General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



NASA Technical Memorandum 79036

(NASA=TM=T2036) FRACTIRE MODTS IN OFP=AXIS N79-12154
FYBER COMPOSITES (NASR) 25 p HC RO2/HF AO1
CSCL 11D
Unclas

G3/24 38844

FRACTURE MODES IN OFF-
AX1S FIBER COMPOSITES

J.  H. Sinclair and C., C. Chamis
Lewis Research Center
Cleveland, Ohio 44135

TECHNICAL PAPER to be presented at the
Thirty-fourth Annual Conference of the SPI
Reinforced Plastics Composites Institute

New Orleans, Louisiana, January 29 - February 2, 1979




CONTENTS

Page
S ml I\IA RY ] . - * . . L L] ] L] ] L) ' L L] * L] » * . . L] * [ ] L] . E ] ’ » L 1] L] L L 1

IN’I‘I{ODUCTIONIli!.i'l.lll.l.-.u'.QUDOGIUOQIO l
EXPERII\'IENTSQ-oOQ --------- 4« B 5 L & 3 s & B 4 4 F w 2 B+ 2

THEORY AND COMPARISONS WITH EXPERIMENTS . ., . . . v v v s o« 3
Elastie Constants . . . v v v v v v v v v b e b v ot oo o v et e a e ‘
I'racture Stresses and Strains . . , . . . . . . . 0 0 h e e e e 4
Ply Fracture Stresses and Stralns . . , . . . . . . v v v v v v v v v o 6
Reglons of Single-Failure Mode Predominance . ., . ... ... ... 7
Stress-Type Influence on Fracture Mode, . ., . . . .. ..., v 8
Sensitivity Btudies, . . . v . . . v e e e e e e e e e e 9

SUMMARY OF RESULTS AND CONCLUSIONS , , . . .. .. ... .... 11
REFERENCES. ----- L T T N R T I T S S T T T I T Y 12
TABLES LI R I R O I I T S ) ..g * e e 4 4 & v 5 4 ¥ & a2 e * a2 13

FIGURES , . . . ... i vv v v et r e e e e e e s v e. 15



E-9836

FRACTURIE MODES IN OI'F-AXIS FIBER COMPOSITES
by &, I, Sinelair* and C, C, Chamis#

National Acronautics and Space Administration
Lewis Research Conter
Cloveland, Ohio 44135

SUMMARY

Criteria have been doveloped for identifying, characterizing, and quantifying
fracture modes in high-modulus graphite-fiber/resin unidirectional composites
subjected to off~axls tensile loading. Procedures are deseribed which use sensi-
tivity analyses and olf-axis data to determine the uniaxial strength of fiber com-
posites, It was found that off~axis composites fail by three f{racture modas
which produce unique fracture surface characteristics, The stress that domi-
nates each [racture mode and ihe load angle range ol its dominance can be iden-
tilfed, Linear composite mechanies is adequate to describe quantitatively the
mechanical behavior of off-axis composites, The uniaxial strengths predicted
from off-axis data are comparable to those measured in uniaxial tests,

INTRODUCTION

A detailed investigation was conducted at NASA-LeRC of the mechanical be-
havior of high-modulus graphite-fiber/epoxy-matrix unidirectional composites
subjected to off~axis tensile loading (refs, 1 and 2), The objectives of this in-
vestigation were to: (1) identily and characterize fracture surfaces, (2} deter~
mine whether linear composite mechanies can be used with confidence to de-
scribe quantitatively the mechanical behavior of off-axis composites subjected
to tensile loading, (3} identily and quantily [racture modes associated with off-
axis [ractures, (4) develop eriteria and convenient procedures which can be used
fo identify and cuantify fracture modes associated with oll-axis loading, (5) use
sensitivity analyses in conjunetion with olf~axis fracture data to determine uni-
axial strength indirectly, and (6) assess the effects that possible eccentricities

£
Aerospace Engineer, Composites and Structures Branch, NASA Lewis
Resoarch Center, Cleveland, Ohio 44135,



