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INFLUENCE OF TEMPER CONDITION ON THE NONLINEAR
STRESS-STRAIN BEHAVIOR OF BORON-ALUMINUM

ABSTRACT

The influence of temper tondition on the tensile and compressive
stress-strain behavior for'six boron-aluminum 1aminate§ was investigated.
In addition to monotonic tension and compression tests, tension-tension,
compression-compression, and tension-compression tests were conducted
to study the effects of cyclic loading. The laminates studied were
[0], [901, [145]5, [O/iﬂS/OJS, [0/&45]5, and [i45/0]s, and the temper
conditions were "as received" or F, T6 and T6N which was T6 followed by
cryogenic exposure.

It is shown that thé T6 heat treatment increases the yield stress
in both- tension and compression: Tensile strength results are a
function of the laminate configuration; unidirectional ]éminates were
affected considerably more than other laminates with some strength
values in&reasing and others decreasing. In general, cryogenic exposure
. of laminates with0° plies increased the tensile yield stress and
reduced the compressive yield 'stress, bﬁt*other laminates were not
significantly affeétedl

Results from the cyclic tests show that fhé Tinear range of
material behavior was increased by cyclic loading to a maximum value
for all laminates and témﬁer conditions. Typically, a maximum linear
rafnge was established which remained céﬁstdnt except in those cases
where material deéradation was indicated. Only those laminates with

+45° plies exhibited significant material degradation.
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1. INTRODUCTION

The rapidly advancing technology of the past decade has made it
necessary to develop new materials. which will meet demanding standards
' and perform under extreme operating conditions. These new materials
have primarily come about as a result.of advances in the aerospace
industry and the desire to build more energy efficient structures. One
of the moreé promising advances in materials science has been the de-
" velopment of a new class of materials known as advanced composites.

Advanced composite maéeria1s are a unique class of engineering
méteria]s in that the designer can tailor fit the material to the
particular application. It‘'is possible to design the composite material
td meet directional dependent.requirements such as stiffness, strength,
yield stress, and temperature and moisture properties by choosing
suitable fiber, matrix, and laminate stacking sequence. Another im-
portant feature of advanced composite materials is-théf_fhey exhibit
very high speécific strength and specific stiffness compared to other
engineering materials. However, the engineering community is faced with
many‘new problems égsociated with a new material system. Thus; the
researéheﬁ must study composite materials to develop a compiete urider-
standing of their behavior‘so they can be a reliable, efficient, and
useful. engineering material.

ﬁdvanced fibrous composite materials can be &ivﬁded into two
classes, those being composjtés with resin matrix and those with metal
matrix. Metal mgtrix composite materials are the primary concern of

this study. There are many‘chanacteristics of metal :matrix composites



which make them a useful engineering material even though their pér
pound cost is high compared to resin matrix composites.

Metal matrix composite materials, specifically boron-aluminum, have
a larger oberating temperature range, higher strength, better transverse
properties, and can be braze welded to other parts of a structure. Also
the potential problen of moisture absorption into the matrix is not
present in the metal matrix system as it is with resin matrix composites.

The applications of metal matrix'compo$ite.materia1s have not been
as numerous as their counterpart resin matrix composites primarily due
to cost considerations. Boron-aluminum has been chosen as the desigher's
material when a combination of high ultimate strength and operating
temperature have been design reguirements. Boron-aluminum is présently
being considered for use on the YF-12 reconnaisance aircraft [1] where
the operatfng temperature is 450°F. Two other applications have been
in jet engines [2] where unidirectional boron-aluminum is used for
turbine blades and on the space shuttle [3] where again high temperature
environment and Weight savings are the driving forces behind its use.

A probiem of fundamental importance with boron-aluminum composites
is the nonlinear stress-strain behgvior of the materiai. More so than
resin matrix composites, the aTuminum matrix of boron-aluminum contri-
butes significantly to the overall stress-strain response of the com-
posite Taminate. In order to achieve high temperature capabilities with
boron-aluminum, it is necessary to use the previously developed allodys
of aiumjnhm which have higher operating'temperatures. Since these

aiToyS are usually precipitation hardening alloys, exposure to high



temperature envirdnments significﬁntly changes the mechanical properties
of the aluminum alloy by annealing or other meta??urgécai phenomenon.

It is beyond thé scope of this work to perform a detailed study of the
effect of high temperature on the mechanical propert%és of boron-alumi-
num; however, it is possible to gain some insight into this problem by
cﬁnosing one of the preéipitation hardening aTuminum a11oy§ for the
matrix material and studying the mechanical response of the composite
with various temper conditions.

The boron-aluminum systeh chosen for tﬁis work was 5.6 mi1 diameter
boron Tibers with a 6061 .aluminum matrix. This particular aluminum .
a]loy,is a precipitation hardening ailoys and therefore, it is possible
to heat treat the aluminum to change its ﬁechaniba} properties and thus
the properties qf a composite laminate. '

Results of tension and compression tests of six different Boron-
aluminum laminates are reported showing the effect of heat treating.
Cyclic tests in both tension and combféssidn and cyclic tension-compres-
sion results are dlso reported for the various laminates and temper
ccnd%tions. Aﬁa?yticai predictions fe% some mechanicé% properties are
compared with experimental results and modes of failure are discussed.

Since the heat treating involves high temperature envifonménts, it
is nécessary to consider ‘the residual stresses in the composite laminate.
Analytical predictions of the residual stress in the fiber and matrix of
unidirectional Boron-aluminum can be made using micromechanics, and

laminate analysis can predict the residual stresses in the individual



plies of a composite laminate. The residual stress on the outer ply of
a laiminate can be determined by an X-ray exposure technique as described
by Cheskis and Heckel [4]. Some X-ray residual stress determinations
were made on unidirectional boron-aluminum; the results will be pre-
sented in a jater paper.*

Previous researchers have eﬁpended considerable effort into the
understanding of the mechanical behavior of boron-aluminum; this study
is an extension of that effort to bring about an improved understanding

of the nonlinear behavior of metal matrix composite materials.

*
" X-Ray residual stess determinations were performed by E. ITig with
the supervision of B. Lisagor and D. R. Tenney. i



2. LITERATURE REVIEW

Over the past 15 years much effort has been put forth to investi-
gate the mechanical behavior of metal matrix composite materials. Ex-
perimental investigations have generaily/shown metal matrix composites
to exhibit nonlinear response to mechanical loading. Efforts have been
made to understand why they behave non11near1y and to model the stress-
strain behavior mathemafica11y. The exp]aqations of the nonlinear
behavior of metal matrix composites which have come about as a result of
this research are complex and encompass the fields of material science
and engineering mechanics.

One of the earliest endeavors to investigate the nonlinear stress-
strain behavior of metal matrix composite materials was by Baker and
Cratchley [5] in 1965. A composite system of unidirectional silica
fibers in an a]uﬁinum matrix was used as the material for the study.
Cyclic tension tests were performed on the material and it was found
that the stresé—strain behavior came aboﬁt as a direct combination of

the matrix and fiber, where the fiber behaved as a Tinear-elastic
material and the matrix behaved in an elastic-plastic fashion. It was
also shown that the stiffness of‘the composite depends upon previous
Toad history. At stress values below the highest previous stress the
modulus is greater than at values above the maximum prior stress.

The mechanical properties of unidirectional boron-aluminum or
Borsic-aluminum composite materials have been reported by several
authors. Krieder and Marciano [6] presented results of tensile and

compressive tests of Borsic-aluminum. Long [7] conducted a research



program on unidirectional Borsic-aluminum reporting results of tensile
tests for Toading parallel and perpendicular to the fiber direction.
Th}ee a]umindm alloys were used for the matrix material and experimental
resuits were compared. ‘:zyclic tensile tests were also performed on the
[0] Taminates with results showing the same strain hardening behavior of
the a?uﬁinum matrix as reported in the Baker and Cratchley work.
.Fai1ure strengths from the tests perfermed or the unidivectional materi-
2l were Tower than expected, but examination of the strength of the
Borsic fibers showed it also to be much Tower than anticipated. Garrett
et al [3] conducted an experimental program‘investigating the static
tensile and compressive behavior of boron-aluminum. Coupons and sand-
wich beams were used for tensile tests and sandwicﬁ beams were used for
the compression tests. Unidirectional boron-aluminum was tested and
both Tongitudinal and transverse properties were determined.

Herakovich et al [8] presented resu{ts of an experimental program
with Borsic-aluminum, using six Taminate configurations and testing in
both tension and compression. Coupohs were used for tensile tests and
'sandwich beams and coupdns tested in an ITTRI compréssion fixture were
used for compression tests. ,

For the previous four works, experimental results for unidirec-
tional boron-aluminum with 50 percent fiber volume fraction were fairiy
consistent. A11 authors reported longitudinal moduli of 30 to 33 Msi
and transverse moduli of 12 to 18 Msi. Ultimate tensile strengéhs
ranged. from 150 ksi to 180 ksi for [0] specimens and [90] specimens

exhibited uTtimate strengthsrranging'from 10 to 14 ksi. In reference



[8], results from cyclic tension and..cyclic compression tests showed
[01, {907 and [+45], Taminates to load Tinearly to thé\point of the
highest previous stress whereas the [0/145]S and [(0/90)23s Taminates
exhibited nonlinear behavior prior to the previous highest stress.

Many combression test methods for composite materials have been
used by various researchers. Perhaps the most popular has been the
sandwich beam used by Kreider and Marciano [6], Garrett et al [3], and
Herakovich et al [8]. Howéver, several other schemes have been used for
compreés%on téstin§ of metal métrik‘compOSites, those being the IITRI
coupon specimén used by Herakovich et al, the tube specimen used by
Knoell [9], and coupon compression specimens using a Montgomery Templin
grip by Adgit and Forest tTO]. In all cases the elastic properties
reported were cons%stent, but maximum stresses varied from a low of 180
ksi to a maximum of 350 ksi. Much of the scatter in maximum stresses
depended dpon the test specimen; the sandwich beam yielding the highest
results. The buckling failure mode, exhibited by some compression
tests, results in maximum strésses which are lower than the material ‘
ultimate values. The buckling phenoménon and the variation in strength
va]ués with test method indicates that a thorough investigation of
compression test methods for comhosite materials would be desirable.

' “Another area of investigation in the metal matrix realm has been
the effect of matrix, fiber, and fabrication procedures on the mechani-
cal properties of the composite. In references [11] through [14] the

results of tensile tests on boron-aluminum were reported, showing thée



effects of different combinations of composite constituents (matrix and
fiber) and temper conditions. Dolowy and Taylor [11] used unidirec-
tional boron-aluminum with 6061 matrix to study the influence of thermal
and mechanical conditioning on longitudinal and transverse tensile
strengths. By using a 76 heat treatment on the in-situ matrix, strength
increases of 10 -percent in the Tongitudinal direction and 20 percent in
. the transverse direction were realized; however, the increase in trans-
verse strength was much lower” than the T00 percent jncrease which

occurs with pure 6061 aluminum. A discussion of thé effect of heat
treating on residual stresses and interfacial bonds between fiber and
matrix was included in this work. Largé residual stresses are generated
during the water quench of the heat treating procedure, but these
stresses are significantly reduced during the thermal aging. It was
also hypothesized that permanent damage to the interface‘cpuid be pro- .
duced during the solution treatment and water quench. It is fmportant
to note that T6 conditioning increased the Tihear elastic range of the
unidirectional composite even though heat treating apparently generates
damage at the fiber matrix interface.

Prewd and Kreider [12] investigated the transverse tensile proper-
ties of boron-a]uminum composites using different matrix materials,
different %ibers, and different temper conditions. Of primary impor-
tance to this work was the fact that regardless of the matrix or fiber
type, heat treating to a T6 condition consistently increased the ulti-

mate transverse strength 50 to 100 percent.



Swanson and Hancock [13] have reported results from tensile tests
on [0], off-axis [30], and [90] Taminates incorporating various heat
treatments into the testing program. The boron-aluminﬁm laminates were
heat treated to a T6 condition and a modified T6 condition, where after
the T6 conditioning the specimen was ekpased to a ~196°C environment for
four minutes; also, specimens in the "as received" or F condition were
tested. For all three laminates, heat treating the in-situ matrix of
the specimen increased the vield stress of the specimen as well as the
ultimate strength. Lamiﬁates\ekpésed to cryogenic temperatures ex- |
hibited Tower yield stresses and strendths than the specimens which were
only heat treated; however, these stress values were higher than those
exhibited by the F tondition laminates.

Prewo and Kreider [14] published a secohd paper on boron and Borsic
fiber. veinforced aluminum composites where 5.6 mil fibers were used with
various alumipnum alloys and volume fractions of boron; the unidirec-~
tional material was tested in Tongitudinal and transverse tension.
Values of elastic moduli in transverse tension were reported to be
greater than 20 Msi indicating the fiber contributed significantly to
the stiffness since tﬁe elastic modulus of aluminum is 10 Msi. Some
speciméns were heat treated to a T6‘condition and, as previously re-
ported, the yield stress and strength were increased. Increasing the
fiber éelame fraction increased the elastic modulus of transverse boron-
a?umiﬁum but did not affect the strength of the material. For Tongi-
tudinal fensile tests, the elastic modulus was found to increase with

incréasing fiber volume fraction. By heat tréating to a T6 condition,
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the Tinear ejastic range was increased; however, it was not clear if
ultimate strengths were affected by.heat freating. Ultimate tensile
strengths increased with higher fiber volume fraction.

The X-ray exposure technigue described by Cullity [15] was used by
Prewo and Kreider to determine the residual stresses on the surface of
boron-aluminum; the tensile residual stresses were determined to be 16
ksi in F condition specimens and 30 ksi in T6 condition specimens.

Alfred et al [16] have studied the elastic and plastic Poisson's
ratio as a function of strain. It was shown that Poisson's ratio for
unidirectional material can be computed by a rule of mixtures relation-
ship-and that the plastic Poisson's ratic is higher than the elastic
Poisson's ratio.

Severa] researchers have developed computer programs to mode] the
stress-strain behavior of boron-aluminum. Chamis and Sullivan [17] use
a finite element analysis to predict initial tangent properties for
boron-aluminum angie-ply Taminates. The analysis uses laminate theory
and accounts for nonlinear matrix behavior §nd residual strains. Ramsey
et al [18] use Tamination theory to predict the stress-strain behavior
of boron-aluminum Jaminates. The results from the analysis were com-
pared with those of tensile tests and shown to compare Favorably.
Renieri and Herakovich [19] have developed a finite element analysis to
predict the stress-strain behavior of composite Taminates. The analysis
includes thermal loading, axial loadings, temperature and strain de-
pendent properties, and edge effects. Balanced, symmetric 3%minates of

Borsic-aluminum were analyzed using the finite elementi program and
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compared with existing theories and experimental data.

As indicated by‘the papers reviewed herein, much work has been done
to determine the mechanical properties of metal matrix composite materi-
als; however, the experimental work has been primarily limited to
uniaxial Toading and a Timited amount of shear testing. From the
analyticai viewpoint, several models have been developed to p}edict
material properties and stress-strain response. However, the viability
of any model can only be assessed after it has been compared with ex-
perimental results. One objective of this present work is to provide
more complete experimental data for the nonlinear behavior of boron-

aluminum.



3. THEORY

The development of new theories to predict engineering properties
and mechanical behavior of composite materials has been an jntegral
part of advances in the field. Composite materials have been studied
from the macromechanical and the micromechanical viewpoints. The
Taminate analysis theories have been developed by considering the
composite on the macro level and from micromechanics has come concepts
such as the rule of mixtures. In this chapter both laminate analysis
and micromechanics are used to develop analytical bredictions for
engineering properties and residual thermal stresses. Many details of
the development of the theories have been omitted: a similar textbook

account can be found in Reference [20].
3.1 Laminate Analysis

A composite laminate can be defined as a consolidated group of
lamina, each lamina having its own individual lamina properties. The
laminate analysis ideology uses this concept as the foundation for the

development of the stress-strain relations for a composite Jaminate.

3.1.1 Lamina Stress-Strain Relations

Since the lamina is the foundation for laminate analysis, it
is necessary to' first write the ‘genera’ stress-strain equations for a
iamina. Assuming that a Tamina is a homogenesous, orthotropic material,

the lamina stress-strain relation in natural coordinates is:

12
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o Uy Qp O €1
85 %2 Oy 0} Jep (3.7)
T2 00 Q] [ M2

The compohents of the stiffness matrix, Q, are defined in terms of
engineering constants. -

It is necessary to relate the stresses and strains, not only in
the natural cdordinate syétem~dflthe iamfﬁa, but éTso in a coordinate
system convienent to the combosite laminate. This is accomp]ished
by transforming the stresses and strains to the arbitrary coordinate
system by a rotation through the angle theta (e)'between the lamina
coordinate s&stem and the laminate cbordinate system. The transformed

stress~strain relation is:

oy [%1 %z e | |5
% (7 [Nz %2 %6 yoy (3.2)
) L%e % Q6] iy

where the a matrix is defined as
[Q1 = [T37'1QILT] (3.3)
and [T] is tﬁe'transformation matrix. |
3.1.2 Laminate Constitutive Equatién

The Tamihate constitutive equation is developed from the Tamina

relations by integrating over the thickness of the Taminate to get the
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resultant forces and moments on the laminate.
The strain on a lamina of the laminate is defined by the strain

at the midplane plus the strain resulting from bending curvature. The

inplane strain on a Tamina is:

£x x Kx

= o ) o+ .
vy ( ey Z <y (3.4)
Txy Yy Sxy

where {a°1 are the midplane strains and {x} are the middie surface

curvatures.

The general stress-strain relation for a lamina becomes

Oy U Q2 Yo ey Ky 1
TRy Us. s Us Ty Kxy

The resultant forces and moments are computed by ﬁntegratioh of
the &tresses in each lamina of the entire laminate. Integrating (3.5),

the constitutive equations for a laminate become (in condenséd ﬁotation):

Ny ey ®x
N, p = ; KJ fzk o gz fz““ 2d7 p (3.6)
Y k=] k 7 S:Y 7 K.Y ’
” k-1 o k-1

Yxy “xy

and
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My e; “x
N Z, Z,
My o= B AL QS ey pzaz e [X S b2z b (3.7)
k=1 eev ea |
My Txy “xy

where the summation is over all N plies of the laminate. Carrying out

the integration, the equations become

(N} = [Al{e°} + [BI{x} (3.8)

C{M} = [B1{e°} + [D]{x}. (3.9)
where
N
Mg T QT
N
%15 7 kz CF )k(zk 1)
0. =1 3 (Q:),(Z3-23 ) with 1,5 = 1,2.6
1 -3 2 VKT KT o) = sl

3.1.3 | Laminate Engineering Constants

The Taminate éngineering constants for a symmetric laminate are
determined assuming inplane loading in the direction relatihg to the

desired constant. The constitutive equation for a symmetric Taminate

then becomes:
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Ny AMp Az Al | o
Ny Ms  Ps Pes| Ty
Writing midplane strains in terms of resultant forces yields

{ \ i R \
- "“1 -1 ""] )
e M1 P Mgl | %

} o - '“-I "‘i --i ' .

o ""'-! "-g -.g K
\ny giﬁ AZGA A66 Kny )

Where the coefficient matrix is the inverse of the A matrix in (3.10).

