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ABSTRACT 
The invention relates to laminate structures and specif- 
ically to essentially anisotropic fiber composite lami- 
nates wherein metal foils are selectively disposed 
withiin the laminate to produce increased resistance to 
high velocity impact, fracture, surface erosion, and 
other stresses within the laminate. 

7 Claims, 6 Drawing Figures 
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2 
ination residual stresses, and increased cyclic load life 
while also being less expensive to fabricate than prior 
structures of comparable character. 

HYBRID COMPOSITE LAMINATE STRUCTURES 

BACKGROUND OF TIHE INVENTION 
SUMMARY OF THE INVENTION A. Field of the Invention 

The invention relates generally to the field of lami- 
5 

Advanced lightweight composites used for fabrica- 
’ 

nate structures and pa&cularl; to hybrid composite 
laminates resistant to impact, residual stresses, and 
environmental degradation. 

tion of fan blades and other components of air-breath- 
ing engines and high performance structural compo- 
nents in general have proven to be only marginally cost 

B. Description of the Prior Art IO effective due to the complex protection mechanisms 
Structures formed of adhesively bonded fiber/resin required in the prior art to prevent resistance to impact 

and fiber/metal matrix composites have recently come damage. As such impact improvement and/or protec- 
into use as high strength, low weight replacements for tion mechanisms continue to mature, their complexity, 
structures previously formed of cast, stamped, or cost and weight continue to increase and tend to pro- 
forged metals. In the aircraft industry in particular, 15 vide only marginal cost and weight savings over con- 
these laminates have found numerous uses due their ventional metallic materials. The present invention 
higher strength to weight ratios and resistance to corro- completely reverses this trend and provides a laminate 
sion and surface degradation. concept which improves fracture toughness and pro- 

These laminates have previously been subject to sev- vides increaed resistance to foreign object impact and 
eral problems not encountered in the use of metal 20 surface degradation at reduced fabrication costs. The 
structures, the cracking of the laminate along matrix present invention is a hybrid laminate wherein plies of 
stress lines when struck being perhaps the major falut nonmetallic and metallic fiber composites are inter- 
of these structures. Attempts to overcome this and spersed within the laminate with plies of thin high 
other problems have usually involved orienting the strength metallic foils. The plies of metallic foils are 
essentially anisotropic or “undirectional” fibers in sev- 25 attached to the fiber composite plies by adhesive and- 
eral directions in order to prouce essentially isotropic /or mechanical bonding. The use of both low and high 
structural character within the structure. However, temperature adhesives allows selective operation over 
since fiber composites exhibit greatest strength when a wide temperature range. 
the direction of the loading and the longitudinal axes of The use of the metallic foil plies within the present 
the fibers are coincident, this practice reduces the effi- 30 laminate structure provides a means for achieving a 
ciency of the composite structure and tends to intro- more favorable distribution of stresses in the laminate 
duce lamination residual stresses comparable to the whenever the laminate is subjected to high stresses 
transverse and shear strength properties of the purely resulting from impact, discontinuities in the laminate, 
unidirectional composite. These stresses limit the resis- or other mechanical or thermal loading. The metallic 
tance of the laminated structure to mechanical loading, 35 foil plies themselves also provide a significant contribu- 
and particularly to thermal and/or mechanical cyclic tion to the torsional stiffness and transverse strength of 
loading. the laminate. Thus, a great number of the anisotropic 

The very nature of the prior art laminates also acts to fibers within the composite plies can be effectively 
cause reduced resistance to mechanical fracture aside oriented in the direction along which the maximum 
from the nature of the fiber materials themselves. 40 imposed load will act on the structure. The high tensile 
These fiber-reinforced laminates are formed essentially strength of the essentially unidirectional fibers is 
of fibers set in a rigid matrix material, thereby resulting thereby more efficiently utilized. The thin metallic foil 
in a material of insufficient flexibility to absorb or plies and the thin metal and/or non-metal matrix fiber 
dampen energy directed against point-type locations on plies are adhesively bonded together to produce a lami- 
the structure. A localized impact on the structure res- 45 nate with less residual stress than present metallic ma- 
presents a point-like injection of energy, the rigidity of trix composites that are diffusion bonded. The adhesive 
the matrix material instantaneously transferring the bonding also produces low-cost high performance com- 
injected energy through the laminate to the opposite posite laminates which are highly resistant to point- 
side thereof. Thus, the opposite surface is placed under type impact loading and surface degradation while 
immediate elongation stress. The interface between the 50 exhibiting increased fracture toughness and cyclic load 
fibers and the matrix material is also subject to stress, life. 
these combinations of stresses resulting in interior Accordingly, it is a primary object of the invention to 
cracking, crazing, and surface degradation. One serious provide a hybrid laminate structure formed of plies of 
problem thus previously faced in the field can be gener- fiber/matrix composite materials interspersed with 
ally described as an inability of fiber/matrix composites 55 plies of thin metallic foils. 
to resist localized loading of both a mechanical and It is another object of the invention to provide a 
thermal nature without fracture within the material. hybrid laminate structure wherein fiber composite ma- 