(that could arise during testing) may have on the fracture stress of off-axis spec-
imens, The investigation consisted of mechanical testing, scanning electron mi-
croscopy (fractographic) studies, composite mechanics, and finite element analy-
ses including NASTRAN,

The fractographic studies (item (1) above) were reported in detail in refer-
ence 3, The effects of possible eceentricities (item (6) above) were reported in
detail in reference 4, The part of the investigation of the application of compo-
gite mechanics, identification and quantification of fracture modes, criteria and
convenient procedures for identifying fracture modes, sensitivity studies (items
(2) to (5) above) and the results obtained are described in detail herein, The de-
scription is divided into an experimental section and a theoretical and compari-
sons section. The latter sertion is subdivided into sections on elastic constants,
[racture stresses and strains, ply fracture stresses and strains, regions of
single-failure mode predominance, stress-type influence on fracture mode, and

studies,

EXPERIMENTS

The laminate used in this investigation consisted of eightunidirectional plies
of Modmor-I graphite fibers about 50 percent by volume in a matrix of ERLA-
4617 epoxy resin cured with metaphenylene di-amine (MPDA), Tensile speci-
mens were cut from the laminate plate at the desired load angles as shown in
figure 1 by use of a diamond cutting wheel, Stacks of specimens, so cut, were
placed on edge and dressed down to the required 1,27 centimeter (0,500-in,)
wigdh w adiamond grinding wheel, Specimen ends were reinforced with
adhesively-bonded, tapered fiber glass tabs, The tensile specimens were then
instrumented with either two or five 120-ohm, 60° delta-rosette strain gages,

A schematic of specimen geometry and sirain gage arrangement is shown in
figure 2, The test specimens were loaded to fracture by using a hydraulically
actuated universal testing machine, Loading was incremental to facilitate
periodic recording of strain gage data, Fractured surfaces of the tensile speci-
mens were observed by scanning electron microscopy, and typical phoromicro-
graphs were made to illustrate fracture modes as will be described later,

A photograph of the fractured specimens is presented in figure 3. The load
angles, between load and fiber directions of the specimens from bottom to top
in the figure are: 0%, 52, 10%, 15%, 30°, 45°, 60°, 75°, and 90°. Note that
the specimens tested at 0%, 52, 10°, 15°, and 30° off-axis fractured away from
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the end tabs and those tested at 46°, 60°, 75%, and 90° fractured near the end
tab, Fractures at or near end tabs are to be expected, Finite~element analysis
results (vefs, 2 and 4) show that the stresses at the edge near the ond tab are
higher than at the mld-length conter in certaln orientations. Consequently,
these stresses can initiate fraciures near the end-{ab region,

Tensile properties deterinined during this study are summarized in
Table [, The specimens tested along the [iber direetion broke at 56, :3><103
N/cm"‘)‘ (81.7 ksi) and the [raciure strengths of the speeimens deereased grad-
ually with nereasing load angle; the transverse speeimen (900 ofl-axis) broke
at 2,8x10" N/cm:"' (4 ksl). The moduli also decreased with inereasing load
angle and lie between about 2.4%100 N/cm2 (35&'106 pst) for the Iongiludinal
specimen (00 off-axis) and just over ().75>~-=106 N/cn12 (L. 1x109 psi) for the 90°
off-axis specimen, Stress strain curves (from gage 2, [ig, 2) are presoented
in figure 4, Note that they are all linear to [raciure,

The fractured surfaces of the specimens were studied by using scanning
electron irierosecopy (SEM), The photomicrographs of the [racture surlaces
exhibit unique characteristics in different load angle (0) ranges. The detalls
are preosented in reforences 1 and 3, Photomicrographs from these references
relevant to this dlscussion will be described later,

