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FOREWORD

This report documents an 18-mcath Case-Liner-Bond Study, authorized
by Contract F04611-72-C-0009. The major portion of the work was accom-
plished at Hercules Incorporated, Bacchus Works, Magna, Utah.

Jceparation of this report is authorized under data item B0O4 of the
data requirements list in the contiact. Contract F04611-72-C-0"9 was
issued to Hercules by the Air Force Rocket Propulsion Laboretory, .’ vector
of Laboratories, Edwards, California, Air Force Systems Command, United
States Air Force. The Air Force Project officers for this work were

Mr. Norman D. Walker and Dr. Randy Peeters.

———ry

' Propellant/case bond material for testing was cast at Thiokol, Wasatch
] Division. Subscale motors for the program were also manufactured at

) Thiokol. Thiokol support was additionally provided in the three-dimensional
stress analysis of analug flap termination samples.

Major contributors to the Case-Liner-Bond Study were Terry ravelka
(Task IV), Perry Bruno (Task II, Tensile Sample Analysis), and J. McKay
Anderson (Principal Investigator), all of Hercules. Thiokol support was
provided principally by Elwin Dickson (3-D stress analysis) and Ned
Caldwell (subscale motors).
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This Technical Report has been reviewed and is approved.

R. Peeters
AFRPL Project Engineer

NOTICES

When U, S. Government drawings, specifications, or other data are used ]
for any purpose other than a definitely related Government procuremeut
operation, the Government thereby incurs no responsibility nor any obliga-
tion whatsoever, and the fact that the Government may have formulated,
furnished, or in any way supplied the said drawings, specifications, or
other data, is not to be regarded by implication or otherwise, or in any
manner licensing the holder or any other person or corporatiom, or con-
veying any rights or permission to manufacture, use, or sell auy patented
invention that may in any way bLe related thereto.
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20. AB3TRaCT (Continued)

In Task 1 of the program, parametric stress solutions were obtaincd for
cyilindrical mot>r configuratiuns with flapped aad right-angle bond termina-
tiors., The pacametric results indicate that the larges:. bond stresses occur
at the terminations. However; the termination stresses for flapped
coniigurations can be adjusted signific.ntly through variations in flap
thickress. The right-angle termination constitutes a discontinuity, and
the parametric results were cast in terms of singularity theory.

™In Task II of the pcogram, improved test sample configurations were
developed for the measurement of case bond tensile and shear strength.
The recommended tensil: sample Is a round-flapped configuration and the
recommended shear sample is a very short lap-shear configuration. Strength
data were obtained for TP-H1123 and ANB-3066 bond systems.

Analog flap and discontinuity samdples for integrity assessment at bond
terminations were doveloped in Task ILII. Stress analyses of these samples
indicate a gonod match for the case bond noimal and shear stresses that occur
typically in motors, Strength data were obtained for the TP-41123 bond
systom,

Verif.cation of procedures for structural integrity assessment at bond
terminations were accomplished in Task T¥ through pressure testing of four
structur .l test vehicles and comparing measured failure loads with predicted
12ad levils., Cosrelation betwecn test results and predictions for the flapped
vehicles was within 10 percent. The vehicles with right-angle discontinvities]
failed within 30 percent of the predicted pressure load.

Based on results cbtaised from this program, techniques for the assess-
ment of case Lond integrity have been placed on a level equivalent to
existing techniques for the assessment of grain integrity at the centerport.
The Task I parametric study provides handbook-type procedures for estimating
meximum case bound stresses im cylindrical rocket motor grains. Task 11
provides proven czample configurations tor measuring the tensile and shear
strength of cass bond systems. Task III provides analog samples and
associated techniques for making integrity predictions at [lapped and right-
angle discontinuity bond terminations.
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SUMMARY

The case liner-bond study was organized into four tasks. Task I in-
volved the calculation of case bond stress distributions in motcrs with
cylindrical grain configurations. Emphasis was placed on the critical
bond termination areas for motors with flapped ends and/or right-angle
bond termination duscontinuities. Task II involved the development of im-
proved test sample conrfigurations for measuring the tensile and shear
strength of case liner-bond systems. Experimerntal sample evaluations were
made with AN3-3066 and TP-H1123 case bond material, Task IZI involved the
development o.! analog samples and associated procedures for assessing, case
bond integrity at flapped and right-angle discountinuity bond terminatioms.
As such, the Task III effort interfaced directly with Tasks I, IIL, and IV,
In Task IV, pressurization tests were conducted to failure on structural
test vehicles containing flapped und right-angle bond terminations. De-
tailed summaries for each of the four program tasks follow,

TASK I - BONDLINE PARAMETRIC STUDIES

Case bond stress distributions were obtained numerically using the
finite-element (FE) method for cylindrical motor analogs. The study in-
volved simple cylinarical grains with free ends. The grain bonded surfaces
were either flapped or terminated with a right-angle corner on the outer
cylindrical diameter. The FE models were developed with highly refined
grids in the vicinity of the end terminations so that variations in case
bond constituents could be evaluated. The right-angle corner solutions were
cast in terms of singularity theoxy, because this type of bond termination
constitutes a discontinuity.

Stress solutions for the filapped-end configuration were completed ~
first, and an interim report (sce Appendix) was published., This interim
report depicted typical bond stress distributions for thermal, pressure,
and axial acceleration loading conditions. The important results obtained
from the flap study are as follows:

(1) Case bond stresses for thermal shrinkage and internal
pressure loading become larger as web fraction (W/b) and
length-to~diameter ratio (L/D) increase. However, as L/D
and W/b increase, the end termination stresses decrease
relative to the centerport hoop stress and the radial bond
stresy at the mid-cylinder location,

(2) Case bond stress distributions are a function of the local
geometry only and are relatively insensitive to chauges in
W/b and L/D for the loadiugs studied.

(3) Modest changes in flap and case bond-liner stiffness have
little effect on local case-bond stress levels,
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(4) Flap length is a lecs significanc factor than fiap thickness
in determining stresses at the flap terminations,

for internal pressure loading from thermal shrinkage solu-
tions.

(6) The case bond radial stress at flap terminations is much
larger than the shear stress under axial acceleration,
thermal shrinkage, and internal pressure loading.

(7) TFlap termination stresses relative to the average case bond
shear stress are insensitive to L/D and W/b for axial accel-
eration loading,

The interim report containing the flap solutions was published before
detailed data became available for typical case bond liner moduli. Stress
solutions in the interim report considered a minimum liner tensile modulus
of one-half the propellant tensile modulus, More typical bond liners have
tensile moduli as low as one-fifth the propellant tensile modulus, Addi-
tional stress soiutions vere therefore obtained and included in this final
report, These ad.itional solutions confirm that very soft liners have a
minor impact on the radial and maximum principal stresses adjacent to the

flap termination; however, the shear stress for soft limers is significantly

less than for stiff liners. Also, the maximum principal strain in the pro-
pellant adjacent to the flap termination is significantly reduced for soft
liners; this implies that the local propellant stresses are more hydro-
static.

Stress solutions for the right-angle corner termination considered
the discontinuity to occur at the liner-propellant interface, because this
appears a priori to be the weakest of all possible configurations, Use of
the FE method for analysis of this configuration was validated through com-
parison with a singularity solution of Zak for a rigid liner situation.
The singularity order (i.e., & (x)~xM, where m is the singularity order)
predicted by Zak and the FE method compare within 1 percent. The shear

stress adjacent to the corner for a rigid liner condition is only 53 percent

of the radial stress. Right-angle corner solutions were obtained fox
thermal shrinkage loading only.

Discontinuity stress solutious for typical liner properties indicate a
significant perturbation in the local bond stresses, relative to the rigid
liner gituation. The order of the local singularity for the radisl stress
is increased from 0.41 for a rigid liner to 0,47 for a liner one-tenth the
stiffness of the propellant. The singulerity order of the shear stress is
increased from 0.41 to 0,62 for the same tensile modulus variation. Thus,
a different singularity order is computed for the two stress components for
a soft liner condition, This is a significant departure from published
singularity solutions for bi-material strips whexrein the singularity order
is predicted to be the same for all stress components,

il

(5) Case bond and propellant stresses can be predicted accurately
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Stregs ~lutions were obtained for liner thicknesses of 0,03, 0.0%,
and 0,12 1 These variations in liner thickness have oitly a small
effect on tie stress magnitude and singularity order adjacent to the
corner., The total length of the stress pevturbation caused by the flexible
liner, relative to a rigid liner, is proportional to the liner thickness,

Parametric relationships were developed for the cormer stress gradients
considering variations in liner modulus and length-to-diameter ratio and
web fraction vf the cylinder. A scaling law was derived on the basis of
the singularity order of 0.41 for a rigid-liner condition,

TASK II - TENSILE AND SHEAR SAMPLE DEVELOPMENT

Test saimples were developed for measuring case bond strength in g
tensile and shear stress fields. The recommended tensile sample is round
with a 0,1-ipch unbonded ring between the insulator layec and end tab.

The recommended shear sample is a short lap-shear sample with the insulator ,
layer unbonded from the end tab over a 0.2-inch length . ?

1. Samplc Design/Analysis ZJ

Detailed FE stress analyses were performed on five candzdate
tensile sample "onflguratlons, in addition to the current ICRPG "plpe" ;
sample, Stress analyses were also performed cn three candidafe shear '
sample confijurations. These candidate samples and results of the analyses
are as follows:

(a) Pipe Tensile Sample

The pipe tensile sadple consists of a cylindrical pro-
pellant slug cast in a pipe section and case bonded to
an end tab, The stress solution indicates three sgig-
nificant undesirable features of the pipe sample, A
strong edge concentration is present at tlie pipe-
propellant boud termination, approximately 0.2 inch
from the bond liner-propellant interface. A signifi-
cant stress concentration is also present at he outer
edge of the liner-propellant bondline. Finally, the
state of stress in the propellant adjacent to the liner
is quite triaxial, with the radial and hocp stresses
approximately 70 percent of the asxial (bond pormai) .
stress, The axial stress along the tondline is reason- ’
ably uniform.

(b) Long., Round-Flapped Tensile Sample .
The long, round-flapped tensile sample iz a propellant !
cylinder approximately 3 inchi in length and 1 inch ;
in dianeter. It is case~bonded to an end tab with a “
circular r’ng of unbondedness {(f1:p) around the periphery. ¢
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(c)

(d)

(e)

Parametric stress solutions were obtained for v:fia“fibns
in the flap lengch, insulakcy thickness, and ltasi m«!
ulus, A €£lap léngth of 3.1 ifcy and an insulato~ thhick-
ness of 0.1 inch were the best choice = - liner bena}
systems typical of composite propellant motors. The

I

stresses in the tond liner are quite triaxial, but f:
stresses in the propellant adjacent to the bondling
are nearly uniaxial, The liner thus acts like a pfike:
chip sandwiched between harder insulator and propg:llant
materials, A

Round -Flapped Tensile Sample

The round-flapped tensile sample is similar tg
long~round-flapped tensile sample, but has a pfro-

l-inck propellant length in the round-flappey
sample, compared with the approximately 3-irfeh length

on the stresses near the bondline. The bg;.d normal
stress is 1ctually more uniform in the shffrter sample,
Over-all, the longer and shorter round-f)fapped tensile

tions.

Back~to-Back Tensile Sample

The back-to-back tensile sample is c/mprised cf two
round-£lapped tensile samples Withryfheir insulator
layers fully bonded together (i.E.ﬁ(’no £flap). The
bondline stress distribution for /his sample is very
uniform if the adhesive between}%;e insulator layers
has the same modulus as the insy/lator. However, a high
modulus adhesive, like most ep¢/sy resins, produces a
mild edge concentration at the¢/ crucial liner-propellant

bondline. )

Round-Filleted Tensile Sampig

The round-filleted tensil): sample is similar to the
round-flapped tensile satple, except that the propellant
iz flared out (using a fillet) near the bondline to
eliminate the edge concentration. Two fillet radii

were studied, 0.25 and 0.375 inch. The maximum bondline
stresses for both fillet radii are significantly less
than the maximum propellant stresses, Thus, if the
cage bond is strong, the sample will fail in the pro-
pellant away from the bondline., This type of sample is
considered unsatiafeciory.
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Analog Flap Termination Sample Pulled in Tension

This sample is rectangular, a length of 1.5 inches and
a height of 1.3 inches; with 0.3-inch long unbonded
regions occurring between the insulator and end tabs.

A three-dimensional stress analysis was performed on
0.5 and 0.25-inch wide samples. The 0.5~inch sample
provides the best stress distribution for typical liner
stiffnesse., ‘1he liner acts like a poker ci.ip and
largely suppresses the stress concentration along the
unflapped adges of the sample; however, a mild edge
concentration exists.

Torsional Shear (Cylindrical Samples)

The basic torsion sample is cylindrical, with a 2-~inch
diameter. The astress solutions indicate it is crucial
that the insulator and liner layers be cut flush with
the propellant cylinder. When the liner/insulator
exteand beyond the propellant, a singularity occurs at
the outer edge of the propeFlant-liner bondline. This
singiarity (ard implied stress coucentration) occurs
only when the liner layer is fiexible. When the liner
and inmsulator are flush with the propellant cylinder;
the bondline stress -diatribution is consistent with
basic torsional stress solutions for cylinders, inde-
pendent of the moduli of the various layers. Partial
unbouding betwcen the insulator and end tab bas little
effect on the liner-propellant bondline stresses.
Thus, "flaps" are ineffective in reducing ecdge concen-
trations in torsion specimens. Torsional shear samples
with thick walls (in the limit, a solid cylinder) are
undesirable for strength testing of highly yielding
materials, such as propellant.

Picture-Frame Shear

The linear stwess Jdistribution for a material sheet
bonded to rigid lirks, pirmed together at the corners
(i.e., picture-frame shear) is one of pure shear.
However, when 4 case boud system (with its attendant
multiple layers) is included in the sheet, the stress
distribution deviates significantly from pure shear,
Large stress concentrations occur at the bondline and
terminations., This type of sauple is not considered
satisfactory for case bond shaar testing.
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(1) Lap Shear

A strength-of-materials solution was derived for a rec-
tangular sheet bonded on the top and bottom faces to
rigid end tabs and subjected to (lap) shear. This
solution indicates that bondline normal stresses near
the bond terminations are proportional to the length-
to-height (aspect) ratio of the sheet. Normal stresses
are small when the aspect ratio is large. FE stress
solutions were obtained for lap-shear bond sample con-
figurations of different aspect ratios, flap lengths,
and liner moduli. These stress solutions confirm the
strength of materials solution relative to aspect
ratin, Short f£laps (i.e., unbonded regions bekween

the ena tab and insulator) are effective in suppressing
the end concentrations, such that the max'mum bordline
stress occurs in the shear direction in the sample gage
length, Titree candidate lap shear configurations evolved
from the FE analyses. The propellant layer is only
0.1-inch bhigh in all three configurations, and differ
only in flap length and the technique used to bond the
propellant te the end tab opposite the case bond side,

2, Manuracturing and Testing Techniques

Procedures were developed to machine the recommended case bond
tensile and shear samples from castings with the case bond system on one
face. The lap shear samples were cut with a knife from sheets with the pro-
peilant milled to a 0.l-inch thickness, 'fhe round-flapped tensile samples
were machined on a lathe from rectangulax blecks cut from the large 9 x 9 x 9
inch castings with a band saw. A special lathe tool was used to cut through
the insulator and liner layers and provide a smuoth transition into the pro-
pellant cylinder. Special dies were used to stamp Ieflon rings for use in
constructing the 0.l-inch unbonded ring between the insulator and end tab.

