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'.ABSTRACT o

Transverse tensile.strength properties of boron—filamen;
reinforced aluﬁinum composites.withvvarious heat tfeatments énd
stress relief cycles were étﬁdied in an effort to détermine‘the
brocedures'néceséary to imprd&e these proberties° Tensile speci-
meﬁs were fabricated by chémiCally etching to free the filamentv
ends outside ﬁhe-reduced gagellength section.énd by bonding'oﬁ
metal grips with adhesive onto the ends of the specimens. Initially

‘a range of'stfain‘rates was useé to determing’fhe optimum strain

. . {
rate to use for this experiment, VThe data were evaluated iﬁ.terms
of percent elongation, yield strength, ultimatertensile strength,
ﬁodulus of elasticity, and the ﬁodé of failﬁré. The experimental
results indicated that the T6 heat treatment provided the ﬁighest

transversé strength properties of the eleven different procedures

evaluated.



CHAPTER I
.. INTRODUCTION

The transverse strength properties, of unidirectionally rein- -
forced bofoh-aluminum matrix composites, has been much lower.than
eﬁpeéted;:according fo éarly investigators in 1969, This‘behavio; hasv
':been attributed toélongitudihal splitting in the boron filaments, with
the cracks c0nséquently_proﬁagating into'the.metallmafrix‘cauéing pre-

. matﬁre tensile failure, The splits‘are inherent in the filaments, due
to the high temperature of vapor deposition of the boron onto the 1/2
mil tungsten3wire core, Tﬁis is due to the. thermal contraction differ-
éﬁces between the two materials when they cool. These_cracks have also
deveIOpéd dﬁfiﬁg vapor deposition of coatiﬁgs such as silicon carbide

or boron ﬁitride on the boron which are applied to increase the chemical
compatibility of the filaments with the matrix at.high temperature.
exposure. \

Recent industrialrprograms to resolve thisisplittinglproblem
‘have produced a 5.6 mil-diameter boron filament which is reported to
have relatively few splits such that higher, tfansverse strength proper-
ties can be realized (Kreider,Dardi, and Prewd,1970)t- Kreider, et al.,
7 réported on a tehsile specimen preparation technique Where the ﬁetal
. mafrix'around the filament ends, of transverse tensile specimens? are
chemically etched to remove tﬁe metal, This produces a redﬁced gage

_ 1ength tensile specimen with the filaments extending out the sides



beyond the gage length test portion of -the specimen. The result is
that cracks in thé filaments at'thevends;that,developed dufingﬁsﬁéaring:
of the specimens ére femoved”from-the,teSt_area of the speéimenv -

Other véry>recent industrial efforts on this*splitting proﬁlem
have resultedwin,development of glass core and carbon-filament core
upon which the boron is vapor deposited. 'These types of boron filament
are reported to havebless thermal contraction differences and conse-
quently fewer inherent cracké or splits,

| For the research program reported herein, the only available
improved filaments weré the 5.6 mil diameter boron wifhoqtra coating.,
This type fiiament, therefore, was usédAWith the two most common
aluminu; alloys (6061 and 2024) and were fabricated into artwoffilament
layer composite using a diffusion>me£hod iﬁ a heated-platen press, The 
fabrication of the panels was performed by Harvey Aluminum Cdmpany;‘one
of the foremost developers of filament reinforced metal composites,
since fabrication was not within the scope of this researﬁh effort,

To evaluate other methods to iﬁprove tfansverse strength proper-
ties, assuming once again that the strength depended on the matfix and ‘not -
the splitting of filaﬁents,vvérious_thermél treatmgnt téchniqueé Were.used
on the matrix, Thesé methodé‘used were natural and artificiélraging,
solution heat treatment, thermal stress relief, thermal cycling as a

stress-relief procedure, and strain-cycling as a stress-relief procedure.

s



CHAPTER 2 =~
LITERATURE SURVEY

~2,1 Critical Areas for Transverse Strength

Transverse strength of unidirectionally reinforced boron-fiber-
alﬁminum—matrix composites»ﬁas been of concern for many‘apﬁlications
since  low transverse strengths or the order of 12,000 psi to 22,000
ﬁsi have been experienced, as reported by Christian (1969). and
bolowy (1969b), These applications utilizing a composite‘with longi-
tudinal tensile strengths in excess of.ZOO ksi in the directio#rof the:
bordn-fiﬁérs; also have need for transverse strengths which wdﬁld,be>at
1éast.edual to the conventional aluminum sﬁrength of 45 to 65 ksi
(6061 and 2024, respectively), Specific applications such as aircraft
or missile structural memberé ineluding outer skins need good transverse
strength properties. Adsit aﬁd Forest (1969} reported‘on tesfiﬁg'
pefformed at Convair on aluminum-boron coﬁposités'for sffuctﬁral‘
-stringers to reinforce and stiffen skin sfructures. Transverse com-
pression tests were performed to establish design strengths to be
expected from,aluminumrborén composites. Chriétian (1969) reported on
results of a Convair study prégram_for components for the F-111 fuselage
involvihg twelve major structural components including bﬁlkhéads, frames,
longerons, door panels, shear ﬁanels,.fittings, and a shear beam. In
most cases, substantial weight savings, ranging from 18% to 60%, were
identified by ‘this study. In several cases, however, the lOW'sheaf
and transverse strength of the composite prevented a significant

3
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weight saving; In other.cases? it’wés apparent that the Weight'payoff
could be substantially increased, by a factor of'two in some cases, - if
transverse p£0pérties could be.ihcfeased by relafivély small ‘amounts,

The Convair Division of Géneraerynamics Corporation has been
£light testing aluminum-boron—poﬁpoSife access doors on F-102, F—106;
and F-111 airplanes and has been fabricatiné and evélua#ingAaluminum—bo;qn
composite éatellite payload'adaptefs of conical shape 60,inches.in -.
diameter and 42 inches in length,

Another application where low traﬁsverse strength has been of
concern, is for aircraft gaé turbine‘compressdr anq fan blade usage.
Tsareff (1969).of the Allison Division of General Motors Corporation‘
evaluatéd transverse strength propérties of aluminum-boron composites
since the blades experience a cantilever-beam-fatigue type loading.
Alldy 7178 was used for the matrix in these tests agd a transﬁerse
tenéile strength of 43 ksi waé reported,'mainly due to the high shear
strength of the sélution treated and aged 7178 matrixf. Axial filaﬁent
splitting was observed in these tests due‘to the inherent radial sub-
surface cracks in thé fiiaments, |

Kreider,et al,,(1970) of the.Pratt & Whitney‘Aircraft Division éf
United Aircraft Corporation has alsé been evaluating aluminum-boron
composite trénsverse strengthﬂfor third-stage comﬁressor'blades that
are exposed'to,a 600° F.>0perating temperature. The blades in these
turbine engines éiso experience thevcantilever-beam—fatigﬁe-t?pev
loading., It was reported that all the filaments in the fracture plane

showed splitting in the transverse tests.

4



. &
~Hanby (1971a) reported-that‘NASA's plahned spaéé shuttle will - -
help to_mainfain the present high interesﬁ and activity'in the develop-‘
ment of. aluminum-boron composites. Hanby also reported that the
Hamilton Standard Division of United Aircraft Corporation has béen
evalﬁating.aluminum-boron composites for helicopter blades and.prdpeller
biédes'and the Bendix Corporation has been evaluating this ﬁaterial
for landing gears.i
1t was concluded from these reports that transverse strength of
unidirectional boron fiber-aluminum matrix composites is of utﬁost
importance to the success of these various applications, and that much

test effort is being exerted in R&D programs to improve this property.