THEQRY AND COMPARISONS WITH EXPERIMENTS

Linear composite mechanics (LCM) was used to predict the elastic con~
stanis, composite [racture stresses and siratns, ply fracture stresses and
strains, and region houndaries of single-lailure-mode predominancae, Linear
composite mechanics is applicable and sufflicient since the siress strain curves
vo fracture arve linear (fig, 4). Comparisons are made between predicted re-
sults and measured data to show that LCM describes quantitatively the meeh~
anical behavior ol the various specine ns, And, thus LCM can be used with
confidenca to quantify the dilferent. fracture modes and their range of pre~
dominance,

Flastic Constants

The elastic constants of interest in this investigation are the modulus of

Yy - W * fhe | v i IN - H 1 i k
clasticity along the load direction E oxx’ the Poisson's ratio "cxy’ and the
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shear coupling coefticient Poxg? which is a measuve of the shear deformation
induced by the stress along the lond, or x divection, These clastie constants,
1-:0: " l'ox-\,, and Pogg? Q1€ expressed In torma of unidireetional composlte
clastie consiants by using well known transformation cquations, The equntions

used are
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where 0 s the angle hetween fiber and toad divections, Eﬂll denotes the mod-
ulus ol elastleity along the liber dirvections, Shon 1S the modulus of elastlicity
transverse to the [liber direction, Gﬂl.’. is the in-plane (intralaminar) shear
modulus, and o2 is the major Poisson's ratio. The subscript £ identilios
the unidirectional property and the subseripts 1 and 2 denote orthogonal ma-
terial axes with 1 taken along the fiber direction, Equations (1), (2), and (3)
are programmed in the computer code (ref, 5) that was used {o prediet the
elastic constants from the unidirectional composite properties. Thoe predicted
properties were than used for comparison with the measurcd data,

The comparison lor the modulus Ecx.\: is shown in ligure 5 and shows very
good agreoment, The comparison lor the Buisson's ratio is shown in figure 6,
As can boe seen, the measured data are below the predieted eurve in the load-
anple range 0° < 0 < 45°, The agoeement is pood at load angles greater
than 45°, The comparison lor the coupling cooelficient Voxs is shown in fig-
ure 7. Again, the agreement (s vory good exeopt possibly lor 0 angles less
than 15°,

Fraciure Siresses and Strains

The composite [raciure stress Sox‘x along the load direction lor the spec-

ilmoens was predicted by using the following equations:
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The undelined notation in equations () and (3) is as follows: Kp,, 15 a corre-
lation cocfliclent {(rof, 6) which (s assumed to be unily in this case, Sﬁll’l‘ is
the uniaxial longitudinal fracture stress (along the [iber), S£22T is the uni-
axial transverse fracture stress, .':“,“2S is the untaxial intralaminar (in-plane)
shear [recture stress, and Yoy and Vpag represent Poisson's ratio in di-
rection 3, which is through the composite thickness. The Poisson's ratlo
Y913 is usually taken equal to Mp 109 and Peoy is computed using composite
micromechanics. The value of Kj212 for the high-modulus, graphite-fiber/
epoxy (Mod [/E) composite, computed by the computer code (ref, 5), is 1.44,
Note that equations (4) and (5) ave derivable from a medliled distortion energy
principle deseribed in reference 6.

«The composite fracture strains .6 o along the load direction for the speci-
mens were predicted by using the following equations:

exx T (6)
exx

'cyy“’c.\'yE "
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where Scxx is given by P/A (where P Is the fracture load and A the speel-
men eross seetlon area) and the elastie constants are determined by using oq-
uations {1y to (1), Equatlons (1) to {8) have algo been programmed In the com-
puter code (ref, 5), and the predicted vesults used for the comparisons were
gonerated by using this cade,