A ten-shear fixture was used to test the lap-shear samples as single samples
without introducing moments into the testing machine lirkages. The case
bond tensile samples were tested similarly to regular propellant tensile
samples.,

3. Test Results

Testing was performed on two propellant/case bond systems; ANB-
3066 (a CTPB composite) and TP-H1123 (a PBAN compoeite). The ANB-3066
material was used only for prelimianary testing, and the bulk of the te...ing
was performed on TP-H1123 material,

Round-flapped and back-to-back tensile samples and short lap
shear samples were tested with the ANB-3066 material (propellant-only
samples were also tested). TIhe round~-flapped tensile sample and the short
lap shear sample worked well with the ANB-3066 bond system. The back-to-
back tensile sample was not successful because of premature failure in the
low modulus adhesive used to bond the insulalor layers together. The test
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results indicate that the ANB-3066 bond tensile strength. igs appriximately
80 percent of the propellant tensile strength over a constant displacement
rate range of 0.02 to 200 in./min., However, the ANB-3066 lhond shear
strength is oporoximately 15 percent greater than the propellant tensile
strength nnder zero superimposed pressure.

Testing on TP-H1123 material involved round-flapped tensile,
analog flap samples pulled in tension, short lap-shear samples, and tor-
sional shear samples (propellant only samples were alsw tested)., All E
material came from five 9-inch cube castings case bonded to NBR rubber
sheets on one face. The round-flapped tensile sample and the two shear
samples performed well with the TP-H1123 bond system. The analog flap
when pulled in tension performed well, except for testing at high rates
under superimposed pressure., Stress concentrations at the sample edges
apparently caused early failure under this condition. A similar effect
also occurred with round-flapped tensile samples fully bonded between the
insulator and end tab. Thus, the suppression of edge failures is critical
to succecsful strength testing of the TP-Hi123 bond system. The test data
indicale that the case bond tensiie strength for TP-H1123 material is
super1Or to the propellant tensile strength, particularly at high loading
rates. ‘*owever, the case bond shedr strength is only 70 percent of the
propellaut tensile strength under zero superimposed pressure, At high
raie, thc case bond shear strength is not enhanced by superimposed pressure
to the same extent as is the case bond tensile strength. (The propellant

@ shear strength enhancement is zlso small,)
s
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4, Sample Selection

The round~flapped tensile sample was selected as the primary
configuration for measuring tensile strength of case liner-bond systems, and
the short lap-shear sample was selected as the primary coafiguration for
measuring tond shear strength. The selection was made on the basis of
superior bond streuvs distributions, good test{ performance, and ease of
manufacture, Some options were left open to help tailor the samples to
the users specific bond systems. These options primarily involve end-tab
bonding procedures, '

TASK III - BOND TERMINATION INTEGRITY

Analog samples were developed for use in assessment of case bond
integrity at flapped and right-angle corner bond terminations. These
analog s.mples are approximately l,5-inches long, 1.0 inch high, and
0.5-inch wide, The samples are fully machineable and are tested with
standard bigh-rate testing machines (Instron). Special ten-shear pull
fixtures are required for sample loading.

The sample for assessing bond integrity at flap terminations is termed
the "analog flap termination sample'. It has 0.3-inch long regions (flaps)
where the insulator is not bonded to the end tabs., Both 2-D (plane stress)
and 3-D FE stress analyses were performed on this sample. The 3-D analysis
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was accompiished with the Thiokol 53-L program, The 2-D analysis was accom~
plished with the Hercules quadrilateral-element program. Testing of analog
flap termination samples was performed on TP~H1123 case bond material.

The sample for assessing bond integr..y at right-angle (discontinuity)
bond terminaticns is termed the 'analog discontinuity sample, It has
right-angle corners at the liner-propellant interface. Stress analysis of
this sample was performed using 2-D (plane stress) methods only. Testing
of analog discontinuity samples was performed on TP-H1123 case bond material.

Three-dimensional stress analysis of the analog flap termination
sample indicates that a sample width of 0,50 is better than a width of 0.25
inch, Stronger (undesirable) edge concentrations are predicted for the
0.25-width sanple. The stress gradient through the sample thickness indi-
cates a significant influence of the bond liner. The maximum bondline
stresses are ‘predicted to cccur along the width (thickness) midplane of
the sample; the normal stresses along this line are computed to be 15
percent larger than the average stress through the sample thickness. The
stress concentrations near the sample edges were noc well established by
the 3-D analysis; however, ‘their presence is definitely indicated.

Two-dimensional stress analyses of the analog flap termination samples
were performed to investigate alternate sample configurations, liner moduli,
and testirg conditions. Excellent correlatioi was obtained between the 2-D
and 3-D stress analysec when the 15 vercent thickness factor was applied to
the 2-D normal stress values. The 2-D stress solutions indicate that the
bond lirer modulus has a relatively small effect on the bond stresses for a
unit force. Stress Jistiibutions for sample pull angles of 0 and 90 degrees
are substantially difrerent. A pull angle of 15-30 degrees provides a
normal/shear Lond st.ese disiribution most like the cylindrical motor model
of Task I,

Approxim:itely 60 analog flap termination samples were tested. The
samples performed much like the analysis predicted. However, the case bond
is stronger under combined normal and shear stress distributions than pre-
dicted by a maximum principal stress failure criterion. At high loading
rates and under superimposed pressure, the analog samples appear to fail
prematurely due to edge effects, similar to some of the case bond tensile
samples of Task IT, A -*ructural analysis procedure was outlined for the
use of the analog flap :rminatio1 samples in bond integrity sssessments.
The recommended procedure compensites for sample deficiencies which cause
premature edge failures.

Two-dimensional stress analyses of the analog discontinuity samples
show that they possess stress gradients of a singular nature near the bond
terminations like the cylinders ¢f Task I, Pull angle has only a small
effect on the stress distributior. near the discontinuity. A complete match
for the cylindrical motor model rould not be cbtained for any pull angle.
Singularity exponents for the analog sample we: 2 slightly different than
for che motor. However, the relative intensity of the normal and shear
bondline stresses is very similur for the sample and cylindrical motor
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nodel. Procedures were developed for computing allowable stress intensity
factors from tests performed on analog discontinuity samples.

Approxirately 20 analog discontinuity samples were tested; testing
was perform:d only at thlie shear pull angle. Considerable data scuatter
occurred in the testing, precise alignment of the test fixtures was neces-
sary to obtain acceptable results. Sample failure does not occur at the
time of maximum load during testing. Visual observation of low-rate tests
indicates that failure (unbonding at the corner) initiates atL approximately
75 percent of the maximum load. Rate-dependence of the failure load is
similar to that for the propellant tensile stren{th. However, superimposed
pressure has only a small effect on the load at failure.

A de axlea procedure was outlined for structural analysis of motors
with rigl -angle boud-termination discontinuities. The procedure is similar
to that .or & routine, nonsingular analysis but uses stress intensity
factors instead of stresses.

TASK ¥V -~ SUBSCALE MOTOR STUDIES

FE stress analyses were conducted tor several geometricil variaticas
of end-pressurized cylinder (EPC) analog motors to obtain a design naving
a st.ess distribution in the forward flap termination region similar to
that whkich exists in the Task I cylinder. Comparisons were based upon the
ratios of normal stresses to shear stresses along the bondline.

Initial analyses showed that the value of shear siress relative to
normal stress calculated for tne cylinder cannot be obtained in the basic
EPC configuration. This is a result of the inlierently larpe shear stress
assvcia ted with axial loading in the EPC, Further comparison of the cylind
stress distributicn with forward bond *:rmination stresses in the first
stage (FS) Poseidon and sccond stage (SS) Polaris motors indicated that the
low relative shear stress present in the cylinder is not typical, at least
noct for motors containing bond terminations in curved dome regions. There-
fore, the range oi stress distributions capablie of being produced in the
EPC are charac.eristic of those present in typical solid propellant rocket
MO TOTLS ,

A discontinuity E.J configuration was selected which could be manufac~
tured using the same hardware and procedures as the flap-termination EPC,
The distribution of stvess (stress singularity exponents adjacent to the
right-angle disconcinuity) did not fully duplicate that for the Task I
cylinder; the EPC bhas less shear than the cylinder.

Results from high-rate pressurization testing of the EPC's were com-
pared to srructural integirty predictions based upon analaog sample test data,
Maxinum deviatnric stress was selected as the failuve criterion for failure
predictions in the flap termination geometry. The stress state at the flap
termination is largely blaxial (neglecting superimposed pressure effects),
and deviasoric stress includes the effect of the intermediate principal
thoop) stress. The effect of pressure upon the case bond strength, as




determined from propellant umiaxial tensile samples tested under super-
imposea pressure, was accounted for by increasing the allowable maximum
deviatoric stress proportionally as the uniaxial maximum principal stress
capability increased with pressure. The allowable deviatoric strcss as a
function of the time to fajlure was obtained from flap termination analog
samples tested at a zero angle of pull, The analog sample and BPC werc
both analyzed by a linear elastic procedure. However, the actual non-~
linear effects should be similar for both specimens and were neglected in
the comparison of predicted and allowable deviatoric stress. The viscoe-
lastic effects were considered in a quasi-elastic manner. The deviatoric
stress failure criterion, in conjunction with aralog sawple failure data,
predicted failures in the flap termination EPC's with a maximum error of
less than 10 percent.

A similar procedtre was used in the failure analysis of tie right-angle
discontinuity configuration. Analog samples served to provide predicted
failure allowables for the E®C's. A singularity theory approach based upon
maximum effective principal stress (07 + P) gradients was used in thz
discontinuity fajlure predictions. This approach was selected because the
two rmudes of failure for the analog sample and EPC are failure due to axiat
shear normal to the ¢ scontinuity and failure due to tensile loads normal
to the bondline., Maximum principal stress acts in the same plane as the
two fallure loadings. Therefore, maximum principal stress better represents
failure, as a vector combination of the two loadings, than does each loading
independently when the ratios of normal stress to shear stress loadings
are not identical in the analog sample and EPC,

The ciitical scress intensity factor (based upon maximum principal
stress) as a function of time to failure was determined from discontinuity
analog samples tested at various rates at the appropriate pull angle
(zero degrees). Corresponding stress intensity factors were obtained from
the FE stress sojution for the EPC and plotted as a function of time based
upon the pressure transients which occurred during high-rate pressurization,
Comparison with tho pressure-adjusted critical stress intensity factor curve
indicated that the discontinuity EPC's displayed a structural integrity
capability approximately 30 percent in'excess of that predicted.

This error has probably contributed largely to the difference in
"distinctness" of the right angle corner discontinuities in the analog
samples and EPC's, The junctions in the EPC's contained small fillets
which occurred as a result of propellant casting, while the analog samples
contained a more criiical geometry obtained by "knife-cutting". Therefore,
the singularity apprvach may be valid if predictions were based on precise
models of the singularity geometry. Also, since singularity exponents were
shown to vary at a different rate in axisymmetric geometries than in plane
geometries as the liner to propellant modulus ratio i3 varied, it is im-~
portant to consider tha correct ratio of their effective elastic moduli,
which corresponds to the actual time to failure,




Overall, both types of analog samples appeared tH work weli. The less
satisfactory performance of the analog discontinuity sample was expected.
This type of bond termination is of wuch less importance than the flapped
configuration (at least for zero-burn grain configurations). The conclusion
is that engineering procedurés now exist, as a result of this work, for
case bond integrity evaluation at end terminations involving flaps and/or
right-angle discontinuities,

xi
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INTRODUCTION -

Propellant grain survivability depends upon the structural integr.ty
of the grain and all bonded interfaces. Although past emptasis las beer
placed on developing analysis methods. applicable to the propellant grain,
probably more structurail failures of motors occur at case bonds. Only a
relatively small effort has been applied to the development of case bond

structural analysis methods, and the general ability in the solid propellant

industry for case bond structural analysis is quite poor when cempared with
capabilities related to the propellant. The industry reasons that acceptable
structural analysis techniques must first be developed for the propeliant
before meaningful bonded interface studies can be accomplished. This posi-
tion has logic, but case bond problems are too important in motor design to
continue waiting the development of fully acceptable propellant structural
analysis techniques. Many methods are now under consideration for grain
structural analysis which can be readily adapted to the case bond analysis
problem,

Case bonds impose challenges to the struct-ral analyst which are
somewhat greater than those imposed by the propellant grain proper. First,
geometrical irregularities, such as right angle corners at bond termima-
tions, .are not tractable using classical structural analysis techniues.
Second, detalled bond stress analyses often require difficult modeling of
multi-layered structures composed .of case, insulator, flap, barricr coat,
liner, and propellant. Third, development of sample cenfigurations for
strength tests which provide pure states of stress, such as uniaxial ter-
sion or shear is virtually impossible. TFourth, grain processing and aging
often produce propellant property gradients in the vicinity of th. bvornd
which are either unknown or are difficult to structurally model. Flaw
propagation theories ave common to both propellant and case bonds, but the
case bond is more difficult to analyze because of the multi-layer materials
situation, )

The solid propcllant industry is in a wmuch improved position to dovelcp
workable case bond structural analysis methods than was possible when major
analysis development activities were in progress in the early and mid 1960's.

FE computer programs for grain stress analysis developed and refined over

the past 8 years allow the detailed geometric and multi-layer mafterial
modeling at critical bond termination regions., Fracture mechanics theories
recently adapted to propellant structural analysis offer great prenise i-c
application to the bond termination corner pioblem and for £law/scpreratiom
propagation studies. Bond test sample configurations which provide .pproxi-
mations of pure stress states and stress/strain distributions near critical
bond termination regions of motors can be readily explored with the FE methcd.

The need for a better case bond integrity assessmcat posture in the
solid propellant industxy has become increasingly evident in recent motor
development and aging programs. In 1971, the AFRPL took positive stepe to
satisfy this need through the award of separate case bond integrity studies
to Hercules Incorporated and United Technologv Center (UIC), The Hercules
study was directed towards bond integrity asssessment for unflawed bond
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configurations, with a strong experimental emphasis; whereas, the UTC
study' placed major emphasis on the development of techniques for analysis
of adhesive Zlaw propagation. However, both studies considered the right-
angle corner singularity at bond terminations.

&9
. : a2
“ L 'W;"”M :'/R“ -
e e - o - i sl

Mechanical properties for the individual componeuts of the case bond E
system are difficult to obtain. Properties which are routinely méasured
for materials, such as the liner, often do not cover a broad rate/time/
temperature range. Further, the applicability of data obtained using ¢
samples of bond layers cast and cured by themselVves is uncertain. For '
example, epoxy resins into which base grains are embedded in double-base
bond systems undergo a reduction in modulus by one order of magnitude
during subsequent grain processing. Changes in case bond liners for com-
posite propellant systems during grain processing are not expected to be
this large. However, the liner is usually under-cured at the time of grain ;
casting, and migration of liner ingredients into the propellant is probable.. ¢
During the course of the Hercules case liner-bond study, considerable
uncertainty prevailed as to typical properties of the case bond liner.
Stress solutions performed in the various tasks used slightly different
propellant/case boiid moduli, depending upon the current knowledge and the
need for consistency between solutions,

.
P

The Hercuiies case bond. integrity program was organized into four . .
tasks: Task I - Bondline Parametric Studies, Task II - Tensile and Shear .
Sample Development, Task III - Bond Termination Integrity, and Task IV -
Subscale Motor Studies. Work elemeris in the four tasks were designed to
" tie the total effort together and provide a proven approach to integrity .

assessment of unflawed case liner-bond systems in solid propellant rocket
motors.,

In Task I, parametric stress analyses were performed on cylindrical
motor analogs to establish typical case bond/propellant stress distribu-
tions in rocket motors. These stress distributions werec used as the basis
for the development of analog bond termination samples in Task III and sub-
scale motor .analogs in Task IV, Case bond strength data obtaired in Task o
IT is fundamental to the establishment of failure criteria for use in Tasks i
III and IV, Tho parametric stress solutions for cylindrical motor analogs
in Task I helps establish the relative requirements on bond strength in
toensicn and shear stress fields,

An interim report on studies completed under Task I of the lercules
program was published in May 1972, This report(l) cc itains parametric skress
solutions for cylinders with flapped bond terminations. Since this interim :
report was published, parametric stress solutions were obtained for cylinders ,
with right~a 'gle bond termination discontinuities. Also, a minuvr extension ’
was made to tue flap termination study to consider a broader range of liner

§f

(I)Anderson, J. M., "Case Bond Stress Calculations for Flapped Cylindrical
igg Analogs of Solid Propellant Rocket Motors", AFRPL-TR-72-55, (May 1972).
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stiffnesses. The additional parametric studies accomplished since May 1972
are igcluded in this final report., Little repetition of the results in the
interim report is contained berein..