2,2 Boron Filaménts

One of the parameters of aluminum-boron composifeé that is béing
evalﬁated‘and improved is the boron filament itself. Original boron
filaments consisted.of boron vapor-debosited from a boron trichloride
(halide) and hydrogen gas mixture on to a one-half mil aiameter
tungsten wire substrate. This continuous filament'has-a tensile strength
of‘about 450 KSI and ‘a modulus of elasticity of about SE-X 106 psi. .
One problem associated with this fype of filament duriﬁg filament
fabrication has been the thermal contraction difference between the
tungéten.wire core and the deposited foron. This difference has caused
subsurface radial cracks in the boron.that are detrimental to composite
?hysical ﬁroperties. Transverse téstiﬁg almost always reSuits'in
splitting of the filaments on the fraéture plane, thus limiting the

transverse tensile strength of the composite, as reported by Long (1969)



aqd Hanby:(197lb). Use of a Siliéon—carbide coating on ﬁhe boron
filément, to decreasé chemical reaction Betwgen the aluminum matrix and
the boron at high temperature, haé increaéed the problem with additional
radial cracks created during application of the coating on the-filameﬁt.

Twé new developments in boron filaments are the:uSe of a glass-
based cofé substrate and a carbon‘monofilament core sﬁbétrate upoﬁ
:which_the :boron ié vapor deposited. These combinations provide a>1ow
density fér the continuous filament as well as offer a lower cost
potential. It has been found with these types of filaments that radial
cracks.are-substantially reduced. This is especially impértant in
. transverse strength where prematufe:failure has_been aftributed to the
Apropagétiqp of the radial crack into the metal matrix thus reducing
transvérse sf;ength. The average properties of these glass or carbon
core filaments tendlto be lower (300 KSI tensile strengtﬁ) than those
of .the boron-on-tungsten type, but due to the lower density, the
specific strength and modulus are about comparable in the boron-on-
tungsten composite.

Another recent development in boron filaments is a 5.6-mil-
diameter boron filament with the boron vapor deposited on>a one-half-
mil-diameter tungsten wire. No éoating is used on this type of filament
in an effort‘to reduce radial splitso .Information concerning the
fébricatién'processes utilized for_this filament that make it have
1ess.tendencybto split is mot available. Usage of this type of
filament, however, in aluminum matrix compoﬁites was reported by Kreider,
et al,,(1970), where 49 KSI transverse tensile strength was reported

(2024 matrix) with no filament splitting in the. test specimens,



It was concluded ;hat'full potential.strength of the aluminum
has not been realized during -transverse testing Since the-fiiaments
split‘With the cracks propagétihg into the métfix thus causing 1dw 
trg;sverée teﬁsile‘strength of the matrix, .Therefofe, to impro#é_
composite transverse strength, the filament splitting had to be
'eliminated so that the tfansVerse.strength could once again be dependent‘
upon the maximum strength that could be developed in‘the maﬁrix,; For
this reason, the-5.6 milkdigmetér filaments produced by AVCO were

utilized in the research program reported herein.

2.3 Processes of Composite Manﬁfacture

There are various processes that are being used to fabricate
metal—matrix.composites, Experimental-methods include electroplating,
powder metallurgy, explosive bonding, and vapor deposition. For most
small research programs, it is usually most conveniént to use hot:
pressing, plasma spraying, or 1iQuid infiltration, which produce higher
temperature exposure for the filament with subsequent undesirable
inter-metallic compounds created ét the filament-matrix interface.
However, Lockheed Aircraft has déveloped a»qontinuous casting method
 where the filament (protected by a boron nitride coating) contacts
moltén aluminum, This process permits fabrication of composites with
filament contents to 70% by volﬁme, and reduces the overall fabriéation
costs, Most commercial fabrication, though, of aluminum-boron composites
has been by diffusion bonding'to reduce the temperature to which the

filaments are exposed during fabrication,
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AA processing teéhnique re&iew was - presented by Cornsweet (1971)
which outlined many practical.possibilitieS'for advanced fabrication
methods for aluminﬁm—boron composites,.'Hoﬁéver, they were toé numerous
and had too manvaariations to include in this literature éurvey,

The manufactﬁ:e of*composites is a complex procedure Eeyqnq‘thé
scope of this test prbgraﬁ, So, ﬁo aﬁéid fabricéting composites fhat
~ could produce questionable results, a major ﬁanufacturer of composites,
Harvey Aluminum Company, was contacted and they agreed to fabricate the
composite panels for this program using both 2024 and 6061 aluminum.
ailoys with the AVCO 5,.6-mil filaments; Tﬁese panels were fabricated

using the diffusion bonding process, details of which are.nof a&ailable,

2.4 Volume Percent of Filaments

Another factor that influences tfansverse tensile strepgth is
the volume percent of filaments present in the composite. A study-
reported by Lin, Chen, and Dibenedetto (1969) develéped the set’of
tensile curves shown in'Figure 1 for annealed, as well as, aged boron-
6061 aluminum composite, The modﬁius curves for the material are
shown in Figure 2. Lénoe‘(1967a)'showed data of modulus versus volume
percent boron as shown in Figure 3, Davis (1969} of Harvey Aluminum

FCompany‘also reporﬁed on transverse tensile strength influenced by
volume percent filaments -as shown in- Table 1.

As verified by the test data from the above four sources,

transverse tensile strength is greatly influenced by volume percent

of filaments,
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Figure 1. Boron-6061 Aluminum Composite Transverse Tensile Strength
vs. Fiber Volume Percent under Different Heat Treated
Conditions (Lin, et al., 1969)
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Figure 2. Boron-6061 Aluminum Composite Transverse Modulus vs. Fiber
Volume Percent--Comparison Between Analytical Results and
Experimental Data (Lin, et al., 1969)
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Table 1, Transverse Tensile Strength (Davis, 1969)

12

_ - Average Transverse Tensile Strengths (KSI)*
Matrix — : _ ; ;

' 10 v/o B - 25 v/o B 40 v/o B 50 v/o B
1100 ' 8.5 20.8  12.9 10,5
6061 . | 16.0 7.7 | 13.7 | 14,5
2024 , 30.0 15.3 14,9 . 12.8

All failures contained longitudinal split filaments.

|
[ .
;; The transverse tensile strength decreases as filament volume

percent increases. ‘This is most likely due to the ihcrease~of filament

splitting as the perceﬁtage of filaments increasésl The transverse
modulus, however, increases‘with increasé of filament addition to the
composite. This inérease in modulus is the result of the Law of
Mixtures with the boron filaments having a higher modulus than the
aluminum matrix, sd that increasing the percentage of filaments
‘increases the composite tramnsverse modulus, TFor the research program

for this thesis, volume per&ents of 25% and 50% were chosen for study.

2.5 Stress Relief by Thermal Cycling

Taylor, Shimizu and Dolowy (1969) of The Marquardt Corporation
evaluated the effect of temperature cycling on relief of residual
stresses in composites of Alloys 1145 and 6061 with boron filament

reinforcement, The following cycles were utilized:
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a. 20 cycles from 70°F. to 700°F.
n,b, _2840F; -for 24 hours.
Vc.i 338°F. for 24 hours,
/ . Iﬁ-was concluded by faylor, et él., howgver; that the thermal
cyciiﬁg dégraded,the_streﬁgth.of the composite. A report by Hamilton
and Ebert (1969) discussed a test program to'redﬁce or-alter residual
stresses. It was found that prestrgin was effective in improving
ténsile strength by 20%. Davis (1969) -evaluated a stress reliéf'
cycle on 6061 alloy matrix consisting of 200°F, for 16 hours followed
by a sloﬁ cool., 'This produced a transverse strength of 17,000 psi
(for 37 v/o B) which was much lower than the T6 condition of 31,900 psi.
AIt_was decided to utilize stress relief cycles of 284°F, for
24 hours and 338°F. for 24 hours, as well as the'ZO éyclés of 70°F. to
ZOOOF. in this thesis test program. | |
| Residual étress measurements were made by Lenoe (1967b) by
‘machiﬁing off one side of a coﬁposite and then measuring_the amount of
force required to straighten out the warped composiﬁe. ‘The test data

for four samples for wvarious thicknesses are shown in Figure 4.

2.6 Heat Treatment and Aging

Shimizu and Dolowy (1969) of The Marquardt Qorporatiﬁn reported
on various thermal treatments and their effect on transverse strength.
The study showed that the higheét transverse strength_wés in the range
of 12 to 16 KSI for the T6 treatment;'héweVer, 1t Wés felt that the

data were not representative of the true capability of the composite.
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Figure 4. Residual Stress Versus Thickness (Lenoe, 1967b)
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This was due to the sensitivity of transverse tests to edge effects,
of splits in the fiber ends due to fabrication.