The average stresses on the laminate are defined as

oy .Nk

- 1

Y 57 Ny (3.12)
Txy Xy

where H is the laminate ha?fmthicknéss.
From (3.11) and (3.1?) with Sx not equal to zero and all other

stresses equal to zerd, the midplane axial strain becomes

e® = 2H A-] o

X 11 °x ‘ (3.13)

Defining Young's Modulus as the axial stress per unit axial strain,

the stiffness becomes

¢ 1

F = X - X = (3-]4)
X ec -1~ ~1
b4 ZHA]ch 2HR11
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E,m e (3.15)
Y 2HAS,

6, =—?:T (3.16)
Y 2HA¢

Poisson's. ratio being defined as the ratio of two coordinate strains

yields
'\)Xy
and
\)yx
3.1.4

The assumptions used

. o -1 =1 ;
T '
*x 11 11
-1 -1
g AN A
= . _§;= - _%%_2L= T;%. . (3.18)
oy A22Ny A22

‘Laminate Thermal Ahalysis

in development of laminate theory still hold

when thermal effects are to be considered; that is, all Tamina are to

be considered homogeﬁeous
arise in a composite Tamin
(or contraction) of 1ndi§i

Thermal strains arise

defined fo? a Tamina to be

orthotropic Tayers. Thermal stresses then
ate due to the mismatch in thermal expansion

dual lamina with differing ply orientations,

from changes in temperature and are thus
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1 %1

ﬁg £ = --(!2 > AT (3-19)
1.
7 Y12 0

where o and o, are coefficients of thermal expansion in the material
principal coordinates and AT denotes temperature change. Thé stress on
the Tamina, if the lamina is comﬁlete?y restrained, is related to the

thermal strains by the stiffness matrix [(].

9 Q1 &4 O o

12 ¢ 0 st 0

Transformation of the thermal stresses and coefficients of thermal

-expansion yields the general ekbressicn for thermal stress and strain.

Oy Uy By Qe f ko
oy = Q12 Q22 QEG Ly AT (3.21)
yy Qs Qg % \ %y

The equivalent thermal force for a symmetric laminate is determined by

integrating over the thickness of the Jaminate, yielding

. _
N} = Mf [Q], o}, dZ (3.22)
-H

Substituting for {N} from (3.10) and carrying out the integration,

gives
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N
= [AJee)' = AT ORCNCE A (3.23)
k= '

where {s°}T is the equivalent thermal midplane strain. Rearranging,

N
aT_ -1 -
{e°) = [A]™' AT kET [T, (o3, (2,7, 7) (3.24)

~ and defining {a} as the laminate coefficient of’thermal expansion gives
- ._"g N - ‘
= 1AT" 2 Q1 {eh (77 _q) (3.25)

Of primary importance to this work are the residual thermal stresses
developed during the cuéing process. Defining A?C as the temperature
differential between ﬁperating temperature and the éempera%ure during
the curing cycle at which the consolidated composfte starts to develop
thermat stresses, the expression for residual stresses in a laminate-can

be developed. The resi&ua] thermal strain in the kth ply is
el = AT - ey ] (3.26)
where the average midplane residuzl strain is-
s st _: (3.27)

The residual stress on a ply is determined by substituting (3.26) into
{3.2)

foh = [, (633 - fap)ar’ (3.28)

The stresses due to curing and applied load in a Tamina are
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determined by adding the stresses due to applied load and curing. From

equations (3.2), (3.4), and (3.28), the stress in the k™ ply is

C

@ = [a1%eer + a1%1a-aK7) (3.29)

or

k

(o1* = Q1A Ny + (a-a®1aTC) (3.30)

3.2 MWicromechanics of a Lamina

The micromechanical viewpoint for composite material analysis
examines the lamina as a heterogeneous material having a fiber and
matrix with different mechanical properties. The properties of the
Tamina are then determined from the fiber and matrix properties. Com-
parison of mechanical properties predicted by micromechanics with ex-
perimental results have shown that some of the predictions compare

better than others.
3.2.1 Stiffness Properties of a Lamina

The various stiffness properties of a composite 1amina can be pre-
dicted by the so calied rule of mixtures, the resulting relations are
presented here.

The stiffness for a composite lamina parallel to the fibers, Eqys
is

E] = Efo + Eme (3.31)
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where Ef, Vf and E? Vm are the respective fiber and matrix stiffness
and volume fraction.
The stiffness perpendicular to the fibers of a lamina is a function
of the Tiber and matrix stiffnesses and volume fractions
E.E
E = fm

2 VmEf+VfEm

(3.32)

The major Poisson's ratio, Vo2 is determined from the Poisson’s

ratios of the matrix and fiber by the rule of mixtures concept,

\.!-12 = vaii'ﬁ + V_F\}f, (3.33)

where Vi and v are matrix and fiber Poisson’s ratios, respectively.

The shear modulus, 612, is

G = Gl
12 V.6

(3.34)
£ by

which s the same type expression as that for E2 except Gm is the shear
modulus of the matrix and Gf is the shear modulus of the fiber.
3.2.2 Thermal Stresses

Curing residual stresses also develop in a composite Tamina due to
the different coefficients of thermal éxpansion of the fiber and matrix.

For a composite Tamina residual stresses in the fiber and matrix are:

gg = Em{ax-am}ﬁ?e (3.35)
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and

R

_ c
og = Ef(ax-af)AT

(3.36)

where s G and oy are the coefficients of thermal expansion of the
tamina, matrix, and fiber, respectively. From equilibrium considera-
tions and (3.35) and (3.36) the average coefficient of thermal expansion

parallel to fibers in the Tamina is

. - Emeam+Efoaf (3.37)
X Efo+Eme
and substituting into (3.35) and (3.36),
ELE V
R fmf C
0 = e lopg-a )AT (3.38)
m Eme+Efo fm
and
E;E V
R fm'm C
Op = v (o0 ~a }AT (3.39)
f Eme+EfV m o f

f



4. EXPERIMENTAL PROGRAM

4.7 Introduction

An extensive experimental program was conducted to investigate the
stress-strain behavior of boron-aTuminum including different temper
conditions, various laminate configurations, and five different static
test types. The program involved six different laminate configurations:
[0}, [901, [145}5, [U/i45/0]s, [0/i45]s, and [145/0]5. The latter two
laminates were chosen to investigate the effect of stacking seguence.
The five different tests were: tension, cyclic tension, compression,
cyclic compression, and cyclic tension-compression. In addition to the
various laminates and loading conditions, three types of heat treatments
were used to alter the condition of the aluminum matrix and the residual
stress state of the boron-aluminum Taminate. The three temper condi-

tions were: "as fabricated" or F, T6, and a modified T6.

4.2 Specimens

4.2.17 Materials

The constituents of the boron-aluminum composite were .0056 inch
diameter boron fibers and 6061 aluminum alloy matrix. The boron-alumi-
num was made using standard diffusion bonding procedures by Amercom,
Inc. The consolidated boron-aluminum was received from the manufacturer

in 12 x 20 inch panels ready to be cut into test specimens. The speci-
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mens were cut by the Materials Development éection of NASA Langley
Research Center-using a diamond impregnated cutting wheel; rough edges
of the specimens were then filed by hand. The fiber volume fraction was
determined for each panel and it was found to vary between 47 and 4é
percent. The strength of the boron fibers was determined by the post-
bending procedure, a standard method for fiber strength determination.
The fixture has posts of different radii which are used to determine the
fiber stréngth by successively bending the fibers around the posts in
order of decreasing radius. The fiber strength is then related to the
'radius o% the post at which it fails. The smallest radius p&st on the
fixture produced a stress in ihe fiber of 542 ksi. None of the fibers
tested broke on posts which had larger radii, and only 15 percent of the
fibers failed when being bent around the smallest radius post.” It was
therefore concluded that the average fiber strength was greater than 542

ksi.
4.2.2 Tension and Cyclic Tension Specimens

The specimen design for the tension and cyclic tension tests was
that described by the ASTM. Standard, D 3039-71T [21]. An example of a
tension specimen is shown in Figure 1. The spécjmen nominally measured
10 inches long by 1.0 inch wide. Each end of the specimen had bonded on
each side a 0.1 inch thick, taperéﬂ fiberglass tab (thé bonding agent

was EA-934 room temperature curing adhesive) with a five inch gage
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Figure 1. Example of specimen used for tension (top), tension-compression
(middle) and compression (bottom) tests.
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section remaining between the end tabs. On one side of the specimen, a
strain rosette was bonded to the boron-aluminum measuring strain in
directions 0°, 90°, and 45° to the loading axis. On the opposite side

of the specimen a single gage was mounted measuring axial strain.
4.2.3 Compression and Cyclic Compression Specimens

The compression specimen used for this work is shown in Figure 1.
The specimen had the same specimen design as that used by Grimes et al [22]
in their investigation of resin matrix composite materials. The speci-
men is 1.0 inch wide and 8.5 inches long. Fiberglass tabs are bonded to
the ends leaving a gage section of 3.5 inches. A small strain rosette
was mounted to one side of the specimen with gages measuring deformation

at 0°, 90°, and 45° to the load direction.
4.2.4 Cyclic Tension-Compression Specimens

The specimen used for cyclic tension-compression tests was again
the same as used by Grimes. A typical specimen is shown in Figure 1.
The boron-aluminum portion of the specimen was 8.5 inches in length and
1.0 inch wide. Special fiberglass tabs and steel spacers were used to
make the specimen 11.0 inches in overall length. The extra length was
necessary to provide space for gripping the specimen in order to facili-
tate both tension and compression type loading. A strain rosette was
used to measure strain in the same manner as with the compression

specimen.



27

4.3 Procedure for Heat Treating, Cleaning, and

Cryogenic Exposure

The specimens alloted for each test type were divided into three
groups representing different temper conditions. As mentioned pre-
viously, the three groups were boron-aluminum in the F or "as fabri-
cated" condition, boron-aluminum with the aluminum matrix in a T6 heat
treatment, and the third group was developed by adding the additional
step to the T6 heat treatment procedure of placing the specimen in
1iquid nitrogen (-320° F) after heat treating. This step was performed
to change the residual stress state in the laminate by cryogenic ex-
posure.

As a first step toward heat treating, the entire group of specimens
was cleaned by a standard aluminum cleaning process. This was necessary
to remove any grease or residue which might react with the aluminum or
boron at elevated temperature. The procedure used to clean the material
was to place the specimens in a six percent solution of sodium hydroxide
with water at room temperature for one minute, then into deionized water
for two minutes. The next step was to put the same specimens in a
solution of 48 percent nitric acid, four percent hydrofluoric acid, and
48 percent water at room temperature for five to ten seconds, and then
rinse the specimens in deionized water for two minutes. Finally, the
material was dipped in alcohol and blown dry. The cleaning procedures
produced a stable oxide on the aluminum surface which acted as a pro-

tective coating for the aluminum alloy and boron fibers.
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Properties of Oriented Fiber Composites" [21]. The load path for the
cyclic tension tests of a laminate depended upon the results of the
monotonic tension tests of that laminate. Some laminates were loaded to
25 percent of ultimate, 50 percent, 75 percent, and finally to failure;
other laminates were tested with five cycles of loading with the maximum
loads of the cycles being 20 percent, 40 percent, 60 percent, and 80

percent of predicted ultimate and then loading to failure.
4.4.1.2 Compression and Cyclic Compression Tests

The compression specimens were tested using a side-support steel
testing fixture (Figure 2) to prevent premature failure by buckling.

The surfaces of the side-support fixture adjacent to the compression
specimen were sprayed with a Teflon lubricant to prevent the transfer of
load into the fixture by friction. The fixture was then bolted together
using 30 inch-pounds of torque on each bolt. The strain rosette was
located on the specimen in such a way that it was under the cut out area
of the side-support fixture and the lead wires were connected to the
gage through a hole in the fixture as shown in Figure 2.

Load was introduced into the compression specimen directly through
the ends; no gripping was necessary for compression tests. Monotonic
compression tests were run on all laminates and these results were used
to determine the load path for the cyclic compression tests. As with
the tensile tests, some laminates were cycled four times and others were
cycled five times with incremental percentage increases in Toad with

each cycle.
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Figure 2. Steel side-support fixture used for compression and tension-
compression tests. The cut out area in the center of the
fixture (top) is for the strain gage.
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4.4.2 Cyclic Tension-Compression Tests

An example of the cyclic tension-compression specimen and the side-
support testing fixture is shown in Figure 2. Because the nature of the
test involved testing in both tension and compression, it was necessary
to use hydraulic grips which could apply both tensile and compressive
Toads to the specimen. These tests were performed using an MTS servo
controlled, closed-looped tension-compression testing machine with MTS
50,000 pound hydraulic grips. Load and strain data were recorded on
magnetic tape using a Vidar data acquisition system.

Ultimate strengths recorded from the monotonic compression and
monotonic tension tests were used to determine the peak loads of the
cycles. Usually the peak load of a cycle and the number of cycles were
the same as those used for the cyclic compression and cyclic tension
tests. A typical load path was to load the specimen in tension to 25
percent of tensile ultimate strength, then load in compression to 25
percent of the compressive ultimate strength, and then repeat the same
procedure at 50 percent and 75 percent of the tensile and compressive
ultimate strengths. Finally, the specimens were failed in tension. In
some cases the cycle was reversed, introducing compressive loads first

and tensile loads second; however, tensile failures were still sought.



5. RESULTS AND DISCUSSION

5.1 Introduction

This chapter presents a comparison of experimental results showing
the effects of temper condition on the stress-strain behavior of the
boron-aluminum laminates studied in this investigation. Stress-strain
results are presented for monotonic tension and compression, cyclic
tension, cyclic compression and cyclic tension-compression tests in
Figures 4 through 24 and 26 through 60. Average material properties
from the tests are tabulated in Tables 1 through 29.

Included in the tables of monotonic results are yield stress and

strain denoted by 0{ and e{ respectively, initial tangent modulus, Ex’

and Poisson's ratio, “xy’ and ultimate stresses and strains denoted with

a superscript u. In addition, for the cyclic tension and cyclic compres-

sion tests, the tables present initial loading and initial unloading
stiffness and Poisson's ratios for each cycle, denoted by E;, EgL,

L UL
xy® and vxy

and the maximum stresses and strains (denoted by superscript m) for each

v s respectively. Also included are yield stresses and strains

cycle; the maximum values of the final cycle are the failure stresses

and strains. The residual axial strain, 65, at the end of each cycle is

also recorded. For the cyclic tension-compression tests, the maximum

stresses and strains for both the tension and compression portions of »
each cycle are recorded, as are the initial loading and unloading

tangent moduli. A

Engineering properties as determined from the [0], [90], and

32



[145}5* Taminates are used in a laminate analysis program to predict

engineering constants for the [0/:45/0]5, [0/i45]s, and [145/0]S
laminates. These values are compared with experimental results.

As mentioned in Section 4.4.1.2, a side-supported compression
specimen (Figure 2) was chosen for the compression and cyclic tension-
compression tests. Results from these tests have indicated that this
specimen is not completely satisfactory. The stress-strain diagrams and
strain gages mounted on the side-support fixture indicate that, at the
beginning of the test, some of the load is transferred into the fixture.
A strain gage mounted on the side-support fixture measured a strain of
30 microinches at the very beginning of the test; this strain reading
remained constant for the remainder of the test. Simple calculations
predict this strain to be equivalent to a 600 pound reduction in the
load applied to the specimen. This 600 pound reduction in load is
reflected by the stress-strain diagram where the initial stiffness of

the specimen was of the order 10g psi as compared to 107

psi for moduli
of most composite laminates. That part of the stress-strain curve
associated with loading of the fixture was ignored when tabulating
results, and elastic moduli were computed from the adjacent portion of
the curve. However, the compression and tension-compression curves

presented in this report show the data exactly as it was recorded; no

alterations have been made to account for loading of the fixture.

* used for determination of shear modulus of unidirectional material

[23]
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The effect of the side-support fixture is reflected by the initial
portion of the stress-strain diagram for monotonic compression tests;
the cyclic compression stress-strain diagrams show the fixture Toading
at the beginning of each cycle and unloading at the beginning of the
unloading portion of each cycle. The effect of the fixture on the
tension-compression stress-strain diagrams is also reflected in each
cycle, but the fixture is loaded at the initial unloading portion of the
tensile curve and unloaded when the compression load is initially
reduced.

The transfer of load into the fixture affects the stress-strain
diagrams by shifting part of the curve by an amount equivalent to the
lToad in the fixture. Because the actual data from the test are pre-
sented in the figures, it was decided to present yield stress and
strength data directly from the figures without adjusting the numbers.
Thus, the yield stress and maximum stress results for the compression,
compression-compression, and tension-compression tests differ from the
actual values by an amount equivalent to the load in the fixture. Since
this load was a constant for the entire test the trends exhibited by the
data are not altered.

Comparison of the failure stresses from the compression tests with
results reported in the literature [3,6,8,9,10] indicates that this
side-support specimen results in Tower compressive strengths than other
reported values. The average compressive strength for all the tests of

unidirectional material was 256 ksi; typical strength values reported in



the literature are 350 ksi or higher. Coupled with the fact that the

strength was Tow compared to other reported results is the fact that all
of the specimens tested in compression failed outside of the gage
section. Usually, failure occurred at the end of the taper of the
fiberglass tab by shearing of the laminate as shown in Figure 3; it is
likely that failure occurred in this area because of insufficient
lateral support. Another failure mode was brooming of the ends of the
specimen.

Even though the side-support fixture takes load at the beginning of
a compression test, the stress-strain data provides much valuable infor-
mation. The low ultimate stresses did not present a major problem, as
the major objective of this work was to investigate the nonlinear be-
havior of boron-aluminum.

A second problem associated with the design of the specimen was
evident during the tension-compression tests. When testing the [0] and
[0/145/0]s laminates, the large tensile loads applied to the specimens
caused debonding of the boron-aluminum from the fiberglass tabs.

Usually this occurred before the test had progressed into the final
cycle of the desired 1oad path. In some cases new tabs were put on
the specimen and the test was started at the cycle during which the
debonding had occurred. In other cases the specimen was merely loaded
in tension to failure. It is obvious that after the specimen debonded
the continuous strain history was no longer available for additional

tests since new strain gages were required.
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reduced, and strain hardening of the aluminum matrix increases the
linear elastic range of the matrix. As a direcﬁ resuTt of these changes,
the Tinear region of the tensile stress-strain curve of the [0] laminate
is increased. Table 1 shows_resitits indicating that the yield stress is
changed significantly by cryogenic eipcsure of the [0] laminate for all
three heat treatments.

Figure 4 shows the variation of the tensile stress-strain curves
for [0] boron-aluminum after various temper conditionings, and Table 1
lists numerical results from the tests.

The eTastic moduli for the tensile tests did not change signifi-
cantly with temper conditon, it ranged from 32.2-Msi to 33.7 Msi. The
rute of mixtures modulus prediction for a fiber modulus of 58 Msi and a
matrix modulus of 10 Msi is 32.8 Msi, which compares well with experi-
mental results. Varying ﬁhe‘temper condition from the F condition
increased the yield stress of the unidirectional material but reduced
the strength. The average yield stress for the F condition specimens
was 29.0 ksi as compared to 43.d'ksi for the T4 condition speciniens and -
80.4 ksi for the T6 condition specimens. The yielding of the unidirec-
tional material is primarily due to the nonlinear behavior of the
aluminum matrix. The experimental yield stress values are as expected
since Té condition aluminum has the highest yield stress, F condition
{the F condition from diffusion bonding closely resembles an "overaged”
temper condition} aluminum the Towest yield stress, and T4 condition
aluminum an intermediate value. The cy?ogenic exposure of the F, T4,

and T6 condition material further increased the yield stresses to 69.3
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TABLE 1

INFLUENCE OF TEMPER CONDITION ON THE TENSILE STRESS-STRAIN

BEHAVIOR OF UNIDIRECTIONAL BORON-ALUMINUM

 TEMPER Ey Yy o e oy ey e;
.| CONDITION (Ms1) (ks1) (%) (ksi} (%) (%)
F 33.0 - 29.0 0.094 253, 0.886 -0.246
FN 32.9 0.218 69.3 0.214 231. 0.783 -0.207
T4 33.1 0.251 43.0 0.133 192, 0.671 ~0.196
TaN 32.2 0.233 90.6 0,284 162. 0.534 ~0.124
T6 33.7 0.237 80.4 0.243 185. © 0.613 -0.145
TéN 33.1 0.213 117.1 0.356 176, 0.556 ~0.132

*Transverse strain data was not avajlable

1)
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ksi, 90.6 ksi, and 117.71 ksi;.respectively as explained previously in
this section.