A rigorous structural analysis of a solid propellant rocket motor re-
quires the consideration of many complex features of propellant/case bond
mechanical behavior. Among. these complex features are: 1) viscoelastic
behavior, 2) cumulative damege effects, 3) nonlinear behavior, 4) age
dependence, and 5) state-of-stréss dependence. Of central focus in the
‘Hercules study is the state-cof-stress dependence (i.e., failure criteria).
This feature Seems to best distinguish the case bond from the propellant

Prupexr in most motor integrity assesements.

Jiscoelasticity must be consideéred in case bond integrity analysis,
but viscoelssticity ehters the cese bond analysis in a manner very similar
to the aropellant analysis. The ireader should be well grounded in visco-
elastic prop>llant analysis because little emphasis is placed on viscoelas-
tic aspects in this report. Sample loadirg procedures in the experimental
portions of Tasv.s II and III and the subscile motors in Task IV were pur-
posely made »¥ dar to minimize the use of cowplicated viscoelastic relation-
ships. Further, the subscale motors were subjected to pressute loading,
as ‘opposed: to tkermal loading, because of the lesser demands for viscoelas-
tic theory if this type of loading program.

Cumuiative damage effects are almost totally ignored herein. However,
the case bond incegirty prediction techniques developed are such that
‘cumulative damage criteria commonly used for propellants should apgly.

One such criteria is the stress cumulative damage theory of Bills(

Nonlinear aspects of propellant and case bond structural response are
very jmportrant, However, the nnnlincar problem wius only partially addrgssed
herei, Case bond strescee are almost totally determined by the propellant
response, either linear or nonlinear. Case bond stresses occur only
becauseé the grain doforms differently from the insulator or case. The most
critical .case bond s.resses in rocket motors usually occur during thermal
loading and grain iznition. Ignition pressurization appears to provide the
mest linear propellant structural response because of the suppression of
dewetting by superimposed pressure, the constant grain temperature (except
in the combustion zone), and the relatively simple time-dependence of the
applied loads. Therefore, pressure loading was selected for the subscale
motor test program in Task IV,

Attempts were made to minimize propellant/case bond aging in the
testing program. The ANB-3066 propellant/bond system (Minuteman III Stage
IIT) was initially chosen for the experimental program. However, this
material indicated significant post curing, plasticizer loss (in small
samples), and oxidation problems. Therefore, 2 change was made to TP-H1123

(2)

Bills, K, R., Jr., et al, "Solid Propellant Cumulative Damage Program,"
Final Report, AFRPL-TR-68-131, (October 1968).
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propellant/hqse boad material (C3 Poseidon Stage I) approximately 9 moaths
into the program. Aging and handling effects are minimal with this material,
Some minor binefits were derived from the fact that two case bond systems
were tested i3 the subject program. The relatively large difference in the
liner formulations provided a good test for the candidate tensile and shear
sample configurations developed in Task II, However, only a minimum of
testing was accomplished with the ANB-3066 material, and handling/aging
changes in the test specimens ‘made it unreasonable to quote absolute ‘values
for measured propellant/case bond strengths.

The remaining portions of this final report are crganized according
to task. The write-ups for each of the four tasks aré largely seif-
contained. Objectives, introductions, backgrounds, analyses, and experi-
mental sections are provided under each. task, as appropriate. A relatively
close relationship is present among Tasks I, III, and IV, The reader should
cover the material 3 these sections in that order to sbtain the proper

background material, The report concludes wifth a section providing con-
clusions and recommendations.
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SECTION I
TASX I - RONDLINE PARAMETRIC STUDIES
A: OBJECTIVE

The objective of this task is to obtain case bond stress and strain
distributions typical of unflawed solid prepellant rocket motors. Para-
metric relationships are to be developed for use in the design of grains
with flap and/or right-angle end terminations.

B,  INTRODUCTION

This task is intended to provide case bond stress distributions which
are typical of unflawed solid propellant rocket motors. As such, this
task is basic to the total case bond study program. It provides .the
standard of comparison for use in the design of analog bond termination
samples in Task III and subscale motors in Task IV, The parametric data
generated in this task will permit bond termination design and analysis
(considering flaps .and right-angle corners) to be elevated to a level
comparable to that of the grain centerport,

Stress analyses performed on the flap and right-angle end termina-
tions comprise two distinct units of work, Models for both end configura-
tions are cylinders. However, the case bond stress distributions adjacent
to the two end terminations are fundamentally different, and results must
be cast in different forms. Because the analysis results for the flapped
configuration have already been published in detail as an interim report
under this program(l) (see Appendix), only a modest treatment of this con-
figuration Is provided in this section. Additional results are presented
only for more extreme variations in bond liner stiffness, Stress analvsis
results for the right-angle corner coufiguration are presented in detail.

The remainder of the Task I section ¢ :his final report is organlized
4o first discuss the additional results for the flapped cend configuration,

A short background is given and then a discussion of resuwlts for variations
in liner-flap-insulator stiffness, Next is an extensive presentation of the

stress solutions for the right-angle end termination. The writeup for the
right-angle configuration first provides background material. Then; a

pergpective of the right-angle corner problem is given and its relationship

to fracture mechanics, This is followed by a paragraph discussing the
applicaiion of the FE method to corner singularities, A presentation of
results is then provided for cylindrical motor analogs containing flexible
bond liners.
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C. FLAPPED END TERMINATICN

i. Background

Except for the interim report(l) previously published under this
program, only limited information has been published which depicts typical
‘case bond stress distributicns in rocket motors. Experimental studies us ng
photoelasticity have been made to evaluate stress distributions at bond
terminations{3). However, these studies did not consider case-bond detail
and were restricted to configurations involving fillets and grooves in the
propellant grain. adjacent to the bond termination. Published numerical
stivess analyses have considered the case bond in varying degrees. Reference
4 contains case bond stres$s distributions in cylinders with flat ends; no
attempt was made to deal with the actual termination geometry or bond
constituents. However, in later studies(3) some consideration was given. to
the case bond liner and bond termination configurations.

The reader should be familiar with the previously published
interim teport because littlé discussion will be provided with respect to
method of analysis and modeling details. The basic cylinder configuration
analyzed is shown in Figure 1~1, The flap termination studies were based
on an FE modal containing insulator, flap, liner, .and propeéllant layers.,
Thicknesses and moduli representative of rocket motors were selected for
study. The basic cylinder diameter was chosen to be 32.0 inches which is
intermediate to larger strategic and smaller tactical motors.

The interim report showed -that the stress distribution adjacent
to the flap termination is insensitive to the length-to-diamecter ratio
or web fraction of the cylinder., The conclusion was that the largest bond
stresses are in the radial direction, even for axial acceleration loading.
The bond stresses adjacent to the flap termination are strongly influenced
by the total flap-liner thickness but are not significantly affected by
the stiffness of the flap or liner moduli (at least, for liner moduli with
minimum values of one-half the propellant stiffness). The need to consider
softer bond liners more representative of motor situations prompted th:
additional work contained in this section for the flapped end configuration.
Results are presented only for thermal shrinkage loading. ‘However, the

(3)

Robinson, C. N. et al, "Effect of Grain End Shape on Stress Concentraticns
at the Case-Propellant Interface'', Technical Repnrt AFRPL-TR-69-124-Vol I,
Contract F04611-68-C-0015, Atlantic Research Corp., (May 1969).
(4)Messner, A, M., and D, Schiessmann, "Parameter Calculation of Simple Pro-
pellant Grains for Temperature Cycling, Pressurization, and Acceleration',
Appendix D, Study of Mechanical Properties of Solid Propellants, Aerojet~-
General Report No, 0411-10F, (March 1962), and lockheed Propulsion Com-
pany Structures Manual, (December 1969),

(S)Shearly, R. N., and A. M. Messner, "Stresses in Propellant Grain Bond

Systems"”, Bulletin of the 3rd Meeting ICRPG Working Group on Mechanical
Behavior, Vol I. (October 1964).
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X thermal-pressure loading equivalence described in Reference 1 indicates that i
g the thermal loading behavior is directly applicable to the pressure loading %;
8 situation. Based on the similarity of the flap area stress distributions §§
CE for -axial acceleraticn loading and thermal loading, the thermal loading v%§
g‘ effects for soft bond liners should relate tc axial acceleration loading f@
= as well, o
L % .
F'?' 2. Liner-Flap-Insulator Modiulus Effects . g
F . Ty
S Reference 1 (page 7) contains a discussion of liner-flap-insulator g
e modulus variations on the stresses adjacent to the flap termination. This i
LT paragraph is basically a revision of parts of the referenced discussion. o
1\% Figures 1-2 through 1-4 provide the maximum principal stress, T;, shear Cd
0¥ stress, and maximum principal strain in the propellant 0,01 inch inbeard of -
y the bond liner, adjacent to the flap termination, ; ki
-7 [
) The ''basic" material property set considered tensile moduli of }
B the insulator, fiap, liner, aud propellant of 1000, 1000, 200, and 200 psi, -
;é; respectively, The bulk modulus of all materials was kept at 333,000 psi : é
» for all variations in the tensile modulus., The stiff flap solution de- :
;%‘ picted in Figures 1-2 through 1-4 considered the basic material property K
‘g; set. The first variation from the basic set involved softening of the flap ;
> material from E¢ = 1000 to 200 psi, thus making it the same as propellant. i
5 Overall effects of this. change are very small. Radial and maximum princi- .
2 EZ; pal stresses show almost no change from the stiffer flap solution. The “

shear stress has the largest change, with an increase in the positive peak
of approximately 6.3 percent, but no appreciable change in the larger and
more meaningful negative peak. The largest effects were in the axial stress
(not shown) and maximum principal strain. The changes are summarized in
Figure 1-5 (the shear values are for the negative peak).
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The next variation in material properties involved a decrease in
the teénsile modulus of the liner, reducing it from 200 to 100 psi., For
this solution, the tensile modulus of the flap was kept at 200 psi, as
opyased to the basic value of 1000 psi. Propellant stresses and strains
next ctu the liner were influenced little by this decrease in liner modulus.
Another solution was then obiained for a decrease in the liner modulus to 200
psi, i.e., one-tenth of thz propellant modulus. However, the £lap modulus
for this solution was changed back to the basic value of 1000 psi. These
changes still had little effect on the maximum principal stress or radial
stress (not shown), but significantly influenced the shear stress and the
maximum principal strain. The extra-soft liner flattens out the shear
stress -gradient and makes the stress state more hydrostatic (i.e., a large
decrease ih maximum principal strain with little change in the maximum .
principal stress), The significance of this change in stress-strain state -
is somewhat problematical, If the propellant/case bond failure criterion
is based on deviatoric or maximum shear/equivalent scress parameters, then
softening of the liner ought to be advantageous (as long as it does not
fail cohesively). However, if the failure criterion is based on the magni-~ S
%§§ tude of the principal stress, then softening of the liner will have little "
effect. The effects of the above liner modulus variations are summarized
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in Figure 1-6, The solution for the 100 psi lirer modulus was adjusted,
on the basig of Figure 1-5, to a flap modulus of 1000 psi. Because this
adjusted solution fits so well with the overall trend expressed in Figure
1-6, apparently little interaction of the flap and lirer modulus variables
is occurring. The two variables can thus be considered separately.

The final variation in material properties considered the insu-
lator to have the same tensile modulus as the propellant, liner, and flap
(E = 200 psi). As indicated in Figures 1-2 through 1-4, the soft insulator
provided one of the largest overall decreases in stresses and strains.
The decrease was a uniform 11.0 percent in all stress components, as compared
with the soft-flap solution. Because the same decrease was evident in all
of the stress components, the state of stress was not affected by softening
the insulator. Apparenily, a soft insulator simply offers less restraint
to the grain, allowing the grain cylinder to pull in more on the ends and
thue reducing the stress level. The effect of the insulator modulus on the
key stress-strain parameters is summavized in Figure 1-7 for Efp = Ef = 200
psi. Litrle interactidén is expected between the insulator, flap, and
liner modulus variations, and thus softenring of the insulator should cause
the same percentage change in the bond stresses, independent of the liner or
flap stiffness.

D, RIGHT-ANGLE CORNER STUDY'

1, Background

Right-~angle brad terminations occur frequently in solid propellant
grains, and this is a structurally undesirable condiction. Flaps, grooves,
and fillets are used to eliminate the occurrence of any right-angle configu-
ration. However, at advanced burn times the right-angle cormer configura-
tion may occur, at least as a limit condition, even when flaps, grooves,
and fillets are used in the motor design. Thus, development of rigorous
procedures for structural evaluation of right-angle corners is important.

Original work relating to stress distributions at corners was
accomplishéad: by Williams(6), e showed that angular corners of clamped-
free plates in extension producel singular conditions when the included angle
was -greater than 630, 7ak(7) extended the work of Williams to include
corner conditions at the end terminations of rigidly-bonded cylinders and
showed that the cylinder solution reduced to a singularity criterion similar
to that for clamped-free plates under conditions of plane strain. The

(6)Williams, M.L., "Stress Singularities Resulting From Various Boundary
Conditions in Angular Corners of Plates in Extension,'" J. Appl. Mech.,
Vol 19, Transactions of the ASME, Vol 74, p. 26 (1952).

<7)Zak., A. R,, "Stresses in the Vicinity of Boundary Discontinuities in
Bodies of Revolution", J, Appl. Mech., Vol 31, No, 1, p. 150,
(March 1964),
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order of the singularity was sheun to vary with Poisson's ratio (with
higher Poisson's ratios p‘ov‘d-ng the higher singularity orders) and the
wedge angle. In & recent Daper( , Zak computed the stress distribut*ons

in the region further removed rum a right-angle corner by using more terms

in the solution series expansion.

The stress distiibution in the vicinity of a crack aleng a bi-
material interface was studied by Williams{9). The stress was shown to
vary as a damped trigonometric function of the form 0(r)~1x™™ cos(\log ).
The strength of the singularity, m, was shown to be a function of shear
modslus ratio for the two component materials. A crack emanating from a
harder material to the interface with a séfter material was shown to
produce the strongest singularity, with a maximum value of 1. 0 for m.

A further conclusion was that the crack would most likely propagate along
the material interface and not into the softer material,

More recent work relacive teo singularities at the bi-material
interfaces has been accomplished by Hein and Erdogan(lo . Some of their
results are revroducesd in Figure 1-8a which shows that a right-angle

corner produces oscillatory behavior (nonzero vaiue for imaginary portion of

of eigenvalue, p) only when the tensile moduius of the foundation material,
Ey, is less thap 0.1 times the modulus of the adjoining material., The
singularity exponent, m = Pro,7 + 2, varies only slightly from 0.5 over
che typical plopellantlllner ten31le modulus range of 1< Ej/Ep > 10,
Fo: the case of a crack parallel to the material interface, Hein and
Erdogan calculated a singularity exponent of 0.5, independent of the
modulus ratio, as shown in Figure 1-8b. Nonoscillatory behavior occurs
only for equal values of the tensile moduli of the two adjacent materials.

