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TITANIUM/BERY LLIUM LAMINATES: FABRICATION, MECHANICAL
PROPERTIES, AND POTENTIAL AEROSPACE APPLICATIONS

by C. C. Chamis and R. F. Lark
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

Abstract

The paper describes an investigation to assess the fabricability,
mechanical properties, and possible aerospace applications of
adhesively-bonded titanium/beryllium Tiber laminates. The
results ol the investigation indicate that structural laminates can
be made which have: a modulus of elasticity comparable to steel,
fracture strength comparable to the yield strength of titanium,
density comparable to aluminum, impact resistance comparable
to titanium, and little or no notch sensitivity. These laminates
can have stiffness and weight advantages over other materials,
including advanced fiber composites, in some aerospace applica-
tions where buckling resistance, vibration frequencies, an
weight considerations control the design,

1,0 INTRODUCTION

The advent of superhybrid composites
containing both fiber composite and
metallic plics (refs. 1 and 2) has pro-
vided the concept to design a class of
structural materials with low density
and balanced mechanical properties,
especially notch insensitivity and im-
pact resistance. Another class of ma-
terials which can provide desirable
structural properties equal in all di-
rections in the plane of the material
while maintaining low density, is a
laminate made by adhesively bonding
titanium and beryllium plies. This
type of laminate will be referred to
herein by the acronym "T'iber' lami-
nate for titanium/beryllium adhesively
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bonded composite laminates. The ob-
jective of this investigation is to deter-
mine the fabricability and mechanical
properties of such laminates,

The major driver for investigating
Tiber laminates is that they provide
the potential for obtaining balanced
mechanical properties, such as:
strength, stiffness, impact resistance,
and notch insensitivity (virtually iso-
tropic in the plane of the laminate) with
lightweight characteristics,

For this investigation, laminates were
made by sandwiching the beryllium
plies witkin the titanium plies. Speci-
mens from these laminates were tested
to generate stress-strain curves, im-
pact resistance, notch sensitivity, and



flexural properties,
tested in both the rolling direction of
the beryllium and titanium and 90" to
the rolling direction. Laminate analy-
sis was used to calculate the mechani-
cal lead and residual stresses in the
Equations

Specimens were

metallic and adhesive plies,
were derived which can be used to pre-
dict the fracture stresses of Tiber lam-
inates, Finally, structural analyses,

including finite element analyses, were
performed to assess the suitability of

using these laminates in selected aero-

spuace applications,

2.0

SXPERIMENTAL PROGRAM
AND RESULTS

In the following section the various
types of Tiber laminates (adhesively-
bonded hybrid metallie laminates) in-
vestigated and results obtained are dis-

cussed,
2.1 CONSTITUENT MATERIALS

Three Tiber laminates containing dit-
ferent percentages of titanium and

bery llium were fabricated, The types
of laminates, their lay-up patterns and
compositions are listed and shown sche-
matically in tigure 1. The physical and
mechanical propertics of the constituent
ply materials are summarized i ta-

ble 1.

LAMINATE FABRICATION

B
Type 1.
titanium (GAL-4V) sheet, in the as-

Four plies of 0.0113=inch thick

rolled condition, along with three plies
of 0, 0220=inch thick unalloyed beryl-
Lium were adhesively bonded using an
0, 0035=inch thick ny lon, epoxy adhesive
film (FM=1000),
titanium ply was treated with a 5-

Before bonding, cach

pereent hydrofluorice acid solution for

30 seconds at room temperature,  This

was followed by a water and methyl al-
cohol rinse and then by drying. The
beryllium plies were treated by the
Grant & Kamper Co, using a propri-
ctary etching process, The metallic
and adhesive plies were assembled in a
metal mold and introduced in a hydrau-
lic press heated to 350° F. For the
bonding operation, a pressure of 600 psi,
a temperature of 350° I, and a time of
2 hours were used to cure the adhesive.

Type 11, Six plies of 0,0113-inch thick
titamum sheet along with two plies of
0, 0220-inch thick beryllium sheet were
adbhesively bonded in accordance with
the procedure desceribed for the Type 1
laminate,

"

I'ype 111,
thick titanium sheet along with two plies

Eight plies of 0,0113-inch

of 0,0220-inch thick beryllium sheet
were adhesively bonded in accordance

|

with the procedure desceribed tor the
Type | laminate, i

The metallie plies were cut from roll
(titanium) and tlat sheet (beryllium)
stock.  After completion of the 2-hour
cure ¢yeles, the press heaters were
turned off and the laminates were per-
mitted to cool under pressure to room
temperature. Typical cross sections
of the Tiber laminates are shown in the
photomicrographs of figure 2. The ma-
terials and relative thicknesses of the

i lles are also indicated in this figure,

2.3 SPECIMEN PREPARATION,
INSTRUMENTATION, AND !
TEST PROCEDURES

The three types of Tiber laminates

e p—

ranging i thicknesses from o, 114 to
0, I43-inch were cut into 0,500-inch
wide specimens using a precision cut-

ting machine equipped with a diamond



cutting wheel. A specimen lay-out plan
is shown in figure 3.

