass-plastic interface. In 

specimen No, lit, two adjacent outside corners broke off at -22e F. Both 

filmed panes separated from the plastic interlayer by a type 6b failure, as 

described above. In specimen No. 16, failure at the filmed interface occurred 

over part of the length of the beam, as described above. Failure at the 

other interface was of the usual chipping type (typo 6a failure), but over 

part of the length of the beam only. These failures were similar to the fail¬ 

ure of specimen No. 15, which was constructed of two tempered panes. 

Failure of the specimens constructed with a tempered pane opposite 

the filmed pane generally occurred at a lower temperature than failure of 

the specimens where an annealed pane was located opposite the filmed pane. 

Specimen No. 10-B failed at a lower temperature than specimen No. 8-B; 

specimen No. 11-8 failed at a lower temperature than specimen No. 9; and 

specimen No, 10-A failed at the same temperature as specimen No, 8-A. 

The effect of asymmetry remains uncertain. Specimen No. .Q-i (sym¬ 

metrical) failed at a higher temperature than specimen No. 9 (asymmetrical). 

Specimen No. 10-B (symmetrical) failed at the same temperature as specimen 

No, 11-B (asymmetrical). 
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• Löcal damage which was suffered by the. filmed beams before; 

failure was similar to that which occurred in beams made .of two annealed 

panes. The damage occurred only at the interface at which no film was 

present. The destructive failure of some of the filmed beams was similar 

to the failure of a beam made of two fully tempered panes (specimen No. % 
In four specimens containing a 'filmed pane, small disccloroc 

spots in the interior of the team were observed before. fracturo occurred 

(soc Table D-V). Similar spots were observed on the plastic interface 

after separation of glass -and plastic, and wore identified as areas of con¬ 

ductive film which were attached to the plastic. 

The fact that all beams containing a filmed pane, failed is 

certainly significant, in teat it indicates that the conductive film, itself 

may have been responsible for the failures. ’ This contention is supported 

by the fact that most oí' the failures cat the filmed interface were délamina¬ 

tions with little damage_to the gtess. The fracture surface opposite the 

flimed pane was similar to those observed in two-ply beams. Aftfl the 

failure, tee plastic was curled away from the pane which had. no .film. If 

it is assumed that the film interface f'died first, such a failure would 

leave, in effect, a two-ply beam construction consisting of the other pane 

and the plastic core. Following the example of two-ply beams, the remaining 

structure would bend with tec plastic on the concave sido of the glass and 

produce a failure such as occurred in two-ply beams. The shape of the-- 

plastic•after the tost suggested that such a failure had occurred. 
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V. CONCLUSIONS 

A# Nature of Conclusions . 

A complete interprétation of the results oí.this experiment is not - 

possible since very .little information ekists on- laminate -interface stresses'' 

' induced by uniform temperature changes. The results of these tests- arc- there- 

■fore essentially descriptive and- indicative of trends. It is possible that 

additional, more extensive tests might offer a better explanation of the cause 

and me chan ism of cold-soak failures, although efforts to date have been rather 

unsuccessful. A summary of the observations made in the course of these 

tests is given below, 

B. Summary of Test Results 

1. Two-ply beams constructed with annealed glass failed under slow 

uniform temperature changes (Tests No. 1 and 2). Temperature wise, 

these failures appeared to be reproducible with a reasonable degree of 

certainty. 

2. Two-ply beams made with filmed glass failed under slow uniform 

temperature changes, but the magnitudes of the temperature changes pro- 
..4.. (Ç .,...I’*-”'’'«---...——-- . . • 

ducing .failure were too widely scattered to be evaluated, 

3. The growth of failures in two-ply beams followed a regular 

pattern, beginning at points on an edge and growing into the interior 

of the beam. 

in 1 ith one exception, three-ply laminated beams did not suffer 

any damage under either slow or accelerated uniform temperature changea 

down to -100 F (Tosts Mo* 1 and 2), These beams did incur damage dur-, 

ing quenching in cold alcohol (Test Ho, 3), 
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r Bc.ms nado of tiro panes pf amvsfcd glass and boaris utilizing 

one pane of annealed and one pane of tempared glass developed local 
damage only. 