2. The Right-Avgle Cornexr Problem

Right-angle corners can he potentially viewed zs limit cases of
separated bonds with a zero length of separation. However, this viewpoint
is not reasonable for cracks in a homogerieous stress field because the
1imit case no longer constitutes a singularity, and a minimum crack length
(greater than the "inherent flaw size") must be present before fracture

achanics theory is applicable., Because the limit case for a bond separa-
tion emanating from a right-angle corner is itself a singularity, fracture
mechanics theory bears further consideration in this regard.

(8)"ak A. R., "Elastic Analysis of Cylindrical Configurations with Stress
Singulqrities", J. Appl. Mech., Vol 39, No. 2, p. 501, (June 1972).

(9)W1lliams, M. L., “The Stresses Around a Fault or Crack in Dissimilar
Media," Bulletin of the Seismological Society of America, Vol 49,
p. 199, (April 1959),

(10)Hein, V. L., and F. Erdogan, "Stress Singularities in a Two-Material
Wedge", International Journal of Fracture Mechanics, Vol 7, No. 3,
(September 1971).
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The basic assuaption qf“(eiaétic} fracture mechanics theory is
that a flaw will propagate under load whenever the fate cf strain energy
released through an increase in the flaw leangth is greatetr than the rate-

au

of surface energy expended; i.e., 5K-> Y.. The strain energy is a2 cubic

function and the surface area is a squared function of the characteristic
body size. Therefore, fracture mechanics theory implies that the applied
(area distributed) load for which a flaw will -propagate in a scaled
(including the flaw length) larger body, B' =aB, is inversely proportiona:
to the square root of the scale factor, aj i.e., (Pc)targe Body =

1 = e .
o (PC)Small Body . Flaw propagation can be approached in terms of

balance or ..ress intensity factor relationships; the two approaches are
mathematically equivalent, as shown by Irwin(l ), and further discussed

in Reference 12. The stress intensity factor approach to f£law analysis

provides a close parallel with the analysis of singularities not of the

flaw type, such as right-angle corners.

The effect of scaling on the stress distribution adjacent to a
singularity, such as a right-angle corner at a propellant-liner junction
is outlined in Figure 1-9. It is shown that the stress intensity factor for
a given load distribution acting on two scaled bodies is proportional to
the scale factor "&" raised to the mil power, where m is the order of the
singularity. Based on fracture mechanics theory, bodies are expected to
undergo flaw propagation whenever the stress imtensity factor reaches a

certaip critical value. A scaled larger body is expected to fail (propa-

_gate the "flaw") at an applied (distributed) load level equal to a™™ times

that at which the smaller body failed.

The work of Hein and Erdogan showed a distinct difference in the
singularity order for a right-angle bond termination and a separated boad
(See Figures 1-8a and 1-8b). Further, the singularity order for the right-
angle corner is greatly influenced by the bi-material modulus ratio;
whereas, it is independent of this modulus ratio for the separated bond
configuration. In view of these results, approaching the right-angle bond
problem as a limit case to the sepsrated bond problem weculd be a mistake.
Therefore, in the subject study, right-angle corners are considered as
singularity problems separate from the energy balance considerations of
fracture mechanics.

(ll)Irwin, G. R,, "A Crirical Energy Rate Analysis cf Fracture Strength,"
Welding Journal (Research Supplement), (1965).

<12)"Fracture Toughness Testing and Its Applications", ASTM STP 381,
(1965).
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3. AleicaFion of the Firite-Element Method to Cotaey Singularities

The corner configuration snoun in Figure 1-10 was chosen for
study in the subject work, primarily because it is difficult to "design ocut
for advanced burn geometries of solid propellant grains, and because it
appears a priori to be the weakest of tha various posxible terminavion
configurations. Thus, it should provide the most comsetvative prediction
for integrity of grain and terminations.

The FE method is the current best choice of the various analysis.
tools for study of right-angle bond terminations of the type shown in
Figure 1-10, vhen it is considered that such geometrical features as bond
liner thickness =ay be important to the sclution. Numeréus studies have
shown the FE wmethnd to provide accurate .propagation solutions for bodies
containing flaws. The most accurate use of the FE method has proved
to be in terms ot glcbal gnergy changes considiring finite .(but small)
changes in flaw length(l3 . Procedures involv .ng local energy changes,
stress gradients, and crack displacements proviie less accurate results.

Of primary concern in the current study is an assessment of the
local magnitudes of the various discontinuity stresses; in particular, the
normal and shear stresses adjacent to the corner. To make this assessment,
the most logical approach would be to develop a FE model with numerous small
elements adjacent to the corner and simply plot the stresses in the local
vicinity to derive the appropriate gradient parameters. However, this is
among the less accurate approaches to crack studies, and care must be taken
to ensure salution adequacy,

The basic cylinder configuration used, for analysis of flap
terminations (see Figure 1-1) was selected for study of right-angle bond
termination discontinuities. Discontinuity stress solutions were cbtained
only for L/D = 1.0 and W/b = 0.8, Based on the insensitivity of the local
flap termination stress distribution to changes in L/D and W/b, it seems
reasonable that stress gradients adjacent to right-angle bond terminations
will be equally insensitive to changes in L/D and W/b. Parametric varia-
tions in key discontinuity stress parameters can logically be derived by
application of the flap termination stress variation with L/D and W/b to
the discontinuity solution for L/D = 1.0 and W/b = 0.8,

The FE grid network, containing 1863 nodes, for the right-angle
discontinuity cylinder is shown in Figure 1-11. The grid is graduated such
that the element sizes near the discontinuity form an arithmetic progression
in both the radial and axial directions. (See Figure 1-12,) The smallest
element adjacent to the discontinuity is 0.0032 inch Ar by 0.0020 inch Az,
The first five element cclumns aft of the discontinuity were kept at a
uniform value of Az = 0,0020 inch to minimize stress oscillation inherent
in the constant strain triangle/quadrilateral FE formulation. The minimum

(1J%everall, L. I., and Lindsey, G. H,, "A Comparison of Numerical Methods
for Determining Stress Intensity Factors," 8th Meeting JANAF Working
Group on Mechanical Behavior, CPIA Publication No. 193, Vol I,

(March 1970),
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elerent dimension of 0.002 inch is 1/8 the diameter of the "large 400u
(0.016 inch) filler particles used in typical solid propellants.

4 standard value of 0,06 inch was used for the case bond liner
thickness in the cylindor model, However, stress solutions were obtained
for liner thicknesses of 0.03 and 0.12 inch thréugh minor modification of
the FE grid shown in Figures 1-11 and 1-12, The aumber of element xrows
in the liner and propellant was adjusted such that the radial grid sizes
adjacent to discontinuity were the same as for the 0.06 liner model.

) Material property values ware chosen to be consistent with
TP~H1123 propellant and case bond tensile samples loaded at a constant
displacement rate of approximately 2.0 inch/minute. The propellant temsile
modulus was selected as Ep = 850 psi, the case bond liner as Ef = 200 psi,
and tiie insulator as Ej = 1100 pai. The bulk modulus selected for all

three materials was 333,000 psi. All materials ware assumed to have the
same coefficient of thermal expansion. The outside surface of the insulator
was rigidly restrained ir all solutions, The axial displacement coordinates
were set to zero along the left edge of the insulator-liner piece that
extends 1 inch beyond the propellant grain, tc ensure that the extended insu-
lator piece acts as if it were very long. Symmetry boundary conditions were
also rpecified along the right 'side of the cylindef model toc double the
effective length,

To evaluate the proposed approach to singularity amalysis of
right-angle corners, the FE cylinder model was specialized to the condition
wherein the grain is rigidly constrained along the outer circumference;
i.e., the displacement coordinates were set to zero along the liner-propel-
lant inverface. The local corner stresses wery then compared wich the
singularity solution of 7ak(?), Zzak's solution is for a clampes-free
cylinder subjected to pressure loadiig. However, because of te close re-
Lationship between pressure and thermal loading solutions (se: Reference 1),
solutions for the two types of loading should exhibit similes behavxor at
least adjacent to the discontinuity.

The computed shrinkage stresses along the fir.. row of elements
(i.e., 0.0016 inch inboard of the interface) in the propellant adjacent to
the rigid liner interface are shown in Figure 1-13 as a function of the
axlal distance, z, from the corner., The solution is plotted on a log-log
grid so the singularity order can be readily identified; i.e., g~2™0,
where m is the order of singularity and z is the axial distance from the
corner. The shear stress defines a definite exponential form versus z up
to 0.3 inch, if the first element value is ignored. Apparently, the FE

gelution cannot be relied upon in the first element.

The values shown in Figure 1-13 for the radial stress have been
averaged in axially adjacent elements to reduce oscillation. These
averaged values are thus plotted at the averaged element center distance
frum the corner. The oscillation in the radial stress should not be
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confused with the oscillatory behavior predicted by Zak and Williams for
bi-material interfaces(14). The FE normal stress oscillation occurs for
Poisson's tatio neax 0.5 and always results in stress values greater and
less in adjacent elements than sn e.pected smooth curve, independent of
the element dimensions.

Both the radial and shear stresses have a singularity order of
approximately 0.41 (0.41 * ~ 0.92, depending upon how the straight lines
are drawn). This compares very favorably with the predicted order of
0.405 from the singularity solution of Zak. Thus, the technique based on
the plotting of local stresses on a log-log grid and determining slopes
seens to work well,

The radial stress beginsg to deviate significantly from simple
exponenitial behavior for distances grater than 0.1 inch from the corner,
but thls is to be expectad (for both stress components). Singularity
theory attempts only to model the stress behavior only in the very local
vicinity of the discontinuity.

The remaining twz normal stresses, Oy and @,, are shown in
Figure }-14. They do ‘not follow any reasonable singularity trend in the
decade 0,001 to 0,01 inch from the corner. Thereafter, they are consistent
witn the radial stress. The radial and shear stresses are of most interest,
however, and the flexible-liner stress solutions will consider these
stresses only.

The stress distribution shown in Figure 1-13 is for the first
row of elements adjacent to the bcad interface (i.e., 0.0016 inch inboard
of the interface); stresses along the actual bond interface zan be esti-~
mated through extrapolation., The shear stress is plotted in Figure 1-15
as a function of the radial distance from the bond line for element columns
2 through 14 adjacent to the corner. The extrapolated interface values
are compared in Figure 1-~16 with the values for the first element row,
The extrapolated values indicate a distinct slope change in the region
0.001 to 0.01 inch axially from the corner, and the singularity order is
increased to approximately 0.57. A similar extrapolation for the radial
stress (though more difficult and less certain due to smoothing procedures)
produces a lesser change from the values for the first element row, Since
the results for the first element row are consistent with the singularity
solutioa of Zak whereas the extrapolated values are not, extrapolation is
not reasonable in this instance. Apparently, the constant strain FE method
compensates for the fact that the element centers for the first row are
not at the interface and computes stresses more nearly like bond-line
stresses Lhan stresses at the location of the physical element centers,

(la)Zak, A, R,, and M, L, Williams, '"Crack Point Stress Singularities at

a Bi-Material Interface", J. Appl. Mech., Vol 30, No. 1, p. 142
{(March 1963).
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4, Plexible Liner Sol~*ions

Propellant radial and shear stresses along the element row
adjacent to the liner are shown in Figures 1-17 and 1- i8, respectively, for
the basic discontinuity material property set (i.e., Ep = 850, Ej = 200,
and Ey = 1100 psi), and ép =4 = 47 = 0.01 in./in., where § is the
shrinkage coefficient. The rigid liner solution discussed previously
is also shown for comparative purposes.

The flexible liner significantly decreases both the radial and
shear stresses in the vicinity of the corner, relative to the rigid liner
condition. The largest effect occurs for the shear stress, but the trends
are similar in both stresses. The liner influence is felt only within the
first 0.2 inch (i.e., approximately three times the liner thickness) from
the cortier, and thereafter the flexible liner solution parallels the rigid
liner results.

The order of singularity depicted by the radial stress components
is not significantly different for the flexible and rigid liner solutions,
However, the singularity order increases significantly for the shear stress
in the flexible liner sclution, relative to the rigid liner solution, The
nigher slope of the stress gradient occurs within the diameter of a 400y
filler particle, and thus its significance is of some concern relative to
the microstructure of typical solid propellants. In fact, the strong
aberration in the stress gradients between approxiiately 0.01 and 0.2 inch
for the flexible liner is perhaps the most si, nificant feature. of the
solution,

Scaling laws are dependent upon the order of the singularity.
True exponential behavior for the flexible liner solution really only
occurs at distances from the cornmer less than the diameter of a large filler
particle; between approximately 0.01 and 0.2 inch from the corner, the
singularity order is relatively low. This could possibly be the critical
region in the vicinity of the corner, rather than the first 0.0l iach, and
hence, scaling factors would be much different than based on the behavior
up to 0,01 inch, Packing of filler particles is relacively poor adjacent
to interfaces, however, and binder-rich layers normally occur immediately
adjacent to the bond liner in motor situations, Thus, the first 0.0l inch
may still be the critical region., Test results will be required to help
ascertain the significance of the stress gradient features,

Zak and Williams(la) conciuded that a flaw normal to the inter-
face of a bi-material strip is most likely to propagate along the interface,
and not into the softer underlayer because the order of singularity (in
terms of the "equivalent" stress) is higher. A comparison of the gradients
for the maximum principal stress (a "normal" stress failure criteria) and
the maximum shear stress (s "shear" stress failure criteria, like the
equivalent stress) is shown in Figure 1-19 fer Ej = 200 and in Figure 1-20
for E; = 850 psi., Surprisingly, little difference is present between the
stress gradients radially and axially away from the corner for the two
values of liner modulus. The gradients into the liner are not well defined;

10




the stress values closest to the corner suggest a decrease in singularity
erder. Hawever, the behavior of the low modulus linar solution is no
different than the high modulus solution, This contradicts the bi-material
strip solution.

Two preliminary stress solutions for the right-angle corner were
obtained using an FE model with elements 0.01 Ar by 0.02 inch Az in the
propellant adjacent to the corner. This "coarse grid" wod#l thus has a
minimum element size 10 times larger .than ‘the "fine grid" ‘model. A compari-
scn of the radial and shear stresses in the propellant along the first
element row is shown in Figure 1-21 for EL 200 psi, and in Figure 1-22 for

= 850 psi. The coarse grid solution is close to the fine grid solution
in both instances for both stress components. However, the coarse grid
model completely missed the exponential behavior which occurs within the
first 0.01 inch for the soft liner. This underscores the impoctance of
grid resolution adjacent to the discontinuity.

2. Liner Modulus. Effects

Stress solutions were obtained for values of the liner
tensile modulus equal to 850, 425, and 85 psi in addition to the solutions
previcusly presented for 200 psi and a rigid liner. Propellant radial and
shear stressés in the £irst row of elements adjacent to the case bond liner
are shown in Figures 1-22 and 1-24, respectively, for the various liner
moduli, The results are plotted only within the first 0.1 inch from the
corner because the basic trend beyond 0.1 inch is well defined by Figures
1-17 and 1-18.

Softening the case bond liner significantly reduces the
propellant stresses in the very local vicinity of the corner. The largest
reduction occurs in the sheavr stress, but the radial stress is strongly
affected as well, The aberration in the stress gradient between approxi-
mately 0.0l and 0.1 inch is more extreme as the liner modulus is decreased.
Hovever, beyond approximately 0.5 inch, the liner modulus (within the range
studfed) has no effect on the stresses.