To determine the noteh sensitivity of
the laminates, through-the-thickness
center slots were cut into the specimens
by using clectrical discharge machining,
Two slot lengths, 0,10 and 0, 16 inch,
were used for the Type | and 11 lami-
nates, A simgle slot length, 0,16 inch,
was used for the Type 11 laminate,

The ends of the smooth and notch ten-
sile specimens were reinforced with
aluminum (6061-T06) tabs adhesively-
bonded to the specimen surfaces. The
tabs were bonded to the specimens by
usig the same ny lon=cpoxy adhesive
used to bond together the plies in the
Tiber Luminates.

The smooth and noteh tensile specimens
were instrumented with strain gages,
Details of the types and locations of the
strain gages along with specimen dimen-
sions are shown in figure 4. As can be
seen, the rolling direction specimens
have only 0, 5-mch long test sections,
The end effects are expected to be mini-
mal because the Tiber Luninate speci-
mens have tapered alummum end tabs
which are adhesively bonded to the
speceimen,  Both of these minimize the
Poisson effect which would produce a
transverse stress near the end of the

test section of the specimen,
2.4 RESULTS

Density,  Precision-cut, rectangular
specimens were prepared from each
laminate and were measured for dimen=
sions and weight to determine the lami-

nate densities,

The measured densities of the laminates
tested are given in the first column of
table 2, Note that the density of the

Type I Tiber laminate is approximately
the same as the density of aluminum
(0.10 1b/in®),

Smooth Tensile Tests., The smooth

(and notch tensile) specimens were
loaded to failure using a mechanically
actuated universal testing machine,
Loading of all specimens was halted at
periodic intervals so that strain gage
data could be obtained using a digital
strain recorder,

Table 1 summarizes the test data ob-
tained for smooth tensile specimens
made from the constituent ply materials,
The table includes rolling direction (RD)
and transverse direction (TD) fracture
stress, strain, tensile modulus and
Poisson's ratio properties, The data
for the titanium and beryllium sheet
material were determined experimen-
tally while the data for the adhesive was
supplied by the manufacturer, As can
be seen, the rolling direction properties
tor the metals are a little higher than
the transverse properties in almost all

CASUS,

Table 2 summarizes the test data ob-
tained for smooth tensile specimens
made {rom the three different Tiber
laminates, The table includes roll di-
rection and transverse {racture stress,
strain, tensile modulus, and Poisson's
ratio properties. As can be seen, the
laminates exhibited a slight orthotro-
picity (slightly different properties be-
tween the rolling and transverse direce-
tions), The fracture stress of the

Type | transverse laminate was lower
than anticipated. This is believed to be
due to possible incomplete load transfer
between the titanium and beryllium
plies. The fracture stresses of the
Type 1 and Type 11 laminates are about
the same indicating that yield in the ti-
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tanium plies may control fracture,
Note that Tiber laminates can have
fracture stresses comparable to the
yield strength of titanium (=120 ksi)
and can have moduli comparable to that
of steel (30\10b psi).

A comparison of the specific strength
and modulus (property/density) values
for the three Tiber laminates, consti-
tuent and other materials is shown in
table 3. As can be seen, the Tiber
laminates have specific strengths on

the order of their constituent materials
and greater than two times that of alum-
inum, The specific modulus of the
Tiber laminages ranges from about two
to three times that of titanium or alum-
inum, The specific impact strength
values shown in this table will be dis-
cussed in a later section,

Typical stress-strain plots for the
smooth tensile specimens made from
the constituent materials and the three
types of Tiber laminates are shown in
figure 5(a) to (e¢). In cach case the
specimens were oriented parallel to the
rolling direction, Note that the stress-
strain plots for the three Tiber lami-
nates show indications of progressive
constituent ply failure. This was con-
firmed by examination of the tested
specimens, The stress-strain curve of
Tiber laminate Type | is bilinear while
those of Type Il and 11 are trilinear,
The significance of this will be dis-
cussed in the section entitled THEO-
RETICAL PROGRAM,

Notch Tensile Tests, The noteh tensile

strength test data obtained from the

slotted specimens are summarized in
table 4.,
ated for the Type [ and 11 laminates and

Two slot lengths were evalu-
1

one slot length for the Type HI lami-

nate, Note that the notch effects are
relatively small as shown by the very
high values of the ratio of the net sec-
tion notched fracture stress to the un-
notched fracture stress for the three
types of Tiber laminates. Note also
that the corresponding ratios for the
fracture strains show considerable
notch sensitivity for the Type I and 11
laminates. This indicates that notch
sensitivity assessment based on strain
measurements may lead to incorrect
conclusions,

Flexural Tests, Specimens having a
length of 3 inches were tested for flex-
ural strength in a mechanically actuated
universal testing machine. A three-
point loading system was used with a

span of 2 inches,

The test data obtained by subjecting test
specimens (rolling direction only) to
three-point flexural loading are summa-
rized in table 5. The flexural strength
values for the three Tiber laminates are
similar, indicating that yicld in the ti-
tanium plies may control fracture as
was previously mentioned for the smooth
Note that the flex-
ural fracture stress of the Tiber lami-

tensile specimens,

nates is about 25 perceent greater than
the ultimate strength of titanium (about
160 Kksi),

1zod Impact Tests,  Unnotehed speci-

mens, having a cantilevered length of

1. 25 inches, were subjected to 1zod im-
pact strength tests using an impact
tester equipped with a 30-pound hammer,
The veloeity of the hammer was approx-
imately 10t/ sec.