Swanson and Hancock (1971) also evaluated various heat treatments
for 30 v/o boron-7075 aluminum and found that the T6 condition produced
the highest UTS. The test data are shown in Figure 5; however, the
transverse specimens failed by longitudinal splitting of the filaments.

Hanby (1971b) reported on some very recent research conducted
at Midwest Research Institute that evaluated various heat treatments
and their effect upon transverse tensile properties of 7075 aluminum
matrix with 30 v/o boron filaments. These data indicated that the
standard T6 treatment produced the highest strength as shown in
Figure 6 although fractures contained excessive boron filament splitting,
suggesting that the composite’s transverse strength was limited by the

properties of the filaments (splitting).
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Figure 5. Filament Orientation vs. Ultimate Tensile Strength and Young's
Modulus for Composite Specimens of 7075-T6 and 7075-0
Aluminum-Boron (Swanson and Hancock, 1971)
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Figure 6.

Effect of Heat Treatment on Representative Stress-Strain
Curves for 7075 Aluminum/30 Vol % Boron Composite Tested
Transversely to the Fiber Direction (Hanby, 1571b)
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1Many'of’the‘other répérts in the 1i£erature survey'reporte&
herein eValuafed the effect of.T4 and T6 heat treatment and aging pro- 
'cedures'on'the transverse tensile-strenéth. In all casés, the T4 and 
T6_éonditions were reported to be beneficial, so that-theserrﬁreatmeﬁts

were included in this experiment. , -

2,7 Cold Rolliné

A 10% reduction by cold rollingbtransverse to the filaments"
was reported by Taylor, et al, (1969) to showran increase in transverse
strength, Christian (1969) reported on test dat; where 3%,transversé
cold rolling decreased transverse tensilé'strenéth of 6061 alloy.
composite as shown in Figure 7. Christian also reported fhat 5-6%
of cold working on this composite structure resultgd in matrix crazing.
Dolowy and Taylor (1969) described tramsverse 1Q% cdld'rolling of
6061 matrix-boron composite that increased the 1dngitudinal teﬁsile
strength by 30 KSI; however, the effect upon transverse strength was
not described, Another report of ‘the effect of transverse cold rolling
upon longitudinal tensile strength was reported by Getten and Ebert
(1969) with the test results plotted as shown in Flgure 8.

Dolowy (l969a) reported that although transverse IOA cold
roiling increased longitudinal ultimate tensile strength by 10%,'the
transverse ultimate tensile strength was reduced for the 6061 matrix
gomposite. Forest (1968) of Convair reported that composites obtained
from both Marquérdt and Harvey Aluminum Corporation shoﬁed éold

working was actually deleterious to transverse strength.
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(i.e. 980°F, 1000°F, or 1020°F; 526,5°C, 537,.7°C, 548.5°C) for 30 minutes
Aging (350°F, 176.7°C) for 8 hours),
Figure 7. Effect of Cold Working on Transverse Tensile Strength
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Figure 8. The Effect of Transverse Rolling on the Tensile Strength of

Aluminum-Boron Composites (Open Points: 10% Reduction per
Pass--Closed Points: 20% Reduction per Pass)
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A review of the available data of the effect of transyerséi

tensile strengthibf transverse cold'rolling séemed to indicate thaﬁ
this thesis test program should evéiﬁate at least 5% énd;lO% trénsvérse

cold rolling.

\,' 2,8 'Pre—stretching of Filaments

A review of the literature in fegard to rése;rch in pre-
stretéhing the filamenfs during composite fabrication indicated that
no effort has been exerted to evaluate-this variable. Since the pre-
stretching is a common procedure used in pre-stressed concrete, it
would éeem'logicél thatithe same pre-stretching would be>5éneficiai
to aluminum matrix composites, HoWéver, although this technique is
WithinAthé realm.bfwfabricétion.of compositeés, it was not considered
for this ﬁest program since bnly post—fabrication variables were to be

evaluated in this program. .

2.9 Stress Relief by Stress Cycling

No reference could be found in the literature for metal matrix
composites where stfess cycling had been.eValuated as a method for
stress relief. This method, however, has been used for metals and it
_was felt that this method may be benéficial to transverse tensile

strength of the alﬁminﬁm—boron composite materials to be tested in
lthis_thesis. A stress éycling of 10% éf‘the ultimate tensdile stréngth
(transverse) was used in this thesis with ten cycles applied from no

load to 10% of the UTS, prior to the specimens being tested to failure.
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2.10 Matrix~to-Fiber Bond
No‘referénce could be-fodnd;in the literature where.ﬁafrix—'

to—fiBer'bond wésievaluatéd in relatibn to transverse stféﬁgth
properties, Failure mode up to this time has been splittiﬁg of the
fibers where the splité proéagafed into the aluminum matrix_caﬁsing
premature failure of‘the métrix. However; with the new.glass core and
carbon monofilament core filaﬁenés, ;é well as the new 5.6-mil- -
diameter filaments, relatively few spiits of the boron is égperienced,'
Therefore, higherrtransvérsg strengths have been obtainedbffom“the
matrix, Even with the higher strengths, no mention has beén found of
bond failureé between the matrix and the filaments,

ézThere have been several reports'in the.literature-evgluating
the chemicai reaction between the éluﬁinuﬁ matrix and the bﬁrdn |
fiiaments assoéiated with high-temperature exposure. The interv
metallic compounds 'found at the matrix~-fiber interface, degrade the
bond»strength of the matrix to the filament. These reports have
atteﬁpted to identify the intermetallic)compounds, degree of,boron‘
‘attack'or decomposition, and use of coatings sucﬁ as siliéén carbide
on the boron filsment to>decréase the filament—matrix reaction.
ﬂowe&er, there were no data found in the iiterature search felating
transverse tensile strength to bond strength of the matrix to the
lfilament.

It was decided that this bond factor was nét to be»within the

scope of this thesis program unless the bond factor became a prominent

mode of failure in the tests to be performed.

t



2,11 :Addition of Tfansverse Fibers

The literature search aisclosed thatrseveral programs had
evaluated the effect of adding a small percentage (5%)_of stainless
steel filaments in the transverse direction to increase transverse
tensile strength. Christiéﬁ (1969) discussed the ﬁsage.of 5%~by
vvolume of AM-355 stainless steel wiie-(cross-piied) ih 6061 aluminum
matrix. These composites produced data és Qhown below in Table 2,
with the transverse strength approximately twice that reported by
Christian (1969);

Dolowy (i969b) reported also about double the transverse
tensile strength to 30-43 KSI with the addition of 5% stainless steel
transve£se wire.,

Again, this factor of adding transvérse»filaments or wire té
increase ﬁransverse fensile strength is a facforAinvolQed ih'fabrica~
tion of the composites and therefore was not congidered to be within
the scope of thi‘s.thesis° This thesié'evaluated only post~fabrica-

tion variables that affect tramsverse properties.

2.12 Summary of Literature Search
The foregoing literature survey was developed in sdme detail
in an effort to take in the wide scope of experimental work carried
‘out in the area of transverse properties of boron~filament-reinforced-
aluminum composites. In the course‘of sorting out the maﬁy approaches
used by the investigators, it became evident that the£e was no,common‘

agreement about which approaches pfoduce the best results,

'

3
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. Table 2.

Mechanical Properties of A1-B-SS Composites

Trans. Tensile

i Long., Tensile Shear.
Condition ¥ . (ks1) E (MSI) Fia(rst F ey (xsD) E (MSI) Fsu(xsT)
|A1-35B-58S:
F 115(80.,8) 22.5(15,820) 42.,7(30.0) 19.1(13.5) 11.5(8,080) | 24,2(17.0)
ST&A 124(87.1) 23.3(16,380) 41,3(29.0) 29.3(20.6) 13.9(9,770) | . 22.6(15.9)
A1-45B-58S:
F 175(123) 29.7(20,880) | 36.2(25.4) 15.0(10.5) 14.2(9,980) 18.4(12.9)
ST&A 159(112) 31.3(22,000) 32.1(22.5) 23.0(16.2) -15.8(1;110) ’19.2(13.5)

NOTE: All figures in parentheses are kgf/mm .