The present invention provides solution to this defi- terials comprising the structure are utilized in their 
ciency in prior art laminated structures by adhesively undirectional configuration, i.e., with the longitudinal 
bonding layers of thin metal foils between the plies of 60 axes of at least a major portion of the fibers being 
fiber/matrix composites to form a hybrid laminate aligned with the major stress vector acting on the strut- 
which exhibits the best characteristics of resin matrix, ture, in order to utilize the high tensile strength of the 
metal matrix and foil materials. The present hybrid fibers most efficiently. 
composite laminates provide improved high velocity It is a further object of the invention to provide a 
impact resistance, increased fracture toughness, resis- 65 hybrid laminate structure which is easily fabricated at 
tance to surface erosion and corrosion, improved trans- relatively low costs and which minimizes residual 
verse and shear properties, improved resistance to stresses within the structure while maximizing resis- 
stresses arising from local discontinuities, reduced lam- tance to impact loading. 

’ 
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A still further object of the invention is to provide a 

composite laminate structure capable of optimum 
structural efficiency; maximum resistance to erosion, 
environmental degradation, and impact loading; and 
minimum notch sensitivity. 

Further objects and advantages of the invention will 
become more readily apparent in light of the following 
detailed description of the preferred embodiments of 
the invention. 

embedded resin plastics known generically as “fiber- 
glass.”The invention particularly allows the use of com- 
mercially available graphite-fiber/resin composite and 
boron-fiber/aluminum composites, which composites 

5 are inherently weak in impact and erosion resistance, 
to form an extremely impact and erosion resistant hy- 
brid composite laminate. In particular, thin layers of 
these fiber/matrix composites are laminated together 
with selectively located plies of metallic foil, particu- 

I O  larly titanium foil, to improve the transverse properties 
of the laminate and to eliminate the need for angle BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an elevation schematically renderd of a plying. It is to be pointed out that the metallic foil plies 
generalized hybrid composite structure fabriated ac- can be formed of any malleable metal, including COP- 
cording to the invention: per, aluminum, gold, etc., the only requirement being 

FIG. 2 is a schematic of a particular embodiment of 15 that the metal be formable into a thin foil conforma- 
the invention: tion. 

FIG. 3u and 3b each show a stress vs. axial strain Referring to FIG. 1, a relatively simple hybrid lami- 
curve illustrating test results for the specimens tested as nate is seen at 10 to comprise alternating layers or plies 
described in the specification; and, of a metallic foil 12 and a fiber/matrix composite 14, 

FIGS. 4u and 46 each show a similar curve of axial 20 the plies 12 and 14 being bonded together by relatively 
strain vs. Poisson’s strain illustrating test results for the thin layers 16 of a suitable adhesive material. It is to be 
specimens tested as described in the specification. understood that FIG. 1 is intended only for illustration 

of the concept underlying the present invention. The 
arrangement of the plies 12 and 14 can vary in an al- 

25 most infinite number of wavs and can be built UD to 
DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 
The present invention provides laminate structures 

comprised of plies of fiber/matrix composites inter- 
spersed with plies of high strength metallic foils, the 
plies being arranged in specific sequences and bonded 
together, such as by suitable adhesives, to form a struc- 
ture highly resistant to a variety of stresses. The present 
laminate structures are preferably fiber reinforced, but 
the concept may be extended to plastic laminates, such 
as thermosetting resin plastics, which are not fiber 

form a laminate of any desirid height. Generally, how- 
ever, the metal foil plies 12 are disposed within the 
laminate 10 on the upper and lower external surfaces as 
shown with at least one ply 12 disposed within the 