A significant decrease in strength, as compared to the F condition
material, was exhibited by the unidirectional material which ha& been
heat treated. A portion of this decréase cah be;atthibuiad to increases
in the residual stress due to heat treating; however, the magnitude of
the decrease in strength cannot be entirely due to higher residuail
stresses. It is possible that part.of the strength reduction is die to
fiber degradation and interfacial bond damage which developed during the
heat treating and the reduced ultimate strain of T4 and T6 con&ition
aluminum. The strength results alsoc indicate tﬁat cryogenic exposure of
the specimens further decreased the failuré stress because of the
reduced axiéT compressive residual stress in the .Fibers.

The influence of temper condition on the compressive stress-strain
behavior of unidirectional boron-aluminum is shown in Figure 4; Table 2
contains the associated numerical results. The stress-strain curve up
to approximately 15 ksi was. not used in tabulating results. because load
was being transferred into the fixture. The elastic moduli were éom-
puted from the portion of the curve above 157%si up to the yield stress;
the modulus values for the F, T6, and T6N tondition were 31.5 Msi, 34.3
Msi, and 31.6 Msi, respectively. Assuming that compression specimens
did not yield in the initial portion of the curve up to 15 ksi, the
modulus vesults from the unidirectional mcnotani; tension and compres-
sion tests do not exhibit higher moduli in compression than in tension

as reported in Reference 8.
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INFLUENCE OF TEMPER CONDITION ON THE COMPRESSIVE STRESS-STRAIN -

BEHAVIOR OF UNIDIRECTIONAL BORON-ALUMINUM

y Y U oy U u
TEMPER Ex vxy oy * &y . ey Ey
CONDITION (Msi) (ksi) (%) (ksi) (%) (%)
F 31.5 0.282 -69.3 -0.204 -280. -0.888 0.275
T6 34.3 0.202 -170.2 -0.450 202, -0.539 0.128
T6N 31.6 0.197 -54.0 -0.159 -277. -0.890 0.245

* Fixture influence

A
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Unlike the [0] Taminate tension tests where the yield stress was
Increased 50 to 100 percent by cryogenic exposure, the compression tests
show the T6N condition specimens to have a yield stress which is one
third that of the T6 condition specimens. The cryogenic exposure reduces
reduces the residual axial cofmpressive stress in the fibers and de-
creases the tensile axial residual stress in the matrix reducing the
compressive linear elastic range of the matrix and thus the composite.

Maiimum stresses and strains are Tisted in Table 2, but they are
not believed to be the true strengths of the {0] laminates, for the

reasons discussed in section 5.1.

5.2.2 Cyclic Tests

5.2.2.1 Tension

Figure§ 5, 7, and 9 show the typical stress-strain behavior of [0]
boron-aluminum under tensile cyclic Toading and Table 3 contains the
numerical results for F condition, T4N condition, and T6N condition
specimens, respective]y. Specimens ‘were not available fdr use with a T6
condition, so as a third case specimens with a T4N condition were
tested. The maximum nominal stresses for the first three cycles were 44
ksi, 88 ksi, and 132 ksi; all cyclic tension tests on unidirectional
boron—a1uﬁinum were cycled at these maximum stress Tevels.

For the F condition laminate (Figure 5), the specimen yields on the
first cycle of Toading at 20.2 ksi; on the second cycle the yield stress
is approximately the same as the max imum stress of the previous cycle

indicating some strain hardening occurred, upon unloading during the
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TABLE 3

. INFLUENCE OF TEMPER CONDITION ON THE CYCLIC TENSION STRESS-STRAIN
BEHAVIOR .OF UNIDIRECTIONAL BORON-ALUMINUM

. Ut L UL Yy y m m m R
TEMPER E EX vxy ny oy €% oy ey Sy €y
CONDITION | CYCLE | (Ms1i) (Ms9) {ksi) (%) " | (ksi) (%Y (%) (%)
F I 36.0 | 34.4° | 0.281 | 0.229 20.2 t 0.056 43.6 | 0.132]-0.03% | 0.006
II 340 33.5 | 0.239 |} 0.245 46.3 | 0.144 |- 88.6 | 0.286| -0.084 ; 0.016
111 | 33.7 33.2 0.239 | 0.23% 65.3 | 0.216 | 132.2 | 0.436 1 -0.129 | 0.02]
v 33.6 - 0.243 - 67.0 | 0.224 | 235.3 ] 0.813| -0.238 -
TAN I 33.0 34.4 0.212 | 0.220 - - 44,2 { 0.131] -0.032 | 0.000
I1 32.7 33.7 0.214 | 0.213 - - 88.5 | 0.265{ -0.063 { 0.000
111 33.5 33.4 0.214 | 0.227 98.0 | 0.299 | 132.7 { 0.409] -0.100"} 0.009
v 33.4 - 0.214 - 136.1 | 0.423 [ 171.0 | 0.543-| -0.135 -
TEN I 32.0 33.8 0.238 | 0.234 - - 44.5 | 0.133]-0.033 | 0.000
II 33.7 34.0 0.231 0.231 - - 89.1 | 0.268 | -0.064 | 0.000
111 33.6 .} 33.9 0.231 | 0.233 - - 133.5 | 0.405| -0.098 | 0.000
Iv 33.6- - 0,230 - 138.8 | 0.425 | 174.2 | 0.545-| -0.138 -

LY
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second cycle the stress-strain diagram exhibits Tinear béﬁavior from the
maximum stress of the cycle down to 22 ksi a range of approximately 66
ksi. The yield stress on the third cycle was 65 Ksi and for the un-
loading portion the linear region extended from the maximum stre$s over
a region of 65 ksi. On the fourth cycle the yield stress was 67 ksi and
the specimen failed at 235 ksi. The results of this test and similar
tests on F condition [0] boron-atuminum indicate that at Tinear range of
65 to 70 ksi is the maximum attainable by cycling in tension.

The stiffness and Pofsson's ratio of the unidirectional material
was computed for the initial Toading portion and the initial unloading
portion of each cycle. The moduli for the F condition specimens exhibited
a decreasing modulus as the magnitude of the cycles was increased; the
modulus on the first cycle was 36.0 Msi and the modulus on the final
cycle was 33.6 Msi,

The typical cyclic tension stress-strain behavior of unidirectional
boron-aluminum with a T4N temper condition is shown in Figure 7. The
specimen did not yield during the first two cycles, and the un1oa&ing
was jinear for both cycles. 0On the third cycle the specimen yielded at
98.0 ksi; on the fourth cycle the yield stress was 136.1 ksi, approxi-
mately the same stress as the maximum stress of the third cycle.

The cyclic stress-strain behavior of the T6N condition material is
shown in Figure 9, numerical results are also in Table 3. The specimen
Joaded and unloaded Tinearly for the first three cycles, but the fourth
and final ¢ycle yielded at a stress of 138.8 ksi and faf?ed at 174.2

ksi. Modulus values for Toading and unloading ranged from 32.0 Msi to
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34.0 Msi and Poisson's ratio ranged from 0.238 to 0.230; the moduTus and
Poisson's ratio data did not exhibit any pattern.

Comparison of the cyclic.tension stréss-strain diagrams for speci-
mens having different temper conditions is consistent with the data from
the monotonic tests; that is, heat treating the F condition unidirectional
material resulted in higher yield stress and Tower strength, and cryo-
genic exposure produced even higher yield stress and slight reductions
in strength. The additional information g?ined from the cyclic tests
characterized the strain hardening behavior of the specimens. The F
condition material initially yielded at a Jower stress levé] than the
specimens with stronger matrix, ahd further cycling developed a Tinear
range of 65-70 ksi during both the loading ana‘unTOading portions of the
cycles. The heat treated specimens yielded at higher stress Tevels than
the F condition material; the T6N condition material did not yield until
the final cycTe\aﬁd hence its str;in hardening behavior is not deter-
mined. However, the T4N-condition specimen did yield on the third
cycles, unloaded 1inearly, and on the fourth cycle did not yield until

the highest previous stress Tevel.
5.2.2.2 Compression Tests

- The typical compressive, cyclic stress-strain behavior of unidi-
rectional boron-aluminum with an F, T6, and T6N condition is shown in
Figures 6, 8, and 10; numerical results are in Table 4. Specimeﬁs
representing the three temper conditions were guccéssive1y cycled to 60

ksi, 120 ksi, 180 ksi; and finally to failure.



TABLE 4

INFLUENCE OF TEMPER CONDITION ON THE CYCLIC COMPRESSION STRESS-STRAIN
BEHAVIOR OF UNIDIRECTIONAL BORON-ALUMINUM

L UL L UL * ¥ m * m n
TEMPER — Ex Ex vxy vxy Gi 4 Gy - €y ey €y
CONDITION | CYCLE | {Msi) | (Msi) (ksi) (%) (ksi} (%) (%) (%)
F I | 31.9 31.5 | 0.196 | 0.185 - - | -59.7[-0.198 | 0.033 | -0.005
11 31.6 31.8 | 0.194 | 0.232| -66.2|~0.223{-119.1{-0.403 | 0.093 | -0.014
I1] 31.6 32.4 | 0.197 | 0.232}-123.5| -0.417{-178.1 -0.610 | 0.156 [ -0.0716
IV | 31.3 - 0.192 - 1-112.71{-0.383|-252.81{ -0.837 | 0.249 -
T6 1 32.7 | 32.8 | 0.227 | 0.225¢ - - -59.5{ -0.163 | 0.035 ] ~0.013
I1 33.8 | 33.1 0.226 | 0.222} -~ - ~118.7 | ~0.342 | 0.075 ] -0.015
111 33.3 | 33.7 | 0.22% | 0.230.{ -150.0 | ~0.437| -177.8 | ~0.526 | 0.120} -0.024
I¥ | 33.3 = 0.22% |~ {-184.1|-0.546|-258.4|-0.792 [ 0.199}{ -
. T6N I |33 32.9 0.211 | 0.212 - - -59.9 | -0,168 | 0.036 | ~§.005
11 33.4 {33.4 | 0.212 | 0.219| -86.3|-0.249{-120.2'| ~0.353 | 0.081 | -0.012
111 33.3 33.5 | 0.218 | 0,212 | -123.4|-0.363{-179.0 | -0.545 | 0.134 | -0.028
IV 133.3 | - 8.214 - }-180.51-0.583 ] -282.0| -0.889 | 0.239 -

* Fixture influence

0S
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The F condition specimens showed very unusual-behavior as seen from
Figure 6. At approximately the same stress Yevel on both the loading
and un?cadiﬁg por%ion of each cycle the curve showed a sudden slope
change and then returned to-the pfévious slope, On the fourth cycle the .
specimen showed a sharp increase in slope at a stress level of 210 ksi,
This phenomenon: was unique to the F condition unidirectional mater?al;
no a#p?anation is sffgredifér'this behéviev, but it would seem likely
that it is relatéd to specimen and . fixture design rather than material
behavior.

Neglecting the initial -15 ksi of the stress-strain curve where the
fixture was taking load and the sudden change in stope, the F condition
cyclic compression specimens behaved very similar to the F condition
cyclic tension specimen. The modulus values ranged from 31.3 Msi to
32.4 Msi and Poisson's ratio varied from 0.185 to 0.232. The F condi-
tion material did not yield on the first cycle; on the second cycle it
yielded at -66.2 ksi and unlcaded 1iriearly; on the third'cyé1e it
yielded at approximately the highest stress level of the previous
cycle, -123.5 ksi aﬁd unloaded nonlinearly with a Tinear range of 110
ksi. On the four{h cycle it yiéideé at approximately the same stress
Tevel, -112,7 ksi and finally failed at -252.8 ksi.

. The typical cycle compression stress-strain ﬁehévior of a T6 condi-
tion unidirectional boron-aluminum specimen is shown fin Figure 8. The
T6 condition matérial did not yield oh the first two cycles and on the
third yielded at u}ﬁﬁ.g ksis on the fourth and fina?'cycie it yielded at

-184.1 ksi near the previous highest stress Tevel. Modulus values for
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loading and unloading varied from 32.7 Msi to 33.8 Msi. Small residual
strains were recorded at the end of the first two cycles; these strains
are not believed to represent any permanent deformation, rather they
wouid appear to be due to the s%densupport fixture or experimental
ayrror. )

Figﬁré 10 shows the cycle compression siress-strain behavior of T8N
condition unidirectional boron-aluminum. The moduli and Poisson's
ratios of the cycles (Table 4) ranged from 32.9 Msi to 33.5 Msi and
0.211 to 0.219, respectively. Yielding of the T6N condition did not
occur until the second cycle at -86.3 ksi. On the third and fourth
cycles, the yield stress was approximately the maximum stress of the
previous cycle, in all cases the unloading portion of .the curve was
Tinear.

The cycTic -compression results for the unidirectional boron-atumi-
num are consistent with the results of-the monctonic compression tests.
As with the monotonic tests, the 76 condition specimens had a higher
yield stress than the T6N condition specimens. Similar to the cyclic
tension tests, the yield stress of the F condition cyclic compression
specimen did not increase with each cycle, instead a Tinear range of 110
ksi to 125 ksi was exhibited by both the loading and unloading portion
of the cycles. Peculiar to the F condition cyclic compression specimens
was the abrupt slope change of each test at approximately the same
stress level. As with all of the compression data, ultimate stresses
and strains are reported, but peculiarities of the fixture invalidate

these results as material properties.
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5.2.2.3 CycTic.Tension - Compression Tests

Typical cyclic tension-compression stress-strain curves for F, T
and TéN condition unidirectional boron-aluminum are shown in'Figures
11, 12, and 13 and Table 5. The typical load path for the tension-
compression tests was to 1oad in tension to 60 ksi, then to -60 ksi in
compression,‘then increase the stregs Teve{ to 120 ksi and 180 ksi
following the same tension, compression path for the secon& and third
" cycles, and finally fai1ithe specimen in tené%on oﬁ the fourth cycle.
For the F and T6 condition specimens, three complete cycles were run on
the specimens and on the fourth cycle the fiberglass tabs debonded from
the boron-aluminum while in.tension. The T6N condition specimen was-
tested through two complete cycles and on the third cycle the tabs de-
bonded. The conc]ud{ng cycles for all three spepimens were pure tension
loading to failure. For some of thése final tensile cycles, failure did
not occﬁr because the Toad required to fail the specimens was out of the
Toad range of the machine. ' )

The cyclic tension-compression stress-strain behavior of the F
condition material (Figure 11, Table 5) yie]ds additional information to
clarify the nonlinear Jjoading and unioading behavior of the F condition
unidirectional material tested in tension and compression; the material
exhibits a Badshinger effect [24], that isAupon Toading into the ineias—
tic reg1on in tension, the compress1ve yvield stress is reduced. On the
first cyc1e of the F condition specimen ten51on compress1on test, the

tensile yield stress is 35.3 ksi which corresponds well with the mono-
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* TABLE 5

INFLUENCE OF TEMPER CONDITION ON THE TENSION-COMPRESSION
STRESS-STRAIN BEHAVIOR OF UNIDIRECTIONAL BORON-ALUMINUM

. L UL m* m m " R
TEMPER Ex Ex Ty €y £y £y
CONDITION CYCLE (Msi) ‘(Msi) (ksi) (%) (%) {%)
F I-T 30.9 34.1 58.8 0.184 1-0.045 | 0.040
I-C 34.1 34.1 -58,5 | -0.152 | 0.032 {-0,033
II-T ¢ 32.9 33.6 119.1 0.392 {-0.105 { 0.036
I1-C 29.9 35.1 -119.5 | -0.349 | 0.080 {-0.005
I1I-7 33.3 33.8 177.5 0.592 'i-0.162 | 0.056
I1i-C 30.2 35.7 -177.9 | -0.530 | 0.139 {-0.009
IV-T '{ 28.8 - 174.9 | 0.628-{-0.141 -
¥-T 34.7 - 187.3 0.585 [-0.152 -
6 I-T 33.8 34.4 I 80.0 46.168 {-0.038 | 0.013
I-C 34.4 34.4 ~-60.1 -0.163 | 0.032 |-0.007
IT-T 34.2 34.2 119.2 0.362 {~-0.091 | 0.031
1I-C 34,2 36.2 -119.3 | -8.326 | 0.061 |-0.002
ITI-T 33.3 33.8 177.8 0.564 |-0.150 | 0.054
I1I-C 32.8 35.2 -178.2 | -0.508 | 0.108 }-0.003
IV-T 32.5 - 158.2 0.553 1-0.125 - -
V-7 34.2 - 107.9 0.331 1-0.065 -
VI-T 33.3 T 165.0 | °0.487 {-0.092 -
VII-T 33.4 - 158.9 0.534 - -
TGN I-T 3.7 | 33.7 59.4 0.169 [-0.038 | 0.006
I-C 33.7 33.7 =59.1 | ~0.167 | 0.033 -0.008
II-T 33.7 33.2 118.4 0.355 }-0.079 | 0.012
I1-C 33.2 34.1 ~118.5 | -0.347 | 0.075 }-0.013
111-7 | 30.8 - 142.4 0.479 [~0.092 -
IV-T 32.8 - 255.1 0.759 1-0.192 -

* Fixture influence
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tonic tensile tests; however, on the compression side of the curve the
yield stress is 34.0 ksi, almost half of the yield stress recorded from
the monotonic compression tests. Upon unloading from the maximum
compressive stress of the first ¢ycle into tension on the second cycle,
the stress-strain curve is Tinear up to 40.7 ksi, a range of approxi-
mately 100 ksi. This 7inear elastic range of 100 ksi is maintained for
the remainder of the test. Upon loading in compression on the second
and third cycles and Toading in tension on the fourth pyc]e, the modulus
decreases to approximately 29:5 Msi; this is a result of the fact_that
the specimen is Toaded beyond the 1inear elastic range and it is re—'
sponding inelastically to load. The rule of mixtures with the matrix
being perfectly plastic gi&es a stiffness of 28.8 Msi and the experi-
mental stiffness.is 29.5 Msi, a 2 percent variation.

On the fourth cycle of the test, the fiberglass tabs debonded from
the specimen, and on the fifth cycle the specimen was failed in tension
at 187.3 ksi.

The T6 condition specimen (Fiéure 12,nTabTe 5) responded 1linearly
during the first cycle and on the second cycle the ten5i1e yield stress
was 51.5 ksi and unloading was Tlinear from the maximum tensile stress to
the maximum compressive stress. The unloading portion of the compres-
sion curve was Tinear also. On the third cycle the specimen yielded in
tension at 119.8 ksi,- the highest previous stress level, and then
unloaded into compression until it yie1dea at -38.7 ksi, a range of 217
ksi. As with the F condition specimen, the compressive yield stress was

Tower in the third cycle as compared to the second indicating that the
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matéria1 exhibits a Baushinger effect.

On the fourth cycle the specimen was to be failed in tension;
however, thé tabs debonded from the specimen. New tabs and strain gages
were put on the specimen, and on the fifth cycle the tabs debonded’
agains it was then decided to test the specimen without fibérglass tabs.
On the sixth cycle the maximum Toad of the machine did not fail the
specimen and finally on the seventh cycle the specimen failed: at 158.9
ksi. The fifth and sixth cycles have been omitted from Figure 12, but
the numerical results are reported in Table 5. For both of these
cycles the specimens 3oadéd.7ﬁnéar1y to maximum Toad without yielding.