2
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This-was‘particularly_true'since_some test results contrédict results
from other investigators,  Thus, at. this juncture, it,aépears that all
- the post-fabrication apprbaches,should be investigated in this thesis
‘within thé'1imits of the material available, There Wefe several
analytlcal studles made of éomp081tes and transverse strength propertlesv
such as that by Chen and Lin (1968) and Ebert (1970) However, an
analytical study of composites was not within the scope of this test

effort and no analysis was made of the analytical studies,



" CHAPTER 3

‘OBJECTIVES'OF THIS INVESTIGATION

!
i

; , The genéral purposérofrthis.investigation was. to study the
trénéverse physical properties possessed by boron-filament-uni-
directiona11y—reinforced-a1uminum-métrix coﬁposites with varidus poét~
fébrication treatments to determine the nature of the relationship
betweén the ppst—treatments_and the behavior resulting from these
treatments.,

The detailed 6bjectives of this study were:

1. To determine the effectiveness of a new transvefse tensile.
specimen preparation technique first reported.by Kreider,et al., (1970)
improving transverse strength. This technique involves the freeing
of the filament ends at the edges of the specimen by chemically etch-
ing the aluminum away from the machined edges. This technique reduces

.the possibility of cracks at the ends of the filaments (created during
specimen machiﬁing) propagating into the reduced gage length section
of the-specimen.

2. To evaluate observed behavior of the transverée strength
properties with the post-treatments of solution heat treatment,
natural and artificial aging, cold—rolling, thermal stress relief
cycies, and strain cycling for stress relief. These proée;ses were
evaluated in én effort to'iﬁprove the transverse strenéth’propérties.

of the composites,

24



3. To evaluate the new 5.6-mil-diameter boron filaments-

reported to produce transverse tensile specimens that do not fail

prematurely from filament splitting.

25



CHAPTER &

THEORETICAL CONSIDERATIONS RELATED TO

TRANSVERSE STRENGTH IMPROVEMENT.

The two most commonly used aluminum alloys are 6061 and 2024;
therefore, these alloys were evaluate& in this thesis. iThese'alloys

- have nominal compositions as indicated in Table 3.

Table 3. Alloy Compositions

Alloy si cu | Mn Mg cr | a1
6061 ' 0.6% 0.25% -- 1.0% - 0.25% 97.9%
2024 . - 0.5% 4. 5% 0.6% 1.5% 0.1% 92.8%

The 6061 ailoy is popular since it is characterized by excellent
corrosion resistance and is more workable than other heat-treatable
alloys., The 2024 alloy develops the highest strengths of any naturally

aged aluminum-copper alloy.

4r31 Precipitation Hardening Process

- The general principle of precipitation hardening is to méke'use
of the supersaturation condition that exists when a solid solution is
preserved by a rapid cooliﬁg process, This is prominentl&’éucountéred.
with low carbon éteel, beryllium copper, precipitation hardening steels,

26



27
and most prominently with many of the—éluminum alioyét' Supgrséturation
‘can only'be induéed.when the phase-diagram has.a:solid éolubilityAline
tﬁat has a significantly positive slope, that is, solubility increases
Witﬁ increasing temperature, The solid solubility line separates thg
single-phase (@) region from the two-phase region of the phase diagfam,

Since the matrix materials iﬁ éhis thesis are two pfecipita—
tion hafdeﬁing aluminumfalloys; the precipitation hardeniné proceés:
will be_defiﬁed specifically for theée materials, The precipitétioﬁ
hardening process is divided into three basic steps as folléws:

a. Solution heat treatment step--In this process; it is neces-

sary to heat the alloy into the solid solution temperature
range fof‘a time long enough to permit solid state diffusion
.processes to occuf and pfoduce a coﬁpletely homogeneous solid
solution. It is imperative théﬁ the soluﬁion heat treatment
temperature never exceeds the eutectic temperature to(prevent
melting of the eutectic that may be present along the grain
boundéries. This is known in industrial heat treating«as
"burning thé alloy." The solution heat treatment temperature
for 6061 alloy is 985°F. and for 2024 alloy -iks 920°F, Times
required for this process are a function of the thickness of
the material, and the inherént_diffﬁsion coefficients of the

alloying elements.

b. Preservation of a homogeneous solid solution--The state of
supersaturation is produced by rapidly cooling (water‘quench)
the solid solution alloy to prevent precipitation of the now-

excess insoluble phase.
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.c, Aging torenhance mechanical propertiesQ-Aging may be
defined as a heat treatment of the supersaturated alloy.that
utilizes a temperature/time combination sufficientAtojpre—
cipitate the critical.size subhmicrosgopic particles that
produce optimum properties of strength ana ductility. Currently
: acceﬁted theory explains this hardening and strengthening
phénomenon~aé a result of the formation of Guinier—Pfeston
Zones along the {100} planes (two-dimensional‘platelets one
atom_thick and 30 to 50 Angstroms in diameter for_GP [1] zones
‘and several atoms thick for three-dimensional GP [2] 2ones),
(Van Horn, 1967). Dislocation theory accepts‘the Guinier=~
!Preston theory and explains\the o@timization of strength and
hardness by the impeding of dislocation movement when the
limiting radius of the dislocaﬁion loop is equal to the
distance between zones (approximately 100 Angstroms).. In order
for the dislocation to progréss through the aluminum 1atti¢e,

' it is necessary for the,dislqcation to shear the zone, that is,
to §Vercome the elastic strain energy produced in thé aluminum
lattice by the coherent platelets of foreign atoms (precipitate
as a Guinier-Preston Zone); or, it is necessary to glide by.
overcoming tﬁe interaction energy of the zone;'

In the case of the 2024 alloy, ordinéry room temperature
(7OO~900F.) is high enough to permit precipitation to occur at a sig=
nificaﬁt réte. This condition is describe& as 2024~T4 and is representa—,.
ti&e_of the "natural aging" process. In the 2624 alloy, the magnesium

addition accelerates and intensifies the natural aging and the
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precipitation zones are believed to ébnsist of groups of magnesium
and copper atoms.. The apparent acéelerétiqn~of the natural aging by
the addition of magﬁesium may result from complex interactions between
vacancies and Fhe two solutes.

In the case of the 6061 alloy, it is necessary to “aftificially
age' the alloy at elevated temperaturé'in order to-achieve 6ptimum
precipitation conditions. In artificial aging-(heat treatment) of the

.6061 alloy to obtain the T-6 condition, a temperature cyclé of 320°F.
for 18 hours is utilized. TIn artificial aging of the 2024 éllpy to
obtain the T-6 condition, a temperature cycle of 375°F. for 9 hours
is utilized.

N
B

4,2 Cold Rolling Process

Metals and alloys can be stréngthened by cold working (strain
hardening) below tﬁe recrystallization temperature. Certain precipi-
tation-hardenable alloys can be further strengthened by aging after
cold working,

Work hardening causes the generafion and multiplicétion of
dislocations and the subsequent locking (impeding of movemeﬁﬁ) Of these
dislocations due to eiéstic interaction of the dislocatioﬁ strain fields.
Several of the locking mechanisms are as follows: |

a; There can be both interactions with strain fields of dis-

locations parallel to each other as well as interactions of

the strain field of a dislocation with forest dislocations.

b. There can be elastic interaction with stress fields of
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'piled—up groups ofAdislocations creating Cpttrell~Lomer:

sessile dislocations. .
L CY There can be elastic interagtion with stress fieldé bf
high energy dislocation ﬁetworks and tangles, |

d. There can. be ¢lastic interaction with "debris" producéd
by dislocation movement. Debris consists of edge dislocétioq
dipoles and loops.

e.  There can be energy required to form é jog at a disloca-u
tion intersection.

f. There can be energy required to form vacancies and inter-

stitial atoms by non-conservation motion of jogs on screw
i , '
dislocations.

The additional energy required to produce dislocation movement,
as described above, is the major contributing factor for the increase

of strength realized in strain hardening.