S. various ||ï | ¡¡|: ||| ||| 

7. p|| 8l,.s gfejj suxfo^ i|| g|g thin 

tempo.rcd glase. . ‘ 

8. in A coursa of «.asa toots, ^ „dC: amtfWl 

f™ “rf8roa l8sa Äi-ii '4&Í „¿li 

■ «« » c„ slút, tiippogd |la?s on t, ; epposit.,,. anh4d 

glass was damaged more severely than torapoidd glass. . V 

V. BC«,S lopját^ in t| l4r,t| ÍtocIp|MM IMi* 

-c, rcdU, and s|gII fS|i| 1¾¾ |g|||i>br._ 

cated by tho glass campahios. 

10. Ittkat ^oboi-éÿs -f 

Pl“tlC S5re- K4““» - P-«nt,„e in „6t 3f tho 

commercially prepared beans*»' 

U. For w™. contoininj. . fiLnod glcoS Sl,fai;0 | 4^¾ 

inters, ttc p„nc soP.„.,ted fro, ¿ ptesti0 

»V = loiuuro threat th„ p?nd ^ dW ^ ¿ t¿ ^ 

while the filined pann , 
hc‘ttGTed anteo.fpa'gments; in one 

instance, the .fiif^-d pane separated at th > Hn«* >-r 
H at tno mttrcrface with little ' 

"H t0 tto ela“- oufl;e,t ¿t fortuno of ', 

W originotos in «. ^ of tto fii,,. ^ t;lüuî| ^ 

oí too tempered 81=0= panoo »tie:., h.M boon l„in:!tod in 
the laboi'itory* 
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. 12’ Dar,agc t0 the conductive film was observed on several beams. 

• 13* rhfc bus bars of lilncd bcariS g e iK y ally remained attached to 

the plastic, causing chipping of, the glass during their separation .from 

it. The conductive coating remained with the glass, 

Ik. The effect of the geometry of a glass-plastic-giass lanihate 

"i °n ltE reslstaRce to cold-soak was not determined successfully. 

C- interpretation of Results 

The differences between ARF-laminated and commercially supplied 

beams have already been described. 'Those differences may well account for 

the- dissimilarity in the behavior of the beams. 

The very large number of edge, failures obtained during the course 

of these teste may be the result of high stress concentrations occurring 

along Jhe edges of the specimens; however, no quantitative verification 

appears possible at this time. 

It would be desirable to know which type of stress is causing fail¬ 

ure. All available evidence indicates that glass fails in tension. On this 

assumption, most fracturas in the glass seem to have been caused by tensile 

stresses nearly normal to the interface. ‘ whether bond failures occurred 

unaer shear, stresses parallel to the interface or under tensile stresses 

normal to the interface, is not evident'from the results. 

infc tests indicated that the conductive film affects the strength 

°f the laminated beam under cold-soak conditions. Damage to the conductive 

film was observed in many of the test booms, ¿ince ail. three-ply beams con¬ 

taining a conductive, film..failed, it is evident, mat the' conductive film 

affects the strength of the beam. The fact-that considerable délamination 

• ‘ f. 
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took placo in two-ply boons containing filmed panos, while little „délami¬ 

nation took place in two-ply beams with annealed panes, and the evidence 

of délamination in three-ply beams with filmed panes, indicates that the 

coating reduccvS the bond strength. 

Independent tests by Boeing Airplane Co, generally produced chipping 

in the tempered inner pane which is unheated, and near the bus bars at the. 

outer pane, v/Liile delamination was most prominent at the filmed interface. 

This agrees well with the results of the test’s described in this appendix. 

do disintegration failures of windshields under cold-soak conditions 

in service have been reported, so-that the failures produced in the present 

tests appear to be unusual and may indicate tnat the test conditions un¬ 

duly exaggerate service; conditions, 
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