The comparison of predicted and measured values of {ractuve stress (s
shown in figure 8. The unidiveetional composite fracture stresses used to gon-
erate the predieted data ar. also shown in this {Igure, As ean be seen the coniw
parison is excellent, The comparisons loy the center gage fracture strains are
summitrized in table I, The comparison is reasonably gootl for the axial & oxx
and shear £ exy strains, and it {s voelativoly poor for the Poisson's & eyy
strain, perhaps because of the relatively small numerieal values of the
Polsson's ratio for composites in general, The good agrecment fov £ oxx and
£ oxy WS anticipated since the stress-strain curves ave linear (or nearly so)
to fracture, as was alveady mentloned,

The important conclusion from these comparisons is that the off-nxis [ail=
ure of composites with lnear stress-strain curves to fracture ts predicted ne-
curately by the failure theory summarized herein and deseribed in dotall in
reference G,

Bly IFracture Strosses and Strains

The ply [vacture stresses were determined by using the following equa-
tions:

9
Jp11 ™ Soxy €080 (9)
2
Tpog * Sc.\'x sin”g (10)
T =4 b} sin 29 (11)
f1a 5 ONX =

whoere Ty represents ply stress and the numerical subscripts the divections,
The ply fracture strains £ ¢ Wwere determined using the lotlowing matrix
equation:
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where £ o are the composite strains al fracture which are determined from
equations (6) to (8). Equations (9) to (12) are also available in the computer
code (rel, 3). The predieted results reported herein were generated by using

this code,

Regions of Single~TFallure Mode Predominance

The reglons whoere single [allure modes predominate may be identified by
plotting the (ollowing ratios from measured data; ‘rﬂlllsﬁll'l" 0 22/5.2 5o
7 13"1811_128' €11/ F oy ‘ﬂzz’/‘ng'l" and C£12‘H‘E£1,‘js as functions of load
and angle 0, In these ratlos Ty and €, denote ply stress and strain, respec~
tively, and Sﬂ and € p represent the corresponding uninxial fracture stress
and strain, respectively, Regions of single-{ailure-mode predominance show
that both of these ratios (o, /'SE) and (e£/££) agsociated with this failure mode
are near unity, Those ratlos assoclated with the other two {ailure modes arc
considerably smaller by comparison,

The resulting plot lor stress 1s shown in figure 9. As can be observed
from this figure, the curve for ) 11/S£11 is eloser to unity than 0222/81322

or y14/5p,5, in the load-angle range 0° ¢ 0 < 5% therefore, longitudinal
tension is the predominant fracture mode in this range, The seaming clec-
tron microscope (SEM) photomicrographs show that the fracture surface In
this replon is a tlered surface, dominated by {iber [ractures (flig. 10(a))
(from vof, 1), The ratio o],-]__,z/s11 1y 18 closer to unity as observed from the

erossovey points in the range 5% < 0 < 20°, indieating that intralaminar shear

stress is the predominant fracture mode in this range, The SEM photomicro-
graphs show that the fracture surface in this region Is dominated by matrix
lacerations (fig, 10(@)). The ratio rrmz/Sﬂ22 is closcy to unliy as observed
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from the erossover polnts in the vange 1" - 0« 807 indicating that the
transverse tensile stress is the predominant [racture mode in this range,
The SEM photomicrographs show that the [racture surface 1= dominated by
matrix eleavage and fiber surfaces free from matrix residue (g, 10(0)),
The ratios ap./8 198 el erp 00 8 oae have comparable magnitudes [n

the load angle range 20° « # < 45% In this range, then, fracture I8 pro-
duced by combinations ol (ntralammar shear and transverse tensile stres-
ses (mixed mode), The SEM photomicrographs show that the Iracture sur-
Face in this range is a mixture of mateix lacerations, matrix eleavage, and
[ber surface tree of matrix restdue {fig. 104y,

The eovrresponding plot for stralns is shown in fipure 11, As enn be
observed in this {igure the ratios for strains nesr unity are the same as
those lor the corresponding stresses. The load angle in which the Individuni
straing dominate are longitudinal tension 0? « 0 - 5%, Intralaminar shear
59 ¢ 0 20°, transverse tensfon 5% ¢ 0.« 90°, and mixed mode eombina-
tions of intralaminar shear and transverse tensile (:’,{)o <t~ 15,