4,3 Thermal Stress Relief

Thermal stress relief is a heat treatment\that tends to
uniformly redistribute the stress fields thereby pfeventing,premature
failure thét could occur if highly stressed loéal conditions existed._-
This is aécémplished because the higher temperature permits localizéd
movement of individual dislocations (moveﬁent starts and is most
active at High stress centers). During the movement and migration of
the dislocations, annihilation of dislocations, glide, movement along
low angle grain»boundaries,;and>relief of violent taﬁgles (stréss

concentrations) is realized.
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The basic cause of these high stress concentrations is due to
‘the difference in the thermal. contraction rates éétween the boron
filaments and the aluminum matrix when the composite is cooled from
the fusibﬁ temperature. The aluminum tties to contract more than the
boroﬁ, and therefore, étress cbﬁcentrations are established at the
interface, The thermal stress relief therefore has a tendency to
relieve theée high stress centers at the bond: interface between the
boron filament and the aluminum matfix as well as at other points within

the matrix,

4.4 Strain Cyeling

}iThe strain cycling process accomplishes fhe same stress rélief
as does;the thermal stress relief process. However, instead of using
elevated temperature to provide thé.energy to allow dislocation move-
ment, this process uses small tensile strain eycling applications.
(10% of UTS) within the elastic range to provide the energy for the

dislocation movement.



. CHAPTER 5
EXPERIMENTAL PROCEDURE

In thié'investigation, tensile specimens of the aluminum-~
boron composites were prepared by shearing, cold4rolling'or'thermally
treating, masking, chemical etching, and adhesive bonding; VEleven'>
(11) differeﬁt treatment conditions weie chosen to pro&ide1the experi- .

‘mental data, and tests were performed on three specimens for each
condition for both 25% and 50% boron in‘6061 and 2024 aluminum alloy
matrixes, The,treaﬁment conditions consisted pf 5% and 10% cold roll-
- ing (T3) witﬁ and without additional heat treétment:(T36),”natural
agé‘haréening (T4), artificial age hardening (T6)} two thérmal stress
relief procedures, one thermalmcycling—stress—relief‘procedure, and
one strain-cycling~stress-relief proceddre. The test conditioms are
tabulated in Table 4. | |

Tensile specimens of one-inch gage length were used throughout,
thereby making the term "pulling speed" equivalent in magnitude to

- strain rate, Aluminum pads were epoxy adhesive bonded on each side
of each end of the specimens éo that griﬁ areas were provided for the

Instron serrated jaws.

5.1 Material
One panel 0.022 inch thick of each 6061 and 2024 aluminum
alloy containing 25% by volume of boron filaments was obtaiﬁed from

Harvey Engineering Laboratories for Research and Development,

'
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Table 4, Aluminum 6061-F Composite Test Results
Heat Stre Percent | ' Elongation Yield Ultimate Tensile| Modulus of o
Condition Treatment Rel'sz Boron at Break Strength "~ Strength Elasticity x 10 Comments of Fracture Appearance
men e (Vol,) % | Ave PSI Ave PSI Ave PSI | Ave
Annealed None None 25% 2.0 11,730 : 19,050 ) 8.9
(T-0) 1.45 1.52 | 12,400 12,190 | 17,900 { 17,950 | 10.75| 11l.1
1,1 12,450 16,850 12,7
_____________________________ decccmmmmbccccamecdcccmcan e d e e e e e ——
50% 0.45 9,800 11,200 15,25
0.32 | 0.46 5,680 9,090 6,300 | 10,200 | 11.55]| 13.0
) 0.60 11,800 13,000 12,25
Annealed Age at R,T.| None 25% 1.4 23,600 28,800 12,90 !
Soln, | for 4 days ' 1,33 | 1.42 | 25,600 | 23,980 | 30,500 | 29,600 | 14.70 | 13.6
Treat (T-4) 1,52 22,750 29,500 13,10 :
50% 0.69 23,400 25,500 20,35 ‘
0.57 | 0.70 | 21,000 | 21,800 { 21,000 | 24,400 | 19.6 | 20.0
0.84 20,900 26,700 20.15
Annealed 320°F. None 25% 1.45 40,800 40,800 14,9 §
Soln. 18 hrs, ‘ 1,40 | 1.42 | 39,600 | 37,300 | 39,600 | 37,300 | 15.0 | 14.0 i A
Treat (T-6) 1,37 31,500 31,500 12,2 One fiber split 100%.
I e g N ] - e b s e s S0 G e G D e - SO T G D O 0 S ) e G S Em W ) G e b o e ey e e e D D G R D G e I D A R RO M e e e WS e f(- --------------------------- -
50% 0.92 33,400 33,400 19,25 !
0.48 | 0.65 15,800 | 22,700 | 15,800 | 22,700 | 17.50 | 18.3 One fiber split 90%.
- 0.55 18,900 18,900 18.20 One fiber split 60%.
¥
Annealed 320°F, 284°F, 25% 0.89 23,000 23,000 13.7 One fiber split 40%.
Soln. 18 hrs,. 24 hrs, 0.90 | 1,04 | 22,300 | 25,700 | 22,300 | 25,700 | 13,15 { 13,2 5
Treat (T-6) 1.32 31,700 31,700 12.7 t
50% 0.88 29,000 29,000 17.5 }
0.88 | 0.84 | 29,700 | 28,400 | 29,700 | 28,400 | 19,2 18,2 ;
0.76 26,500 26,500 17.8
Annealed 320°F 338°F. 25% 1.20 33,400 33,400 14,7 @
Soln. 18 hrs. 24 hrs, 1.30 | 1.27 | 32,800 | 34,100 {32,800 | 34,100 | 13.35 | 14,2 ﬁ
Treat (T-6) 1,30 36,100 36,100 14,7 ;
SRYRPRPRSPSPN NPYRyS S Nypuyp ISP NP FRUPIPIRE YOS Sy ARyt FyE U A U -
50% 0.68 21,500 21,500 16,8 One fibe% split 100%.
0.81 | 0.71 | 29,600 { 24,300 | 29,600 | 24,300 | 19.4 |18.2 No fiber| splits., -
0.63 21,700 21,700 18.3 One fiber split 60%.
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Table 4 (continued)

Annealed 320°F. 20 cycles 25% 1.50 12,300 18,200 10.85
Soln. 18 hrs. | 70°F. to 1,29 | 1.52 | 13,500 | 12,900 .| 18,900 | 19,100 | 11.9 |11.5
Treat (T-6) 700°F. 1.70 12,800 20,200 11.65 | ° K
______ o = e > an > ] . > o ] - - e - - ] i . e - o - - - = | ..__.....q,}____________ - o o33 s ] e o - o " 1 " o - o
50% 0.69 7,250 10,550 12.0

0.69 |29 | glieo| 779 | 11400 | 100980 q1lg |11.9
Anneal Nomne None 25% 1.42 28,000 32,200 12.55 One fiber split 15%.
Soln. 1,11 | 1.41 | 21,600 | 25,400 | 26,200 | 30,900 | 12,7 | 12.7 One fiber split 80%.
Treat 1.70 26,600 34,300 12.8 No fiber splits.
Cold Rol1 | | | eemee-- VRIS SRS JESU U [SRPU RIS UGS S | s e
5% 50% 0.71 23,900 25,000 18.9 One fiber split 25%.
(T-3) 0.79 | 0.85 | 27,400 | 25,300 | 31,000 | 29,600 | 23.4 |20.3 No fiber splits,

1.05 24,500 32,700 18.5 No fiber splits.
Anneal 320°F. None' 25% 1,67 44,300 44,300 14,05 One fibér split 15%.
Soln, 18 hrs, 1.10 | 1.39 | 30,800 | 38,300 | 30,800 | 38,300 | 15.3 |14.8 No fiber splits.
Treat (T-36) 1.41 39,900 39,900 15.0 !
Cold Roll | | | mmmmmmebemmmee e S ———
5% "50% 0.50 14,300 14,300 15.15 One fibér split 50%.