The order of the stress singularity is influenced by the
liner modulus and the largest effect is felt in the shear stress. In this
regard, the bzhavivr of the FE stress solution deviates significantly from
the isirgularity solutions of Zak and Williams’14) and Hein and Erdogan(lo
for .discontinuities at bi-material interfaces., Both of the veferenced
solutions predict that all of the stress components have the same order of
singularity. However, Sih(13) has calculated that some of the stress
components adjacent to a three-dimensional crack in a plate remain finite,

=

(]J)Sih, G. C., "A Review of the Three-Dimensional Stress Problem for a
Cracked Plate", International J, Fracture Mech., Vol 7, No, 1,
(March 1971),
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whereas, others .are singular, This corresponds in some sense to this
situation wherein the stress components have different orders of singularity.
To better define .chis singularity order for the cylinder, the FE stress
solutions were expanded in the region 0,00l to 0.0l inch from the corner,
as shown in Figures 1-25 and 1-26, Consistent procedures for fitting
straight-iine segments to the various element striiss wa'ues provide an
increase in (negative) slope frem 0.41 to 0,47 foi thie rddial stress and
from 0.41 to 0.62 for the shear stress as the linetr modulus is decreased
from rigid to 0.1 of the propellant modulus, This rhange in slope is
summarized in Figure 1-27a, where my refers to- the radial stress and myy
refers to the shear stress,

The stress gradient adjacent to the cormer (i.e., within
the first 0.0l inch) can be exprecsed in the form:

K
5 (3) = @-1)

my
212

and
K1y (1-2)
¥z Mrr
(21 z)

The parameters Ky and Kyp are the normal and shear -stress intensity

factoxs, respectively. The dependence of Ky and Kyy ori the linér .modulus

is summarized in Figure 1-27b; the values are noxmalized by the solution for
a rigid liner. A sigrificant decrease in. both normal and shear stress
intensity factors occurs as the liner modulus is decreased.

The singularity exponents for the flexible liner solutions
differ relative to radial and shear components of stress. Fallure would be
expected to be greater with the stress component which has the higher
exponent; i.e., the shear stress, However, the radial stress magnitude is
approximately twice the shear stress over distances from the cornér equiva-
lent to the characteristic microstructural size of the propellant, The
stress iatensity (within a filler particle size of the cornzr) rather than
the gradient may therefore be most meaningful relative to failure initiation,

b. Liner Thickness Effects

Stress solutions were obtained for liner thicknesses of 0,03
and 0,12 inch, in addition to solutions previususly presented for 0.06 inch
linexr thickness. Propellant radial and shear stresses in the first row
of elements adjacent to the case bond liner are shown in Figures 1-28 and
1-29, respectively. Solutions were obtained for a liner modulus of 200 psi
only. Liner thickness variacions in the range 0.03 to 0,12 inch have
surprisingly little effect on the stresses within the first 0,01 inch of
the corner.
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The stress solution for the thinnest liner approaches the
rigid liner solution quickest, as expected, with the radial stress being
less influenced than the shear stress., A somewhat arbitrary inflection
point is noted in Figure 1-29 for the shear stress. This inflection
appears to occur consistently zt an axial distance from the corner equal
to two-thirds of the liner thickness. It would be expected, a priéri,
that the length of the flexible liner perturbation would be directly re-
lated to the liner thickness. The analysis results seem to bear this out,

c. Parametric Representation of Corner Stresses

Parametric represeutation of rigid-liner stress solutions
for cylindrical motor configurations is relatively straightforward. The
key stress parameters are the radial and shear stress intensity factors,
as defined in Equations (1-1) and (1-2). Scaling considerations are as
outlined in Figure 1-9. Nondimensionalization of the stress intensity
factors thus provides parumeters of the form

where b is the radius to the outside of the grain and..0.41 is the singu-
larity exponent for a rigid liner condition.

All of the stress solutions for right-angle corners involved
a cylinder with L/D = 1,0, W/b = 0.8, and b = 16.0 dinches. _From values
given in Figure 1-13, K, = 116.0, Thus, KI/b-‘+1 = 4,365 Ky /K = 0,53,
from the stress values shown in Figure 1-13, Stress intensity values
for cther W/b and L/D ratios can be obtained by simply applying the relative
maximum radial stress values from the flap-terminztion study'?’ to the
stress intensity values for L/D = 1,0 and W/b = 0,8, This is justified since
both the corner and flap stress distributions are very local, The stress
distribution for the flapped configuration was shown to vary little with
changes in L/D and W/b, and a similar situation is only logical for the
right-angle corner. Paiametric results thus obtained are given in Figure
1-30. Results are strictly applicable only for a Poisson's ratio of 0,49958.
However, as indicated in Reference 16, the solution should be insensitive
to Poisson's rativ between 0,499 and 0.5 over the range of web fractions
analyzed,

Parametric representation of flexible-liner stress solutions
is much more difficult than the rigid-liner solution. The fiexible liner
seems to perturbate the rigid-liner stresses within an axial distance of,

(16)Anderson, J. M., "Final Report Cumulative Damage Studies of Conventional-

Cast, Composite-Modified, Double-Base Propellant", Report No.
AFRPL-TR~69 -258, (February 1970).
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at most, three liner thicknesses from the corner., The re-established
“local’ singularity order for the flexible-liner solutions, relative to the
rigid-liner solution, occurs axially within approximatuly one-fifth liner
thickness of the cormer. This distance is roughly equivalent to the
diameter of larger filler particles for typical propellants and liner bond

" systems, and thus, the applicability of this very local singularity order

is uncertain,

The most rational approach to nondimensionalization of
flexible~liner solutions is to base the scaling law on the singularity order
for the rigid~liner solution. This assumes that the basic (uaperturbated)
exponential form of the stress distribution adjacent to theé corner spans
an axial .distarce much greater than a liner thickness (liuner thickness is
generally independent of motor size). For a cylinder diameter of 32.0
inches this assumption is quite reasonable, as Figure 1-13 indicates, and
the exponential form of the stresses extends at least 0.5 inch (i.e,, 10
times the liner thickness). However, for a small cylinder such as a strain
evaluatioh cylinder (SEC), which is roughly one-tenth the diameter of the
above, -éxponential form will not begin at a distance greater than one
liner thickness from the corner. (An actual SEC will probably not contain
a corner of the configuration studied.) The point is, the proposed
nondimensionalization scheme for flexible liners is designed for appli-
cation to "large' cylinders of diameters larger than approximately 16,0
inches., For smaller cylinders, the proposed scheme will most likely pro-
vide an unconservative integrity prediction, However, the error shoulgd be

small since the scheme does consider thé correct '"local' singularity erder,

even for small cylinders.

Typical liner thicknesses for state-of-the-art rocket motors
vary between approximately 0.03 and 0,12 {nch. The effect of thickness
variation on the radial and shear stresses over this thickness range for
a liner-propellant medulus ratio of 0.24 is small, as shown in Figures 1-28
and 1-29, Liner thickness effects are most likely less for stiffer liners
and greater for more flexible liners because the thickness effect for a !
rigid liner is zero. The liner modulus is by far the most significant
factor in perturbating the exponential stress gradient adjacent to the
corner for typical liner thickresses and moduli., The linex thickness effect

will therefore be ignored,

The rigid-liner radial stress gradient adjacent to the
corner can be expressed as:

Ex (1-3)

Opigial® = A
(27 z)
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That for the fleéxibie liner is similarly: ' é

- P

I | »

oy = (1-4) ,;
2T z)

For the thTee linér thicknesses and all the liner moduli studied, the
local >xponential form is established within 0.01 inch from ¢he corner.
The rati. of the flexible-linér stress value to the rigid-liner stress
value at 0,01 inch will be defined as Hy for the radial stress and HII
for the shear stress. 7This, ¢ (2 = 0.01) = Hy Origid (z = 0,01)

Ky L Ky Hy ’
mp 0.41 ° . P
(0.0628) (0.0628) 3
my - 0.41 S
So: Ky = (0.0628) Hy ¥ (1-5) =
RS 4 . 151 |
ard similarly,
mII - 0.41 —
Kyp = (0.0628) Hrz K, - (1-6)

Values for Hy and H;yy are given in Figure 1-31 as a function of the liner/
Ppropellant modulus ratio; the functional form of the stresses within 0.01
inch of the corner is given on the figure.
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g SECTION IX
TASK II - TENSILE AND SHEAR SAMPLE DEVELOPMENT
A, OBJECTIVE
The objective of this task is the development of improved test sample

configurations and procedures for the measurement of case bond tensile
and' shear strength.,

B. INTRODUCTION

5 ) This task is motivated primarily by the industry need for a quantita-
E : tive measure of bond strength. Task I provides tensile and shear stress
requirements for the case bond system under a variety of motor conditions,
Tasks III and IV provide the means for evaluating potential case boand
failure criteria based on tensile and shear stremgth. Thus, Task II
interfaces with all other tasks in the program,

No standardized bond tests currently e€xist in the solid propellant
industry. The JANNAF Working Group on Machanical Behavior recognizes
several bond tests, but recommends them only as quality control or research
tools. Individual companies have defined "in-house" standards, 'but these
are not generally considered as satisfactory for purposes of a quantitative

é‘b motor integrity anmalysis. Thus, there is a real need tc develop bond test
' sample configurations which will provide quantitative enginéering -data
’ relative to actual motor requirements, To this end, an attempt was made
in the subject program to concentrate on the two most basic states of
stress; i.e., uniaxial tension and shear,

The remainder of the Task II section of this final report is organized

. into separate discussions for temsile and shear states of stress, The dis-
5 cussion for the tensile condition is given first and begins with background
: vaterial relating to bond temsile tests, StreSs analyses are then given
p for five candidate tensile sample configurations. - detailed description
& ie provided for the most promising candidate, the '"round-flapped tensile

: sample'". Procedures follow for mauufacture, testing, and .data reduction

of this sample, Test results are then provided for a representative
S propellant/case bond system, TP-H1123 (a Thiokol PBAN propellant).

The discusslon for the shear state-of~stress is patterned after that
for the tensile condition. It begins with background information, and
then stress analysis results are given for four candidate shear sample
configurations, A detailed description is provided for the most promising
candidate, the "short lap-shear sample", Procedures follow for wanufacture,
testing, and data reduction of this sample. Test results ar. then pro~
vided for the TP-H1123 propellant/case bond system, Limited data are pro-
;- vided for the ANB-3066 propellant/case bond system.

.
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C, CASE BOND TENSILE STRENGTH.

1. Background

Testing in a "tensile" mode for propellant by itself usually
refers to uniaxial tensiom., The comnotation of “tensile" relative to case
bond testing is much broader. This most probably stems from the fact that
it i{s virtually imposzible' to develop a uniaxial case bond tensile sample.
The presence of the mult:ple, thin, component layers in the case bond
system generally precludes the ~stablishment of a simple uniaxial state-
of-stress at the bond. Thus ‘.2 Froader definition of ''tension" for
bond samples, such -extréme coit.i irations as poker chips are often included.
However, poker chip (4nd relaced thin samples) are herein considered to
be poor case bond. tensile sampies, in the same sense that they are poor
propellant tensile samples; i.e., bevause of the triaxial stress state.

The manufactuvre of case bond tensile samples, like the design,
is basically more difficult than the manufacture of propellant tensile
samples. The tendéncy has been to cast the various case bond tensile
samples individually. TCssting of individual samples eliminatés the need
to machine the bond .constituents and generally results in higher-quality
sample finishes; it also allows for relatively complex sample geometries.
However, casting of individual bond samples brings with it undesirable
side effects, not representative of motor conditions, It also precludes
testing of case bond material cut from full scale motyrs., Considering

the increasing role of motor aging in structural intigrity programs,
this is a serious drawback to cast samples,

The major undesirable side effect relative to the casting .of
individual bond test samples concerns propellant curing/aging reactions.
Thickol has considerable avidence{17) that cire reactions in small quan-
tities of PBAN propéllant progress at a different rate than in large
propellant quantities, such as in motors. This "carton-to-motur" dif-
ference for PBAN propellant is tolerable, though undesirable,

In cast case bond sumples, the "sample-to-motor" difference can
be much worse than the carton-to~motor difference. This derives from the
fact that the case bond liner is usually the propellant binder which is
more lightly filled and loaded with significantly more curing and cross-
linking agents., The case bond liner is not fully cured when the propel-
lant is cast, Linex crosslinking curing agents migrate into the adjacent
propellant. For example, note the increased hardness of the propellant

.adjacent to the case bond liner for TP-H1123 propellant, as shown in

Figure 2-1. This 18 advantageous relative to increased strength of the

( 7)Bennett, S. J., "Carton/Motor Sample Correlation," Tech Report
AFRPL-TR~72~117, (30 October 1972).
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adjacent propellant. However, the magnitude of this strength increase )
reiates strongly to the volume of adjicent propellant. An important ?
condition is that the volume of adiacent propellant be sufficiently large pr:
that materials migration and subsequent curing occurs inthe test samples 3
L]

similar to the motor. For example, consider the study dQScribed in

Reference 18, which was performed using individually-cast poker chip :
semples. At equivalent loading rates, the bond liner~oily failed at 325 o
psi, the propellant-only failed at 130 psi, and the caue bond failed

(containing propellant) at 275 psi. The propellant ix. the case bond

sample was obviously stronger than the propellant in the propellant-only

test. This may be representative of the actual motor condition, but

ddditional data (involving samples with a higher propellant volume) are

necessary before the relevance of the cast sample data can be establjished.

A basic ground-rule that case bond sample configurations must be machine- o
able was thus established for this program. '
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The most accepted joint-in-tension test for use with composite
propellants is described in the ICRPG Solid Propellant Mechanical Behavio?
Manual.(19) The sample configuration (Figure 2-2) is such that propellant
is cast in the tegt fixture composed of a pipe sectfon butted into an
anvil base plate. A Teflon vasher is used to provide a short unbonded
surface along the cyllnder adJacent to the case bond. The sample is
loaded by pulling on. the pipe and restraining the anvil.
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b A smaller "button” sample (See Figure 2-3) is often used for

i liner cohesive/adhesive strength evaluation during screening and quality
control programs. This button gample has an aspect ratio.much like a poker
chip, and thus it does not relate directly to the uniaxial tensile condition.

Y

Special bond tensile sample configurations have been develcped. .
for double-base propellunts, The individual samples (See Figure 2-4) are
machined rather than cast. The double-base bond tensile sample has edge ;
discontinuities at the outer circumfecrence of the bond., Plots of
o;/(ag)avg and Tyz/(02) 5y are shown in Figure 2-5 from an FE stress
analysis of the double-base sample, At the outer edge, the shear and
normal strasses are unbounded, Data reduction techniques for this sample
are questionable; it is reasonable to assume that the bond strength- is
greater than that derivsd from the average normal Stress at failure. A
similar situation occurs for the composite propellants. However, the order
of the singularity is strongly influenced by the thickness and medulus of :
the bond liner. .
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(le'corley, B. M., et, al,, "Evaluation of Propellant-to-Substrate Bonds .
in a Multiaxial Stress Field," Bulletin 6th Meeting ICRPG Working “;ﬂ
Grour on Mechanical Behavior, Vol, II, (March 1968). P
(19)"ICRPG Solid Propellant Mechanical Behavior Manual," CPIA Publication ,&;
% No. 21, (September 1963). S g
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In the subject study, five candidate bond tensile samples were

.evaluated, in addition tc the "joint~in-tension" sample., The five samples.

evaltated are:

(1) Long, rourd-flapped tensilé sample

(2) Round-flapped tensile sample

(3) Back-to-back tensile sample

(4) Round-filleted tensile szmple

(5) Analog flap termination sample pulled in temsion
FE stress analyses were performed on these five candidate samples, plus
the joint-in-tension sample; the analog flap termination sample pulled

in tenmsicn is discussed in detail in Section ITI. Testing was performed
only on the most promising configuration as determined from the stress

- analysie :{plus the analog flap termination sample).