Tha dominance of longitudinal tenstle fracture stress for the narrow
load angle range below 59 s well known in the [her composlte conmmunity,
However, the narrow range (about 150) of intralaminar shear stregs {rac-
ture dominance and the large range (about 60°%) of transverse tonsile stress
fracture stress dominance have not been tdentified or, at least, not repor-
ted prior to the investigation desertbed in veferences 1 and 2, 1 is impor-
tant to nofe ai this juneture that the results ol tigures 9 and 11 provided the
theoretical basis for using the 10° off-axis tonsiie test method for intra-
taminar shear characterization (ref. 7). This test method was a spinoll of
the same investigation,

The major conclusion fvom this discussion is that the regions of single-
stress-fracture-mode dominance ean be identificd by normalized plots of
stress and strain, And, lurthermore, in these regions the [racture surface
SIEM photomicrographs show distinet {racture mode characteristies, that is,
fibor tensile fracture 0% ¢ 0 < 5%, matrix lacerations 59 < 0 < 209, mixed
modes 20° < 0 = 45%, and matrix cleavage 45° £ 0 ¢ 90,

Stress-Type Inlluence on Fracture Mode

A procedurce to identily regions of individual stress influence on [rac-
ture mode is obtained by normalizing the ply stresses with respect to frac-
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ture stress in the Inad diveetion using vquations (0) to (111, Ax can be seen
from these equations the normatization Lomds to the following trigonometrie
funcetions: coR=n for longitudinal stress, HINE for transverse uiress, mnd
(=in 24) 2 for Intralaminar shear stress, The next step is (o plot these fute-
tions versus load angle and superimpose the corrvesponding measured data,
The vanges of single-stress-fracture-mode predominance are then Identlfied
by the coineldence of the measured data with the corrvesponding trigonometrie
function,

Thi » procedure is lustrated graphieally In figure 12, The followlng are
observed In figure 12:

(1) The intralaminar shear stress enineldes with its corresponding trig-
onometrsie funetion in the load-angle range 07 <0 < 207 and, therefore, has
signiffeant influenee in this range.

) The transverse stress colneides with s corvesponding (rigonometric
function throughout the range of {he load angle, 1It, therefore, Influences the
fracture mode throughout the range and predominaies in the 20° < 0 < 90°
range,

(8) The longlitudinal stress polneides with s corresponding frigonome~
trie function only at the 0° toad angle, It, therefore, has Insignificant influ-
ence In the [racture mode in the 0% < 0 < 909 range.

The conclusion here is that the ranges of individual siress influence
and/or predominance on fracture mode arve identilied by means ol the proce~
dure Hlusirated In fipure 12, The results just deseribed coupled with the re-
sults of the seanning eleelron microseopy studies should be helplul for iden-
tifying, characterizing, and quaniifying fracture modes in off-axis compo~
sites, Further, the results should aid in establishing comparable procedures
for angle-plied laminates,

Sensitivity Studies

Uniaxfal (raciure stresses may be approximated indirectly by use ol off-
axis tensile data in conjunction with equation (1}, This provides values lor
these stresses that are indopendent of uniaxial tests. To evaluate the uniaxial
fracture siresses indivectly, known values for two ol the fhree uniaxial frac-
ture stresses (S‘Q 117" SﬂzzT’ or Sﬁ_lr.’.S) are substituted into equation (1), The
equation is then used to generate curves lor the composite [raciure stress,

Sc,{x, with assumed values of the third uniaxial [vacture stress and different
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toad aoples o0 A approximation to the aetuil vilue ol the assumaed stress is
then obtdined by superonposing on these eurves the mensured values for S‘,“.