The Tirst two cycles of the tension-compression behavior of T6N
boron-aluminum {Figure 13, Table 5) were successively run without
debonding; however, on the third cycle the tabs dabunded, and on the
fourth cycie the specimen was Toaded to failure in tension. The speci-
men did not yield during the first three cyclies of the test and on thé
fourth cycle it yielded at 139.7 *ksi.

5.2.3 Conclusions

Two basic observations can be made from the tests on unidirectional
baron-aluminum: heat treating and cryogenic exposure of the laminate
affected the yield stress in tension and compression, and cycling the
laminate either in tension, compreééion or combined tensidn—éompression
establishes a maximum Tinear elastic range which is not altered by
further cycling.

As aexpected, the experimental results from the test have shown that
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.increasing the yield stress of the aluminum matrix by heat treating the

laminate changes the residual stress state in the Jaminate and increases
the yield stress for tensile tests and decreases it for compression tests.

The cyclic tension and cyclic compression tests of the F condition
unidirectional material showed that a linear elastic range of 65 to 70
ksi is established by cycling in tension and a range of 110 to 125 ksi

. is created by cycling in compression. The cyclic tension and compression
tesﬁg on the T6 and T6N ‘condition -material behaved differently from the
F condition matefia]; the initial yié]d stress was higher and the un-
Toading portion of the curve was Tinear.

The tension7comp;ession tests provided enough information to indi-
cate that fhe material exhibits a Baushinger effect after a maximum
linear elastic range has been created by cyclic Toading. The F condi-
tion created a smaller linear range than the heat treated material.
Results from. the tension-compression test on the T6 condition specimen -

show that the yield surface expands isotropically until the maximum
Tinear élastic range is established and then the material shows the
Baushinger effect.
5.3 The [90] Laminate
5.3.7 Monotonic Tension and Compression Tests
The influence of temper condition on the tensile and compressive

stress-strain behavior of transverse boron-aluminum-is shown in Figure

14 and Tables 6 and 7. The initial tangent moduli of the tension and
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TABLE 6

INFLUENCE OF TEMPER CONDITION ON THE TENSILE STRESS-STRAIN
BEHAVIOR OF [90] BORON-ALUMINUM

Y y u u u

TEMPER EX vxy oy ey oy €y sy

CONDITION (Msi) (ksi) (%) (ksi) (%) (%)
F 20.4 0.104 7.10 0.040 22.2 0.822 -0.010
T6 21.3 0.124 26.56 0.127 46.2 0.286 -0.022
T6N 19.9 0.045 25.88 0.134 45.8 0.300 -0.03]

TABLE 7
INFLUENCE OF TEMPER CONDITION ON THE COMPRESSIVE STRESS-STRAIN
BEHAVIOR OF [90] BORON-ALUMINUM

Y N Uy U u

TEMPER Ex vxy g €y Oy €y Ey

CONDITION (Msi) (ksi) (%) (ks1) (%) (%)
F 21.4 - - - -39.2 -0.735 0.035
T6 19.5 0.124 -21.45 -0.095 -64.6 -0.912 0.047
T6N 20.8 0.138 -29.21 -0.126 -62.9 -0.707 0.052

* Fixture influence

29
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compression tests varied from 19.5 Msi to 21.4 Msi, and the variation
was jndependent of the type of.test (i.e. tension or compression}. The
rule of mixtures transverse modulus prediction using a fiber modulus of
58 Msi, matrix modulus of 10 Msi and fiber volume fraction of 47.5
percent gives a transverse composite modu1u§ of 16.5 Msi which is approx-
imately 25 percent Tower than the experimental values. It should also

be noted that the transverse moduius of the composite is app;oximate1y
double that of aluminum.

The yield stress values from the tension and compression tests on
the T6 and T6N condition specimens were significantly greater than yield
stress of the F condition. specimens. However, the yield stresses of the
T6 and T6N condition were nearly the same in tension, but the compressive
yield stresses of the 16 and TeN condition speciﬁeﬁs were ~-21.4 ksi
and‘~é§.2 ksi, respectively. The yield stress and strain were not
reporteq for the F cbndition compression tests because the influence by
the fixture altered the initial portion of the stress-strain curve. The
strength of the transverse boron-aluminum was increased 100 percent in
tension and 50 percent in compression by heat treatment, but the strength
values in compression are not the tfﬁe strength for the ma&eriai as
mentioned in Section 5.1. Both the yield stress increase and strength
increase of the T6 and T6N condition material, as compared to the F
condition material, indicate that the properties of the matrix have a
considerable influence on the transverse stress-strain behavior of
boron-atuminum.

There was a large variation in the ultimate strain data depending
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upon the temper condition and the type of test. The tension test
results showed the Targest failure strain, 0.822 percent, for the F
condition material, and the T6 and T6N condition specimens had approxi-
mately the same failure strains, 0.286 percent and 0.300 percent,
respectively. The compressive failure strains for the various temper
conditions exhibited the opposite trend, the F condition material had
the Towest failure strain and the T6 and T6N condition specimens had the
highest. The compreésive failure strains, however, are believed to be
tower than the true failure strains of the transverse composite laminate

for reasons discussed in section 5.7.

5.3.2 CycTic Tests

5.3.2.1 Tension and Compression

Typical tension-tension behavior of transverse boron-aluminum with
the F, T6, and T6N temper conditions is shown in Figures 15, 17, and_19,
respectively, and compression-compression behavior is shown in Figure
16, 18, and 20.

The test results from the cyclic tension (Table 8) and cyclic
compression (TabTe 9) were consistent with the monotonic tension and
compression test results. The additional information gained from the
cyclic tests concerned the strain hardening behavior of the transverse
material. For both the cyclic tension and cyclic compression tests the
material loaded and unloaded Tinearly, if the stress Jeve] was not above
the yield stress. When the specimens were Toaded above the yield

stress, unloading was 1inear. The loading portion of the following



bh

25
150
20 |-
= g
15 - 2 Z 100
7 7
v , » 450
5
l | i !
O 0 O 0.0 0
STRAN (%)
FIGURE 5. CYCLIC TENSION STRESS-STRAIN DIAGRAM
FOR [90g] B/Al LAMNATE, F CONDITION.
35
30 I {200
25 |
= T 150
20 - £ s
(73]
FU—J 0’
10 |
50
5 |
| [ 1 I N L1 !
000 0 " 020

STRAN (%)

FIGURE 16. CYCLIC COMPRESSION STRESS-STRAIN DIAGRAM
FOR [90g] B /AI LAMINATE £ CONDITION.



66

50
300
40|
@ 2
30FX Z 1200
) 9
ul
. 1100
i0 '/
| | |
O 0 0 O
STRAN (%)
FIGURE 17 CYCLIC TENSION STRESS—STRAN DIAGRAM
FOR [90g] B /Al LAMINATE, T6 CONDITION.
70F
SO 400
50 |
= < 300
40}-2 g
2 2
30 |- ¥ ¥ 1200
E i
w (43
20 -
100
10 |
! i |
0 020

STRAIN (%)

FIGURE i8. CYCLIC COMPRESSION STRESS—STRAIN DIAGRAM

FOR [90g] 8/Al LAMNATE , T6 CONDITION.



30 p

40

30

20

10

70

60

50

40

30

20

1o

67

4300
= 5
o Q.
x
- < 2 4200
2 2
HE {1
& =
4100
| i
o 0

STRAIN (%)

FIGURE 19, CYCLIC TENSION STRESS-STRAIN DIAGRAM FOR

[90g] B/Al LAMNATE , MODIFIED T6 CONDITION.

H

STRESS (KS1)

400

300

200

STRAIN (%)

FIGURE 20. CYCLIC COMPRESSION STRESS-STRAIN DIAGRAM

FOR [90g] B/Al LAMINATE, MODIFIED T6 CONDITION,



TABLE 8

INFLUENCE OF TEMPER CONDITION ON THE CYCLIC TENSION STRESS-STRAIN
BEHAVIOR OF [90] BORON-ALUMINUM

L UL L . UL y y m m m R
TEMPER Ex Ex ‘ vxy vxy oy ey oy €y ey €y
CONDITION | CYCLE | (Msi) | (Msi) (ksi) %) (ksi) (%) (%) (%)
F I 20.1 23.1 0.123 | 0.123 - - 4.7 | 0.023 ) -0.004 | 0.002
II 21.2 22.1 0.123 | 0.130 - - 8.9 { 0.045 -0.006 | 0.003
III 21.4 21.8 [~ 0.126 | 0.138 9.5 | 0.050 13.6 | 0.094 [ -0.008 | 0.029
IV 20.6 20.4 0.130 ] 0.135 13.6 | 0.097 18.1 | 0.259} ~0.011 | 0.768
v 20.3 - 0.136 - 17.6 | 0.257 23.5.] 0.786| ~0.121 -
T6 I 21.1 22.2 0.106 { 0.119 - - 10.9 | 0.052 | -0.006 | 0.001
II 21.0 20.9 0.116 | 0.116 - - 21.8 |1 0.104 1 -0.013 | 0.001
111 21.0. 21.4 0.119 | 0.114 26.6 | 0.133 32.4 |} 0.162 | -0.018 | 0.007
IV 20.8 20.5 0.121 | 0.120 32.8 | 0.177 39.6 | 0.224 | -0.021 | 0.032
v 20.5 - 0.120 - 37.5 | 0.21¢9 45.5 | 0.356 | -0.020 -
T6N I .121.6 21.6 0.125 | 0.132 - - 10.8 | 0.050| -0.006 | 0.000
IT 21.3 21.8 0.134 | 0.128 - - 21.8 | 0.103| -0.013 | 0.002
IT1 21.4 21.7 0.130 | 0.130 25.6 | 0.129 32.4 | 0.160 | -0.020 | 0.008
IV 21.3 21.9 0.133 | 0.130 33.4 |1 0,173 39.5 | 0.205| -0.026 | 0.018
v 21.9 - 0.144 - 39.3 | 0.214 48,71 | 0.288 | -0.033 -

89



TABLE 9

INFLUENCE OF TEMPER CONDITION ON THE CYCLIC COMPRESSION STRESS-STRAIN
BEHAVIOR OF [90] BORON-ALUMINUM

L UL L UL y * Y m * m R
TEMPER EX Ex vxy vxy Ty €y ?X €y Ey Ey
CONDITION | CYCLE { (Msi) | (Msi) (ksi) (%) (ksi) (%) (%) (%)
F I | 14.1 - 0.144 | 0.220 { - - -7.4|-0.025 | 0,002 | -0.012
II 12.9 | 20.1 0.131 | 0.141 ~9.54-0.041 | -14.5]-0.084 | 0.010 | -0.034
IIT | 20.8 | 19.7 0.137 § 0.129 | -15.2| -0.090 | -21.7 | -0.284 | 0.019 | -0.202 |
IV | 20.2 - 0.130 - -21.1 | -0.288 | -31.1{-1.317 { 0.013] -
T6 I |21 21.6 { 0.141 | 0.129 | - - -14.3 | -0.051 | 0.007 | -0.009
I | 22.1 21.6 | 0.145 | 0.137 | ~16.3| ~0.059 | -28.8 | -0,127 | 0.017 | -0.022
111 | 22.2 | 21.8 | 0,143 | 0.140 | -29.4{ ~0.132 | -43.1|-0.235 { 0.031} -0.066
v | 22.1 22.7 | 0.143 | 0.135 | -43.5} -0.241 | -57.4 | -0.410 | 0.044 | -0.183
v | 22.5 - 0.138 - -55.2 | -0.406 | -70.6]-0.921 | 0.067| -
T6N I 19.5 | 21.4 | 0.117 { 0.112 | - - -14.4 { -0.055 | 0.006 | -0.010
JI1 4 212 | 210 0.124 | 0,119 | - - -28.7 { -0.125 | 0.016 | -0.012
111 | 21.4 | 21.1 0.179 | 0.130 | -33.2|-0.148 | -42.9[-0.206 | 0.027 | -0.027
IV 21.2 | 21.7 | 0.129 | 0.129 | -43.1} -0.207 | -57.2 | -0.399 | 0.045 | -0.159
v | 21.3 - 0.131 - -57.8 | -0.408 | -69.0(-1.018 | 0.064| -

* Fixture influence

69
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cycle was Tinear up to a stress level equivalent to the maximum stress
of the previous cycle and then resumed nonlinear behavior. As with the
monotonic tests, the initial yield stresses and strains varied according
to the temper condition of the material and whether the test was tensile
or compressive. It is important to note that the initial Toading and
initial unloading portions of each cycle of the compression curves
(approximately 5-10 ksi) have a very.high sTope due to the load in the

fixture.
5.3.2.3 Cyclic Tension-Compression Tests

Figures 21-23 show the respective cyclic tension-compression
diagrams for [90] boron-aluminum with F, T6, and T6N temper conditions.
The numerical results from these tests are presented in Table 10. The
problem of load transfer into the fixture on each cycle of the test
caused extreme difficulty in determining yield stresses and modulus
values.

Results from the F condition [20] specimen (Figure 21) show (as did
the results from the F condition [0] laminate) that the yielding phenom-
enon resemble a Baush{nger effect with the compressive yield stress
being reduced due to yielding in tension. Since the [90] laminate is
very much matrix dependent, the material behavior is similar to that of
the matrix, as expected. For the F condition transverse material the
first cycle of Joading produced no yielding; on the second cycle the
specimen yielded at 10 ksi in tension, and upon unloading jnto com-

pression the yield stress was linear for a range of 17.5 ksi down to
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TABLE 10

INFLUENCE OF TEMPER CONDITION ON THE TENSION-COMPRESSION
STRESS~STRAIN BEHAVIOR OF [901 BORON-ALUMINUM

L Ut m* m m R
TEMPER EX EX Oy €y ey €y
CONDITION CYCLE (Msi) (Msi) (ksi) (%) (%) (%)
F I-T 22.0 23.8 6.8 0.023 |-0.004 | 0.014
I-C 23.8 - ~6.7 {-0.021 | 0.003 {~0.009
i1-T 21.6 21.6 4.4 0.032 [-0.008 1 0,020
I11-C 21.6 21.6 -14.,3 |~0.064 | 0.012 |-0.017
ITI-T 18.6 19.9 21.4 0.282 {-0.011 | 0.198
I1I-C 15.9 19.9 ~21.4 {-0.060 | 0.026 | 0.018
Iv-T | 20.3 - 27.2- | 0.543 1-0.010 -
T6 1-T 20.8 21.6 11.4 0.042 1-0.004 | 0.013
I-C 21.6 20.8 -13.8 |~0.048 | 0.008 {-0.010
II-T- | 22.3 21.9 22.0 0.092 [-0.009 § 0.013
11-C 21.9 | 21.5 -22.7 |-0.119 | 0.019 |-0.019
I1I-T 21.6 21.8 32.4 0.135 §-0.012 | 0.009
11I-C 21.8 22.5 -42.3 |-0.213 | 0.034 |-0.053
V-7 e1.2 20.8 43.4 0.180 {-5.012 | 0.000
V- 20.8 22.0 1 -56.9 -0.382 § 0.057 i1-0.161
V-T 19.5 - 44.4 0.091 1-0.001 -
T6N I-T - i1.9 0,031 {-0.005 § 0.024
1-¢ - - -11.6 1-0.022 | 0.004 {-0.014
II-T 22.9 22.6 23.8 0.089 |-0.0613 ] 0.028
1I-C 22.6 22.6 -23.6 {-0.077 | 0.0711 {-0.015
ITI-T 22.1 22.1 35.8 0.152 1-0.022 0.033
I1I-C 22.1 22.1 -35.7 {-0.130{ 0.019 |-0.017
IV-T 21.7 21.1 47.4 0.237 |-0.030 | 0.062
v-C 21.1 21.7 -47.5 {-0.195 | 0.028 | -0.026
V=T 13.2 - 51.7 {.268 1-0.032 -

* Fixture influence
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-3.1 ksi, Tower than -9.5 ksi, the initial yield stress reported from
the F condition cyclic compression test. The yield stress on the third
cycle was again 10 ksi but the linear range was increased to 24.3 ksi;
the unloading portion of the curve was Jinear from the maximum tensile
stress, 21.4-ksi, 0 zero load and then behaved nonlinearly to the
maximum compressive stress.l The specimen loaded Tinearly from the
maximum compressive stress of the third cycle to 6.3 ksi in ténsion on
the fourth cycle, the linear irange was 27.7 ksi. These results do not
indicate that a constant linear range is éstab]ished by cyclic loading
of the specimen, nor do th‘ey show conclusively the linear range is
increased by Toading above the yield stress. However, the results show
that cycling into the nonlinear regiﬁn in tension reduces the compres-
sive yield stress and vice ve}sau

The T6 condition specimen (Figure 22) exhibited a yieiding phenom-
enon different than that of the F condition specimen. The specimen did
not yield during the first cycle or the tensile portion of the second
cycle but it did-yield in comﬁressioﬁ at -22.7 ksi, the magnitude of the
maximum tensile stress of the. second cycle. On the tﬂird cycle the
specimen did not yield in tension but yie]dgd'in compression at -30.8
ksi increasing the Tinear range to 63.2 ksi. After yielding in com--
pression on the third cycle, the ioading proceeded- well into the non-
linear region, and on the fourth cycle the specimen y{elding in tension
at 24.7 ksi, exhibiting approximately the same Tinear range as the third
cyéie. For the first three cycles the yielding phenomenon resembled

isotropic hardening with the yier stress, be it tensile or compressive,
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corresponding to the maximum previous stress. The reduced tensile yield
stress on the fourth cycle deviates from the isotropic hardening be-
havior and the fact that the Tinear range is approximately the same for
two consecutive cycles indicates that a maximum Tinear range has been
established. The Tinear range from the maximum tensile stress to the
compressive yield stress in compression on the fourth cycle was 71 ksi,
and from the maximum compression stress of the fourth cycle to the
tensile yield stress on the fifth the linear range was 74 ksi. Two
different yield phenomenon are occurring during the test. For the first
three cycles the yield behavior resembles isotropic hardening, and on
the final three cycles the Baushinger effect best characterizes the |
behavior. )

The T6N condition specimeﬁ (Figure 23) behaved similar to the T6
condition Taminate. The T6N specimen yielded first in tension at 25.9
ksi on the third cycle, the highest previous stress, and did not yield
in compression on the third cycle but the Tinear range was increased to
72 ksi from 50 ksi. On the fourth cycle the tensile yield stress in-
creased to 37.8 ksi, the same stress Tevel as the maximum stress of the
previous cycle, the Tinear range was 74 ksi. The yield stress in CG&—
pression for the fourth cycle was Towered to -21.9 ksi and the linear
range was not changed. The tensile yield sfress was Towered to 19.5 ksi
on the fifth cycle and the 1inear range decreased sTightly to 67 ksi.

One very important difference between the tests of the T6 and T6N
condition specimens was the Jevels to which the specimens were loaded in

compression. The maximum compressive stress of thé cycies for the test
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on the T6 specimens were higher than those for the T6N specimenis. This
difference in the Toad his%ory Qid not charige ?ha fundamental yield
behavior. The T6 and T6N condition specimens hardened §sot%0pica}?y for
the first few cycles and then maintained a relatively constant Tinear

range for the remainder of the test.
5.3.3 Conclusions

As with the [0] Taminate, two major conclusions can be drawn from
the results of the tests on the [90] boron-aluminum laminate. Heat
treating the material significantly changes the mechanical response and
the yielding phenomenon is dependent on whether the Specimen has been
heat treated. )

The strengthening of the matrix of the [90] laminate by heat
treating increased the yield stress and strgngth of ?he composite.
Yield stresses were increased iOﬁ to 4GD_percént and the strength was
increased 50 to 100 percent for both the tension and compressien tests.
Also the tensile failure straiqs were reduced by heat treating the
material.