Data obtained by subjecting unnotched
Tiber laminate specimens to lzod impact
data were normalized with respect to the

cross sectional arca of the specimens,



As expected, the Type 11l laminate,
which has the highest titanium content,
exhibited the highest impact strength,
A slight effect of specimen orientation
on impact strength is shown for all
three laminates, A comparison of the
specific 1zod impact strength for the
three Tiber laminates and their consti-
tuent materials is shown in column 4 of
table 3. As can be seen, Tiber lami-
nates can be made which have specific
Izod impact strengths ranging from that
of the aluminum to approaching that of
titanium.

Examination of Tested Specimens,

Figure 6 shows a view of the tested
constituent and Tiber laminate speci-
mens, Virtually all the tensile speci-
mens failed in the test section. Con-
siderable delamination was noted for
the 1zod impact and flexural strength
specimens for all three Tiber lami-

nates,

Examination of the failed specimens
and review ol the experimental results
lead to the following conclusions:
(1) Tiber laminates can be fabri-
cated using adhesive bonding.,
(2) Tiber laminates can be made

which have tensile strengths

comparable to the vield strength

of titanium, moduli comparable
to steel, densities comparable
to aluminum, lzod impact re-

sistance comparable to titani-

um, and have flexural strengths

which are greater than the ulti-

mate tensile strength of tita-

nium,

(3) Tiber laminates are not notch-
sensitive,

(1) They exhibit bilinear or tri-

lincar stress-strain curves de-
pending on the relative propor-

tion of titanium and beryllium,

and fracture by progressive ply
failure,

3.0 THEORETICAL PROGRAM

The theoretical methods used and results
obtained for calculation of laminate den-
sity, elastic properties, plate-type stiff-
nesses, lamination residual stresses,
and fracture stresses are described in
this section,

3.1 DENSITY AND ELASTIC
PROPERTIES

Laminate analysis was used to assess
the applicability of linear laminate theory
to Tiber laminates. For this purpose,
the laminate analysis available in the
Multilayer Fiber Composite Analysis
Computer Code (ref, 3) was used. The
inputs for the analysis of the Tiber lami-
nates consisted of the ply constituent
property data and thickness (table 7)

and the ply arrangement (fig. 1).

The output of the computer code consists
of the tollowing:

(1) Composite density (p)

(2) Longitudinal and transverse
moduli (E, and I-Z._.) and shear
modulus gt’.w)

() Major and minor Poisson's
ratios (L) and Vay)

(4) Plate bending stiffnesses (Du,
Dyyr Dy, and Dyy),
of the structural response of the

a measure

laminate,

The tlexural longitudinal and transverse
moduli are obtained from the plate bend-
g stiltnesses using the following equa-

tions:
- " 2 3
Bpy, = 12(Dy, - 1)12/1)22)1 (1)
‘ , 2 3 ,
Brors 1-(1):: - D::/l)u)l 2)



where E denotes modulus; the sub-
script F flexural, L longitudinal, and
T transverse; the D's denote plate
bending stiffnesses, with the subscript
1 taken along the rolling direction and
2 transverse to it; and t denotes the
laminate thickness,

The results of the laminate analysis
are summarized in table 8, Flexural
moduli predicted by equations (1) and
(2) are also presented in the table.
Corresponding values for titanium and
beryllium are included for comparison
purposes, As can be scen from these
data, Tiber laminates can be designed
with torsional stiffness comparable to
that of titanium,

3.2 LAMINATION RESIDUAL
STRESSES

Lamination residual stresses are in-
duced in the constituent material layers
because of:
(1) Mismatch of the thermal coef-
ficient of expansions
(2) The difference between the cure
and usc temperatures (about
30()0 F at room temperature)
The lamination residual stresses were
computed using the laminate analysis
described in reference 4. The results
are summarized in table 9,

Comparing lamination residual stresses
from table 9 with corresponding frac-
ture or yield stresses in table 7, it is
seen that the lamination residual
stresses are relatively low for the
metals, Those in the adhesive are
about 50 percent of its fracture stress,
However, the adhesive has relatively
low stiffness compared to the other con-
stituents, Therefore, the Tiber lami-
nate can be subjected to considerable
mechanical load without concern for

adhesive failure as will be described
later.

3.3 PLY STRESS INFLUENCE
COEFFICIENTS

Ply stress influence coefficients (PSIC)
are useful in assessing the load sharing
and fracture of each ply in the Tiber
laminates. These coefficients are de-
fined as the ratio of the ply stress to
temperature difference for residual
stress and as the ratio of the ply stress
to the composite stress for mechanical
load stress. They are determining using
linear laminate theory to analyze the
Tiber laminates when subjected to unit
temperature or to unit stress conditions
separately .

The PSIC of interest in this investigation
are summarized in table 10. The type
of Tiber laminates and the load condition
are shown in the left column, The points
to be noted in table 10 are: (1) the stress
in the beryllium plies is about 2,5 times
that in the titanium plies; (2) the stress-
es in the adhesive plies due to mechani-
cal load are negligible comvared to those
in the titanium plies (about 1 percent);
and (3) the lamination ply residual
stresses are approximately the same for
all three Tiber laminates,

An important conclusion from the rela-
tive values of the PSIC is that fracture
in the Tiber laminates will occur first
in the beryllium plies since these plies
load at a much higher rate than the tita-
nium plies (about 2,5 times) and since
the tensile fracture stress of beryllium
is about 60 ksi compared to 140 ksi for
the yvield stress of titanium (table 7).