The procodure i slustrated graphically in lgure 13, lor the intralaminar
shear racture steess,  The ingeritlaminar shear stress< is deformined by deaw--
ing o hest=dit Oy eve) vertieal fine of the measured dato ashed line), The in-
tralaminar shear fracture stress, op strength, 18 the interseetion of this vertl-
ceal line with the abseissa, TFor the Mod I B this value is 5, ﬁxln3 newtons per
square centimeter (N c-m:- S hal), which s very elose to that of the 109 off-
axis e n~ilv -pcmmvu amd ih within the »ange of avallable data In the Hiterature
(,.:i=1u to 6. 2x10" N cm 7.0 o 0.0 ksl ref, 3)).

The same procedure ean be used o determine indiveetly the other unl-
axial strengths,  Though l!t"lﬂilh are not presented here, applieation of this
procedure vielded 2,9%10° Ny om= (1.2 lx'-i) for tlw trevsverse tenstle strength
(Seoap) ob Mod L compared to 2 FENTLEY vm (1 0 kst) from the 90° ton-
sile speeimen test and as high as ;t)xltld I\/cm (102 l\al) for the longltudinal
tenstle strength He 1 compared to 56, 5x107 2 ! jem*= (82 ksi) Mrom the 0° ton-
vile specimen text. One interpretatlon [rom these vesulis is that the longidu-
tional tensile strength as measured from the 09 tensite specimen may be con-
servitive,  The proeedure was also applied to the data foe boron~opoxy reported
in reference 8, The value obtained for the intralamin'u- ghear strength was about
7.()‘«103 N,L-m' (10,2 ksl compared to 7."‘-1(1“ N/cm (11,2 ksl) from the 10°
olf-nxis,

The graphical results from sensitivity studies provide additional informa-
tion, Fap example, from figure 13, it {8 seen that: (1) the vurvos show that an
infralaminar shear strength (Sel.,q) greater than 6,9\10; N/ cm“ (10 ksi) has
negligible influence on off~axis bll‘ﬁ‘l‘lp,‘ﬂl \b " for load ungles ¢ equal to 5°,
309, and 157 i () the clepvndoncc ol Q“ on bf 128 s significant and i{s almost
linear for 0 cqual to 10° and 15° and, therefore, these test speeimens are suif-
able {or determining the Intralaminar shear characteristies of unidirocllonal
composltes; and (3) the intercept ol the lme-L [t vortlcal line with the 5° curve
vields an ofl-axis mronpth ol about 45 \10 N/cm (65 ksi) for Sc\.\ which
indieates that the 5° off~axis tensile speeimen may have lafled promaturely,

The reader ean probably observe additional signilleant information in figure 13,



1
SIRMARY O RESULTS AND CONCLUSIONS

Tha major results ol an investigation o the mechanieal behavior and the
fracture modes of high modulu » graphite-{iber/epoxy matrls ‘Modmor I/epoxy
fiber) vomposites subjected to off-axis tensile lnadings are.

1. The sfress-strain curves to fracture are linear

2, The results pradicted by Hnear composife mechanics were in very good
agreemoent with measured data.

3. Composite fracture stresses predicted by using a modified distortion
energy eriterfon were In excellent agreoment with measured data.

4. A convenient plotting procedure was developed that ean be used to iden-
tify which stress dondnates off-axIs tenslle fracture.

5. The fracture modes that predominate for various ranges of load-angle
were ldentlfied as follows:

a. Longitudinal tenstle {({iber breaks) near 0¥ load angle

b, Intralaminar shear guatrix shear fracture in the 5" (o 209 load-
angle range,

¢. Transverse tensile (matrix tenstle fracture; in the 459 to 90°
load-angle range,

d, Mixod mode (intralaminar shear and transverse tensiley in the
20° to 45° load-angle range,

G, Unlaxial strengths can be determined indirectly from sensitlvity studies
and the plotting procedure described horein, The intralaminar fracture shear
stress was determined fo be 5.6'*:103 N/on12 (& ksl). This value Is in good
agreement with literature values 5.25(1{)3 to G.2x103 N/cm2 7 5109 0 ks,

7. Lincar composite mechanics can be used with eonflidence to deseribe
quantatively the mechanical response Lo off-axis tensile loads of high-modulus-
fiber/epoxy-matrix compositos which exhibit linear stress-strain behavior to
fracture,

8. The [racture modes and fracture surface characteristies in olf-axis
tansile specimens can be (dentiflied and quantified by using a combination of
scanning electron microscopy, linear composite mechanics, and the plotting
procedures described herein. IFurthermore, thig comhbinaiion should be
helpful for establishing comparable procedures for angle-plied laminates.