0.88 | 0-88 29,200 29,200 29,200 29,200 1 15757 | 17.5 No fiber splits.

|

Anneal None None 25% 1.22 26,300 28,900 13.05 No fibe% splits.
Soln, 0.90 | 1,05 | 16,950 | 22,100 | 18,400 | 24,000 | 11.5 |12.7 No fiber splits.,
Treat 1,02 23,000 24,700 13.4 No fiber splits.
Cold Roll | | | c;mcceclecmcaa- § SRRSO U VPSRRI SR PR R ARt e At
10% 50% 0.70 16,200 16,200 12,3 No fiber splits.
(T-3) 0.65 | 0.67 | 17,700 {17,600 | 17,700 | 17,600 | 14.4 |14.0 One fiber split 30%.

0.65 18,900 18,900 15.4 No fibe? splits,
Anneal 320°F, None 25% 0.98 24,350 24,350 13.2 §
Soln, 18 hrs, 1,07 | 1,01 | 24,400 | 24,450 | 24,400 | 24,450 | 12,1 |[12.9 |
Treat (T-36) 0.98 24,600 24,600 13,3 t
Cold Roll | | | e el § FEGERIRIIONY WU (RSN ORISR e
10% 50% 0.60 17,800 17.800 15,7 No fiber splits. -

0.80 | 2-7° 21,900 19,800 | 517900 | 192800 | 1405 |1°-1 One fiber split 40%.

|
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a division of Harvey Aluminum, Inc., Sections 1-1/2 inches by 4 inches
were sheared from these panels with the filaments in the 1-1/2-iﬁchﬂ
direction. These sections then were processed by solution treating;.

cold-rolling, age hardening, or stress relief‘as.required,

5,2 Tensile Specimen Fabrication

Test specimens 1/2 inch by 4 inches were sheared from eacﬂ of
the conditioned sections. For specimeﬁs to contain 507% by Volumev
- filaments, the thickness of the material was chemically etched from the
original 0,022-inch thickness to approxiﬁately a O,Gl3—inéh thickness;
only in the necked down portion of the specimen (the grip areas were
masked with Scotch No. 56 Mylér Ma;king Tape). Difficulty was ex-
“perienced with this etching operation since éome of the specimens
(particularly the 2024 specimens) had a tendency to pit and etch
unevenly. The original etchanf was composed of foﬁr volumes HCI1,
one volume HF, and twelve voluﬁes of water;' The etchant was'changéd
to a 0.1 normal NAOH solution. However, the aluminum pitted just as
badly with this alternate etchant. TFor this reason, much of the 50%-
boron-composite strength data are lower than expected.

The next .specimen operation in fabrication consisfed of masking
the reduced-width section of the specimens. It was found that a
Téflon pressﬁre~sensitive tape was adequate for masking specimens
Wﬁich were not heat treated. = However, the hardened aluminum alloys
required longer etching times and this increased thé tape exposure time
in the etchant, The tape adhesive could not resist these lénger

etching times. An Fastman-Kodak photo-sensitive maskant, Photo~Resist
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Type 3, was utilizgd to provide adéquate masking for the 1ong-ét§hing
'times (as long as 45 minutes); The panéls which coﬁtained 50 volume
.percent‘bOron-(where theléurfaces were eﬁéhed_to‘the 0.0135-inch
thiékness)vwere so rough that;tWO coats of thé Photo Resist were required
for protecﬁiono The steps in the fabricatién»aré described in

Figure 9. The completed'test‘specimen is shown in Figure 10.

5.3 Metallographic Examination

During various phases of the fabrication of test specimens
and after tensile tests, sample pieces wefe taken from the composite
material and from tensile specimens for microscépic examinatipn and:
evaluation of microstructures. These sample cross~sections are shown
.in Figure 11, There was no visual indication of deterioration of the
‘Boron filaments with long heat exposures. There was some difficulty
in grinding and polishing these metéllogfaphic samples due to the
relative sofifness of the aluminum compared to the hardness of the
boron. The aluminﬁm had a tendency to be undercut from the surface
of the boron, and the boron had a teﬁdency to propagate cracks or
create neﬁ cracks during the grinding and polishing., One sample was
ground down 1/4 inch from the initial polishedAsurface but the cracking

i

tendency persisted,

5.4 Measurement of Tensile Strength

The tensile testing was performed with an Instron Table Model
" No., 1130 Universal Testing Machine, using a 1000 pound load cell,

Initially to determine what strain rate. should be used, tensile tests
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,25% Boron Specimens A 50% Boron Speéiﬁehé
Maék Grip ArEas f

: : Etéh Thickness .
s |
I

Clean With Alcohol

Apply Photo-Etch, Air‘Dry 15 Minuteé
Bake Photo-Etch at 160°F for 30 Minutes
Apply Mask and Expose to Ultrayiolet Light
Dissolve the Exposed Photo-~Etch wifh Trichloroethylene
03350F) for 1 Minute

Dry the Photo-Etch at 160°F for 15 Minutes

é |

|

Repeat the Photi-Etch'Process

a Second Time

x!

: ¥
Etch the Exposed Edges of the Specimens
Clean with Alcohol to Stop Etching
Remove Photo-Etch with Methyl-Ethyl-Ketone

Remove Masking Tape from Grip Areas

'Epoxy Bond Aluminum Pads to Grip Areas

Figure 9, Flow Charft of Processes Performed to Fabricate Tenmsile
Test Specimens Y
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1" Typ.

3" Rad. Typ.

1" Gage Length

3/8

Free Ends of
Fibers

(Aluminum Etched
Away)

1/2

Scale 1%:1

Figure 10. Configuration of Typical Tensile Specimen



Radial Cracks

6061 Composite

Figure 11. Photomicrographs of Composite Cross-sections
« 100X.
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were performed on both,606l~f_and.2024-0 test speéimeﬁs (aii'ZS%
boron in the as—réceived'condition) using‘strain rates of é, 0.2,
0.05,'0.02,”0.01; and 0.005 using an Instron Model No. TT-C Universal
Testiqg,Machine. The percent elongation'did not essentially change
régafdless of_whiéh strain rate was used, A strain.réte of-Ofé in/min;
was selected since this was the sloWeéf rate that could be pefformed
with tﬁe Mo&el 1130 Instron. The test data for this initial strain-

rate investigation are tabulated in Table 5.

Table 5. Strain Rate Evaluation

Strain Yield Ultimate Percent
Rate Strength, KSI Strength, KSI Elongation,% -
In/Min 6061-F | 2024-0 6061-F | 2024-0 6061-F | 2024-0
2.0 11,80 - 11.80 - 1.50 -
0.2. 12.70 | 15.15 | 16.70 | 23.40 1.44 | 200
10.05 { 13.35 | 20.00 14,95 | 21.65 1.25 0.95
0.02 13.25 | 21.40 14.90 | 24,90 1.38 | 1.12
0.01 ° 12.50 | 15.15 16.95 | 22.05 1.48 | 1.09
0.005 11.70 | 13.35 16.00 | 23.80 1.25 | 1.40

_:All fﬁrfher testing_was performed on the Mo&el 1130 Instfon,
usiﬁg 0.2 inches/minute loading rate and 20 inches/minute ch;rt speed, .
with the 1000 pound load cell set for 500_pounds full scale, 'Elonga—:i
tion was measured by the distance measured on the chart times the
ratio of the croséwhead travel s@eed divided by the chart speéd which
then produced elongatioﬁ in,terms of in/ﬁiﬁ since the specimen gage

length was one inch.



. CHAPTER 6
" RESULTS AND DISCUSSION

The results obtained in this inveétigation'are preseﬁtéd and..
discussed in the following order:

First, the directly—obéérved valués of percent elongation,
- yield étrength, uftimate tensile strength, and modulus of elasticity
ére presented°

Second, visual observation of thé'fractures is described,
since several modes of failure can be present, such as filament
splitting, unbonding at filamenf—matrix'interface, and matrix féiiure,

Third, a correlation is then made of the test results and the

treatment conditioning used on the wvarious specimens.

6,1 Test Data Results

For each test specimen, the percent elongation at fracture,
the yiéld strength, the ultimate tensiie strength; and the modulus of
elasticity were calculated. The caléulated resulté were then tabulated
and are shown in Table 4 for the 6061 composite and in Table 6 for the
2024 composite.