3.4 PLY FRACTURE STRESSES

Ply fracture stresses were computed

using linear laminate theory and assum-



ing linear stress-strain behavior to
fracture. Although this assumption is
not consistent with measured data, the
computed ply stresses can provide in-
sight to the Tiber laminate failure
modes. The ply stresses obtained
from these computations are summa-
rized in table 11, In this table the
source of the stress is identified in the
left column, Note that the combined
case is the algebraic sum of the resid-
ual stress plus the laminate mechanical
stress at fracture.

The interesting points to be noted from
the ply stresses in table 11 arve:

(1) The maximum predicted frac-
ture stresses in the beryllium
plies for the combinad case
range from 156 to 321 percent
of the corresponding fracture
stress of beryllium (bottom of
table).

(2) The maximum predicted frac-
ture stresses in the titanium
plies for the combined case
range Lrom 29 to 66 percent of
the yield stress of the titanium,

(3) The maximum predicted frac-
ture stresses in the adhesive
plies for the combined case
range from 51 to 66 pereent of
the adhesive tensile fracture

stress,

The comparisons indicate that: (1) the
beryllium plies probably fracture first
when the tensile stress in these plies
exceeds the tensile fracture stress of
the beryllium; (2) the titanium plies
fail either by yielding or ultimate ten-
sile instabiliy,; and (3) the stresses in
the adhesive are relatively low and they
are not likely to initiate laminate fail-
ure by delamination, Because the
beryllium plies will fracture consider-
ably carlier than the titanium plies,

the stress-strain curve to fracture of
Tiber laminates will tend to be at least
bilinear as noted previously.

3.5 FRACTURE STRESS (STRENGTH)
OF TIBER LAMINATES

The fracture stress (strength) of Tiber
laminates is predicted herein using the
following equations.

Lower bound fracture stress
ScLe  YcBF ' KrGry - Opgp) iR

(3)

Upper bound fracture stress

Scus ~ %cF * K1ty - Srpp) D)

where
ocpr  Smrbc ®)
rp¥  ‘cprlic (®)

The notation in equations (3) Lo (6) is as
follows: SC denotes laminate fracture
stress (strength) where the subscripts
LB and UB denote lower and upper
bound, respectively; OCBYF denotes the
stress in the laminate when the beryl-
lium plies fracture; k’l‘ denotes the ti-
tanium volume ratio; S.l.\. is the tita-
nium yield strength; YIBF is the stress
in the titanium plies when the beryllium
plies fracture; opp 18 the residual
stress in the titanium plies prior to
vield; S s the titanium fracture
(ultimate) stress; L. 18 the tensile
fracture strain of beryllium; l-I(. is the
composite initial modulus; and lrie
denotes the titanium ply stress influence
cocllicient. Measured values for S,
and fpp are given in table 1, for S’l‘\'
in table 7, for Opr 0 table 9, for

in table 10, and for E_ intable 8,

brie C



Another set of bounds on the Tiber
laminate fracture stress is predicted
by assuming that only the titanium plies
carry all the load. The equations for
these bounds are given by

Lower bound fracture stress
Scus ~ krSry * O1R ™

Upper bound fracture stress
Scus ~ krStr ®)

where the symbols used in equations
(7) and (8) have already been defined.
Since the contribution of the beryllium
plies is neglected in equations (7) and
(8), these equations predict lower val-
ues than the corresponding bounds pre-
dicted by equations (3) and (4). Stress
bounds predicted by equations (7) and
(8) are the lowest anticipated for the
Tiber laminate. These low fracture
stresses will probably be prevalent in
Tiber laminates with incomplete load
transfer between titanium and beryl-

lium plies.

The fracture stress bounds predicted
by equations (3), (), (7), and (8) are
summarized in table 12 for the three
Tiber laminates, The spread in the
stress bounds set predicted by equa-
tions (3) and (4) (table 12) is between
about 6 and 12 percent (relative to the
lower bound). The spread in the set
predicted by equations (7) and (8) is
about 8 to 25 pereent,  The spread be-
tween the two sets of bounds is about
14 and 65 percent.  Tiber laminates
with 40-pereent titanium (Type 1) have
the largest spread between the two sets
of bounds (65 percent) while those with
G3-pereent titanium (Type 1) have the

smallest (14 percent),

The interesting points to be noted from

the fracture stress bounds in table 12
and the above discussion are:

(1) The stress bounds within each
set are close, 6 to 12 percent
and 8 to 25 percent, This im-
plies that either set would pre-
dict reasonable fracture stresses
for the Tiber laminate, The set
to be used would depend on the
composition of the particular
Tiber laminate,

(2) The strength upper bounds for
the two sets differ by less than
14 percent for the Tiber laminate
with 63-percent titanium (Type
III). This implies that fracture
of Tiber laminates with 60 per-
cent titanium or greater is con-
trolled primarily by the fracture
of the titanium plies as would be
intuitively anticipated.