The nonlinear behavior of the laminate depended upon the heat
treatment of the specimen. The cyclic tension and cyclic compression
tests_un?saded Tinearly after yielding on the joading portion of the
cycle. The subsequent cycle's yield stress was equivalent to the !
maximum previous stress. Howevgf, the cycTic tension-compression tests
showed that the results from the cyclic ténsion and cyclic compression
tests did not completely characterize the nonlinear behavior of the

3

material. As with the cyclic tension and cyclic compression tests, .
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results from the tension-compression tests indicate that the 11néar
range of the stress-strain curve is increaséd by loading into the
inelastic region.

The F condition specimen behaved in a Baushinger manner, that is
the Tinear elastic range was increased with each cycle but the associ-
ated yield stress was reduced. The T6 and T6N condition specimens
behaved differently from the F condition specimen. The yield surface
expanded by isotropic hardening for the first few cycles and then
maintained a constant linear range for the reméinder'of the test. Alsé
the load history of the T6 and T6N condition was different and funda-

mentally the yield behavior was not changed.

5.4 The [14533 Laminate

5.4.1 Monotonic Tension and Compression Tests

The influence of temper condition on the-tensile aﬁd‘compressive
behavior of the [i45]s boron-aluminum Taminate is shown in Figure 24 and
comparison- of the numerical results are shown in TabTes 11 and 12. The
precipitation hardening of the aluminum matrix by heat treating effécted
the mechanical response of the laminate in much the same way as it
altered the behavior of the [90] taminate.

As indicated in Table 11, the tensile modulus values were very
simiTar for all three temper conditions with an average value of 21 Msi;
the Taminate analysis program predict a modulus of 20.7 Msi. The
compression ﬁodd]i fbr the T6 and T6N specimens were approximately the

]

same as the tensiTe values (TaQTe 12);‘however, the compression tests on
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TABLE 11

INFLUENCE OF TEMPER CONDITION ON THE TENSILE STRESS-STRAIN

BEHAVIOR OF [i45]5 BORON-ALUMINUM -

Yy Y u u u
TEMPER Ex ny Oy ey oy €y Ey
CONDITION (Ms1) (ksi) (%) (ksi) (%) (%)
F 21.3 0.365 5.78 0.029 51.8 n23.0 n-19.0
T6 21.3 0.312 17.98 0.093 55.6 2.726 -2.044
T6N 20.5 0.332 16.82 0.085 47.0 0.952 ~0.600
TABLE 12
INFLUENCE OF TEMPER CONDITION ON THE COMPRESSIVE STRESS-STRAIN
BEWAVIOR OF [+45]_ BORON-ALUMINUM
y * y
TEMPER E, Vyy o )
CONDITION (Ms1) (ksi) (%}
F 18.5 * - - -
T6 21.2 0.353 -42.86 -0.152
T6N 19.4 0.349 -36.18 ~0.134

* Fixture influence

08
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the F condition material was influenced significantly by fixture ef-
fects. The Tow modulus value (18.5 Msi) reported for the F condition
material is from that portion of the curve where the fixture influence
is no longer present; it is 1ikely that the specimen is in the nonlinear
region which explains the lower moduius value. The averaée modulus
results presented in Tables 11 and 12 indicate that the modulus of the
ToN condition specimens is Tower than that of the T6 condition speci-
mens, however, examination of the individual test results does not
indicate this is always true.

The laminate analysis program predicts a Poisson's ratio of 0.354;
the average experimental values (Tables 11 and 12) vary between 0.365
and 0.312. The T6 condition tension specimen had the lowest value of
0.312; all other values were above 0.33 which is in fairly good agree-
ment with the Taminate theory value.

The shear modulus, GIZ’ was determined to be 7.65 Msi using the
analysis in [éS], and this value was used as input data for the laminate
analysis program.

The T6 condition specimens exhibited higher yield stresses than the
F condition material. The tensile tests showed the average yield ~
stresses of the F and T6 condition specimens to be 5.78 ksi and 17.98
ksi, respectively; thus, the T6 heat treatment results in an increase of
approximately 300 percent. The tensile strength of the laminate was not
significantly changed by heat treating; however, the failure strains
were changed significantly. The 76 condition specimens failed at 2.73

perceni strain. The strain of the F condition exceeded the measurahle
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. limit of the strain gage, but projection of the stress-strain curve
indicated the tensile failure strain to bé approximately 23 percent. ‘

A unique deformation characteristic associated with the F canditiﬁn
[ﬁ@S]g Taminate was significant fiber rotation. The measured fiber
rotation of the outer ply of a failed specimen was 10°. Figure 25 shows
examples of failed F condition [34535 specimens after tensile Toading.
The T6 and T6N condition specimens did not exhibit significant fiber
rotation.

The effect of Tiquid nitrogen on the tensile yield stress is not
significant; however, the tensile strength was reduced by 18 percent as
compared to. the T6 condition. This reduction in strength indicates
that the laminate has been damaged dukiné the Tiquid nitrogen exposure.

No yieﬁd stress is reported for the F condition compression speci-
men as the influence of the fixture on the stress-strain curve extended
into the nonlinear range of the curve. The T6 and T6N condition speci-
mens had yield stresses of ~42.86 ksi and -36.18 ksi, respectively.
Ultimate stress and strain results are not presented becaﬁse the fixture
was designed to allow for strains of up to four percent and for the
[i&S}S laminate the max%m#m strains exceeded this value. An exampie of
a [i45}s compression specimen gxhibitipg'theiiarge deformation is shown
in Figure 25.

As indicated in Figure 24, the influence of cryogenic exposure on
the compressive stress-strain behavior -of the {i@S]s specimens is minor.
The stress-strain curves of the T6 and T6N condition specimens follow

essentially the same curve; however, the yield stress of the TéN condi-
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tion specimen js reduced relative to the T6 condition specimen.

5.4.2 Cyclic Tests

5.4.2.1 Tension and Compression

The cyclic tension and cyclic compression results were consistent
with the monotonic tests in that the heat treated specimens yielded at
higher stress levels and the 1iquid nitrogen treatment had an insignifi-
cant effect on the stress-strain behavior. Figures 26, 28, 30 show the
respective cyclic tension stress-strain response of F, T6, and T6N
condition [i45]s boron-aluminum; Figures 27, 29, and 31 show the cyclic
compression-compression response for the same three temper conditions.
Tables 13 and 14 Jist numerical results from the tests.

The cyclic tension tests for the [i45]s laminate exhibited strain
hardening behavior similar to the [90] laminate; after Toading beyond
the elastic Timit, the unloading porticn of that cycle was Tinear and on
the next cycle the response was linear up to the maximum stress of the
previous cycle, beyond which the laminate responded nonlinearly. As
with the monotonic tests, the ultimate strain of the F condition speci-
men was beyond the Timit of the strain gage. |

The initial modulus on the first cycle of the tensijon-tension tests
was not affected by the temper condition with values ranging from 20.5
Msi to 21.0 Msi (Table 13). However, during cyclic loading the modulus
generally exhibited a small decrease with each successive cycte. (The

Tow modulus of the first cycle, in particular for the F condition
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TABLE 13

INFLUENCE OF TEMPER CONDITION ON THE CYCLIC TENSION STRESS- STRAIN
BEHAVIOR OF [+&5] BORON-ALUMINUM

L UL L UL ¥ y Com m | m R
TEMPER EX Ex vxy vxy Oy €y 9y £y Ey ey
CONDITION | CYCLE | (Msi) | (Msi) {ksi} (%) (ksi) (%) (%) (%}
F I 20.5 23.7 0.448 | 0.42) 5.1 0.024 8.0 0.040; -0.028 | 0.005
II 22.5 20.6 0.390 | 0.367 8.0 0.042 | 14,5 0.163] -0.124 | 0.092
1111 20.0 18.7 0.375 | 0.385 { 14.5 0.167 | 21.7 0.760] -0.660 | 0.647
IV 19.0 - 0.376 | - 21.7 0.769 | 44.2 |} >3.275(<-3.2 -
Té 11 20.6 21.5 0.401 | 0.374 - - | 7.3 0.034| -0,015 | 0.000
11 20.0 20.4 0.315 | 0.363 - - 14.7 0.074{ -0,024 | 0.002
111 20.1- 20.5 0.343 | 0.358 - - 21.8 0.117[ ~0.041 | 0.010
IV 20.0 19.8 G.360 | 0.353 | 23.2 0.128 | 29.3 0.185; -0.074 | 0.037
v 19.5 18.9 0.349 | 0.358 | 28.6 0.183 | 35.8 0.318] -0.154 | 0.135
VI 18.0 - 0.355 - 32.8 0.310 | 481 1.176) -0.893 -
76N : I 21.0 21.8 §0.323 { 0.315 - - 7.0 0.032! -0.013 § 0.000
IT 20.7 | 2t.6 | 0.318 | 0.329 - - 14.4 0.070{ -0.026 | 0.003
Il 21.1 19.6 0.336 | 0.364 | 14.9 0.076 | 21.2 0.120{ -0.045 | 0.013
v 19.5 18.0 0.360 | 0.361 | 21.7 0.129 | 29.1 0.201| -0.081 | 0.043
¥ 18.0 16.8 0.365 1 0.373 | 28.4 0.203 | 35.9 0.3231 -0.152 § O. 12}
VI 16,9 - 0.372 - -1 356.1 0.324 | 49.2 1.447] -1.163
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INFLUENCE OF TEMPER CONDITION ON THE CYCLIC COMPRESSION STRESS-STRAIN
BEHAVIOR OF [t¢5]s BORON-ALUMINUM

' L UL L UL 'y y- m m m R
TEMPER . EX * EX Vxy Vxy Oy *1 e | 9% * €y ey €y
CONDITION | CYCLE { (Msi) | (Msi) {(ksi) (%) (ksi) (%) (%) (%)
F I 19.7 - 0.354 - - - -18.31 -0.039 | 0,013] -0.029,
I1 - 21.9 .- 0.266 | ~18.3| -0.042 | -27.2| =0.157 | 0.191| -0.118
111 27.4 23.2 0.383 |- 0.326 | -27.2| -0.763 | -29.1} -0,224 | 0.317} -0.176
Iv 28.6 24.9 0.352 | 0.320 | -29.1| -0.231 | -36.3| -0.607 | - -0.558
v 26.7 - 0.267 - -36.3| -0.631 - - - -
T6 I |-17.4 - 0.283 - - - ~-18.11 -0.041 | 0.008; -0.026
: IT ~§ 18.5 20.6 0.353 | 0.267 - - -35.9] -0.132 | 0.039| -0.040
I1I 22.5 21.2 0.297 | 0.311 | -37.0{ -0.141 | -54.2f -0.311 | 0.131| -0.125
IV 20.0 19.5 0.311 } 0.306 | -53:6{ -0.315- | -62.6] -0.740 | 0.429§ -0.566
V.| 19.2 - | 0.327 - ~61.04{ -0.794. - - - -
T6N 1 20.0 " 24.6 | 0.309 | 0.286 - - -18.5| -0.061 | 0.019| -0.023
- 11 19.2, | 16.2 0.316 | 0.335 | -33.4| -0.158 | -36.2| -0.180 | 0.619| =0.037
ITI 18.0 17.9 0.337 | 0.337 | -36.4| -0.184 | -53.9| -0.990 | 0.428| -0.784
IV 17.4 20.0 0.342 | 0.449 | -51.11 -1.021 | “463.0|<~3.4 2.1941<-3.4
v - - - - -63.0(<-3.4 - - - -

* Fixture influence

68
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mater1a1,;indicates that the matrix has yielded due to residual therma]
stresses).  This decrease in modulus. is most eyident in the F -and TEN
condition specimens.

The transfef of Toad into the fixture during the cyclic compression
tests ;ignificant1y altered the appearance of the stress-strain curves.
The infTuénce'of the fixture affected the initial 1o§d%ng and initiéi
"unloadihg porfion of each cycle for a-range of up to 20 ksi. In some
cases it was impossible to determine an accuraté stiffness for a cycle,
as seen from Table 14. The failure stresses and strains for tﬁé final
cycle have not been reported for the reasons given in Section 5.4.1. |
The final .cycle of the F conditiod spacimen (Figure Zf) has an increasing
sTope after yielding at 36.3 ksi; indicating that the fixture is in- -
fluencing further deformation. ‘

"Assuming that the stress-strain responsé of the material is linear
for that ﬁoﬁtion of the test which is influenced by the fixturg, the
strain hardening behavior of the material in pompressioﬁ is gna1ogous to
the tensile strain hardening behavior. Indepéndeﬁt of temper condition,
the specimens Toad Tinearly to the previous maximum stress and unload
linearly. The T6 condition specimen showed sone noninearity (other
than fixture influence) on ihe unloading portions of the third and
fourth ‘cycies (Figure 29); however, all the other T6 condition cyclic

compression specimens unloaded Tinearly.
5.4.2.2 Tension-éompression Tests

The cycTic tension-compression behavior of F, T6, and T6N condition
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[¢45]S‘boron-a1uminum is shown in Figures 32-34 and numerical results
are presented in Table 15. In general, the transfer of Toad into the
fixture caused severe problems in obta%nihg meaningful results for the
[i45]$ laminate. This is evidenced by the large variation in moduius
values for the tests (Table 15). The diagram of the cyclic test on the
F condition material (Figure 32) shows spikes on the compression portion
of the second and third cyclés; fh{é is due to the—fixture taking most
of the Toad associated‘with the spike. No real time data was available
during fhe éétua1 testing and the phenomenon was not observed untii
after all the tests were completed. Thg first cycle of this test has
been omitted from the:figure.becausé the influence of the fixture
dominated the behavior of the specimen during the entire cycle.

A discussion of the assumptions used concernihg the fixture is
essential to understand the-coné]usion; made in this Qection. For
example, in Figure 34, thg tensile portion of the fourth cycle has a
‘'vertical unloading curve for approximately 20 ksi, gradually changes
sTope and then behaves linearly in combressioh. It is assumed that the
portion of this cyclie from the maximum tensile stress down to approxi-
mately zero load is figture dominated and does not represent the stress-
strain behavior of the composite. 1In add%tion, it is also assumed that
the behavior of the [i45]s Taminate during this portion of the cycle is
linear. These a§sumbﬁjon§ are bgsgd on results from the cyclic tension
tests and reported results by other researchers.

‘Results from the cyclic tension-compression test on the F condition
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. TABLE 15

INFLUENCE OF TEMPER CO&DITION_ON THE TENSION-COMPRESSION
STRESS~STRAIN BEHAV.IOR OF‘[i45]S BORON-ALUMINUM

L UL m¥ m m R
TEMPER Ex Ex Sy ey Sy £y
CONBITION CYCLE {Msi}) {Msi) {ksi) (%) (%) (%}
F I-T - - 7.6 0.006 |[-0.005 | 0.006
I-C - - -13.8 | -0.016 | 0.006 |-0.012
IT-T 21.9 25.0 19.9 0.070 |-0.057 | 0.065
11-C 25.0 21.9 -28.2 | -0.269 } 0.374 -0.231
Iii-v 21.3 20.1 27.3 0.228 {~0.183 | (.282
I1I-C 20.1 21.3 -43,2 | -0.873 | 1.336 |-0.814
V-7 21.3 21.3 34.8 1.705 |-1.657 | 1.768
iv-C 21.3 21.3 -56.5 | -0.670 { 1.674 ]-0.601
¥-T 17.8 - 47.0 2.357 |-2.374 -
16 I-T - — 7.2 0,002 {-0.008 | 0.002
i-C 25.4 fo- -13.7 | -0.0G8 {-0.006 1-0.0710
I1-T 23.6 25.5 20.6 0.052 {-0.002 | 0.041
i1-¢ 25.5 R -28.1 -0.075 | 4.011 {-0.053
I1I-T 23.2 21.4 28.4 0.105 {-0.031 | 0.080
111-¢ 21.4 2z.1 -42.5 | 0,747 | 0.053 |-0.064
IV-T 18.6 18.0 34.2 0.769 |~-0.051 | 0.103
-t 18.8 19.9 -56,9 | -0.336 1 0.272 {-0.180
V-T 16.73 - . 50.6 0.832 | -0.505 -
T6N 1T - - 6.8 1 0.C607 {=0.001 7 0.000
I-C - - -13.9 -0.004 | 0.001 {-0.004
II-7 24.8 - 21.0 G6.027 {-6.0080 1 0.026
II-C - .- -28.3 | -0.055 | 0.016 [-0.047
I1I-7T 24.5 i 24.5 27.9 0.063 | -0.020 | 0.053
I111-C 24.5 24.5 -42.5 | ~0.125 | 0.044 | -0.058
V-1 23.1 .21.4 34.2 0.108 1-0.028 | 0.063
v-C 21.1 211 ~57.3 | -0.312 4§ G.180 {-0.181
V=T 17.4 - 1. 50,2 |--0,3341-0.085 -

* Fixture infliuence
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material (Figure 32) show a behavior different from the tﬂ} and [90]
laminates. The [0] and [90] laminates both exhibited a Baushinger
effect upon Toading into the nonlinear region in tension or compressiﬁn.
The F condition [14515 specimen does not show this effect, rather the
tensile and compressive yiéld stresses remain approximately the same for
the entire test. The yield stress when loading in tension was between
12 - 15 ksi, and the'cempressiye yield stress varied from -10 ksi to
“-?Z'RSi.' Even though the yield stress values did not change, the linear
range was increased because increasing the magnitude of the maximum
previous stress increased the 1linear range from this stress to the yield
stress in reversed loading (Figure 32). At stress levels above the
yield stre;s, the response was mc%e nontinear eventually resembling
perfectly plastic hehav%qr,

THe yield behavior of the T6 condition specimen {Figure 33) was
very different from the behavior of the F condition material. Assuming
Tinear response for that portioﬁ of the‘curve altered by the fixture
taking load, the yield behavior due to loading into the nonlinear region
for the first four cycies was analogous to isotropic hardening. The
specimen did not yield until the second cycle when it yielded at -20
ksi. On the third and fourth cycles the sﬁeﬁimen yielded at a stress
Tevel equivalent to the magnitude of the maximum previous stress (i.e.
isotropic‘hardening). It is not known if the specimen hardened iso-
tropically on the tensile portion of the fourth cycle because the

previous maximum stress was gredter than the maximum tensile stress of
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the cycle. The tensile yield stress is not increased to the magnitude
of the maximum previous stress; instead, the same linear ranée, 77 ksi,
exhibited in the fourth cycle is maintained.

The T6N condition specimen (Figure 34) behaved precisely as the T6
condition specimen; {sotropic hardening characterized the first four
cyc}es and the yield stress on tﬁe fifth cycle was reduced to 25 ksi

with a 1inear range from the maximum compressive stress of 82 ksi.
5.4.3 Conclusions

The stréﬁs—strain behavior of the [i45]5v1aminate, és with [0] and
[90] Taminates, is altered significantly by hedt treatment, howevéer, the
cryogenic exposure has no major effect on the response of the material.
Tbe‘moﬁotoﬁic.%esté indiéate that the yield stress in tension and com-
_pression is ﬁncneased substantially by heat treatment and the teénsile
failure strains are reduced. Cryogenic exposure did not significantly
change the tensile yield stress., but the éensi}e strength was reduced.

Heat treating the matérial also changed the manner in which the
Taminate respanéed to cyclic tension-cnmpfession Toading. The F con-
dition material exhibited constant tensile and compressivé yield stress
for the entire test. The T6 and T6N condition sﬁecjmens exhibited
1néreasing yield stress values which corresponded to the magnitudé of
the preV1ous max imum stress for the f1rst four cycles and on the final
cycle the ten51ie yield stress Was reduced '

Regardless of the temper ccndwtion, the stiffness of the laminate

was shown to reduce by cyclic TQadihg. This was observed in the cyclic
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tension tests and the cyclic tension-compression tests for the T6 and

T6N condition specimens.