The modulus data were found to be below the expected range by
a factor of about>fiVé, due probably to the‘elongation of‘the epoxy
adhesive uséd-to bond the aluminum pads in the grip areas of the

specimens.
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Table 6

. Aluminum 2024-0 Composite Test Results
, Heat Stress Percent | Elongation Yield Ultimate Tensile | Modulus of
Condition Treatment Relief Boron at Break Strength Strength Elasticity x 10 Comments of Fracture Appearance
men (Vol.) % | Ave PST Ave PSI Ave PSI  |Ave
Annealed None None 25% 1.55 18,600 - {29,000 12.5
(T-0) 1.35 |{1.31 | 19,900 | 18,600 | 33,500 | 28,600 | 12.9 13.3
1.02 17,200 23,400 14.5
e o s o e e e e e e o e o ] o o e e e e 2 2 e o e e o o e 0 o
50% 1.05 21,700 28,200 16.4
0.71 |0.85 | 20,800 | 20,800 | 22,100 | 24,100 | 17.0 16.5
0.78 19,800 22,100 : 16.1 One fiber split 80%.
Soln, Age 4 days | None 25% 1.55 48,900 48,900 16.7
Treat at RT, 1.62 |1.59 | 47,700 | 47,400 [47,700 | 47,400 |15.6 15.8
(T-4) 1.60 45,500 45,500 15.1
50% 0.90 33,300 33,300 19.6 :
1.09 |1.05 | 32,400 | 35,700 |32,400 | 35,700 |15.7 18.1
1.15 41,300 41,300 19.1
Soln. 375°F. None 25% 1.92 53,500 53,500 14.7
Treat 9 hrs, . 1.57 |1.79 | 44,400 | 49,300 |44,400 | 49,300 |15.0 14.6 One fiber split 50%.
(T-6) 1.88 49,900 49,900 14.0 ;
- 20 - . o - e e . ] o o - o2 - A = e = o - - 00 . b 0 - o 0 o - - o - o - - - - - - ‘} _______________________________
50% 0.77 27,200 27,200 18.8 One fiber split 90%.
0.97 |0.85 {36,300 | 31,000 |36,300 | 31,000 [19.9 19.3 %
0.81 29,400 29,400 19.3 : One fiber split 100%.%
Soln. 375°F, 284°F, 25% 1.40 41,800 41,800 15.9 |
Treat 9 hrs, 24 hrs, 1.48 |1.49 |47,000 | 47,300 |47,000 | 47,300 |16.9 16.8
(T-6) 1.60 53,000 53,000 17.7
SR NP SRV RIS S I ST e e e e ——————
50% 0.98 35,500 35,500 19.3
0.80 1{0.89 |32,800 { 34,800 {32,800 | 34,800 |21.7 20.8
0.89 36,100 "~ 136,100 21.4
Soln. 375°F, 338°F. 25% 1.22 40,600 40,600 17.6
Treat 9 hrs, 24 hrs. 1,17 {1.19 |38,200 | 38,300 |38,200 |38,300 |17.3 17.0
(T-6) 1.20 36,100 36,100 16.1 |
———————————————— s Bedndadaliadel shafadaledaiededs taladedadadiadelh thalaiadelabeiaied slbabedadelabedel shahefebededinds ' Sadaladabealof £ 8 1 £l tatntndaie DDl el ikl e e e e i L R
50% 0.93 35,100 35,100 20,0
1.19 [1.06 |44,100 | 40,100 |44,100 |40,100 |[19.7 20.2 I
1.05 41,000 41,000 20.8 ;

% Fiber split in neckdown section but not in

etched areas at ends, indicating no end splits were present before tensile test.
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"Table 6 (continued)

Soln. 375°F, 200cyc1és 257, 1.88 15,200 24,800 4.4
Treat 9 hre, 70°F. to 1.50 |1.76 |16,500 | 15,400 {24,800 | 24,900 |13.5 [13.6
(T-6) 700 F. 1.90 14,500 25,100 12.8
50% 1.14 14,500 - 123,950 14,0
0.88 [1.12 |15,700 | 15,300 {21,600 | 23,200 |16.7 [15.1
1.35 15,700 24,100 14,6
Soln. None None 25% 1,67 23,400 31,200 - 11,5
Treat 1.42 |1.49 |25,800 | 25,500 |30,600 | 30,500 | 12,0 [11.7
Cold Roll 1.38 27,400 29,700 11.6
570 - 0 vn o o o o e o o e i ot o e e o o e e e e e e e e e m ot e e e e e e e o ] 0 o e e o e e D e o ot a0 = - e e L L L L L L =
(T-3) 50% 0.88 20,600 24,200 15.6 No fiber|splits,
0.63 |0.78 |16,850 | 26,000 {16,850 | 21,300 | 14,2 |15,1 One fiber split 100%.
0.84 20,600 22,700 15.4 No fiber|splits.
Soln, 375°F, None 25%, 1.64 38,400 42,000 14,4
Treat 12 hrs. 1.53 |1.62 |39,000 | 40,600 {39,000 | 42,300 | 14,3 |[14.5
Cold Roll | (T-81) 1.70 44,500 46,000 14,7
_5”/o Sl meemmememb e am—-—— L o o o m - e e At Lt R R A il bttt ittt sttt tatalat Tttt el
\ 50% 0.70 20,200 20,200 15.3
0.85 |0.75 {25,700 | 22,800 |25,700 | 22,800 | 16.1 |16.1
0,71 22,600 22,600 16.9 i
‘\
Soln. None None 25% 1.50- 35,000 35,000 12.3 i
Treat 1.52 {1,55 |[39,900 |.38,400 |39,900 | 38,400 |13.9 |13.1 :
Cold Roll 1.62 40,400 140,400 13,2
]_(_)""o ot e e ] e 2 e o o o o s e e 2 o o e 2 T 2 e o s e e i O e 0 o o e e o e o e s e e [ e e e e e e
(T-3) 50% 0.57 15,600 15,600 14,5
072|064 |197700 | 175300 |19°100 | 17,300 |07 1403
Soln, 375°F. None 25% 1,38 35,200 35,200 13,5
Treat 12 hrs, : 1.38 1,38 [33,300 | 33,600 |33,300 | 33,600 |12,8 |12.9
Cold Roll | (T-81) 1.38 32,300 | 32,300 12,4
o0t 1| eecacccccdmcea== e o e o o e o 2 e e 7 ...........................................................................................
50% %
_ |
Soln, 375°F. Stretch - 25% 1.63 50,500 50,500 16,4
Treat 12 hrs. Cycle (Stretch |[1.41 |1,49 |38,600 | 38,900 |40,000 | 41,500 |15,6 [15,2
Ten Cycles | 350 1bs.)|1.42 27,600 34,000 13.6 Both fibers split 50% & 100%.
10% UTS ' |
50% 1.08 40,400 40,400 19.8 ) One fibe% split 100%.
(Stretch [0.83 [0.89 [32,800 | 34,100 |32,800 | 34,100 |21.0 [20.4 Both fibers split 50%.
15 1bs.) 0,75 29,000 29,000 20,5 One fiber split 100%.

*% All specimens were ruined due to severe pitting during chemical etching of thickness.,
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To support this h&pothesis, aluminum specimens were machined
.frém 6061-T4 (.025 mil thick) and 2024-T3 (.032 mil thick) and aluminum
pads were epoxy adhesive Eonded to them in tﬁe'game manner used for the
composife teét specimens. Tensilé-tests perforﬁed using idenficai
‘procedures as those used for testing‘the compésite épecimens, produced

the data shown in Table 7.