It is recommended that the fracture
stresses predicted by equation (3) be
used to predict failure in Tiber lami-
nates, This equation is the most rea-
sonable to use because it is consistent
with the "laainate action' assumption
and satisfies all the lincar laminate
theory assumptions up io the fracture

of the beryllium plies.  Fracture
stresses predicted by the other equa-
tions ((14), (7), and (8)) may be used to
interpret experimental results and iden-
tify possible pitfalls, Fracture stresses
predicted by equation (3) will be used
for the comparisons to be described
later in this report,

No attempt was made to determine
stress intensity factors for the notched
Tiber laminates, Since 7iber laminates
exhibited little or no notch sensitivity,
the lincar-elastic, sharp-crack charac-
teristies of the stress field at fracture
are not relevant to the fracture process

of Tiber laminates,



4.0 COMPARISONS OF MEASURED
AND PREDICTED
MECHANICAL PROPERTIES

Comparisons of measured and predicted

properties of Tiber laminates are sum-
marized in table 13 for modulus, Pois-
son's ratio, fracture stress (strength)
and density,  As can be seen from the
percent differences in this table, the
predicted values are within 10 pereent
of the measured data tor modulus,

11 poccent for Poisson's ratio (except
Type 1 rolling direction), 5 percent for
fracture strength (except Type | trans-
verse direction), and within 2 percent
tor donsity, Such close agreement be-
twen measured and predicted data s
considered to be extremely good. The
large differences [or the Poisson's
ratio for Type 1, with the rolling direc-
tion, and for the fracture stress Type |,
transverse direction, could be caused
by incomplete load transter between the
titanium and beryllinm plies il incom-
plete bonding is present.  Approximate-
ly one=halt of the measurea fracture
stresses are higher than the lower
bound values predicted by equation (8)

(table 12) and one=hall lower,

The good agreement obtamed between
measured and predicted data leads to
the following conclusions;

(1) Lincar lammate theory prediets
accurately the imtial moduh
and Porsson's ratios of Tiber
laminates,

o

(=~

-

The fracture stress strength)
of Tiber laminates is adequate-
Iy predicted by equation (3
which 1s based on the hypothe-
sis that the bervihium plies
{racture Lirst tollowed by vield
of the titanum phies, This type

ot fracture sequence will cause

M

at least a bilinear stress-strain
curve of Tiber laminates,

(4) The fabrication of the Tiber
laminates was of sufficiently
good quality that the constituents
in the Tiber laminates responded
as predicted by laminate theory
which assumes perfect bonding
between constituent s,

The fracture of the beryllium plies will
produce the first knee on the stress-
strain curve, The subsequent yield and
{racture of the titanium plies will pro-
duce one or more additional knees,  For
the laminates tested herein, the first
Kknee will occur at about 44 kst for Tiber
laminate (Type D, about 34 ksi for Type
1, and about 32 ksi for Type 1, The
corresponding approximate values from
the stress-strain curves in figure 5 are
about 40 Ksi tor Type 1, about 35 ksi for
Type 11, and about 30 Ksi for Type 111,
Comparing corresponding values it is
seen that the agreement between pre-
dicted and measured data for the com-
posite stress to cause the fivst knee in
the stress-stram diagram is within

6 pereent,

I'he bounds predicted by equations (3)
and (b may also be used in the tollowing
wiay . The first knee ain the stress-stram
curve will occur at a composite stress
predicted by equation (5). The second
Knee will ocour at a composite stress
predicted by the lower bound equation
(. Final tracture may occeur either at
the second knee (stress predicted by

eq. () orat a lamanate stress predict-
ed by the upper bound equation (4),
Checking, tor example, the stress strain
curve tor Tiber laminate Type 11 it s
seen that the second knee occurs at a
stress of about 90 Ksi and tracture at

104 kst The corrvesponding stress
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bound values predicted by equations (3)
and (4) from table 12 (Type 1) are 91
and 103 ksi, respectively, which are
almost wdentical with the measured
data,

The conclusion from the above discus-
ston is that the difterent knees in the
stress=strain curves of Tiber laminates
and tinal tracture are predictable using
the equations derived herem,  Another
conclusion is that the tracture stress
predicted by equation (3), as recom-
mended previously, usually should be
on the conservative sude sinee it as
based on the vield strength of titanium

instead of its tracture stross,

5.0 ASSESSMENT OF TIBER
LAMINATES FOR USE IN
STRUCTURAL COMPONENTS

The relatively high stittness ol Tiber
laminates and thewr relatively low den-
sity compared to conventional metals
makes them good candudate s tor com-
pression members i atrevalt and
space structures,  Normaliced bucklhing
stresses for two structural component s,
a stmply supported plate and a sumply
supportad oy hindeweal shell, compuated
based on the three Tiber Lananates,
tour unwdirectional composttes, and
three motals arve summarized i ta

ble 14 for comparison purpeses,  As
can be seen i table 11 the o0 T

o Be Thiber Lamanate plate has higher
normalized buckhing stresses than
cither the boron eposy @about 12 per
cent higher)y plate or the three metal
plates @about o0 percent highery bat
only 67 percent of the Boal, The cor
responding oy hindvieal shell has aonor
malized buckling stress which s

12 pereent higher than BOAL approse-
mately 400 pereent greater than the

resa matris composites, and about

160 percent higher than the conventional
metals,  The conclusion from these
comparisons is that compression com-
ponents made from Tiber laminates have
superior normalized buckling resistance
compared to etther advanced composites

or conventional metals,

Another potential use of Tiber laminate
18 for tan blades for jet engines,  Finite
clement results showed that Tiber lami-
nate blades would have higher frequen-
cles and lower tip distortions ompared
to those made trom resin matrix coms-

posttes (ref, ),

I'he disadvantages of these types of
Lamanates o stractural applications
include the brittleness, and high cost of
the berythum as well as the tabrication
ditficulties that arise trom toxteity and
bratleness conswderations,  The advan-
tages of the mechanical properties men-
tioned previously need be traded-ott
against these disadvantages to determine
the most eftectiveness of Tiber lami-

nates i spedcitie applications,

G0 RECOMMENDATIONS FOR
FLURTHER STUDIES

Fhough the results of the mvestigation
reported hevem demonstrate the poten-
tial ot Diber lamanates in certaan acro-
space structural apphications, several
aspects remaan O be ivestigated,  The
tollow ing are some of the more signifi-
cant ones:

() Resistance of Tiber Lluninates
to thermal and mechameal load
tat i ue

) Tiber tamanate s bonded with
polhymere adhesives having
higher temperature capability
\.'u'\'“ o voot' I

() Tiber Limanates made using

cither dittusion or braze bonding
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for temperature capability
greater than 600" F

(4) Resistance of Tiber laminates
to electrolytic corrosion due to
the very close proximity of dis-
similar metals

(8) Development of fabrication pro-
cedures to minimize possible
toxicity and cost disadvantages

(6

-

Optimization studies of selected
structural components such as
plates or shells made from
Tiber laminates where cost,
minimum thickness, and weight
are traded off against stiffness,
strength, noteh msensitivity,
and product quality,

The results from these recommended
studies together with the results de-
scribed in the text should provide sutti-
cient data for evaluating the potential
of Tiber laminates as a structural ma-

terial for specitic apphications,
7.0 CONCLUSIONS

The conclusions of an investigation to
determine the fabricability and to eval-
uate the potential tor o se as structural
components i acrospace structures ol
Tiber laminates titanium berylhum
adhesively bonded laminates) are as
follows:
1. Tiber lammates of good quality
can be fabricated using adhe-
sive bonding.

2, Tiber laminates can be made
which have moduli equal to that
of steel, tensile fracture stress
comparable to the yicld strength
of titanium, tlesural fracture
stress comparable to the ulti-
mate strength of ttanum, and
density comparable to alumi-

num,

d. Tiber laminates can be made
which have specific lzod impact
strength approaching that of tita-
nium.

4. Tiber laminates are not notch
sensitive,

5. Tiber laminates may exhibit
bilinear or trilinear stress-
strain behavior depending on the
relative proportions of titanium
and beryllium,

6. The mechanical properties of
Tiber laminates can be predicted
within about 10 percent using
laminate theory and the cquations
presented herein,

7. Calculated normalized buckling
stress for plates and cylindrical
shells based on Tiber laminate
properties and normalized with
respect to density are several
times those tor other advanced
tiber composites or for conven-
tional metals,
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TABLE 1. - PROPERTIES OF CONSTITUENT LAMINATE MATERIALS

Materials  |Density, Properties
Ib/in®

Fracture Fracture Modulus Poisson's

stress, ksi strain, ‘| msi ratio

“%p | ®rp|*k0 | ®rp | *rp [PrD | *kD | *rD
Titanium® | 0.163 | 162.4[159.7| .00 | 7.82 | 15.7 | 16.2 | 0.33 | 0.82
(GAL=-4V)
li«.-n'lliumc .063 64.5| S9.5]| .16 L) 42,2 | 4206 25 .28
t\dhcsl\'rd L042 7.0 N/A 0,20 0,40
(FM=-1000)

aRullmg direction,
ransverse to rolling direction.

“Measured propertics.

dl'mpcnms from adhesive supplier,

TABLE 2,

= MECHANICAL PROPERTIES OF TIBER LAMINATES

Tiber | ©Ti' Be | Density Properties
laminate | by volume | b, in”
Fracture Fracture Modulus of Poisson's
strength, Ksi strain, clasticity ratio
“RD brp [ ®*kp | "o | *kp | Ptp | *k0 | "D
I 40, 5% 0, 1027 93,8544 67,646 | 1,659 | 2,47 2,5 | S0,0 0,19 ] 0,25
11 55/36 JL16s | 104,90 103,49 1.96 | 1.21] 24,0 | 24.0 .26 27
11 63,31 . 1227 114,07 103, 85 1.28 T 2500 | 24.0 .20 28

ullnllmg direction,

b'l‘rmlswrsc to rolling direction,

TABLE 3. - COMPARISON OF SPECIFIC PROPERTIES OF
TIBER LAMINATES WITH CONSTITUENT AND
OTHER MATERIALS

Materials Specific Specific Specific 1zod

strength® | modulus® impact slrcng‘lhn

0% in.y | (208 in.) (it 1b-in/Ib)
Tiber laminate 1 0,91 G107 518.0
Tiber laminate 11 .90 271.4 1339.0
Tiber laminate 111 .93 227.4 2043.0
Titanium (6A1-4V) 1.00 06,3 bzs.m
BeryHlium 1.02 670.0 130.0
Aluminum ¥ K 102,0 bs-l()

(6061-T6)

Apascd on rolling direction strength and modulus propertics,

b
"Ihese values are from ref, 1.
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TABLE 4. - NOTCHED TENSILE DATA FOR TIBER LAMINATES

: AL PAGE
OF POOR QU rs

L QUALITY

Laminate®

11 1

Notch length, in.