5.5 The [0/145/0]S Laminate

5.5.1 Monotonic Tension and Compression Tests

The influence of temper condition on the tension and compression
stress-strain behavior of [0/145/0]s boron—aluminum is shown in Figure
35 and Tables 16 and 17. No difference could be distinguished between
the tensile and compressive moduli. The average tensile modulus results
ranged from 23.8 Msi to 24.3 Msi, and the compressive values ranged from
22.3 Msi to 24.1 Msi. A1l values are Tower than the Tamination theory
prediction of 26.9 Msi. Thermoelastic laminate analysis predicts
significant tensile residual stress in the z45° Taminae; it is likely
that the +45° Tlaminae are stressed into the nonlinear region as a result
of curing and thus the experimental modulus is Tower than the analytic
prediction. The Xray residual stress results from Reference 14 showed
that heat treating "as received" unidirectional boron-aluminum to a T6
condition increased the axial tensile residual stress in thg matrix.
Heat treating the [0/1-45/0]S Taminate should increase the residual
stress in the +45° Taminae for similar reasons. As a result of the
higher residual stresses, the heat treated specimens will have a Tower
modulus; this is substantiated by the monotonic ténsion and tension-
tension results (Tables 16 and 18).

The yield stress of the laminate was affected by heat treating and

to a lesser extent cryogéﬁic exposure. Heat treating the laminate
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TABLE 16

INFLUENCE OF TEMPER CONDITION ON THE TENSILE STRESS-STRAIN
BEHAVIOR OF [0/i45/0]s BORON-ALUMINUM

Yy ¥ u u u

TEMPER Ex vxy oy €y Oy €y Ey

CONDITION (Msq) (ksi) (%) (ksi) (%) (%)
F _ 24.3 0.264 10.3 0.044 99.1 0.621 -0.222
T6 23.8 0.282 23.8 0.102 101.7 0.563 -0.198
ToN 23.9 0.263 24.5 0.105 109.0 0.578 -0.192

TABLE 17
INFLUENCE OF TEMPER CONDITION ON THE COMPRESSIVE STRESS-STRAIN
BEHAVIOR QF [0/i45/0]s BORON-ALUMINUM

N Y U * U u

TEMPER Ex vxy Oy ey a, Ey ay

CONDITION (Msi) {ksi) (%) (ksi) (%) (%)
F 22.3 0.361 -18.9 -0.061 -209.3 ' -1.261 1.022
T6 24.1 0.295 -63.9 -0,259 ~230.7 -1.288 0.706
T6N 23.7 0.293 -46,2 -0.1890 -247.3 -1.417 0.824

* Fixture influence

ool
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increased the average tensile yield stress from 10.3 ksi for the F
condition .specimens to 23.8 ksi for the T6 condition material. The
averaée compressive yield stress for the T6 condition material was ~-63.9
ksi as compared to--18.9 ksi for the F condition specimens. The tensile
yield stress was not. changed significantly by the liquid nitrogen exposure,
as compared to the T6 condition value, but the compressive yield stress
was reduced significantly from -63.9 ksi to -46.2 ksi (Table 17). The
one major characteristic indicating that the cryogenic exposure did
effect the stress-strain behavior is the fact that the tensile stréss-
strain curve of T6N .condition specimen was shifted up as compared to T6
condition specimen's stress-strain curve {i.e. for each value of strain
the T6N condition specimen had a higher stress value than T6 condition
specimen). The opposite trend was exhibited by the T6N and T6 condition
specimens under compression Toading (i.e. each value of stress for the
same strain was reduced). This shift in the stress-strdin curves in-
dicates that the 1iquid nitrogeh changed the residual stress state in
the Taminate.

The T6 heat treatment had essentially no effect on the tensile
strength of the laminate as compared to the F condition material; how-
ever, the liquid n%trcgen ekposure did .increase the strength to 109.0
ksi from 101.7 ksi for the T6 condition specimans. Also associated with
the 76 heat treatment is a reduction in uttimate strain; the F condition
specimen had the Targast failure strain, 0.621 percent, and the T6 and
T6N condition specimens had smaller values of 0.563 percent and 0.578

percent, respectively.
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Comparison of the compressive failure stresses of the [0/i45/0]s,
[0], and [145]S laminates provides more evidence that thé failure
stresses associated with this type of compression specimen are not the
true strength of the material. The compressive failure stresses of the
fo] and [0/14'5/0]S laminates ‘were approximately the same; however, thg
[.t45]s Taminate exhibited much Jower failure stresses than these two
iaminates. Neglecting interlaminar éffects, it wou'ld be expected that
the failure stress of the [0/i45/0]s specimens would be much lower than
the unidirectional compressive strength since 50 percent of the laminate
is of lower strength Taminae. As shown by the egperimenta1 results
(Tables 2, 12, 17) the [0/i45/0]s Taminate doés not have lower failure
stresses than the [0] laminate and it is Tikely the specimen design is

responsible for these results.

5.5.2 Cyclic Tests

5.5.2.1 Tension

Results from the cycTic tension tests were consistent with the
ménotonic tension results. The initial moduli (Tabie 18) ranged from
23.0 Msi to 25.8 Msi, and the initial yield stresses varied with the
temper condition in thé same manner as the monotonic'épecimens. In-
dependent of temper condition, & small reduction in modulus is exhibited
on each sucéessive cycle (Table 18). The F condition specimen's initial
modutus was 25.8 Msi and the modulus on the last cycle was 23.3 Msi.

The moduli of the T6 and T6N condition specimens shows a similar trend;

however, the decrease is smaller. The failure stress and strain for all



INFLUENCE OF TEMPER CONDITION ON THE CYCLIC TENSION STRESS-STRAIN
BEHAVIOR OF [0/&45/0]S BORON-ALUMINUM

TABLE 18

L UL L UL y y [ m m R

TEMPER . EX Ex Vy vxy Ty €% 9y €y y €y
CONDITION | CYCLE | (Msi) | (Msi) (ksi) (%) (ksi) (%) (%) (%)
F I 25.8 25,1 0.309 | 0.282 10.7 0.042 21.3 | 0.095| -0.029 | 0.017
II 24.7 23.3 0.307 | 0.299 | 21.4 0.098 42.6 | 0.222 | -0.082 | 0.033
II1 24,1 22.4 0.316 | 0.298 | 26.1 0.144 64.4 | 0.364 | -0.146 | 0.047

IV 23.3 - 0.318 - 23.2 0.148 [ 105.9 | 0.661 ! -0.295 -
T6 I 23.6 24.6 0.253 | 0.278 - - 26.6 | 0,714 -0.025 | 0.006
II 24.6 23.8 0.268 | 0.272 | 29.0 0.149 53.2 | 0.249| -0.074 | 0.028
II1I 24.1 23.4 0.273 | 0.289 | 54.8 0.284 79.3 | 0.409 1) -0.148 | 0.070

IV 23.5 - 0.284 - 75.6 0.392 | 108.6 | 0.605| -0,246 -
T6N I 23.6 24.7 0.288 | 0.282 - - 25.2 | 0.106 | ~0.305 | 0.002
II 24.0 24,2 0.286 | 0.288 | 32.1 0.136 52.1 | 0.231| -0.069 | 0.012
ITI 23.6 23.1 0.279 | 0.290 | 50.2 0.224 78.5 | 0.381]-0.121 1 0.03%9

1V 23.0 - 0.287 - 78.7 0.381 108.8 | 0.585] -0.191 -

g0l
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three types of specimens were higher than ultimate results of the cor-
responding monotonic specimen. The increased failure strain and the
reduction”in moduTus with successive cycles indicates that cyclic
loading damages the material.

The tension-tension behavior of the F condition specimen {Figure
36) was similar to that of the F condition unidirectional specimen. The
specimen yielded on the first cycle at 10.7 ksi and unloaded Tineariy.
5‘fa1r1y constant yield stress and Tinear range of 21.4 - 26.7 ksi were
exhibited during the second, third, and final cycle. This type of
strain hardening behavior, where a constant elastic range is maintained,
is called kinematic hardening [25].

The cyclic tension stress-strain behavior of the T6 condition
[Q}i¢5/b]s specimen {F%gu?e 38} is similar to the T6 condition [0]
specimen. The specimen did not yield in the first cycle and during the
second cycle the yield stress was 29.0 ksi; unloading wa§ Tinear for
both cycles. On the third aﬁd fourth cycles the yield stress was the
same as the previous highest stress and the unloading portion of the
third cycle was linear.

The yield behavior of the T6N condition spécimen (Figure 40) is
very similar to the T6 condition [0/245/0]  Specimen. The specimen
initially yielded during the second cycle at 32.7 ksi; the yield stress-
es for the third and fourth cycles were approximately the same as the
maximum stress of the previous cycle. In all cases the unloading
portion of the cycle was linear with the maximum Tinear range beiﬁg ?8.?

ksi.
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As expected, the stress-strain.behavior of all three types of
[O/i45/0]s specimens is a function of the stress-strain behavior of the
laminae. For example, the F condition specimen developed a maximum
Tinear range during cyclic loading and this linear range was maintained
for the remainder of the test; this is precisely the behavior of the F
condition unidirectional specimen. Also, the heat treated specimens
yielded at the highest previoug stress and always unloaded Tinearly just

as the T6 and T6N condition [0] and [14518 specimens did.
5.5.2.2 Compression

The cycTlic compression curves for the'[0/145/0]s_1aminate, as with
compression tests on all other Taminates, were influenced by the fixture.
The initial 8 - 10 ksi at the beginning of each cycle and at the begin-
ning of the unloading portion of each cycle are the portions of the
curve affected by the fixture loading. The F, fﬁ, and T6N cyclic com- -
pression specimens (Table 19) exhibited a similar type of modulus reduc-
tion as the cyclic tension specimens. The decrease of modulus is not as
large as that of the tensile specimens and the modulus does-not -con-
sistently decrease with each cycle, but for all three types of specimens -
the decrease from the first cycle to the Tast cycle is approximately 9
percent. -

The F condition comﬁression-compression specimen (Figure 37)
behaves ip a manner similar to the F condition tension-tension specimen.
The initial modulus of the first ¢ycle is 26.5 Msi and the modulus of

the final cycle is 24.2 Msi. The yield stress and the }inear range



TABLE 19

ENFLMENCE OF TEMPER CONDITION ON THE CYCLIC COMPRESSION STRESS~-STRAIN
BEHAVIOR OF [0/+45/U] BORON~ALUMINUM

: UL L UL y* y m* m m R
TEMPER_ Ex E Yy ey | % £ oy ey y £y
| CONDITION | CYCLE | (Msi) | (Msi) (ksi) (%) (ksi) (%) (%) (%)
F 1 |26.5 | 23.5 | 0.367 { 0.331 | -15.3| -0.040| -53.6{-0.261 | 0.170} ~0.078
II. | 25.2 | 25.8 | 0.315 | 0.303 | -39.7|-0.198 | -106.9 | -0.604 | 0.458 | -0.117
111 | 23.6 | 24.4 | 0.315 | 0.327 | -45.7 | -0.273 { ~159.7 1 -0.949 | 0.791 | -0.131
IV | 24.2 - 0.312 - -40.2 | <0.266 | -210.9 | -1.288 | 1.117 -
T6 1 | 22.7 | 28.2 | 0.309 | 0.295 - - ~63.4 | -0.214 | 0.064| 0.000
Il | 24.0 | 24.0 | 0.290 | 0.306 | -59.8 | -0.245].-107.1| -0.487 | 0.788 | -0.058
11T "} 23.4 | 23.5 | 0.313] 0.307 |-104.3| -0.479 ] -160.1| -0.808 | 0.388{ -0.107
IV | 22.5 - 0.215 - 1-119.0{ -0.813{ -250.6§ -1.375 | 0.790 -
T6N I | 23:1 24.0 | 0.313 | 0.302 | -37.8{-0.133| -53.8]|-0.208 | 0.072| -0.027
II | 24.5 |'24.6 | 0.303| 0.310 | -50.6§ -0.196 | -107.2| -0.494 | 0.214{ -0.078
111 | 23.6 | 24.2 | 0.320 | 0.320 {-104.3{ -0.487 ] -160.7| -0.826 | 0.425] -0.144
v | 22.7 - 0.325 | - ~97.0{ -0.571{ ~246.1 | -1.381 | 0.826 -

¥ Fixture influence

501
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increased on successive cycles (Table 19} through the third cycle where
both the loading and unloading portions of the.curve:haé~a Tinear range
of 46 ksi. The yield stress was reduced, however, to -40 ksi during the
fourth cycle. The reduction in yield stress coupled with the decrease
in modulus on each cycle indicates that the specimen has been damaged by
the cyclic loading.

The Tinear range of the T6 condition compression-compression speci-
men appears to be dependeﬁt upon the load direction during the cycle
(Figure 39). The specimer did not yield during the first cycle and
unfoaded Tinearly. The yield stress for the second cycle was -60 ksi;
unloading was nonlinear with a‘1inear range df 91 ksi. On the third
cycle the specimen yié1ded at -104 ksi, approximately the highest
previous stress, but the 1inear range upon unloading was sti11 90 ksi.
‘However, on the- fourth cycle the y%e1d stress was increased to -179 ksi,
a Targer linear range than on the unloading portion of the third cycle.
This Toad path dependent behavior was not exhibited by the cyclic
tension specimens or thé F condition cyclic compression specimen,

The T6N condition specimen (Figure 41) exhibited behavior similar
to the T6 condition cyclic compression specimen. The specimen yielded
on the first p&c]e at--38 ksi and unloaded linearly. The yield stress
for the second cycle was increased to the maximum previous stress, -51
ksi, and upon unloading the response was nonlinear with a Tinear range
of 65 ksi. During the third cycle the yield stress was -104 ksi, and
upon unloading the linear range was 78 ksi. However, on the fourth

cycle of loading the yield stress was increased to -97 ksi. As with the
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T6 condition cyclic compression specimen, the yield stress and linear
range during unloading increased with each cycle, but the linear range
on the unloading portion was smaller than the linear range of the Toading

portion of the cycle.
5.5.2.3 Tension-Compression

The desired load path for some tension-compression specimens was
not completed because of tab debonding as mentioned in Section 5.7.
Thus, only the first two cycles of a T6N condition specimen are pre-
sented and no results for the 76 condition specimens are reported.

The results of a typical tension-compression test on F condition
[G/t&S}O]S material are shown in Table 20 and Figuve 42. The yield
behavior of the specimen resembied a Baushinger effect {i.e. loading
into the tensile nonlinear region and increasing the linear range upon
unloading into compression but the magnitude of the yield stress is not
equal to the maximum previous stress). The Tinear range was increased
on each successive cycle from 34 ksi for the first cycle té 54 ksi for
the third cycle. It is important to note that the low modulus values
for loading into ténsion from compression or compressioh from tension
are a resuit of the fact that the specimen is stressed beyond the Tinear
range, and they are not a result of damage to the Taminate.

Two cycles of the tension-compression tests on the T6N condition
[0/i45f9}s specimen were completed before failure occurred during the
tensile portion of the third cycle (Figure.43). The specimen was loaded

in tension on the fourth cycle but again tab failure occurred.
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TABLE 20

INFLUENCE OF TEMPER CONDITION ON THE TENSION-COMPRESSION
STRESS-STRAIN BEHAVIOR OF [0/i45/0]s BORON-ALUMINUM

L UL m* m m R
TEMPER Ex Ex Ty ey Ey ey
CONDITION CYCLE (Msi) (Msi) (ksi) (%) (%) (%)
F I-7T 22.8 23.3 28.4 | 0.127 [-0.039 | 0.033
' I-C 22.8 24.1 -52.7 | -0.265 | 0.176 {-0.004
I1-T 18.2 22.2 55.0 0.279 }-0.034 | 0.045
II-C 17.5 24.4 -104.5 { -0.600 | 0.462 }-0.096
I1I-T 16.0 22.2 82.5 0.456 | 0.012 | 0.048
III-C 16.0 23.6 -156.2 | -0.930 | 0.751 {-0.112
IV-T 15.4 - 110.9 0.655 | 0.072 -
T6N I-T 24.9 23.5 26.7 0.091 |-0.027 | 0.028
I-C 23.5 23.5 -52.8 | -0.217 | 0.069 }|-0.033
I1-T 24.1 22.7 51.7 0.207 [-0.062 | 0.029
11-C 22.4 24.7 .{-106,0 | -0.498 { 0.199 |-0.083
I11-T 20.9 72.5 0.339 {-0.086 -
IV-T 21.5 - 68.2 1 0.315 |-0.083 -

* Fixture influence
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The T6N condition specimen exhibited Baushinger behavior as.the F
condition specimen did under tension-compression Joading. The Toading
during the first cycle was linear throughout thehtensi1e portion of the
curve and yielded in compression at -34 ksi, a Tinear range of 61 ksi.
The‘specimen yielded in tension during the second cycle at 16 ksi,
inc}easing the Tinear range to 60 ksi. The compressive yield stress for
the second cycle was ~31 ksi increasing the Tinear range to 83 ksi. The
linear range was decreased to 40 ksi when unloading from the maximum
compressive stress of the second cycle, thus the entire portion of the
third cycle was in the nonTinear range. The tabs debended on the third
cycle at a stress level of 72.5 ksi. New tabs were bonded on the speci-

men and they debonded on the fourth cycle.
5.5.3 Conclusions

The temper condition of the specimen influenced the yield behavior
of the [O/i45/oﬂs.1aminate. The monotonic tests showed that the yield
stress was increased in both tension and compression by heat treating
the F condition material to a T6 condition. The 1igquid nitrogen ex-
posure increased the tensile yield stress and strength, but it reduced
the compressive yield stress. ‘

The cyclic tension tests showed that the strain hardenring behavior
was dependent upon the temper condition.: Cyclic ]oadiﬁg of the F
condition specimen developed a maximum Tinear vrange which was exhibited
for each‘of‘the remaining cycles. The T6 and T6N condition specimen's

strain hardened differently than the F condition material. The specimen
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yielded at the previous highest stress and unloaded linearly on each
cycle.

The F.condition cyzTic compression specimen behaved similar to the
F condition cyclic tension specimen. A linear range of approximately 40 .
ksi was developed by cycling the: specimen, and that range was maintained
for the entire test. The T6 and T6N condition specimens exhibited
loading direction dependent yiéld phenomenon. The yield stress on the
Toading portion and the Tinear range on the unioading portion increased
with each successive cycle. However, the yield stress of a cycle was
always Targer than the linear rénge upon unloading.

In addition, the cyé1ic tension and cyclic compression tests on
specimens having all three temper conditions showed the elastic stiffness
to decrease as the maximum Toad of the cycles was increased. This
modulus decrease indicates that the cyclic lodding is damaging the
specimen. |

The results from the tension-compression tests do not provide
enough information to compare the 'yield phenomenon for the three temper
conditions under axial loading. The F condition tension-compression
specimen exhibited a Baushinger effect, cohtrary to the results from the
F condition cyclic tens%on and cyclic bompression tests. No data was
reported from the tension-compression tests on T6 condition material
because the.tapg debonded ‘before the desired Toad path was completed.
The T6N condition specimens behaved for the most part in a Baushinger
manner. No additional cyc]es-ﬁeré completed so the yigld behavior is

not satisfactorily defined.
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It is clear from the monotonic.tension and compression and cyclic
tension tests that the stress strain behavior of [0/r45'/01S boron-
aluminum shows characteristigs of the [0] and [i45]si1aminates. The
effect of temper condition on the yield stress and strength is analogous
to the [0] materfal. The nonlinear unlbading of the F condition mater-
ial and Tinear unloading of the T6 and T6N .condition materiai.are also
characteristic of the unidirectional material under cyclic tension
1oading.