2. Stress Analysis

a., Joint-in-Tension (Pipz) Sample

An FE stress analysis was performed on the “pipe' tensile
sample of the configuration given in Figure 2~2., The FE model used for
the analysis is shown in Figure 2-6 and contains 525 nodes, with four
element columns through the insulator and three. through the case bond
liner, The right-angle corner at the junction of the outer propellant
cylinder and the ¥iner constitutes a singularity. A singularity also
occurs at the end terminations of the pipe; the end termination closest
to the liner is of most intérest because. the stress intensity will be the
highest. The Teflon washer was not included in the model because the pro-
pellant will not contact it during loading. The grid density adiacent
to the important pipe singularity and the propellant-liner discontinuity
is of equivalent refinement, The adjacent element dimensions of 0.01 Ar
by 0.02 Az .are not sufficiently small to quantify the stress gradients
in the jmmediate vicinity of the singularities, However, this 18 not
rnonsideved necessary and appropriate because the pipe sample is not
supposed to be a fracture mechanics or singularity specimen,

The computed axial stress distribution in the pipe sample
for a typical set of propellant and bond properties is shown in Figure 2-7,
The insulator was r. strained radially and axially along its left face and
the pipe was displaced axially 0,03 inch. The axial stress decreases
linearly with axial distance into the pipe, A significant stress concentra-
tion occurs at the end termination of the pipe.
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Lines of constant maximum principal stress in the vicinity
of the pipe and liner-propellant discontinuities are shown ir Figure 2-8. »
The stress intensity adjacent to the pipe discontinuity is much greater T
than adjacent to the liner-propellanc discontinui;y. This mismatch in :
intensities is probably a result of the flexible liner and may not occur
for a stiffer liner. Based on a maximum principal stress failure criteria
(ard a good case bond strength), the sample is expected to fail at the v
pipe discontinuity. Limited informaticn svailable to the writexr indicates !
that this is indeed a common mode of failure. ’

The stress distribution as a function of radial position in ‘

the first column of propellant elemonts adjacent to the liner is given in v
Figure 2-9. At the axis of the samp ., &iie Ty, shear stress is zero as C
required by symmetry considerations; the hoop and radial stresses are 77 ;
percent of the axial stxess, Thus, the sample provides a state of stxess Sy
considerably removed from "uniaxial"” tensién. The discontinuity adjacent
to the outside radius of the propellant -cylinder is well defined in the 3
Tyz shear stress, However, the reduction in triaxiality of the normal T
stresses near the outside radius tends to overshadow the singularity in ‘
the normal .styesses, The discontinuity trend is only evidernt in the last
(élement averageéd) point for the hoop, axial, and principal -stresses.

In summary, the pipe tensile sample has been shown on the 4,

basis of stress analysis to have several serious shortcomings: :»i
(1) If the case bond is strong, failure is likely to EO;

otcur in the propellant at the oipe termination. zlf

(2) If the case bond has only fair tensile strength % ?

and is not edge sensitive and thus fails near the 4 s

axis at the liner-propellant interface, the state ’;é

of stress is strongly triaxial, not uniaxial at G

the point of failure, 2

(3) The sanple has a built-in edge discontinuity '%‘

which will become more serious as the liner i

stiffness increases. The bond "tensile" strength '

cannot be quantified when failure precipitates. S

at the edge. L

4

b, Long, Round-Flapped Tcnsile Sample iy

The "long, round-flapped" tensile sample (Figure 2~10) was if

designed to overcome many of the deficiencies of the pipe tensile sample. s
The gage length was made long to minimize end effects, A ring of un- s
bondedness was provided at the outside edge of the insulater to reduce ‘ﬁ
the edge concentration at the insulator-to-liner and liner-to-propellant L
bondlines. The basic sampie configuration is machineable or castable. “
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analysis of the round—flapped tansile sample (Figure

e

-G} - Iénsilg‘ mpd'._xlus' of the liner
2 Ibaulatdz‘thickﬁgés, t7 .

(3) Flap 1 ngpb

P

>

The finite element model for the round-flapped tensile
sample is shown in Figuré 2-11, The rigid end plate and flap length on
the case bond énd of the sample were modeled by displacement boundary

primary stress concentration occurs in the insulator next to the flap
termination as expected. No significant stress concentration occurs in

the liner or propellant. The stress is uniform approximately 1.0 inch from
the liner,

?} conditions,. The tensile load was applied to the sample by means of a
i. uniform displacenient at the necked-down end of the saumple.
b3 P : :
i Stress solutions were .obtained for case bond liner, Ej,
b moduli of 230 psi and 700 psi; the propeliant was assumied to have a tensile
T modulus of 700 psi and the insulator 1000 psi. Insulater thicknesses, t1,
N ;i of 0.1 inch and 0v2 inch were analyzed. With two variaticns of three
T parameters, eight different finite-element soiutions for the round-~fiapped
N tensile sample. were obtained, as indicated below:
K Solution Ef, ty L
";- Numberx (psi) (inch) gihcht
R Flexible Liner 1 230 0.1 0.1
Iy 2 230 0.2 0.1
" 3 230 0.1 0.2
5 4 230 0.2 0.2
3
o Stiff Liner 5 700 0.1 0.1
I3 ) 700 0.2 0.1
O 7 700 0.1 0.2
B 8 700 0.2 0.2
i:?
8 \? The analysis properties are approximately those of TP-H1123 propellant/
"R case bond and V-45 insulation pulled at 2.0 ir./min,
' Lines of constant maximum principal stress adjacent to the
L bondlire and into the gage section of the sumple are shown in Figure 2-12
A for solution No. 1 -considering a samnple elongation of 0.1 inch, The
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‘The bond stresses from the sample center

One of the most desirable chdracteristics of a case bond
tensile sample i$ a uniform bond stress from the centerline to the flap
termination or outside radius of the sample. The ratios of bondline
tensile (axial - "Z") stress to the tensile stress 4in the gage section
(oﬁond/ogage) 2s a function of radial location are shown in Figures 2-13
and 2-14, Stress values for the “boud" are for the first column of ele-
ments in the propellant adjacent to the bond 1liner (see Figure 2- 11).

Figure 2-13 shows Opond/Ogage for a soft liner bond system.

%ine (radius = Q) to the flap
termination are more uniform for the shorter flap length, L = 0.1 inch,
than for the longer flap léagth, L = 0.2 inch. The insulator thickness,
ty, alters the magnitude and the location at which the peak bond stress
occurs. The bond stresses are maximum at the sample centerline for the
"thick" insulators, £y = 0,2 inch. For "thin" insulators, t = 0.1 inch,
the maximum bond stress occurs between the centerline and the flap termina-
tion.

Figure 2-14 shows Ubond/dgage for case bond systems with
a stiff liner (i.e., as stlff as propellant). The shorter flap length,
L = 0.1 inch, gives a better bond stress distribution than L = 0.2 inch.
The insulator thickness alters the location of the peak bond stress., The
peak bond stress is nearer the flap termination (farther from the sample
centerline) with the thin insulator (t = 0.1 inch); however, the peak
stress is approximately 4 psi higher for the thin insulator than for the
thick insulator. Considering the overall stress -distribution, both
insulatcr thicknesses appear to provide comparable configurations.

The objective of Task II is to develop a "uniaxial" bond
tensile sample. The distribution of the stresses other than the bond
normal (axial) stress is given in Figures 2-15 and 2-16 for solution.
Number 1. Figufe 2-15 provides the stresses in the propellant immediately
adjacent (0.0l inch outboard) to the critical liner-to-propellant bondline,
Figure 2-16 provides the stresses in the linér immediately adjacent (0.01
inch inboard) to the liner-to~propellant bondline, The radial and hoop
stresses at the propellant side of the bondline are at most 25 percent
of the axial stress; the Ty; shear stress is at most 20 percent of the
axial stress. The peak shear stress occurs outboard of the flap termina-
tion where the axial stress is low and, hence, where the sample integrity
is high. The radial and hoop stresses inside the bond liner are a signi-
ficant percentage of the axial stress. (See Figure 2-16.) WNear the axis
of the sample they are approximately 80 percent of the axial stress. The
shear and axial stresses must be continuous across the bondline; whereas,
the radial and hoop stresses can be discontinuous when the liner modulus
is different from the propellant modulus as it is in solution Number 1.
The relatively flexible liner acts like a poker chip sandwiched in between
the stiffer insulator and propellant layers., However, these triaxial
liner stressas are not transmitted to the propellant. The stress uni-
axizlity for the long, round-flapped tensile sample is thus greatly
improved over the pipe sample,
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The triaxilality of the principal stresses inside the bond
liner and the propellant immediately adjacent to the limer-to-propellant
bondline is- symmarized in Table 2-1 for the eight solutions., The para-
meter, @, is a ‘measure of the deviatcion from uniaxiality of the principal
stresses, 1In temms of principal stresses and straims,

g o, +tg
€ = '—1' 1-v "'g'_g'
1 E 0’1
gyt o3
For v= 0.5, « =\-—2?——— is a conventient measurs of the deviation from
“1

uniaxial relationship between the maximum principal stress and strain,

J; and €y, respectively; thus, €; = (1 - a) 03/E. For a uniaxial condition,

a= (0, For a condition of triaxial hvdrostatic tension, a =~ 1.0.
TABLE 2-1

TRIAXIALLTY. OF CASE BOND STRESSES FOR LONG,
ROUND=FLAPPED TENSILE SPECIMEN

dkr-o '

=04 % =0.2
Solution ' Liner Side Propellant Liner Side Propéllant
Number of Bond ~Side of Bond of Bond Side of Bond
1 0.77 0.26 0.73 0.15
2 L 0.72 0.11 0,69 0.04
3 0.78 0.26 Lot 0.13
4 0.70 0.10 L 0.64 ¢.01
5 L 0.0 ©0.33 0.29 0.22
6 I 0.20 0.17 0.14 0.10
7 ' 0.35 0.29 0.22 0.15
8 0.14 0.10 0.07 0.03
*on2X9 4 g, = 2L(1-0)
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The value of a is given in Table 2-1 for four different
locations in the sample: (1) on the liner side of the liner-to~propellant

‘bondline {0.01 inch into the liner) at a radial distance 0.1 inch from

the axis, {2) on “the propellant side of the liner-to-propellant bondline
(0.0% inch into the propellant) at the 0.1 radial distance, (3) on the

liner side of the liner-t to-propellant bondline at a radial distance 0.2%
inch from the exis, and (4) on the propellent side of the liner-to-propel-
lant bondline at a radial distance :of 0.Z4 inch from the axis; As indicated
in Figure 2-13 and 2-14; these radial locations are close to the location
of the maximum bond no¥mal stress. Because the Ty, shear stress is small
at these two radial locations, the principal stresses are essentially in
the ¥, 8, Z coordinate directions.

When the bond liner is flexible relative to the propellant,.
the state of stress will be basically triaxial in the liner for reasonable
variations in the flap length or insulator thickness When the bond
liner is ag stiff as the propellant, the insulator w....ckness and flap
length has a significant effect on the triaxiality .of the liner stresses.
The thickest insulator and lcngest flap configuration (Solution Wo, 8)
provides the most uniaxial stress condition; whereas, the thinnest insulator
and. shortest flap provides the most triaxial stress condition. On the
propellant side of the bondline (which is of more interest than the liner
side because failures tend to initiate here), the state of stress is moxe
miaxial for flexible linexs than for stiff liners. The triaxial stress
state in the liner is not transmitted to the propellant.

The best combination of insulator thicknesses and flap
lengths, which are seléctable parameters ir the sample configuration, is
a compromise of the various feacures of the bondline stress distribution.
The flap length should be as short as possible to minimize the deviation
of the bond stress from the average "gage" stress, yet still suppress the
edge concentration av the liner-to-propellant bondline., A flap length of
0.1 inch appears to be the uniust appropriate choice, even though it leads
to & more triaxial stress stste than a flap length of 0.2 inch. An in-
sulator thickness of 0.2 inch significantly reduces the triaxiality of
the bond stresses and flattene cut the bond stress distribution as compared
with an insulator thickness o0f,0.1 inch. However, the insulator thickness
cannot in general be chosen 4% freely as the flap length.

The relationship between the maximum bond normal stress
and the average stress (load/area) in the gage length of the sample is
shown in Figure 2-17 for the eight different solutions. Results are
plotted agalnst the relative liner-to-propellant modulus since this may
vary greatly for different bond systems over a broad rate/témperature
range, However, variation over the range 0.2 < E;/Ep < 1,0 has only a
small effect on the stress concentration factor, particularly for the
thioner insulator. As expacted, the longest flap length provides the
highest concentration fac'.or; the thickest insulator provides the lowest
concentration factor,
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In plotting the data for Figure 2~17, the réelative stiff-
ness of the insulator to the propellant was héld constant at 1.43. This
parameter is expected to have only a small -effect in the stress -distribu-
ticn for typical imsulator/flap materials and hence was not veried in
the solutiom,

Ap estimate for the "true" bond stress can be made using.
approximations similar to those for uniaxial propellant tensile samples.

‘Thus, Orrue = (1 + €3) Ocng, where the “engineering" bond stress. is derived

from the load at failure, the initial gage area, and Figure 2-17. The
calculated value of €z in the propellant adjacent to the location of

‘highest bond stress is given in Figure 2-18 ‘for the various sample para~

meters, censiderzng a unit sample elongation, u.

¢. Round-Flapped meﬁsile<SamEIe

The “'round-flapped" tensile sample (Figure 2-19) ig a
modification of ‘the long, round- -flapped tensile sample., The modification
involves shortening of the gage: sectior to use a smaller quantity of
propellant yet still rétain the desirable features of the longer sample.
A stress analysis was performed on the shortened 'sample using the finite-
element model shown in Figure 2-20. The end plates were modeled as rigid
boundaries and the tensile load was applied by displacement boundary
conditions.

In the analysis of the long, round-flapped tensile sample,
a flsp length (L = 0.1 inch) and an insulator thickness (ty = 0.1) were
shown to be good compromisee for the f1cxib1e Iiner case bond systems.
For bond systems with stiffer liners, L = 0.1 inch and ty = 0.2 inch were

best. FE solutions for the shorter sample were obtained fiom these two
conditions:

Liner Insulator Flap
Soluticn Modulus, Ej, Thickaess, ty Length, L
Number {psi) . (inch) {inch)
1 230 . 0.1 0.1
2 700 0.2 0.1

The elastic properties of the insulator, liner, and the
propellant used in thée analysis were:

Tensile Modulus Poisson's Bulk Modulus
Material (psi) : Ratio (psi)
Insulator 1000 0.499500 350,000
Flexible Liner 230 0.499891 350,000
Stiff Liner 700 0.499667 350,000
Propellant 700 0.499667 350,000
25
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The ratios of bond line tensile stress to the teasile stress
in the gage section (Opond/Ogage) 3s a funition of radial location ara
shown in Figure 2-21 for the two conditions studied. The bond strescses
from the sampie centerline (radius = 0) to the £lap termination are nearly
uniform for both the flexjible liner (Ez, = 230) and the stiff liner (Ep =
700). conditions. In fact, the distribution is slightly better in these
short samples than in the longer samples (see Figurzs 2-22 and 2-23),.

In the longer sample the bond stress peaked between the centerline 4nd the
flap termination and then decreased nearer the centerline; this ¢ffe"t is
much less in the shorter sample.

The triaxiality of the shorter (standard) round-flapped
tensile sample is compared in Table 2-2 to that for tlie lcag, round-~flapped
tensile sample. In terms of thé triaxiality index, a, Zhe state of stress
in the critical areas is virtually identical in. both samples.