0,1005 | v, 1668 0.1 « 0.1645 | 0.1651

Gross section fracture stress, ksi 54.04 63.39 82,17 63.06 67.18

Gross section fracture strain, 7 0,64 0,21 0.52 0.31 0.36

Net section fracture stress, ksi 67.53 095.18 103,00 94,06 100. 37

Net section fracture strain, 0.55 0.79 0,96 0.78 1.13

Gross section notched fracture 0,80 0.9%4 0.79 0.61 0.65
stress/unnotched fracture stress

Net section notched fracture 1.00 1.41 1.00 0,91 0.97
stress/unnotched fracture stress

iross section notched fracture 0.26 0.09 0.43 0.26 0.37
strain/unnotched fracture strain

. ¢ section notched fracture 0,34 0,32 0,79 0.64 1.16
strain/unnotched fracture strain

81 pad parallel to rolling direction,

TABLE 5. = ROLLING DIRECTION

FLEXURAL FRACTURE STRESS
OF TIBER LAMINATES

Laminate Fracture stress, Ksi
1 195.9
11 206,5
1 205,0

TABLE 6. - 120D IMPACT
STRENGTH OF TIBER LAMINATES

Laminate Izod impact strength,?
ft-1b/in>
b .
RD “rp
d
1 84,0 s1.4
d
11 156, 4 127.7
diy 250.7 218.6

“lmpacl strength normalized with

respect to eross-section area,
Rolling direction,

Crn
Transverse to rolling direction,

Specimen dimensions: 0,500 in,
width by 2,50 in. length by thick-
nesses ol 0,114, 0,124, and
0.143 in, for laminates 1, 11, and
I, respectively.
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TABLE 7. - CONSTITUENT MATERIAL PROPERTIES USED IN
THEORETICAL PREDICTIONS

Property Units Titantum | Berylliam Adhesive
(GAL-4V) | (unalloyed) | (FM-1000)

Density b, mJ (LN (K] [UNUER) 0,042
Nominal thickne ss in, 00118 0,020 0, 00385
Modulus 10" s

1-;l 16.7 2,2 021

Ea 6.2 42,2 0.21

\ir. 2.0 16,9 0,075
Poisson's ratio Ratwo

Y12 [URRR] 0,25 (U T4
Coelfictents of w " wmon Yy
thevmal cxpansion

1] \ VN 64 40

Ny K oA 1w
Strengths 10" pst

S “140 TR %.0

\'“. “l 1y hf--l..' dln 0

Syrp o a9, C7.0

S0 Mo bso s Yoo

84 d50. 8 dis. 0 &0

Subseript notation,

1, rolling divection; 2, transverse divection, T,

tension; O, compression; 8, shear,

N eld stress (g, da),

l‘l-'l‘xwlm\' sress (table 1),

“Matertal supplier' s value tor fracture stross,

g stimated values

FABRLE 5, = SUMMARY OF CONSTITUENT MATERIAL AND PREDICTED TIBER LAMINATE PROPERTIES

Subseript notation; 1, rolling divection; 2, transverse divection,

Identtication Predicted properties
I'iber laminate | Vhick | Constituent s, Density, Modulus, Potsson's Plate-type bending Flesural
. R y
and constituent ness, e Ib i ' Pt ratio stiltness, Ib-in modulus,
materials in. 10" psi
i i H ) ) ) )
Byl Ea (S ] a2 Ve | Pan | Pz | Paz | Pae
I-'l Eq
IS . .
1 (LRS! TURRE] (U (LA WL e fao sz o] o, 20 o 27 o822 sebh | a8Te] el 20.6121.0
" (B8 ICENIY e 23,7 124.0] 90 5] L 29 2T68] o1 aNdw] NTT] 166160
m Lia (ORI | Lid 2.0 28,3 ] KT p4Y) AU LI I B RN B AR I KRN
3 128 o o Jded 6. 7116,2] 6,0 RN} CRY IRTUPSLE I8 TAD (U8 BRD vl I8 TAR RO
e 128 (LA TN Lol 12.2 42,2 | 18,9 ) AR INETTR I SUTA I TIN AR
TSR e —————— ) Faa

W——



TABLE 9. = SUMMARY OF COMPUTED LAMINATION
RESIDUAL STRESSES

[ Temperature change, -300% F,)

Tiber |Constituents, Restdual stresses, 103 psi
laminate | LT Be
Titanium Beryllium | Adhesive
“xo "o | “ro |[Y1p | *ro 1D
1 10,55 -3.4]-3.4 2,212.2 3.5 13.5
1 55,36 ~2.8]|=-2.8 3,41 3.5 3.6 | 4.6
1 63,31 -2,5]-2.5 1.3 ] 4.4 3.6 | 3.6

R Rolling direction,

b
I'ransverse direction,

TABLE 10, = SUMMARY OF INFLUENCE COEFFICIENTS FOR STRESS

Tiber laminate _1

Stress, psi

unit load
Titanium Bery Hium Adhesive
gp | "o | ®rp b 48D brp
1 -4, Ti/6%, Be
Thermal 1" F | 11,3 | 11.3 ~7.3 7.3 | =119 -11.7
ul{l) (1 psy 52 [INE 1,36 -, 027 R ool
brp (1 psi) 04 54 =030 1.36 002 007
11-55% Ti/36. Be
Thermal (1 F 9,33 9.67 | -11.3 =11.7 -12,0 -12.0
ARD (1 psi) 6% i 1.77 - 061 .00 L00l
b'l'l) (1 psi) O 64 =, 067 1.75 Lool L010
=63 Ti 3l Be
Thermal (1V F) | ».83 | 5.33 | -14.3 -14.7 -12.0 -12,0
ARD (1 psi) 70 036 A, K2 - 075 010 L001
Brp (1 psi) 040 71 -os1| 1,79 L001 L010