9. Criteria that can be used to identify [racture modes [rom fracilure
surface characteristics of off-axls fiber/resin composlies are as [ollows:

o
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a, Tiered surface with dominant fiber [raciures is characteristic of
longitudinal tens’ie fracture,

b. Smooth surface with malrix lacerations indicates [ntralaminar
shear [racture,

c. Smooth surface with matrix cleavage Indlcatos transverse tensile
[racture,
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1972, pp. 29-35.
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TABLLE II, - COMPARISON OF PREDICTED AND MEASURED FRACTURE
STRAINS FOR MOD I/E UNIDIRECTIONAL COMPOSITE T'ESTED
AT VARIOUS ANGL IS TO THE FIBER DIRECTION

0,50 TMiber volume [vaction

Speel- | Load Fracture straing, peveent
men | angle, a
deg Measured Predicted

Axtal, | Polsson's, | Shear, | Axial, | Polsson's,| Shear,

£ CXX £ cyy £ oxy £ CXNN £ cyy £ cxy
A-0 0 0.231 -0.063 0.0025| 0.269 ~0.070 0
A-5 6 ,188 -, 047 .523 . 234 -.062 , 599
A-10 10 . 287 -, 0446 986 , 301 -,093 1,05
A-15 15 . 284 -, 057 L7433 REE -.086 .3068
A-30 30 . 305 ~.072 . 522 413 -.093 .596
A-45 45 . 390 -, 074 . 319 Ld3l -.071 341
A-G0 60 LAld ~.030 152 . 445 =-,042 .182
A-75 708 . 386 -.018 081 . 407 ~,014 .069
A-90 90 . 3064 ~.006 004 . 377 -.003 0

ag o [rom center gage,
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TABLE I, « UNIDIRECTIONAL COMPOSITE PROPERTIES

Property

Manufacturer's dnte

Lowis Reaearch Cenler data®

Longitudinal tensile;
Strength, Sgpqym, N/cmz(lcsi)
Modulus, Egqym, N/em {psl)
Polsson's ratio, ¥gyg

Trangversa tensile:
Strongth, Spom, N/cm {ksi)
Modulus, Epnom, N/cm (a1}
Polsson's ratio, Vpoy

Longttudinal compresslon.
Strongth, Spq404 N/cm (kai)
Modulus, Ejyya, N/c1112 (pst)
Polason's ratlo

Transverse comprossion.
Strength, Spynn, N/cm (ks1)
Modulus, Ejgoaq, N/c:m2 {nsi)
Polsson' ratlo

Shoear:
Strongth, 8p;og) N/cm (kesi)
Modulus, Gy, N/cm2 (psi)

53, 75‘(10 (78, 0)
22, 5%10° (32, 6x10 )
0.184

4,07%10 (5. 82)
0, 70x20% (1. 10x100)
0, 0039

45,6%103 (66. 2)
36. 8x10% (52¢100)
0. 31

20x10° (20)
1, 25%10% (1. 8ax10%)
0.0083

4. 40x10° {6.52)
0. 480x208 (0. 700%100)

56, 3x10° (81, 7)
24, 1¢10% (34, 9x10%)
0.27

2, 8%10° (4. 0)
0. 772x108 (1. 12¢109)
0.01

6, 51x10°% (8. 0)
0. 61010 (0, 8ox105)

Center BRER.