TABLE 2-2

COMPARISON. OF TRIAXIAL STATE GF ‘STRESS IN LONG,
«GGND-FLAPPED AND nO“ND-FLA:?ED TENSILE SPECIMEVS

\ a¥* (£ =0.1) a(r = 0, 24)
(Propellant Side (Propellant Side
of Bond) ‘ of Bond)
| I L " Standard Standard
(psi) | {in.) { (in.) {Long Sample | Sample Long Sample Sample
230 | 0.1 | o.1 0.26 0.24 0.15 0.15
700 0.2 0.1 0.17 0.17 0.10 0.11
g, to
2 3 . 1

* = ot -

o 7a, and €, == (1 - @)

In summary, the iound-flspped tensile sample is superior
(and is thus recommended) to the long, round-flapped tensile sample. This
superiority results from two factors: (1) the round~flapped sample uses
much less propellant and (2) the bond normal stress distribution is more
unj.form,

The factor for determining bond stress from the gage scress
‘(load/area) for the round-flapped sample is given in Figure 2-24, Recause
of the similarity between the factors for the long and short samples (See
Figure 2-17), only one liner wodulus was directly evaluated for the 0.2
insulator thickness. However, three liner moduius solutions were cHtained
for the 0.1 insulator thickness to better define the curve shapes for ail
four conditions,
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The factor to estimate the true stress from the engineering
stress for the round-flapped sample is given in Figure 2-25. The shorter
propellant length approximately’ doubles the axial strain per unit sample
displacement in the propellant (at the location ¢f the maximum bond stress)
vhen compared with the longer sample results in Figure 2-18. Of interest
is that two opposing factors influence the local axiaxl propellant strain
as the liner modulus is decreased: <(1) the state of stress becomes more
uniaxial in the propellant and (2) the liner strains more ( "~ra11) due te
its increased flexibility, and hence the propellant less (overall), The
first factor is dominant because the axial strain in the propellant adjacent
to the liner increases with decreasing liner modu]ue for a unit change, u, in
-sample length, -

d., Back~to-Back Tensile Sample

The "back-to-back” tensile sample is simply two rounmde
flapped tensile samples containing 0.1 inch insulator faickness ‘bonded
together (see Figure 2-26), However, no ring.of uabondedness is used at
the outside edge of the insulator layer. Tuo -agsumptions were made rela-
tive to the insulator-to-insulator bonding laybr- gI3 the adhesive bond-
ing the two insulator pieces together was. agsimied to- have the saje modulus
as the insulator and negligible thickness and (2} the bonding layer was
rigid. ‘These conditions will prov’de reasonable bound$ on lateral restraint
at the insulator surface.

The FS medel of this sample is shown inm Figure 2-27, The
rigid end plate and appiied tensile load: were modeled by displacement
boundary conditions., FE solutions were obtained for the foux -conditions
listed below:

Solution Adhesive Liner Modulus
Number: Layer (psi)

1 Soft 230

2 Soft 700

3 -Rigid 230

4 Rigid 700

The liner thickness was 0.06 inch and the insulator thickness was 0 10
inch on wach side of the insulator-to-insulsto: adhesive layer,

The moduli of the various materials comprising the sample
vere:

27

et u»‘:

el N g

st

PRI NENEE

A

NP e S

mc.m.{.ban

N\
rarfen NN L Ly

Mok e

K

R T

Tl B s st

oy

[ T -
PR SN D

4

SR T3

N L. s

1 o

-
N




P

Tensile Bulk

Modulus Poisson's Modulus

Material ) (psi) Ratiq (psi)
Insulator 1000 0.499500 350,000
Flexible Liner 230 0.599891 350,007
Stiff Liner 700 0.499667 350,060
Propellant 700 0.499667 350,000

Calculated stresses in the first row of elements irside
the propellant adjacent to: the case bond liner sre shown in. Figures 2-28
through 2-31., The two solutions for tne flexible .adhesive layer (Figures
2-28 and 2-29) are particularly attractive relative to a unilaxial stress
condition, The flexible liner causes a small stress perturbation near
the outside edge; the maximum "bondline" tensile stress is only 6 percent
greater than the gage stress. The stiff liner condition (Ep, = 700 psi)
provides the most uniaxial strese condition, as would be expectcg The
stiffer insulator layer tends to perturbate the hoop.ané radiai stresses,

The bondline stress distributions for thg»figid adhesive
conditicn (Figures 2-30 and 2-31) are much less favorgble than that for
the flexible adhesive condition. A strong stress concentration (not
shown) occurs at the outer edge of the insulator adjacent to the rigid
adhésive boundary. This stress concentration causes a reduction in the
noxmal {axial) stress at the outer .2adge of the liner-to-propollant bond-
line, The perturbation. in the shear, radial, and hoop strésses near the
outer edge is similar for both of the f]exible liner solutions. However,
the rigid adhesive solution for a stiff liner is much less favorable than
that censidering a flexible adhesive.

Sclutions presented in Figures 2-30 and 2-31 represent
the "round-flapped" tersile sample without the 0,1 inch ring of unbonded-
ness between the end tab and the insulator., These: solutions indicate a
suppressed normal stress at thé edge, which is desirable, and a more uni~
form stress distyribution across the bondline than for the flapped sample.
Thus, the round-flapped sample without the flap is a good candidate tensile
sample, The back-to-back sample with a flexible adhesive layer is an even
better tensile sample,

e. Round-Filleted Tensile Sample

The "round~-filleted" tensile sample, Figure 2-32, was
designed to suppress the edge concentration at the liner-propellant
interface, Two fillet radii were studied; 0,25 and 0.375 inch. The
finite element model of the sample with a 0,25 inch fillet radius is shown
in Figure 2-33, The rigid end plates and the tensile load were modeled
with boundary displacements,
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The elastic properties of the insulator, liner, and the

propellant used in the analysis were:
¥: Tensile Bulk
S Modulus Poisson's Modulus
- Matexial (psi) Ratio (psi)
y Insulator 1000 ‘0.499500 350,000
4 Liner 230 0.499891 350,000
‘i Propellant 700 0.499667 350,000

The éomputed "“bond" normal stress distribukion (stresses
in the first row of elements inside the propellant) is shown in Figure
2-34 for the twc sample configurations; .the stresses are normalized by the
average gage stress. The stress distribution is highly non-uniform. As
desired, the stress diminishes to almost zero at the sample edge. However,
the maximum bond stress is only 88 percent aad 82 percent of the gage
stregs, respectively, for the 0.25 and 0,375 inch fillet radii. This is
highly undesirable because the sample will fail at the bondline only when
the bond is weak relative to the propellant. The highest propellant stress
does not occur in the gage but instead occurs in the fillet radius, Figure
2-35 indicates the maximum principal stress around the fillet are. The
, peak stress occurs approximately 10° around the arc from the gage-fillet
%zy intersection., For the 0,25 radius sample, the peak propellant stress ’s
35 percent higher than the’ gage stress and 53 percent higher than the peak
bond stress, For the 0.375 inch radius sample, the peak propellant stress
is 29 percent higher than the gage stress and 57 percent higher than the
peak bond stress, Thus, both fillet radii provide highly unacceptable
stress distributions.,
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3. Experimental

The round-flapped sample was chosen as the primary case bond
tensile sample. Therefore, detailed procedures were developed for manu-
facture, testing, and data reduction, These procedures were evaluated
through testing with two different propellant/case bond systems, ANB-3066
and TP-H1123, Preliminary studies were performed using the ANB-3066 formu-
lation, and TP-H1123 was used for final evaluation., The analog flap
termination sample pulled in tension (90° pull angle) was selected as the
secondary case bond tensile sample. Details concerning this sample are
given in Section 1II.

a, Configuration for Round-Flapped Tensile Sample

The recommended configuration for the round-flapped tensile
sample is shown in Figure 2-36., This configuration deviates from that
studied by FE analysis (Figure 2~19) through the addition of a short 1/8
inch 1ip of propellant on the end opposite the case bond, This lip was
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added to ensure better uniformity among the test samples. Accurate
truncation of the samplas is difficult in the fille section. Also,

the length of the gage section from the 115u1ator-1 ner interface should
be specified; the waviness of tyyical liners leads to more uncertainty
if the liner-propellant interface .is chosen as the reference plane.

b. Manufacturing Procedure for Roand-Elapped Tensile Sanples

During the course of the program, thrse different procedures
were used to machine rouud-flapped tensile samples. All procedures in-
volved the lathe, The most elémeéantary (hand trimuing) procedure is out-
lined in Figdire Z-37. Step No. 1 involves cutting a rectangular block,
approximately 1.7 inches on a side and 2.5 inches: long. Cutting is
accomplished using a hand or rotary saw.; In Step No. 2, the rectangular
block is placed in & lathe. The propellant end is held by .a metal box
which has been placed in the chuck. The case bond end is butted againsti
a live center. & 3Small compression 1is used to keep the insulator against
the live center; double-back tape can ‘be used to improve the grip. A
lathe tool with a 0.375 inch radius is used to machine the propellant
cylinder of 1.0 inch diameter and the radius section., A small layer of
propeilant is left on the liner. The lathe tool is alsc used to cut the
1.5 inch diameter flange. A -shallow groove is then cut 1/16 inch from
the intersection with the 0.375 inch radius. The sample is trimmed using
a knife after removal from the lathe. The propellant is first trimmed to
form the lip at the 1.5 inch diameter section opposite the case bond-.

The insulater, liner, and small layer of propellant at the case bond are
then trimmed progressively around the circumference of the sample.

The hand-trimming procedure was used on the ANB-3066 bond
system, It produced relatively crude samples and is not recommended as
a production procedure. However, because the outer 0.1 inch of the
insulateor is flapped (unbonded from the end tab), a smooth edge cut is
not of prime importance,

The intermediate procedure for machining the round-flapped
tensile sample used a ipecial die for cutting through the insulator and
liner layers. The die was made according to Figure 2-38, and a photograph
of the finished part is shown in Figurc 2-39. Step No. 1 of the die-cut
procedure involves the cutting of a 1.7 x 1.7 x 2.5 inch rectangular block
as outlined in Figure 2-40. The block end is placed in a metal “ox and
tightened into the lathe chuck, The die is placed in the dead ceanter of
the lathe, opposite the chuck. The lathe is turned at low speed and the
die driven into the insulator and liner layers tec approximately 0.2 inch
into the propellant., The die is then backed out and a 1,0 inch metal disc
centered over the circular cut into the insulator. This disc is then
placed against a live center and held secuvrely using double-back tape and
a esmall sample compression. Step No. 3 involves machining of the propel-
lant cylinder using a 0.375 inch radius tool, The tool-machined cylinder
can usually be blended into the section cut by the die to within 0,005
inch, The flange is made using the procedure described earlier. The loose
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insulator piece is slipped over the end of the sample during removal fiom
the lathe. This intermediate procedure produced high quality samples.
Figure 2-41 is a photograph of a TP-H1123 sample made with this procedure..
(However, the flange on this sample is greater than 1/8 inch.) The inter-
face between the die-cut section and the machined cylinder is readily R
apparent. However, the mismatch in diameters is within 0.005 inch tolerance. !

Friction as the die moves into the propellant is. somewhat §
‘hazardous when live propellant ie cut dry and unfrozen. Therefore, alter- )
native procedures were investigated, An attempt was made .to pvess the die
through the insulator without rotary motion, However, this did not work
satisfactorily with TP-H1123 propellant and was not tried on ANB-3066.
Rotary motion is definitely needed with TP-H1123 propellant for proper
cutting. Friction can be minimized by wiping a thin f£ilm of oil onto the
die before cutting. Also, the more shallow the propellant cut, the less
chance for propellant heating.
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Based upon the success of the die machining technique, a
special apparatus was designed for making. round-£flapped tensile samples
quicker and more- precise on.’the lathe, A drawing for this spécial
apparatus is shown in Figure 3-42 and a photograph is shown in Figure
3-43, This apparatus iIncorporates the die cutter head and the subsejuent
live center of the intermediate procedure into one part. When the cutter :
is retracted, the apparatus provides a live center. The cutting sleeve
is placed around the live center arG is pressed into the sample by a
level-aciated cam. ‘Cutting of the case bord layers is accomplished before
thie sample gage is machined., Using this apparatus, Hercules has bewvn able
to machine round-flapped tensile samples almost as rapidly as any otier
lathe-machined test sample, ﬁample finish is comparable to that shown
in Figure 2~41, No damage to the critical edges between the 1iner-insulator
and liner-propellant layers of the bondline has been noted to date. How-
ever, cutting of rubber tends to dull the tool at a moderately rapid pace,
and resharpening is neccssary after approximately 50 samples.,
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Bonding of the propellant end of the sample to an end tab
for testing is straightforward, Construction of the 0.1 inch ring of
a vnbondedness to the end tab in the case bond end is critical. The recom-~
' mended procedure is to cui Teflon rxings of 0.8 inch ID and 1.0 inch OD
out of tape material with contact adhesive on one side. Since Teflon
tape is easy to tear, Hercules constructed a special die (see Figures
2-44 and 2-45) and stamped the rings., However, materials other than
Teflon can just as well be used for the vings. All that is necessary is
to assure that the end tab adhesive (Hercules uses Dexter-Hysol Epon 913.1)
; does not contact the insulator, A paper ring may work just as well, but
[ a weak contact adhesive would have to be used on the insulator side of the
K7 ring,
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The procedure for bonding the insulator to the sample end
tab is summarized in Figure 2-46., Step MNo. 1 involves cutting the Teflon
rings. In Step No. 2 the Teflon ring is centered on the insulator (a
well-defined insulator edge is important at this time). The adhesive gide
is pleced against the insulator to- ensuré that extra end tab adhesive does
not run onto the insulator in the flapped area, The contact adhesive on
the Teflon tape is assumed to be so weak that it will fail at a low stress
level (experience to date bears this out), However, the use of Teflen
further assures a weak bond to the -end tab adhesive on the other side of
* the ring;

c. Test Results

Constant displacement rate tensile tests were performed on

ANB-3056 and TP~H1123 propellant/case bond systems However, data for the
ANB-3066 propellant/case bond system are hot presented herzin because
'the samples had been uxposed to air for approximately 3 weeks prior to

testing and behaved much differently than ''typical" ANB-3066. Testing was
accomplished on three different bond tensile sample configurations for
TP-H1123, as well as the :propellant by itself.. Propellant and -case bond
testing was performed with the (primary) round-flapped tensile sample and
the (secondary) analog flap termination sample at three loading rates and
two levels of superimposed pressure. In addition, two tests at 1000 psi
superimposed pressure and 100 in./min were performed on round-flapped
tensile samples without the flap.

Test data obtained from the tensile testing of TP-H1123
propellant/case bond are summarized in: Table 2-3, The key sttength para-
meter, the maximum true stress, is plotted in Figure 2-47 and Figure 2-48,
Figure 2-47 indicates that, at the two lowest loading rates, the prcpellant
and case bond are essentially of equal strength. However, at the highest
leading rate, the case bond is significantly stronger than the propellant.
Further, the primary and secondary bond sample configurations deviate in
their strength values.,

It is not surprising that the rate-dependence of the bond
strengyh e different than. that for the propellent by itself., This can be
at least partially explained by the hardness gradient in the propellant
adjacent to the liner interface (Figure 2-1). However, ii is surprising
that the rate dependence of the bond strength 4s measured by the primary
and secondary bond samples is different. This difference at the highest
loading rate (100 in./min) is exargerated by superimposed pressure (Figure
2-48) . The bond strength measured by the round-flapped sample increases
with superimposed pressure similar to the propellant by itself, However,
the bond strength measured by the analog sample does not increase in the
same proportional manner with incrcasing superimposed pressure, Apparently,
edge effects beccme more significant in the analog sample as loading rate
and superimposed pressure levels are increased.
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The two fully-bonded "round-flapped" case bend tensiie
‘samples. were tested at conditions of 100 in./min and 1000 psi superimposed
pressure, because these conditions provide the most démanding test for 2
candidate sample configuration with the TP~H1123 bond system. The tensile
strength and time-to-failure measured with this sample configuridtion were
significantly less than for the standard round-flapped tensile sample. f
Thus, the edge effect is apparently significant in the fully bonded sample,
and flapping is definitely required for the fP-HI1123 bo.d system.