30 laminate 10. The fiber/matrix composite plies 14 may 
alternate with the metal foil plies 12 as shown or can 
alternatively be repeated any desired (and reasonable) 
number of times prior to a repeat of a metal ply 12. The 
laminate 10 could also be formed without internal foil 

reinforced. However, since fiber/matrix composite ma- 35 plies 12. It also is to be understood that the fiber/matrix 
terials are generally more useful for high strength appli- plies 14 may all be of the same composite material, 
cations than non-reinforced plastic materials, the in- such as glass fibers in an epoxy resin matrix, throughout 
vention will be described in relation to such fiber-rein- the laminate 10, or may vary in any desired manner, 
forced materials. As previously discussed, the present such as alternation of glass fiberlepoxy and born fiber- 
invention also provides additional advantages when 40 /aluminum either alternating, or otherwise. Particularly 
fiber/matrix composite plies are utilized to form a lami- useful structures will be described hereinafter. 
nar structure. A listing of the thermosetting, thermo- The general structure of FIG. 1 is seen to provide a 
plastic, or other non-metallic matrix materials useful in laminate structure having high transverse strength, 
the practice of the present invention is not believed transverse stifmess, and impact resistance due to the 
necessary to an understanding of the scope of the in- 45 provision of the metallic foil plies 12 therein while 
vention. Such listing could not practically be made and retaining the high strength to weight characteristics of 
would be pointless in any event. It suffices to point out the fiberlmatrix plies 14. As alluded to previously, 
that the invention is useful with any matrix material of fibers within the plies 14 can be oriented essentially in 
a non-metallic or metallic nature (including deposited any desired direction to align with expected major 
metallic matrix materials), particuarly wherein essen- 50 stress loading since the plies 14 are not required to 
tially anisotropic fiber elements are disposed within the contribute substantially to the isotropic character of 
matrix material either in random orientation, partially the laminate 10. Further, the metallic foil plies 12 act 
random orientations, or aligned in a predetermined to more favorably distribute imposed stresses acting on 
direction or directions. The fiber elements themselves the laminate 10, particularly point-type s t r m  caused 
may constitute a variety of filamentary or high strength 55 by small are impact or localized thermal &e&. 
‘‘whisker” materials, such as glass filaments, from fila- A particularly useful hybride composite is Seen in 
ments and whiskers, or a great number of other materi- FIG. 2 to comprise alternating plies of titanium foil 20, 
als having high tensile strength. It suffices to point out boron fiber/aluminum 22, and graphite fiber/epoxy 24, 
that these fiber elements share the common character- the plies 20, 22, and 24 being respectively bonded 
istic of high tensile strength, Le., the strength along the 60 together by layers of an adhesive material 26. The 
longitudinal axis of the fiber is substantially greater boron fiber/aluminum plies 22 may be either diffusion 
than the axial strength of the fiber. Such materials are bonded or adhesively bonded. The adhesive material 
effectively anisotropic in structural character, Le., hav- 26 may be any suitable material, at least one example 
ing strength in one direction, as opposed to being iso- of which is particularly indicated hereinafter. This s- 
tropic, i.e., having essentially identical strength in all 65 quence of plies may be repeated any desirable and 
directions. A simple example of such a “fiber” is ordi- resonable number of times to provide a laminate ~truc- 
nary wire and a common example of a fibedmatrix ture of desired strength. It is alw to be noted that dou- 
composite material is the various forms of glass fiber- ble titanium foil plies 20 (separated by an adhesive 
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layer 26) can be employed on the upper and lower 
external surfaces of the laminate. In the laminate 
shown in FIG. 2, the fibers, Le., the boron and graphite 
fibers withii the plies 22 and 24, are oriented in essen- 
tially one direction in order to maximize the stress- 
bearing efficiency of the laminate in that direction. 
Thus, although the laminate of FIG. 2 has maximum 
resistance to stress along the x-axis due to the fiber 
orientation within the plies 22 and 24, the total struc- 
ture has torsional stiffness and a sufficient degree of 
btropic character due to the titanium foil plies 20. 

Composite laminates formed according to the prior 
art and according to the present invention were fabri- 
cated and tested to determine the nature and extent of 
the advantages provided by the present invention. In 
the following discussion, tables and figures, the Type I, 

6 
specimen hod impact, and notch sensitivity tests. Lam- 
inate analysis is utilizable to calculate the lamination 
residual stresses throughout the hybrid laminates, 
Types IV and V. In order for qualitative and quantita- 

5 tive comparisons of the test results to be meaningful, 
the geometry of the laminate specimens was kept as 
similar as was practical. 