It is also obvious that some of the stress-strain characteristics
of the [0/”i45/0]S Taminates are not typical of the laminae. The non-
linear unloading in compression of the [0/i45/0]s material was not '
exhibited by either the unidifectibnaT or [145]S material. Also the
toading -direction dependent 1inear range ﬁas not characteristic of the
laminae. This atypical behavior of the [0/145/0]S 1am1natés suggésts
the‘possibi1ity of interlaminar influence of anisotropic composite
materia1s:

5.6 The [0/145]S'Laminate

5.6.1 Monotonic Tension and Compression Tests

%

Comparision of the tensile and compressive stress-strain behavior
of [0/145]S boron-a1uminum having different temper conditions is shown
in Figure 44 and Tables 21 and 22. The initial modulus does not exhibit
any significant difference between the results from the tension tests
and the compression tests. The variation in modulus values was 18.6 Msi

to 23.0 Msi with an average value of 20.8 Msi: laminate analysis pré-
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TABLE 21

INFLUENCE OF TEMPER CONDITION ON THE TENSILE STRESS-STRAIN

OF [0/¢45]s BORON-ALUMINUM

; Y Y u u
TEMPER Ex vxy oy €y 9y €y €
CONDITION (Ms1) (ksi) (%) (ksi) (%) (%)
F 23.0 0.289 8.58 0.038 71.7 0.600 -0.314
T6 19.6 0.296 13.83 0.066 87.5 0.629 -0.255
T6N 20.8 0.297 18.07 0.086 ©90.5 0.620 -0.266
TABLE 22
INFLUENCE OF TEMPER CONDITION ON THE COMPRESSIVE STRESS-STRAIN
[0/£45]_ BORON-ALUMINUM
Y & N ¥ u U
TEMPER Ex vxy oy 24 GX ex ey
CONDITION (Ms1) (ksi) (%) (ks1) (21 (%)
F 18.6 0.384 -19.75 -0.065 -153.2 ~1.262 1.264
6 22.4 0.329 -47.52 -0.171 -228.2 -1.582 1.270
T6N 20.4 0.342 -42.75 0,164 ~252.3 ~1.99] 1,572

* Fixture influence

6LL
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dicts a modulus of 24.9 Msi, a difference of 20 percent. As with the
[0/i45/0]S laminate, the experimental moduli are jower than the Taminate
analysis prediction indicating that the residual stress and the matrix
are sufficiently large to cause pon1ineak response of these components
in the 45° degree laminae.

The major Poisson's ratio from the tension tests was consistently
Tower than the compress%on results, but the temper cbndition of the
~ laminate did not effect Poisson’s ratio. The average Poisson's ratio
for all three classes of tension specimens was 0.294 as compared to
0.352 for the compression tests.

Heat treating the {0/145]s laminate increased the yield stress for
both the tension and compression tests. The tensile yield stress of the
F, T6, and T6N condition specimens was 8.58 ksi, 13.83 ksi; and 18.07
ksi, respectively. Thé F condition compressive yield stress was -19.75
ksi as compared to -47.45 ksi and -42.75 ksi for the T6 and T6N com-
pression specimens. The Tiquid nitrogen exposure altered the stress-
strain behavior in‘tension and compression by shifting the tension and

-compression curves in the positive Toad direction (Figure 44). Con-
sequently, the tensile yield stress of the T6N condition specimen was
increased relative to the T6 condition specihen but the compressive
yield stress of the T6N condition specimen was reduced as compared to
the T6 condition specimen.

The tensile strength of the Taminate was increasediby heat treating
the materal. The strengths of the F, T6, and T6N condition specimens

were 71.7 ksi; 85.5 ksi, and 90.5 ksi, reﬁpectivéiy, which also shows -
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the jnfluence of the Tiguid nitrogen exposure on the strength as com-
pared to the T6 condition material. The compressive failure.stresses
and failure strains of the héat treated specimens were significantly
higher than the F condition failure stress and strain. The F, T6. and
‘T6N compréssive failure stresses were -153.2 ksi, —228;2 kst, and -252.3
ksi, respectively. However, influence of the fixture on the failure of
the specimen implies that the failure stresses of the specimen do not

correspond to the material strength.

5.6.2 C?c?ic Tests

5.6.2.1 Tension

Results of the tension-tension tests were consistent with the mono-
tonic tension results. The initial stiffness of the first cycle for all
three types (i.e. F; T6, T6N) of specimens ranged from 22.6 Msi to 20.6
Msi (Table 23). A1l specimens exhibited decreasing modulus with each
successive cycle. The modulus of the F condition specimen var{ed from
22.6 Msi for the First cycle to 18.5 Msi on the unldading portion of the
third cycle. The modulus of‘the T6 condition specimens deéreased from
22.7 Msi on the first cycle to 19.6 ¥si during the fourth cycie. The
T6N condition sﬁécjmen followed a similar pattern with a reduction in
modulus from 22.7 Msi to 18.8 Msi.

The F condition tension-tension specimen (Figure 45) exhibited the
most nonlinearity of the F, 76, and T6N condition specimens, just as was
the case for the'[ﬁ/i45/0]s Jaminate. The specimen yielded on the first

cycle at 8.9 ksi and the unloading portion of the curve was Tinear. The



TABLE 23

INFLUENCE OF TEMPER CONDITION- ON THE CYCLIC TENSION STRESS-STRAIN
BEHAVIOR OF [0/t45]S BORON-ALUMINUM

L UL L UL y y m m R
TEMPER By Ey Vxy Yy % €x Ix Ex y €x
CONDITION | CYCLE | (Msi) | (Msi) ksi)| @) | )| @& | @ | @
F I 22.6 19.2 0.308 | 0.308 8.9 0.041 19.3 0.109 | -0.036 | 0.018
II 20.9 19.8 0.314 | 0.328 19.3 0.113 38.3 0.269 | -0.118 0.055
Il 19.7 18.5 0.323 | 0.331 21.90 0.164 | 57.1 0.446 | -0.227 | 0.075
IV 19.0 - 0.337 - 22.1 0.186 | 84.6 0.726 -0.412 -
16 I 20.9 22.7 0.270 | 0.289 - - 19.6 0.091 ] -0.029 { 0.005
Il 22.3 21.9 0.282 | 0.305 | 20.6 0.097 | 38.8 0.202 | -0.065 | 0.021
ITI 21.4 20.4 0.299 | 0.305 | 36.8 0.195 | 57.9 0.348 | -0.120 | 0.066
1V 20.5 19.6 0.302 | 0.296 | 37.5 0.245 | 77.2 0.522 § -0.194 | 0.122
Y 20.6 - 0.292 - 29.9 0.267 | 90.5 0.653 | -0.252 -
TN I 20.6 22.7 0.246 | 0.260 | 16.5 | 0.084 | 19.7 0.097 | -0.021 0.004
II 20.9 20.5 0.272 | 0.299 | 20.4 0.102 38.7 0.204 ¢ -0.055 | 0.014
III 20.2 19.3 0.298 { 0.313 | 36.7 0.197 | 57.8 0.3431 -0,108 { 0.043
IV 19.5 18.8 0.299 | 0.295 | 36.5 0.229 | 77.0 0.5151 -0.180 { 0.090
v 19.4 - 0.295 - 30.4 0.247 83.5 0.583 ) -0.205 -

ael
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linear range of the second, third, and fourth cycles was basically
constant with a small variation between 19.3 ksi and 22.7 ksi, and the
yield phenomenon can best be characterized as kinematic hardening.

The T6 condition tension-tension (Figure 47) specimen does not
exhibit kinematic hardening as did the F condition specimen. The
specimen initially yielded on the second cycle at 20.6 ksi, unloading
from the maximum stress was linear. The yield stress of the third cycle
was 36.8 ksi, approkimate]y the highest previous stress; again unloading
was Tinear from the maximum stress (Table 23). The yield stress of the
fourth cycle was increase to 37.5 ksi and the linear range on the
unloading portion of the cycie was 47.3 ksi. The yield stréss on the
final cycle was reduced to 29.9 ksi.

The T6N condition specimen (Figure 49) exhibited yield behavior
very similar to the T6 condition tension-tension specimen. The init?al
yield stress (16.5 ksi) was Tower for the T6N condition specimen than
the specimen having a T6 temper condition. For the second and third
cycles the yield stress was approximately equal to the maximum previous
stress and unloading was linear from the maximum stress. The yield
stress did not change significantly on the fourth cycle and on the fifth
cycle it was reduced to 30.4 ksi. The Tinear range upon unloading on
the fourth cycle was 51.2 ksi.

The nonlinear behavior of the T6 and T6N condition specimens sug-
gests that the Tinear range is dependent upon the loading direction,
because the Tinear range of the unioading portion of the curve is

significantly larger than the yield stress values for the third, fourth,



120
0F —~ ]
g S _
org o
2 2
25k / S -
i ] I I 1 I | L
o} 0O 0 0 0 0.20

STRAN (%)

FIGURE 47. CYCLIC TENSION STRESS-STRAN DIAGRAM FOR
[o/+ 48], B/AI LAMINATE, T6 CONDITION.

240

210
180F

150

STRESS (MPa)

7
X
120 5
ol
r
=
=To} ndhedd
60 |

30 b

0 0 0 0]

STRAIN (%)

750

500

250

1500
250
1000
750
500

250

FIGURE 48. CYCLIC COMPRESSION STRESS-STRAIN DIAGRAM FOR

[0/t45], B/Al LAMINATE , T6 CONDITION.



126

120

S0

e'o—ﬁ
[ral
l_
30}-»

/

STRESS {MPa}

-1750

—500

—1250

0

FIGURE 49. CYCLIC TENSION STRESS—-STRAIN DIAGRAM FOR

7/

STRAIN (%)

[0/t45]; B/Al LAMINATE, MODIFIED T6 CONDITION,

240

210 -

180 |-

STRESS (KS)

150

120

90

60

30 -

! 1 | 1

STRESS (MPa)

—1500
=11250
—1000

-1 750

-1 500

-1 250

0

STRAIN (%)

FIGURE 50. CYCLIC COMPRESSION STRESS-STRAIN DIAGRAM FOR
[0/tas5], B/Al LAMINATE, MODIFIED T6 CONDITION.



127

and fifth cycles. Also, the reduction in yield stress of the fifth
cycle and the decrease in modulus with successive cycles indicates the

composite has been damaged.
5.6.2.2 Compression

In general, the nonlinear stress-strain behavior of the Iﬁ/¢4535
boron aluminum is similar to that of the tension-tension tests. Dif-
ficulty was encountered when determining the Tinear range of many of the
cycles of a test because of the influence of the fixture. Consequently,
the yield stress and, especially, the modulus values {(Table 24 vary
significantly. It is not clear from the modulus results if the ma@ulus
of the [O/MS]S material was reduced by cyclic Toading of the specimen.
In a1l cases the final modulus was lower than the initial moduius of the
test; however, no consistent reduction in modulus was exhibited by the
intermediate cycles.

The F condition cyclic compresssion specimen (Figure 46) exhibited
the most nonlinearity and the smallest elastic range for the three types
of [8/&45]5 specimens. The yield $iress on the first cycle was approxi-
mately ~17 ksi: the unloading portion of the cycle was nonlinear with a
Tinear range of 37 ksi. The yield stress on the second cycle was increased
to -46.7 ksi, approximately the maximum stress of the previous cycle.
The unloading portion of the second cycle was also nonlinear with a
Tinear range of 45 ksi. The third, fourth, and fifth cycles had yield
stresses of -40.3 ksi, -38.2 ksi, and 41.2 ksi, respectively. The

Tinear range on the third and fourth cycles was 42 ksi and 44 ksi.



TABLE 24

INFLUENCE OF TEMPER CONDITION ON THE CYCLIC COMPRESSION STRESS-STRAIN
BEHAVIOR OF [0/i45]s BORON-ALUMINUM

L UL L UL y * y m * m R
TEMPER EX Ex vxy ny Oy ey Oy ey ey €y
CONDITION | CYCLE | (Msi) | (Msi) {ksi) (%) (ksi) (%) (%) (%)
F I 18.3 20.6 0.351 | 0.329 | -16.8| -0.046 | -47.7 | -0.299 | 0.209 | -0.118
II 20.7 20.5 0.403 | 0.341 | -46.7 | -0.295 | -94.7{ -0.744 | 0.669 ] -0.172
111 20.1 20.7 0.309 | 0.347 | -40.3|-0.328 | -142.8| -1.201 | 1.175 | ~0.183
Iy 18.7 21.0 0.291 | 0.369 | -38.2|-0.335|-189.9 -1.668 | 1.690 | -0.197
v 17.7 - 0.308 - -41.21-0.370 | -182.9{ -1.610 | 1.650 -
16 I 20.0 20,1 0.352 | 0.354 | -34.0|-0.132| -48.1| -0.215 | 0.082 | -0.039
II 20.9 20.0 0.354 | 0.371 | -49.7 | -0.222 | -95.5| -0.565 | 0.313 ] -0.126
111 19.6 21.0 0.368 | 0.366 | -55.6 | -0.354 | -142.8| -0.997 | 0.672 | -0.223
IV 19.3 21.8 | 0.351 | 0.391 | -56.7 | -0.466 | -190.1 | -1.443 | 1.319] -0.279
v .l 18.1 - 0.377 - -54.6 | -0.525 | -238.6 | -1.942 | 1.844 -
T6N I 18.4 19.8 | 0.360 | 0.325 | -37.7{-0.153| -48.2| -0.218 | 0.079 | -0.046
II 20.3 19.5 0.329 | 0.362 | -50.4 | -0.231| -95.1| -0.586 { 0.315| -0.157
ITI 18.9 18.4 0.367 | 0.379 | -65.9| -0.424 | -143.0{ -1.020 | 0.671 | -0.246
Iy 17.9 20.5 0.352 | 0.355 | -79.2 | -0.620 | -189.7{ -1.473 | 1.072 | -0.299
y 17.2 - 0.317 - -56.9 | -0.558 | -238.01{ -1.942 | 1.556 -

* Fixture influence

A
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After the first cycle, which had a yield stress of -16.8 ksi, .the F
condition [0/5:45]S specimen maintained a relatively constant linear
range of 38 ksi to 42 ksi. This type of yield behavior is analogous to
the kinematic hardening behavior of the F condition tension-tension
specimen.

The T6 condition cyc1e-compregsion specimen (Figure 48) exhibited a
much larger linear range than the F condition [0/#45], specimen; how-
ever, the yield phenomenon was much the same. The yield stress of the
first cycle was -34 ksi and the unloading portion for the cycle was
Tinear. The yield stress of the second cycle was -50 ksi and the linear
range of the unloading portion of the cycle was 59 ksi. The linear
range of the third, fourth, and fifth cycles was 54 ksi to 62 ksi.
Again, a rather constant Tlinear range was established and maintained for
the remainder of the test, indicating that the lamjnate hardens kine-
matically.

The T6N condition cyclic compression specimen (Figure 50) exhibited
different yield behavior than the T6 condition specimen. The cyclic
Toading did not deveiﬁp a coﬁstant Tinear range for the specimen,
instead the yield stress and linear range were increased on each suc-
cessive {Table 24) cycle from the yield stress of -34 kst on the first
cycie to 85 ksi on the unloading portion of the third cycle. The Tinear
range was then reduced for the fourth and fifth cycles with the yield
stress on the fifth cycle being -56.9 ksi. The type of yield behavior
of the T6N cyclic compression specimen does not resemble kinematic

hardening as the F and T6 condition specimens and the reduced yield
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stress of the fifth cycle seems to indicate damage to the composite.
5.6.2.3 Tension-Compression

The tension-compression curves for the F, T6, and T6N condition
specimens exhibit small Tinear elastic ranges and Targe inelastic
ranges. The modulus values presented in Table 25 vary between 10.5 Msi
and 25,1 Msi; the very Tow modulus values are taken from the nonlinear
portion of the curve, as the specimen has already yielded before initial
loading into tension or compression. The influence of the fixture on
the stress-strain curve along with the primarily nonlinear behavior of
the composite caused extreme difficulty in determining the linear range
of the cycle and thus an accurate moduius in the Tinear range.

The F condition tension-compression specimen (Figure 51) developed
a 1inear range of approximately the same magnitude as the Tinear range
established by compression-compression cyctiing of an F c558§tfon [U/i45]s
specimen. The tensile yield stress of the first cycle was not deter-
mined because of the fixture influence. The Tinear range upon unloading
from tension was 40 ksi and upon unloading from the maximum compressive
stress the linear range was 46 ksi. For the next two cycles the Tinear
range varied from 38-47 ksi, the entire fourth cycle was loading in the
nonlinear regjon of the stress-strain curve and failure occurred at 83.7
ksi. As with the F condition cyclic compression specimen, the yield
behavior of the F condition tension-compression specimen could best be
characterized as kinematic hardening.

The T6 condition tension-compression specimen (Figure 52} exhibited
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TABLE 25

INFLUENCE OF TEMPER CONDITION ON THE TENSION-COMPRESSION
STRESS-STRAIN BEHAVIOR OF [0/145]S BORON-ALUMINUM

L uL m* m m R
TEMPER E. E, oy ey ey 3
CONDITION | CYCLE | (Msi) (Msi) (ksi) (%) (%) (%)
F I-T - 24.9 23.0 | 0.076 | 0.023 | 0.043
1-¢ | 22.0 22.0 -46.4 {-0.263 | 0.171 |-0.125
II-T | 17.5 22.4 46.0 | 0.243 {-0.051 | 0.085
1I-C | 16.4 23.8 -94.1 {-0.682 | 0.557 {-0.194
I11-T | 11.3 18.9 69.4 | 0.455 [-0.053 | 0.117
I11-c | 12.1 22.3 | -142.0 {-1.106 | 0.917 {-0.213
IV-T | 10.5 - 83.7 | 0.516 | 0.047 -
T6 I-T | 23.3 23.3 23.0 | 0.074 |-0.018 | 0.034
I-C | 23.3 21:6 -45.8 | -0.175 | 0.058 |-0.030
II-T | 22.2 21.3 45.6 | 0.209 {-0.062 | 0.022
II-C | 21.3 23.7 -95.1 | -0.488 | 0.235 | 0.010
III-T | 17.6 19.5 68.8 | 0.385 [-0.096 | 0.051
I11-Cc | 18.2 24.3 -71.9 } -0.337 | 0.174 }-0.050
Iv-c | 22.8 20.5 | -142.2 | -0.895 | 0.582 [-0.217
IV-T | 13.5 - 83.9 | 0.498 |{-0.037 -
T6N I-T | 25.1 25.7 23.3 | 0.081 |-0.018 | 0.058
I-C | 25.1 25.1 -48.1 | ~0.158 | 0.060 ]-0.036
1I-T | 22.7 21.3 46.8 | 0.217 |-0.056 | 0.072
I1-C | 20.3 22.7 -95.2 | -0.491 | 0.273 {-0.116
III-T | 16.7 19.4 | 70.0 | 0.378 |-0.076 | 0.103
III-C | 18.0 24.3 | -140.5 | -0.886 | 0.603 |-0.244
W-T | 12.4 - 97.9 | 0.622 |-0.068 -

* Fixture influence
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Tinear ranges between 45 ksi and 84 ksi. The linear range of the first
cycle upon untoading from the maximum tensile stress was 45 ksi, -and
upon unioading from the maximum compressive stress was 75 ksi. The
Tinear range was fncreased on the second cycle to 84 ksi when unloading
from the maximum tensile stress, but the 1inear range was reduced to 67
ksi when unloading from the max imum compressive stress of the second
cycte. This Tinear range was maintained through the third cycle. The
wrong maximum Toad was set on the MIS machine and the maximum compres-
sive stress was only -71.9 ksi. Thus, thé compression portion of the
third cycle was rerun with the correct maximum compressive stress, -142
ksi. For the fourth cycle the Tinear range was increased to 81-83
ksi, suggesting path dependent stress-strain behavior of the laminate.
The T6N condition tension-compression specimen (Figure 53) behaved
similarly to the F condition specimen. Due to influence of the fixture
on the stress-strain curve, no yield stress was determihed for the
tensile portion of the first cycle and the specimen did not yield until
the second cycle. The linear range varied between 68 ksi and 73 ksi
during the second and third cycles; no yield stress was recorded for the
fourth cycle as the Tinear range was expended when unloading from the
maximum compressive stress of the third cycle. The constant Tinear
range for the cycles again indicates that kinematic hardening char-

acterizes the yield behavior.
5.6.3 Conclusions

As with all other laminates discussed previously, heat treating the
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[0/14513 laminate increased the initial yield stress velative to the F
condition material;. there was also an -associated increase in streagth.
The Tigquid nitrogen exposure did not have the'profound effect on the
yield stress and strength that the T6 conditioning produced, but it did
increase the tensile yield stress. and strength .and reduce the compres-
sive yield stress relative to the T6 condition boron-aluminum.