JE

D. CASE 3OND SHEAR STRENGTH

1., Background

Shear strength for case bond systems has been primarily measured
with lap shear or torsional shear test specimens. Testing in a torsional
mode requires special equipment, and most rocket facilities have nreferred
not to test this type of sample. Thus, the major emphasis has been placed
on the testing of lap shear samples of various types.

P O

The single lap shear sample shown in Figure 2-49a is not desir- -
able or often used bécause of bending moments imparted by the offset of
the grips. Perhaps the most used configuration is the double lap shear
sample shown in Figure 2-49b, which eliminates the bending moment effect
through symmetric load transmission, However, the double lap-shear sampie J
has the potential for nonuniform restraint perpendicular to the direction ‘
of pull, The quadruple lap-shear sample shown in Figure 2-49c was developed
to provide uniform lateral restraint.

Tap~shear &amples have undesirable stress concentrations at the
edges simitar to tensile -samples., Chevrons dre sometimes used to minimize
these edge effects. However, the stress concentrations cannot be fully
suppressed by chevrons, and test samples tend to fail at the edges where .
quantitative strength values cannot be determined. oL

The torsion specimen shown in Figure 2~50 has been used’ to measure
case bond shear strength for double-base propellants. Swanson(20) par-~
formed an ¥E stress analysis of the torsion sample. He showed the lack of ;
edge discontinuity when the propellant is butted directly into a rigid .
base plate. However, if an alastic substrate (insulator and/or liner) is ‘
present, an edge disconicinuity occurs.

(ZO)Swanson, S. R.,, and A, K, Phifer, "Case Bond Failure Criteria Study,"
Specific Data Report Wo, S44/6/40~153, Hercules Incorporated,
(31 October 1966),
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2. Stress Analysis

aa,/'iorsional Shear

) Pour modifications of the sampie configuration shown in
Figure 2-51 were investigated for torsional ehear loading. The basic
sample is 2.0 inches in diameter and length. Crhe variations in the
sample configuration studied are: (1) a solid sample with the liner
and insulator cut off flush with the propellant at 1.0 inch outside
radius and the insulator uniformly bonded to an end plate, {2) a solid
sample with the liner awnd insulator cut off fiush with the propcllant
at 1.0 inch outside radius and the insulator bonded to an end plate
over the area between r =-0.6 and 0.8 inch, (3} a hollow sample with
the liner and insulator cut off flush with the propellant at 1:0 iach
outside radius and the insulator bonded to an end plate, and (4) a
hollow sample with the liner and insulator extended to 1.2 inches
outside radius and the insulator bonded to an end plate.

Three FE models were constructed to stress analyze the
four sample configurations. The first model (Figure 2-52) considered
the solid torsion sample involved in configurations (1) and (2). Models
for configurations (3) and (4) are shown in Figures 2-53 and.2-54, res-
pectively, In all three models the insulator was considered to be 0.1
inch thick and the liner 0.0€ inch thick;

FE stress solutions were obtained using Hercules Asymmetric
Loads (Torsion) Fanite Element Program. Material properties used in the
analysis are as follows:

Material E (psi) na
InsulaZox 1000 0.4995
Liner 50 0.499975
Propellant 200 0.4999

The samples were loaded by twisting the case bond end through an angle of
1.0 radian and holding the opposite end to zero circumferential displace-
ment,

Computed shear (Tg,) stresses in the propellaut along the
column of elements immediately adajacent to the liner are shown in Figure
2-55 for configurations (1) and (2). The fully-bonded solution exhibits
a linear dependence of the shear stress versus radial position., Thus,
the solution for the insulator-liner-propellant sandwich is similar to
that for a sanple of uniform composition,

35




The computed shear stress distribution for the partially-
ponded sample configuration is very similar to that for the fully-bonded
configuration. Appareutrly, the insulator is sufficiently more stiff thai
the liner and propellant that it does not experience significant siiear
strain; it basically acts as though it were fully bonded to the end plate. .
The use of flaps to relieve edge stresses or partially~bonded regions to .
level out stress distributions does not appear to be feasible, although
they would be motre effective if the liner and propellant were more nearly
equal tc the insulator in stiffness.

Computed shear stresses in the propellant along tne coluun
of elements immediately adjacent to the liner for configurations (3) and 3
(4) are shown in Figure 2-56. The solution for the liner and insulator )
cut flush with the propellant (configuration 3) is linear and is similar ]
to the solid torsion sample solutions. However, the solution for configura- |
tion (4) indicates a strong discontinuity at the outside propellant dia- K
meter.. This is somewhat surprising (though consistent with the work of ‘
Swanson) because no discontinuity would occur if the insulator/liner were

rigid. This was verified for the FE torsion model by increasing ‘the B :
insulator and Tiner moduli to 1 x 100 psi and obtaining a new stress CoL
solution; no discontinuity occurred, as shown in Figure 2-56. Thus, for :

a discontinuity to occur at the outer edge of the bond, the bond substrate
(insulator and liner) must extend vutward beyond the propellant diameter
and be of modulue approximately equal to or less than the propellant. If
‘the substrate is machined flush with the propeilant, no discontinuity will
occur regardless of modulus differences.

The stresses adjacent to- the case bond, other thkan the Tg;
shear stress, are negligible (within computer round-off error) for the ;
conditions wherein a discontinuity dJdoes not occur. However, for configura- ¢
tion (4) and a flexible liner, significant stresses other than 719z occur,

This configuration is not of inturest as a case bond shear sanple and thus )
the Tg, stress distributions showu in Figures 2-55 and 2-56 fully character- ) f
ize the total nontrivial stress picture. '

PR SIS S A

o

The compuied shear stress distribution for all nonsingular Ty
conditions is consistent with.the well-known torsion solution for a hollow/ ‘
solid cylinder:

r o
Toz () (b) T max ;

Where: Toax = f;zizg%_zz; %
and: a = inner radius of hollow sample

b = outer radius of hollow sample

T = torque applied to sample \:

Kbl ol
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For example, when the solid torsion sample (configuration 1) is twisted

1 radian, the computed torque from the finite element solution is 49.7
in./1b. The maximum shear stress based on the above relationship is 31.6
psi. This -compares identically with the results shown in Figure 2-55.
Thus, the only additional information that the FE solution has accomplished
over and above the simple torsion solution is to identify the singular
condition for configuration 4. The FE method can be used to relate torque
and the angle of twist. However, because both are routinely measured
during testing, the computed relationship is of little value. No measure
of strain is necessary for rslating true and engineering stresses since
the change in cross-sectional ared is minimal ‘(zero in the FE solution)
dur ng twisting. The local propellant strain adjacent to the bondlins is
easily determined from the stress if the modulus is known. Thz case bond
torsion test is not an accurate means for determining this effective pro-
pellant chear modulus; a propellant torsion test is much better.

The wall thickness of the torsion sanple should be selected
to be as thin as possible to minimize the stress gradient across the thick-
ness. When a solid torsion specimen of 2 ductile material (gradual or
sharp yielding) is twisted, the outer material fibers begin to yield first
and- transfer some of the load to the inner fibers. The maximum stress at
failure can only be determined from highly local measuremernts or a plastic
stress unalysis of the test sample, and neither is practical. The wall
thickness selected for amalysis is 0.2 inch, which provides a + 11 percent
variation around the mean. The minimum allowable wall thickness is
determined by a buckling criterion, best established by testing for a
sandwich structure like the case bond torsion sample. Metal tubes with
a wall thickness 1/20 of the average radius are routinely tested to failure
without buckling., However, no buckling studies were performed in this
‘program,

b. Picture Frame Shear

A FE stress analysis was performed on the "picture frame"
shear sample (Figure 2-57) for plane stress conditions, The propellant
and case bond materials were assumed to be bonded to four rigid links
around the periphery. The rigid links were pinned. at each of the four
corners, Opposite corners were loaded along a diagonal to generate a
scissor-type shearing condition., Considering a uniform material between
the plates, conditions of pure shear exist in the linear solution,

A FE model was constructed for the stress analysis using
only the right, upper quadrant of the sample, The sample has symmetry
about vertical and horizontal lines as indicated in Figure 2-57. The
applied load 1s not symmetric about elther axis. Hcwever, the load can
be broken up into two load distributions, one which is symmetric and one
which is antisymmetric about both axes as follows:

37
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) ? Considering the rigid 1link restraint, the symmetric loading condition will 5.

=y produce zero stresses in the propellant/case bond because the links must HE

; elongate to deform the material inside. Thus, the antisymmetric solution X

i provides the total result. t
. .
1 g A FE stress sqlution was first obtainad with thée liner and i

& insulator assumed to be propellant; i.e., uniform properties throughout.

lg The computed stresses indicated pure shear conditions. as desired and veri- .

, ? fied the FE model. A solution was then obtained assuming: ;
i-; _ Material E (psi v ;:
. € ——————— -~ BN
g J Tt
E 1 L Fropellant 200 0.4999 :
') & ol
% 1) Insulator 1000 0.%59%5 -

Liner 50 0.499975 ¥

The computed stresses indicate a surprisingly large gradient in both shear
(Tgy) and normal (¢,) sttesses as shown in Figures 2-58 and 2-59 (the @

and Oy normal stresses should be zero). Apparently, the flexible liner

hdas an effect like a void, causing discontinuilty-type stress concentrations ,
where the insulator and propellant intersect the rigid links at the liner ro
bondlines., Thus, the picture-frame shear sample appears to be unsuitable a
as a cage bond shear sample. Even if the linear stress solution had
looked good, there are still important considerations relating to buckling,
large deformation effects, and stress conditions at the corners,

c. Lap Shear

Lap shear tests are routinely performed in the solid gro-
pellant industry to measure the shear strength of propellant and case bond
systems. Achieving a pure shear condition in any test configuration is
dif{icult, except perhaps toreion., Normul stresses are known to occur
in lap shear samples in addition to shear stresses. These normal stresses
are suspected to be the cause of propellant failure in some instances,
iustead of the shear stresses., The chevrop sample configuration has been
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used as 2 means to suppress the normal stresses at the end of the sample
vhere the stress is tensile. However, as outlined in Reference 21, the
chevron sample does not have a desirable shear stress distribution.

A basic understanding of the lap shear test can be obtained
from a strength of materials astimate of the stress distribution. Con-
fider the rectangular sample confignration outlined in Figure 2-60. The
upper and lower surfaces are assumed to be bonded to rigid bars of in-
finitesimal thickness which are designed so that the force, F, passes
through the vertical midplarne of the sample. The bars should not tend to
rotate under these conditions, at least in a linear isotropic situation.
Along each of the upper and lower faces, F translates to cause a momeant,
M =F h/2, If the bars do not rotate, this moment must be reacted by a
normal stress at the bondline.

By ignoring the stress singularities at the four corners,
a strength-of-materials solution can be obtained. A reasonable assumjtion
is that the bond shear stress is uniform along the length and the bon
normal stress is linear; i.e.,

] o(x) = 20 31{‘- (.t_;.’ is the maximum stress)

T(x) =T
IJ/Z
Then: M= 2t j ox dx =% o L2t: (t is sample thickness)
0 L
e _1 = .2
But: M=F 5 6 gLt
So: s=3&) &
t
L
2
However: T = 1t
So: g=3 (%) T

Thus the aspect ratio, L/h, of the sample should be large to minimize the
normal stress relativoa to the shear stress,

21,
¢ )Cost, T. L., and C. H, Parr, "Analysis of the Biaxial Strip and Shear

Lap Tests for Solid Propellant Characterization," Rohm and Haas
Company, Report No. 3-73 (May 1967).
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' §¢ w The normal-shear stress relationship predicted by the
1 iﬂ strength-of-materials solution can be evaluated from the work in Reference
L ¥ 21, wherein FE stress analyses were performed on lap shear samples of
; 524 differing aspect ratios. Figures 2-61 and 2-62 are reproduced from Ref-
P erence 21 to illustrate the bondiine shear and notmal stress distribution
, 3! for different aspect ratios, = L/h. The stresses are only plotted for
3 half the length of the bondline beécause of symmetry considerations. The
;} discontinuity which cccurs at the right end of thée sample is recognized

by the FE solution. The normal stress distribution becomes more linear
as the aspect ratio decreas2s. For the high aspect ratios, the normal
stress distribution deviates significantly from a linear distribution. %
However, the normal stress predicted by the strength of materials solution
for £ = 0,2, which is not sﬁrongly affected by the discontinuity, is still
quite accurate, as indicatedl below:

v
'
Presy

A

TR

a Tava gatt =0.9 3x Tav

CAN e

1 0,230 0.70 0.69
2 0.284 0.48 0.43

g 3 0,300 0.36 2.30

B S e R e - P e
it ® : e -

0:304 0.27 0.23

0.311 0.20 ‘ 0.19

YTt

When cdase bond tests are performed, case bond liner and
insulator layprs must be included in the test sample. The insulator layer
can ‘be used to advantage as a flap to suppress the effects of the end dis-
continuity,
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The basic case bond (lap) shear sample configuration
selected for initial FE stress analysis is shown in Figure 2-63. Thé
sample is symmetric about two axes, one at the vertical midplane and one
at the longitudinal midplane. The propellant layer is only 0.1 inch thick;
the liner and insulator layers are assumed to be standard 0.06 and 0.1
o inch thick, respectively.
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to Stress solutions were obtained for the bauic sample configura-
g tion and three variations., The first two variations involved changes in
the flap length to zero and 0.2 inch., The third variation involved an
increase in the propellant thickness (height) to 0.5 inch.
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The FE grid network for the 0.5-inch model is shown in
Pigure 2-64. The grid for the 0.1 inch model is similar, but has fewer
rows of propellant elements, The elements in the liner have a minimum
thickness of 0.0l inch and a minimum length of 0.02 inch.

Solutions for, the zero and 0.1 £lap lengths were obtained
with the basic (0.1 inch) model by varying tlhe flap lerngth. The liner
was assumed to have the same mechanical properties as the propellant;

R = = 0 x -3 7 = w0 = Y
1egss Eliner Eprop 200 psi and Kliner prop  insulator 325,000

psi. The insulator modulus was considered to be E, = 1000 psi.
& insulator *

The normal and shear stresses computed in the element row
in the liner adjacent to the insulator for a unit shear displacement are
shown in Figure 2-65 as a function of the length coordinate for zero and
0.1 flap lengths. The insulator tends td soften the discontinuity in the
zero flap-length solution much more in shear than in normal stresses., In
fact, the shear stress does not indicate a discontinuity. The flap tends
to soften both the shear and the normal stress near the discontinuity.
The value of the flap in shifting the maximum stress away from the dis-
continuity to the: gage length is evident, The normal stress distribution
based on the relationship @ = 3¢ T is also shown in Figure Z2-65. This
simplified solution better predicts the distribution for the flapped
configuration than it does for the non-flapped configuration. Apparently,
the moment for both configurations tends to be balanced out by the normal
stress nearer to the sample ends than the middle. Thus, the normal stress
di_continuity in the non-flapped solution balances out more of the moment
near the ends than does the normal stress near the ends for the flapped

solution,

The maximum principal stress in the elewent row in the liner
adjacent to the insulator is shown in Figure 2-66., If the case bond liner
were to fail as a result of the maximum principal stress, then the un-
flapped sample would fail at the edge; whereas, the flapped sample would
fail in the gage length where a condition of almost pure shear exists.

Normal and shear stresses in the clement row in the propel~
lant adjacent to the liner are shown in Figure 2-67. The normal stress
next to the left edge of the sample indicates less of a gradient that in
the liner, adjacent to the insulator. This is to be expected because the
normal stress must be zero along the vertical wmid-plane of the sample.

The normal stress peak at the left edge of the sample is less than the
shear stress in the gage section, Thus, if the bond liper is significantly
stronger than the propellant and/or liner-propellant bond