Description of the Composite Laminates 
10 Five laminates, identified as Roman numerals I 

through V, were fabricated, the Types IV and V being 
fabricated according to the present invention while 
Types I through III are representative of the prior art. 
The particular structure of each laminate, the designa- 

15 tion thereof, the constituent materials, and the sources 
of the materials are listed as follows in Table I: 

TABLE I 
Laminate 

Typc W i n a t i o n  Material. Source 

I G r E p  

II BIA I 

111 BIA 1 

IV Ti,B/A1 
(hybrid) 

V Ti,B/A 1 ,GrEp 
(hybrid) 

Unidirectinnl typ A-S graphite fiben with 
type 3SOlIcpoxy resin in the form of 3-inch 
wide prepreg tape 
Diffuaion-bonded unidirectional layen of 5.6 
mil diameter boron fiben in 1 6061 aluminum 
alloy matrix 
Monotape layen of 5.6 mil diameter boron fibera 
in a 6061 aluminum alloy matrix 
Plica from the above monotape were adhesively 
bonded uaing FM IO00 atructural adhesive in 
fdm form 
Titanium foil, (6AI-4V) 0.0015-inch thick as 
rolkd 
Individual monotape layen of 5.6 mil diameter 
boron fiben in a 6061 aluminum alloy matrix 
FM IO00 itructural adheaive in fdm form 
Titanium foil, (6A1,4V), 0.0015-inch thick 

Individual monotape layen of 5.6 mil diameter 
boron fiben in a 6061 aluminum alloy 
Type A-S yaphite/3501 prepreg 
FM IO00 atructural adheaive in f i l m  form 

Hercules, Inc. 

Amercom, Inc. 

Amercom, Inc. 

American Cyanamid Co. 

Teledyne Rodney Metals 

Amercom, Inc. 

American Cyanamid Co. 
Teledyne rodney Metals 

Amrcom, Inc. 

Hercules, Inc. 
American Cyanamid Co. 

a, and III laminates are prior art structures while the 
Type N and Type V laminates are formed according to 
the present invention. The fabricated laminates were 
subjected to testing including tension flexure, thin 

The thermal, physical, and mechanical properties of 
the constituent materials listed in Table I are summa- 
rized in Table I1 as follows: 

, 

TABLE II 
Ti Adhesive BIA 1 G r E p  

Property Unitl (6  A1-4V) (FM-1000) (5.6/6061) (A-S/3501) 

Denaity 
Nominal thicknw 
Approximate 
fiber volume 
Modulua 

El 
El 

GI1 
G S  

Poiswn'a ratio 

of thermal 
expansion 

Fracture r t reu 

a1 

SIT 
SIC 
SW 
SlC 
ss 

a a  

Ib/in' . I6  .042 
in. .MI5 .O005 

percent - - 
IO' ai 

16.0 .20 
16.0 .20 
6.2 .07 
6.2 .07 

.30 .40 

.30 .40 

IO-' id.in.7 F 

10' psi 

5.8 40.0 
5.8 40.0 

220 
1 0"' 

IIOYI) 

6U' 
120"' 
120"' 

120"' 1 @*I 25 
70 7 

.095 .057 

.0070 .0050 

50 60 

33.8 18.5 
21.0 2.0 

7.2 .6 I 
6.8 .37 

.25 .25 

.39 .47 

3.3 .33 
10.7 16.2 

181 
250 165 
20 8 
25 
23 13 
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and metal-to-graphite interface bonds. The gra- 
phite/epoxy plies were bonded using the 3501 matrix Fabrication of the Composite Laminates 

The five composite laminates were respectively fabri- resin. The time-pressure-temperature cycle was se- 
lected to initially cure the graphite/epoxy plies and 

Type I. Twelve .unidirectiional plies of A-S/3501 5 then effect bonding at the FM lo00 interfaces. The 
cated in the following ways: 

graphite prepreg tape were assembied and cured in a 
metal mold using the standard curing conditions rec- 
ommended by Hercules, Inc. for this type of epoxy 
resin system. 
Type 11. Eight unidirectional plies of B/Al were diffis- 

uon bonded by the manufacturer, Amercom, Inc. The 
diffusion bonding conditions consisted of 4500 psi 
pressure at a temperature of 950" F for one-half hour. 