The yield phenomenon, for the most part, resembled kinematic
hardening. Typically the yield stress increased for the first one or
two cycles after which a constant Tinear range was maintained. This
type of behavior was basically independent of temper condition or the
Type of test. Several excéptions to this fype of yield behavior must be
noted. The T6‘and‘T6N condition tension-tension specimens and the T6
condition tension-compression specimensrindicata the possibility of a
Toading direction dependent linear range. Also several éf the cyclic
specimens exhibited decreasing yield values for the concluding cycles of
a test; however, the decreasing yield values along with the decreasing
modulus indicate that the cyclic Toading damages the laminate.

It must be noted that the characterization of the yield phenomenon
was ﬁif%icu?t for this laminate because of the small Tinear ranges and
influence of the fixture on the stress-strain curve.

The tension-tension tests on all three types of E0/¢45]s specimens
exhibited decreasing modulus with increasing maximum Toads in successive
cycles. The cycli¢ compression and tension-compression results did not
exhibit this behavior; however, the influence of the fixture on the

stress-strain curve may have affected the results.
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1t is obvious from the.results of the [0/+45]_ laminate that the
material characteristics of thg Taminate do not always resemble the
properties of the individual Tamina. For ekXample, the fact that the
yield behavior of the [0] and [«:45]S has either resembled a Baushinger
effect or isotropic hardening but the [0/145]s does not exhibit the same
type of behavior shows that the characteristic behavior of the Taminae

is not necessarily typical of the laminate.

5.7 The [ﬂiS/O]S Laminate

5.7.1 Monotonic Tension and Compression Tests

The typical monotonic tension and compression stress-strain be-
havior .of [+45/0] boron-aluminum hav1ng F, T6, and T6N temper con-
d1t1ons is shown in F1gure 54; numerical resu]ts are listed in Tab]es 26
and 27. The average elastic modulus of the tension and compression
specimens varied between 20.4 Msi and 23.7 Msi, a 16 percent variation.
The type of test (i.e. tensile or compressive) did hot influence the
initial modulus results. The laminate analysis program predicted a
moduius of 24.9 Msi. As with the [0/145]s laminate, the experimental
moduli from the [i45/0]s laminate were lower than the laminate analysis
prediction for reasons discussed in Section 5.4.1. Poisson's ratio was
again higher for the compression tests than the tension tests. The
average Poisson’s ratio for the compression specimens including all
three temper condition groups was 0.354; the average resuits from the

tension tests was 0.249.


http:hardeni.ng

138

100~
,/
,~600¢
——— F CONDITION “
~=—-~ T6 CONDITION [y /4
~—-— T6N CONDITION = " 480
< 7 &
2 50 (- /’ 3.%0
£ /,
T sl /
S 150 +
STRAIN (%)
100 -075 -050 -025 | .
1
‘ ' 025 050
150 STRAIN (%)
-25
~-300
-50
4-450 2
=)
_— 2]
+-600 e
-100
~-750
. -125
—-900
v
4 1150

FIGURE 54. COMPARISON OF [#45/0), B/AI LAMINATE WITH
DIFFERENT TEMPER CONDITIONS IN TENSION AND

COMPRESSION.



TABLE 26

INFLUENCE OF TEMPER CONDITION ON THE TENSILE STRESS-STRAIN
BEHAVIOR OF [.t45/0]s BORON-ALUMINUM

y Y u u u

TEMPER Ex ‘ vxy oy £ 9y €y ey

CONDITION (Msi) (ksi) (%) (ksi) (%) (%)
F 23.7 0.194 8.71 0.039 73.8 0.615 -0.237
T6 21.4 0.248 20.80 0.093 98.9 0.718 -0.287
T6N 22.1 0.306 17.65 0.080 90.1 0.610 -0.244

TABLE 27
INFLUENCE OF TEMPER CONDITION ON THE COMPRESSIVE STRESS-STRAIN
BEHAVIOR OF [i45/0]s BORON-ALUMINUM

Y ¥ u u U

TEMPER EX Vyy . 9y ey cr%< * €y ey

CONDITION (Msi) (ksi) (%) (ksi): (%) (%)
F 20.4 0.393 ~22.77 -0.067 -118.5 -0.896 0.726
16 20.6 0.307 -37.35 -0.150 -124.6 -0.827 0.498
T6N 22.7 0.361 -40.42 -0.,146. -149.2 -0.989 0.638

* Fixture influence

6¢1
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Heat treating the laminate increased the yield stress in both
tension and compression, as compared to the F condition material. The
increase was approximately two-fold (Tables 26 and 27) for both the
tension and compression tests. The liquid nitrogen exposure affected
the tensile and compressive stress-strain behavior; the tensile yield
stress for the T6N condition-specimens was reduced by 15 percent as
compared to the T6 condition specimens and the compréssive yield stress
was increased by 8 percent. Examination of the curves in Figure 54
shows that the tensile T6N condition curve is shifted above the T6
condition stress-strain curve and the same is true for the compressive
curves. The fact that the T6N curve is shifted above the T6 curve but
the tensile yield stress is decreased and the compressive yield stress
is increased is not a consistent set of results. However, it appears
that the Toad in fixture is higher for the T6N than T6 condition speci-
men which could reverse the trends in the compression mode.

Heat treating the F condition material also increased the tensile
strength of the laminate. The tensile strengths of the F, T6, T6N
condition specimens were 73.8 ksi, 98.9 ksi, and 90.7 ksi. The failure
strain of the T6 condition material was also increased relative to the.
F condition specimens. Exposing the T6 condition specimens to 1iquid

nitrogen decreased the strength and failure strain.

5.7.2 Cyclic Tests

5.7.2.17 Tension

The F condition cyclic tension specimen (Figure 55, Table 28)
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FIGURE 55. CYCLIC TENSION STRESS-STRAIN DIAGRAM FOR
[t45/0], B/Al LAMINATE, T6 CONDITION.
175 21200
or 1000
125 |
_. - 800
% &
100 |~ X <
7 @ - 600
75 |- & o
z 2
- 400
50 |-
25 | ~{ 200
|
0O 0

STRAIN (%)
FIGURE 56. CYCLIC COMPRESSION STRESS—STRAIN' DIAGRAM

[t45/o]s B/Al LAMINATE , T6 CONDITION.



TABLE 28

INFLUENCE OF TEMPER CONDITION ON THE CYCLIC TENSION STRESS-STRAIN
BEHAVIOR OF [i45/0]5 BORON-ALUMINUM

L UL L UL y y m m R
TEMPER Ex Ex ' Vyy | vxy oy 4 9y €y y €y
CONDITION | CYCLE | (Msi) | (Msi) ~(ksi) (%) (ksi} (%) (%) (%)
F I 24.1 22.7 0.214 | 0.287 8.0 0.047 19.1 | 0.108 | 0.214 | 0.023
II 22.4 21.0 0.286 | 0.278 | 18.9 0.127 38.5 1 0.274 | 0.286 | 0.069
ITI 22.0 20.0 0.300 | 0.298 | 20.3 0.185 | 57.6 | 0.450 | 0.300 | 0.094
Iv 21.4 - 0.307 - 23.2 0.227 88.0 | 0.753 | 0.307 -
T6 I 23.8 24.5 0.294 | 0,302 | - - 19.4 | 0.081 | 0.294 { 0.001
Il 23.7 23.1 0.29 | 0.296 | 22.0 0.094 38.2 | 0.181 | 0.296 | 0.015
I11 23.0 22.3 0.293 | 0.304 | 39.2 0.187 57.3 | 0.316 | 0.293 | 0.059
v 22.6 21.6 0.291 | 0.309 | 49.2 0.280 76.3 | 0.480 | 0.291  0.122
v 22.0 - 0.306 - 43.8 0.320 |[101.7 | 0.713 | 0.306 -
TEN I 22,2 - 22.0 0.271 | 0.285 - - 19.5 | 0.082 | 0.271 | 0.000
II 22.3 21.7 0.289 | 0.267 | 20.8 0.090 38.7 | 0.183 | 0.289 | 0.009
111 22.0 21.6 0.288 | 0.241 | 40.3 0.194 57.7 | 0.314°| 0.288 | 0.045
Iv 21.7 21.4 0.274 | 0.228 | 51.2 0.284 76.6 | 0.475 | 0.274 | 0.100
' 21. - 0.260 - 41.4 0.296 96.1 | 0.662 | 0.260 -

vl
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exhibited noniinear behavior similar to the F condition [0/145]S cyclic
tension specimen. The specimen -yielded on the first cycle at 8.0 ksi,
and unloading was linear. On.the second cycle the yield stress was
increased to 18.9 ksi, but unloading was nonlinear with a linear range
of 25.i ksi. The loading and ﬁp]oading Tinear ranges for the third
cycle were 20.3 ksi and 27.5 ksi; respectively. The yield stress of the
fourth cycle was 23.2 ksi, and the specimen failed at 88.0 ksi: The

. yield behavior of the F condition cyclic tension specimen cioseTy
resembles kinematic hardening, a linear range of 20.3 ksi to 27.5 ksi is
established and maiﬁtainéd for the last three cycles of the test.

The T6 condition (Figuré 57) and ToN condition.(Figdre 59) spéci-
mens exhibit the same type of behavior under ténsion-tensior loading.
Both specimens behaved Tinearly on the first cycle and yielded on the
second cycle at approximately 21 ksi. The unloading portion of the
second cycTe was Tinear, and the yield stress of the third cycle was
increased to approximately 40 ksi; unloading was again linear. The
yield étress %or the speciﬁen was increased to approximately 50 ksi on
the fourth cycle and the linear range upon unloading was 53 ksi. The
yield stress of the fifth cycle, however, was reduced to approximately
42 ksi.

The Tower modulus values for each cycle of the tension-tension
‘tests indicates that the laminate is damaged with each successive cycle.
The F condition spécimen had a modulus reduction from 24.i Msi to 21.4
Msi; the T6 condition specimen a reduction from 24.5 Msi to 21.6 Msi,

and the TéN condition specimen's modulus reduced from 22.2 Ms% to 21.4
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FIGURE 57. CYCLIC TENSION STRESS-STRAIN DIAGRAM FOR
[#45/ s B/A1 LAMNATE, MODIFIED T6 CONDITION.
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FIGURE 58. CYCLIC COMPRESSION STRESS—STRAIN DIAGRAM
FOR [£45/0); B/Al LAMINATE, MODIFIED T6 CONDITION.
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FIGURE 59. CYCLIC TENSION STRESS—STRAN DIAGRAM FOR
[t45/C]; B/Al LAMINATE F CONDITION.
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FIGURE 60. CYCLIC COMPRESSION STRESS-STRAN DIAGRAM
FOR [145/0)s B/AI LAMNATE, F CONDITION.
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Msi. The fact that the composite is damaged by cyclic loading alse
explains the reduced yield stress of the T6 and T6N condition specimens

on the final cycle,
5.7.2.2 Compression

The compression-compression tests on [m45/3]5 boron-aluminum {Table
29) do not exhibit a reduction in stiffness with each successive cycle.
For the 76 and T6N condition specimens the modulus of the Tast cycle is
Tower than the initial modulus of the first cycle, but the values for
the intermediate cycles do not consistently reduce. It is 1ikely that
the specimens do exhibit a decreasing modulus, but the influence of the
Tixture has resulted in inaccurate modulus values for some of the cycles.

The F condition specimens did not exhibit a Tinear elastic range
for any of the cycles (Figure 56) and for most of the cycles fixture
influence on the stress-strain curves made it 1mpossib1é4;;7define the
point on the curve where the fixture stopped Toading and specimen
started Toading. Thus, no yield stress values are presented for the F
condition compression specimen nor are modulus values presented for the
first two cycles.

Few conclusions concerning the yield behavior and elastic proper-
ties of the F condition cyclic compression (Figure 56} can be made for
reasons discussed in the previous paragraph. For the second, third and

fourth cycles, the stress-sirain curve was nonlinear to approximately

the maximum previous stress, after which the curve was Tinear; the



INFLUENCE OF TEMPER CONDITION ON THE CYCLIC COMPRESSION STRESS-STRAIN
BEHAVIOR OF [i45/0]s BORON-ALUMINUM

TABLE 29

UL L uL y* y * m m R
TEMPER | Ex Ex vxy ny oy x y X ey %
CONDITION | CYCLE | (Msi) | (Msi) (ksi) (%) (ksi) (%) (%) (%)
F T - - - - - ~24.2.1-0.078 | 0.034 ] -0.038
Il - - - - - -47.6 | -0.272 | 0.188 1 -0.116
IIr 22.2 19.9 - - - - -95.0 | -0.731 | 0.581 | -0.195
IV 21.7 - - - - - -159.5 | -1.363 | 1.195 -
Té I 22.8 22.9 0.394 | 0.301 - - -24,0 7 -0.088 | 0.033] -0.012
Il 23.5 23.5 0.336 | 0.275 | -36.0{-0.137 | -47.9|-0.196 | 0.072 | -0.021
- 111 23.7 23.8 0.292 | 0.346 | -44.7.1-0.182 | -95.3 | -0.511 | 0.290 | -0.112
1V 21.7 - 0.277 - ~-85.8 | -0.466 |-164.0 | -1.057 | 0.804 -
T6N | 22.4 21.8 0.329 | 0.326 - - -24.5 | -0.070 | 0.022 | -0.031
IT . 21.1 22.4 0.349 | 0.319 | -25.3|-0.073 | -48.4 | -0.188 | 0.065{ -0.042
111 23.9 23.5 0.319 | 0.348 | -50.5]-0.196 | -95.5 | -0.514 | 0.277{ -0.137
Iv 21.3 - "~ 0.334 - -72.7 | -0.474|-144,2 | ~0.947 | 0.638 =

* Fixture influence

iyl
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unloading portion of the cycle exhibited reversed nonlinearity.

Unlike the F condition specimen, the T6 condition specimen ex-
hibited an incréasing yield stress with each Successive cycle. The
specimen yielded first (Figure 58) on the second cycle at -36.0 ksi and
unloading was linear. The yield stress increased to -44.7 ksi on the
third cycle and the linear range upon unloading was approximately the
same magnitude as the yield stress. However, for the fourth cycle the
yield stress increased to -85.8 ksi. The fact, that the linear range
upon unloading on the third cycle was not increased as compared to the
magnitudé of the yield stress but the yield stress on the fourth cycle
was increased, suggests a path -dependent yield behavior.

The T6N condition compression-compression specimen exhibited the
same type of path dependent yield behavior as the T6 condition specimen.
The yield stress was increased to -50.5 ksi over the first three cycles
(Figure 60), and the unloading portion of the third cycle was linear for
a range of 49,1 ksi. As with the T6 condition specimen, the yield
stress was increased to -72.7 ksi on the fourth cycle, an increase of

23.6 ksi over the 1inear range upon unloading on the third cycle.
5.7.2.3 Tension-Compression

Tensjon-compression tests for the [i45/0]5 Taminate were not con-

ducted as the specimens were not available.
5.7.3 Conclusions

The restlts from the monotonic tests showed that the tensile and
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compressive yield stresses were increased by heat treating F condition
material to a T6 condition. The Tiquid nitrogen exposﬁre decreased the
tensile yield and dltimate Stréss and increased the compressive yield
stress. Heat treating also increased the strength of the laminate
relative to the F condition specimens.

The yield phenomench was not consistent for the F condition speci-
mens as compared to the T6 or T6N condition spectmens nor was it the -
same in tension and compression. The F condition tension-tension speci-
men exhibited behavior resembling kinematic hardening. The 76 and T6N
condition tension-tension specimens had an increasing yield siress
through four cycles of Toading; however, on the fifth cycle the yield
stress was reduced.

The F condition cyclic compression specimens did not exhibit a
linear elastic range, and thus the yield behavior is not discussed. The
T6 and T6N condition specimens exhibited increasing yield stress with
-each successive cycle; haﬁevér, the fact that the 1inear rangé upon
.untoading did not increase and the yieid stress on the final cycle did
increase suggests path dependent yield behavior.

The cyclic tension specimens exﬁibi%ed decreasing moduli on each
successive cycle. Also tensile cyclic Toading increased the ultimate
stress and strain as compared to the monotonic tension tests. The
decreasing modulus and the increased failure strain indicate that the

composite is damaged by the cyclic Toading.



6. SUMMARY AND CONCLUSIONS

The discussion in Chapter 5 has been concerned with the stress-

strain behavior of six laminates of boron-aluminum having a F, T6,

or T6N temper condition. The results show that the modulus, yield

stress, strength, and material nonlinearity are a function of the

laminate configuration.

The significant conclusions resulting from this investigation are

Tisted below.

1.

The modulus and tensile strength are primarily a function
of the Taminate configuration. The temper condition has

an insignificant effect on the modulus, and the strength of
only the unidirectional material is significantly affected
by the T6 heat treatment; the strength of all other laminates
studied was affected to a 1es§er extent.

Lamination theory predicts higher modulus than was experi-
mentally determined for the [0,+45] class of Taminates.

The Tower experimental moduli are believed to be the result
of residual curing stresses which have stressed the matrix
and +45° laminae into their nonlinear regions.

The T6 heat treatment significantly increased the tensile
and compressive yield stress of all six laminates.

In general, 1iquid nitrogen exposure of the laminates with
0° plies increased the tensile yield stress and reduced

the compressive yield stress; however, the [i45/0]s Jaminate

150



1C.

157

exhibited the opposite effect.

The [0/i45]s and [i45/0]g laminates exhibited Targer tensile
fai1ure strains in a T6 condition, but the tensile failure
strain of all other 1aminafes was reduced by heat treating.
The influence of cryogenic exposure on the tensile strength
was inconciusive with some laminates exhibiting small
increases and other exhibiting small decreases.

The laminates containing +45° plies exhibited modulus reduc-
tion on successive Toading cycles indicating material
degradation.

A1l Taminates, independent of temper‘condition, exhibited
an increasing linear range during cyclic Teading which,
after several cycles, reached a maximum value. The yield
behavior resembled kinematic hardening, Baushinger effect,
or isotropic hardening depending upon the ]aﬁgagie configu-
ration and temper condition.

The T6 heat treatment increased the maximum Tinear range
during cyclic loading for all six Taminates studied.

In general, a maximum Tinear range was developed during
cyclic loading of the [0], [90], [#45]_, and F condition
[0,%45] family and was maintained for the remaining cycles.
The T6 and T6N [0,:45] family either exhibited the same
type of behavior or the linear range decreased due to

material degradation.
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The F condition [¢45]s specimen exhibited fiber rotation of
up to 10° and failure strains of approximately 23%. The
fiber rotation was insignificant for heat treated [i@S}S
laminates and the [0,+457 family.

Tha compression specimen chosen for this work was not
satisfactory in that Toad was transferred into the fixture,
thereby influencing the compressive stress-strain diagrams;
in addition, compressive failure strengths were influenced

by the specimen design.
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