“Rolling direction.

| .
I'ransverse direction,
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TABLE 13. - COMPARISONS OF MEASURED AND PREDICTED PROPERTIES

OF TIBER LAMINATES

Property identification

Tiber laminate and direction

1 - 40 Te/ /58 Be Il =55, Te 36 Be | - 630 Ti/31% Be
“gp | P 4Rp brp “RD brp

Modulus, 10° psi

Measured 29.5 30,0 24.0 24.0 25.5 24.5

Predicted 30,6 J0.8 23.7 24,0 22,9 23.2

Percent ditference 3.7 2.7 -1.2 0 -10,2 -5.1
Poisson's ratio

Measured 0,20 0.25 0,26 0,27 0.26 0,28

Predicted +& 2 .28 +29 .29 29

Percent difference 35.0 5.0 1.0 7.4 11.5 3.6
Fracture stress, 107 psi

Measured 93,8 67.06 104, 9 103.5 114.1 103.9

Predicted (using Eq. (3) 95,2 v3,2 103.5 100.7 111,2 105.6

Percent ditference 4.7 37,9 -1.4 =2.7 -2.5 -4.7
Density, Ib in®

Measured 0,103 | ===== 0,117 | ====-- 0,123 | —=====

Predicted L1002 | —mmee B B L 125 | meeee-

Percent difference =9 | ===-- -8 | =m———- 1,6 | ===e=-

4Rolling direction,

Transverse direction,
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PABLE 1, - COMPARISONS OF PREDICTED NORMALIZED BUCKLING STRESSES
OF TIRER LAMINATES WITH OTHER COMPOSITES AND METALS

Material

Spectiie buckling stress,

Yew ‘t"»

m

Plate Cy lindrical shell
'* e 1) —— —4-1
a ;\ )

P

i" \
- — '
i

G2

iber hybrids

o2 \h";

TOL T 30% Be 4le0
507 Tt 501 Be adl (AR
0L TLTeL Be B ) iU K1\
—_— - -
Other composites
10 AL 0,00 FVR) CERIN TS a1
BE (000 FYR) o4 i
116 E (.60 FVR Qs s
AS B (060 FYR) ARK} 1150
Meatals r
Steel RRFEN T 2442
Aluminum Wy 2263
Uitanium ST 2ed

Noetatwon: 1AL = boron alumaimuan; BB F

boren epony; 70 F < Thornel 76 epony;

AS E - type A surtace treated epoxy untdivectional composites; FVR - Giber

volume ratie,
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TIDANIUAY P —T
LAAINATE | LANINATE 1 LAMINATE 111

Flaure 2, = Tiber laminate specimen cross-sections,
(Dimensions i incnes,)

o m—
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e = 10 (TRANSVERSE DIRECTION) -
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-
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| 1

L

\ 2112
N 3 ROLLING DIRECTION)

Fiqure 3, = Typical specimen lay-out plan of tib

’i‘ 2112 -

or laminates.  (Nominal values = all dimensions are in inches, )

!
T ——
2-ELEMENT 90° ROSETTE, —_—3
BACK-TO-BACK 0.032
N\ y e— SMOOTH TENSILE
(TRANSVERSE
: : DIRECTION)
| - © 346 -~ Lk o
r- 0. 8 -
e SMOOTH TENSILE
1 ROLLING DIRECTION)

SINGLE ELEMENT
\

CENTER SLOT ~_ |

\
v ELEMENT 90° ROSETTE,
BACK TO BACK

ja——NOTCH TENSILE
(ROLLING DIRECTION)

N i‘*

3.00

0.50 -

-

Figure 4. = Schematic showing instrun
Alldimensions are in inches, )

- -

1.25

entation and dimensions of tiber laminate specimens.
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AXIAL STRESS, ksi

STRESS, ksi

STRESS, ksi

uior
120t
80—-
40
120
[ B B
0 1 2 3 4
80—
(@) TITANIUM.
m.—
40._
400— 3
£ | | | |
o g (d) TIBER LAMINATE 11.
B G 18
| | | N =
0 0 .80 LA L6 0
(b) BERYLLIUM
800, — “
| | | ]
600}— 0 40 .80 L2 160
STRAIN, percent
4001— (©) TIBER LAMINATE 111.
Figure 5. - Concluded.
m_
| | | B
0 2 4 6 8

STRAIN, percent
(c) TIBER LAMINATE 1.

Figure 5. - Typical stress-strain plots
for smooth tensile specimens.

et coutey <
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RERY LLLYIAY = SA'QOTH TENSILE

TITANIUM = SA'QOTH TENSILE

TIRER LANYINATE SAOOTH TENSILE
(TRANSVERSE DIRECTIONY

LAMINATE SANOOTH TEN SILE
ROLL DIRECTION

TIRER LAMINATE NOTCH TEN SILE -

TIRER LANINATE FLENURAL

\/ v v
[ ANINATE | VINA \\‘|\\H ‘H

A

Fiqure 6. =View of constituent and tiber laminate tested specimens for
h‘n\nlt' and impact strengths,
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