Table 7, Modulus of Elégﬁicity'of Aluminum Specimens with Epoxy
Bonded Grips o '

VMaterial _ ' Modulus Average Modulus -
of Elasticity : of Elasticity
Ny ' 6 .
6061 1.9 x 10 6
(.025" thick) ' e 1.92 x 10
1.94 x 10
6
2024 1.88 x 10 6
(.032" thick) 3 ~1.86. x 10
_ 1.83 x 10

Combaring the modulus measured on the aluminum specimens to
the known modulus of 10.0 x 106 psi, it is shown that a ratio of 5.3
-is needed to correct the modulus values determined for the composite
specimens, because of the elongationvinvthe epoxy. The modulus values
in the graphs are corrected by this ratio. It was unfortunate that an
extensométer was not available to attach directly to the épecimens.
Photographs of the tensile test'specimens are shown in Figure 12,

The top photograph shows a completed test specimen with the aluminum



Epoxy Adhesive Aluminum Grip Pad

Exposed Boron Filament Ends

Aluminum Matrix

Figure 12. Photographs of Tensile Test Specimen
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_matriX:etched awéy-froﬁzthe'bpron'filament enasAin the area of the
gégevlehgth. The tbé}bhotograph also shows the epoxy bonded aluminum .
pads used for the serrated test jaws of the Instfon test maéhine that -
ﬁré#ented jaw teeth damage to the composite. The other two.photographs

in Figure 12 show enlarged views of the test specimen,

6.2 Effect of Thermal Conditioning

The effects of the warious aging? heat treatment, and thermal
stress relieffprocedufes on the boron reinforcedraluminum-composites,'
afe shown.in Figure 13 for yield strength and in Figure 14'for ultimate
tensile strength for éOZﬁ'métriX, In both the yield strength as well
»ésAthé ultimate tensile strength, the étandafd T6 treatment of the
25%-filament alloy produced the highest strengths, with the thermal
c?ﬁling of 70°F. to 700?3, producing the 16we§trstrengths, The lower
T6 strengths éﬁown by the 50% boron specimens érg‘believed due to the
pitting‘problem experienced during chemical etghiné of the épecimen
thickness, Figure 15 shows.thé yield strength for 6061 matrix and
vFigure 16 shgﬁs tﬂé ul;imate tensile strength forﬂ6061 matrix, and
again the standard T6 tréatment produced the highest‘strengths of all
the treatments tested.. . | | | |

A plot of the. transverse yieid strength and tensile ultimate
strength versus percent filament reinforcement for 2024;T6 aluminum
matrix is shown in Figure 17. A similar plét’for 2024-T4 is shown in
Figure 18. ’Fbr the aluminum métrix of 606I~T6, a plot of the Eransf

verse yield strength and tensile ultimate strength versus percent
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filament reinfbfcemeﬁf, is shown in figure.lQ. The matrix 6061-T4
' plot is shown in Figure 20, |
The éhange df transverse modulus- of elaéticify due to percent
- filament reinforcement for both 2024 and 6061 aluminum cémposites is
shown in Figure 21, As’expected\froﬁ fﬁe.rule of mixturés, the high
modulus of the boron increases the composite transverse modulus as .

i

.. 4.
the percent boron increases,

6.3 Effect of Cold Rolling

The effect of cold rolling of the aluminum composite to‘fhe'T3
condition using 5% and 10% cold rolling (decrease in thickneés), and
also heat treating after cold rolling to the T36 éon&ition is shown in
Figurés 22 through 27. For.alloy 6061 with 25% boron filéments,'tﬁe
effect upon yield strength dué_to cold rolling is shown in Figure 22.
For this same 6061 alloy with 25% boron, the effect upon ulti@ate,v
tensile stress dué to cold roliing, is shown in Figure 23. in.both
cases, it is noted fhat 5% cold rolling inaicates that it increases
these mechanical properties somewhat (= 6%).

Cold rolliné of 6061 alloy éompbsite with 50% boron filamenté,
ﬁsing the 5% and 10% cold rolling (T3) as well as the added heat treat-
ment (T36), has the effect upon transverse yield strength as shown in
Figure 24, The effect upon transversé-ultimate tensile strength is
shown in Figure 25, As noted for the 25% boron composites, thé 5%
cold rolling procedurebappears to pr§duce thé highest strengths for the

- 50% boron composites as well,
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Cold rolllng of 2024 alloy comp031te with 25% boron fllaments,
using 5% and 1OA cold roll (T3) as well as. subsequent heat treatment
(T36), has the effect upon transverse yield stress.as shown in
<Fignre 26, The effeef upon transverse ultimate tensile stfength is -
shonn in Figure 27.>»F0r this compesite, thevcold.rolling nrocedure
appearsAto.degrade tne mechanical properties,

The‘effeCt upon transveree yield and ultimate strength of 2024 |
alloy composite with.SO% boronAfilaments,'ef eold relling using 5% anda
10% cold roll (T3) as well as subsequent heat treatment (T36)3:is as
shown‘in Figure 28, Again, for the 2024 alloy comnosite, cqld rolling
appears to degrede the strength properties.

| The apparent modulus of elasticity in the transverse directibn
of 6061 alloy comp051te with either 25% or 50% boron filaments, is
affected by cold rolling as shown in Figure 29, The composite of 2024 -
alloy is affectea by cold rolling as shoﬁn in Figure 30, in the 6061
cese, one must conclude that.cold rolling to 5% has a tendencyrto:
increese the apparent'nodulus somewhat, In>the 2024 composite, the

cold rolling was definitely detrimental to the modulus of elasticity.

!

6.4 Effect of Stfain Cyecling

-As shown in Figures 13 and 14 for the 2024 compositexand in
Figures 15 and 16 for the'6061 comnosite,.the.strain cycling of the
cycles of 10% of.the UTS before testing the specimens was very detri-
mental to the metefial. The results were about one-half of those

L i
obtained from the standard T6 condition.
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6.5 Mode of Ffaéture

"‘Thé mode of fracture in genéral was fracture of theimafrix;
~No bond failures of thé aluminum matrix to £he‘bofon filaments Wéré
obsérved; There was some splitting of thé filaments in the fracture
sﬁrfaces, however, except for one case; there was no way to determine
if the splitting-initiated at the filament free ends (due to fabrication
cracks) or originated within the test area due to inherent subsurface
crécks. In one case, noted in Table 6, there wés one fiBer,completelyV
split in the reduced width test area but not in the free ends.

A fractographic analysis of the test spécimens was not per-

formed, since fractography was not within the scope of this program.

6.6 Discussion

Of the various thermal ﬁreatments evaluated in this test pro-
gram,.tﬁe standard T6 process. appeared to produce the best,results
for both the 6061 and 2024 aluminum alléy matrix composites. Cold
rollihg of 5% appeared to be slightly beneficiai,for 6061 composite
while 10% cold rolling”ﬁas detrimental. For the 2024 composite, all
cold rolling appeared to be detrimental. |

. i

The étrain cycling procedure evaluated in this test program
Was very detrimental to physical properties.

The test data obtained from the 50% boron test Speciﬁens were
not as reliable as expected. This was caused by pitting and uneven
. etching of- the thickness ofvthé specimens eépecially of the 2024

matrix composite specimens., Therefore, any of the results from these

50% boron specimens should not be considered for design purposes.
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Since one of the major objectives of this investigation was

to evaluate the splitting of
was encouraging to note that

to matrix failure, -

the Avco 5.6-mil-diameter filaments, it

the mode of fracture was chiefly confined



CHAPTER 7

. CONCLUSIONS

The first objective of this investigation; namely, inv¢stigate4
the new transverse tensile épeciﬁen preparatién teéhnique,'produced
very consistent tést results, The isolation of the filament -end splits
from the reduced-width test area on the specimens pfoved to be effective
since few filament splits were obsefved in the test area of fracturéd
specimens. The elimination of this splitting problem produced high-
transverse s&rengths'since failure was primarily matrix fracture. The
fabricéfion procedure for the 3/8-inch feducgd width test specimens
’described herein was straighfforward and Qés comparable to the data
reported by Kreider, Dardi, and Prewo (1970) for .one-inch wide
specimens etched to a 1/2-incﬁ reduced width test area, The overall
téchnique, however, ié highly fecommended as a standardized 1aboratory'
test procedure for trénsversé tensile testing.

The second objective of this investigation; naﬁely; observe.
behavior of transverse strength.propertiés with various thermal post-
treatments, showed that the standard T6 heat treatment produced the
highest transverse strengths. (The effect of the T6 heat treatment on
longitudinai tensile strengfh was not within the scope of this program.)

' The third objective of this investigation, namely,  evaluate the
new 5,6-mil~diameter boron filaments, showed that tﬁey indeed produce
'few-spiits as recently reported in the literature (Kreider,bDardi and

Prewo, 1970).
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