Type 111. Seven unidirectional plies of B/Al were 
adhesively bonded using FM lo00 structural adhesive 
made by American Cyanamid Corp. of Havre De- 
Grace, Md. Prior to bonding, each B/Al ply was treated 
with a 10 percent sodium dichromate solution at room 
temperature for 5 minutes. Each d v  was rinsed in 

procedure was as follows: After assembling the vpriOus 
components of the laminate in a metal mold, a thenno- 
couple was placed in contact with the edge of the com- 
posite. A Wabash-type laminating press was then pre- 

o heated to 275" F. The cold mold was placed in the press 
and 15 psis contact pressure was initiated. When the 
thermo-couple reached 100" F, contact pressure was 
maintained for 16 minutes. A pressure of 600 Prig 'was 
then initiated and a temperature of 275OF. was main- 

5 tained for another 14 minutes to complete gelation of 
the epoxy matrix resin. At the end of this time period, 
the press temperature increased to 300" F. and pressure 
was maintained for 30 minutes to advanve the cure of 
the epoxy. At the end of this time period, the press 

water and methyl alcohol, then dried: b r i n g  the bond- 20 temperature was increased to 350" F. and preasure was 
ing operation, a pressure of 600 psi, a temperature of maintained for 120 minutes to complete the cure of the 
375' F, and a time of one-hour were used to cure this epoxy and the adhesive. The press heaters were turned 
adhesive. off and the laminates was permitted to cool under pres- 

Type IV. Five sheets of titanium foil and six unidiic- sure to mom temperature. 
tional plies of B/Al were adhesively bonded using FM 25 A detailed decription, in tabular form, of the arrange- 
lo00 structural adhesive. The foil was laid up so that its ment of the material, plies, and the corresponding 
primary rolling direction was parallel to the fiber direc- thicknesses thereof, is provided in Table III as follow. 
tion. Rior  to bonding, the titanium foil plies were de- 

TABLE III 

T w - I  Type-III Type-IV T w - V  
L8y- 

t, er t, 
L . Y -  L.Y-  %- t!I) 7:- t, or t, cr 

No. MatrrLI in. no. Material in. no. Material in. no. M8terial in. no. M8teri.l 

1 A-S/3501 0.0049 I B/AI (5.6 0.0069 1 B/AI 0.0074 1 Ti(6-4) 0.0015 1 Ti 0.0015 
mil. 6061) 

2 FM1OOO .0007 
3 Ti .0015 
4 FMIOOO .OOO7 
5 B/AI .0074 
6 FMIOOO .0007 
7 A-SIE .0050 
8 A-SIE .0050 

2 
3 
4 

2 
3 
4 
5 
6 
7 
8 

.~ 
2 FMIOOO .OOO3 2 FMIOOO .OOO1 
3 B/AI .0074 3 Ti .0015 
4 F M I O O O  .OOO3 4 FMIOOO .OOO1 
5 B/AI .0074 5 B/AI .0074 
6 FMIOOO ,0003 6 FMIOOO .OOO1 
7 B/Al .0074 7 B/AI .0074 

(Total u thickness 8 P M I O O O  .0003 8 FMIOOO .OOO1 

0.0552) 
9 B/Al .0074 9 B/AI .0074 
10 F M I O O O  .OOO3 10 FMlOOO .OOO1 
I 1  B/Al .0074 1 1  Ti .0015 
12 FMIOOO .OOO3 12 FMIOOO .OOO1 

13 B/AI .0074 13 B/AI .0074 

0.0536) 14 FMIOOO .OOO1 
IS B/AI .0074 
16 FMIOOO .OOO1 
17 B/AI .0074 
18 FM8000 .OOO1 

(Total thiicknea 

19 Ti .0015 
20 FMIOOO .OOO1 
21 Ti .MI5 

(Total tbickneu 
0.0529) 

5 
6 
7 
8 

9 
10 
I 1  
I2 

13 

14 
15 
16 
17 
18 
19 
20 
21 

AWE .0050 
FMIOOO .OOO7 

Ti .w15 
FMIOOO .OOO7 

A-SIE .0050 

A-S/e .0050 
A-S/E .0050 

FMIOOO .0007 
B/AI .0074 

FMIOOO .OOO7 
Ti .0015 

FMIOOO .OOO7 
Ti .0015 

(Total thiicknou 
0.0579) 