TABLE H. ~ PREDICTED PLY FRACTURE STRAINS

FOR MOD I/E UNIDIRECTIONAL COMPOSITE

AS A FUNCTION OF LOAD ANGLE

Specimen | Load | Compogite | Ply strains, percent
angle,| fracture
dog | strain,® | Fe11 | €r22 |Fo1o
pereent
A-0 0 0.231 0. 268 -0,0098|0
A5 il .188 L180 |- ,007 | .042
A-10 10 . 287 . 168 .100 §1.14
A~15 15 + 284 . 0864 . 159 . D61
A-30 30 . 365 . 0280 201 . 736
A-4b 45 . 390 . 00813 . 361 .502
A-GO 6o 414 .001021 .402 | .330
A-75 5 . 385 - . 0028 . 306 . 151
A-00 o0 .34 |- L0004 V377 |0

oo cOnter gage, experimental results.

C
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o Y Measured (center gage, Load
— slope of least square-fit angle, l\ - Load
straight line through direction
stress strain data)
—— Predicted fiber
direction/

A |

o
1

Load angle. 8. deg

Figure 5. - Modulus for Mod 1E unidirectional composite tested at various angles
to tiber direction.

- O Measured (center gage; Load
slope of least-square-1it angle, 8 ~1 oad
straight line through \ 3/ £
stress -strain data) oa——

—— Predicted Fiber ]
direction/

0 1] 60 %
Load angle, 8 deg

Figure 6. - Poisson's ratio for Mod 1% unidirectional compasite
tested at various angles to fiber direction.



s : O Measured (center gage, Lowd

slope of least square-fit  angle, 8., L oad
straight fine thi ough \ direction
O stress strain data)
s ks === Predicted Fiber
’B 0 direction/ s
i a2l

04 \b\‘g.n

Load angle. 0 deg

Figure 7. - Coupling coefficient for Mad 1 unidirectional composite
tested at various angles to fiber direction

O Measured
— Predicted using
Seqrr * 90 W10% Niem? (82 ks
snto’ Sgom + 2 Tox10* Nem? (4 ks
LU Sgs + 5 S10* Niem? (8 ksi)
50 Lol
‘m". ] \ Load
00 ~—':‘5 w0} 4/ direction
g - fiber
" I
3 ./5 0 direction
W o
g' 8
3 & 2
F il o
10
OL Jeesl: (NS ,Iﬁ
0 o0 %

Lowd angle, deg

Figure 8. - Comparison of predicted and measured fracture
stresses ot various test angles for Moad 11 unidirectional
Tanpen, ACINAY
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Nondimensional stress

S Frab o]

Lowd
direction

Cb

00125128 Fiber n“]\‘ 0412

uhrﬂlmn o \ - 0n
52 %212

"lll

Load angle, & deg

Figure 9. - i racture stresses normalized with their respective uniaxial
strengths (S,). MOD IIE.)
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Nor malized strawn

e e !
“nin
Lo

j direction

Fiber 4
"nz“'uz direction’

=t
%0

Load angle, 8, deg

Figure 11, Ply fracture strains normalized with their respective
uniaxial fracture strains (Mod 1),

L oad
im"'\
Ap=—
Fiber
direction/
sin®
e gy ~sina
-"""'--.. -~ lZ?l'
1 7“‘“‘&! \‘I I
0 0 60 9%
Load angle, 8, deg

Figure 12, -Ply fracture stresses normalized with respect to
specimen fracture stresses at various test angles (Mod 1),
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ol angle
&' de)
0. O Specimen fracture | -test it vertical 5
g %0 stress deter mined line
2 experimentally 10
va 80 v\a o |
P|E '
0 b 15
R
N e
B
e i
P —0 45
ol | || | 1 J
0 ? 4 [ § 10 1200
Intralaminar shear stress, $p) Nicm?
i L | I’ | | | i | J
0 2 4 o 5 10 ¥ 14 16

Intralaminar shear stress, Spya¢. ks

Figure 13, -Calculated fracture stresses for various assumed intralaminar shear stresses for Mod 1%
unidirectional composite.
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