"b Draoc Imyr cyclu*l.. 

greased and treated with a 5 percent hydrogen fluoride 
solution for 30 seconds at mom temperature. This was 
followed by a water and methyl alcohol rinse and then 60 
drying. The prebonding treatment of the B/Al and the 
time-pressure-temperature cycle for curing was identi- The laminates fabricated as described above and 
cal to that wed for the Type III laminates. ranging in thickness from 0.05 to 0.06 inches were cut 

Type V. Five Ilheeta of titanium foil, two plies of into 0.5 inch width specimens by using a precision 
B/Al, and six plies of pphite/epoxy were adhesively 65 wafer cutting machine equipped with a diamond cut- 
bonded. The titanium and B/AI plies received the same ting wheel. To determine the notch sensitivity of the 
treatment prior to bonding as the Type IV laminates. laminates being investigated, through-the-thickness, 
FM 1 o00 adhesive was used for all of the meal-to-metal center slots were placed in specimens using electrical 

Description of composite Testing 
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discharge machining. All notched specimens were ma- 
chined this way except for the Type l transverse speci- 
men. This specimen was double edge notched using a 
0.005-inch wide cutting wheel. In all cases the notch 
root radius was 0.003-inch or less. A single slot length, 
0.017-inch, was used for tests on laminate Types I, 11, 
and V. Two slot lengths, 0.010-inch and 0.017-inch, 
were used for tests on laminate types 111 and IV. Where 
required, the specimen ends were reinforced with ad- 
hesively bonded aluminum or fiber glass tabs. All the 
specimens for determining longitudinal smooth tensile 
properties had their ends reinforced. In addition, all 
Type 1 specimens that were subjected to tensile load- 
ings had their ends reinforced. The specimens used to 
determine smooth tensile properties were instrumented 
with strain gages to measure longitudinal and trans- 
verse strain. 

The following tests were conducted: 
1. Composite density. Samples of each of the five 

laminate types were evaluated for density by using the 
ASTM D-792 test method for "Specific Gravity and 
Density of Plastics by Displacement"; 

2. Smooth and Notch Tensile Strengths. The smooth 
and notch tensile specimens were loaded to failure 

10 
2. Smooth Tensile Tests 
Table IV also summarizes the test data obtained fro 

smooth specimens (specimens without slots). This 
table includes laminate longitudinal (load applied par- 

5 allel to fibers) and transverse (load applied normal to 
fibers) tensile properties. Note in this table that the 
initial tangent moduli and Poisson's ratios are given. As 
can be seen in Table 111, inclusion of titanium foil layers 
in the hybrids improves the transverse strength proper- 

10 ties relative to the unidirectional material. The longitu- 

15 

20 

using a hydraulicaliy actuated universal testing ma- 25 
chine. Longitudinal specimens had a test section about 
3-inches long, while transverse specimens had a test 
section about 2-inches long. The notched specimens 
were loaded to faiIure and the maximum load noted. 
Loading was halted at convenient intervals when test- 30 
ing the smooth specimens so that strain gage data could 
be obtained using a digital strain recorder; 

3. Flexural strengths. Test specimens having a length 
of 3-inches were tested for flexural strength in an In- 
stron testing machine. A 3-point loading system was 35 
used with a span of 2-inches; and, 

4. Izod impact strengths. Unnotched specimens were 
subjected to hod impact strength tests using a TMI 
Impact Tester equipped with a2-pound hammer. The 
velocity of the hammer was 11 feet/second. Results of 40 
the Composite Laminate Testing Test results were ob- 
tained for the various composite laminates as follows: 

1. Density. The measured densities of the laminates 
tested are given in the third column of table IV. Note 
that the density of laminate V (Ti,B/Al,Gr/E,) is sub- 45 
stantially the same as that of E-Glass/epoxy (0.075 
ibri3); 

dinal and transverse fracture strains of the two hybrids 
are approximately equal. Comparing the results of the 
diffusion-bonded and adhesively-bonded B/Al lami- 
nates in Table IV, it is seen that these laminates have 
approximately equal properties except for the longitu- 
dinal fracture stress. The longitudinal fracture stress of 
the adhesively-bonded laminate is about 70 percent of 
that of the diffusion bonded laminate. Stress-strain 
curves for all of the laminate types are shown in FIG. 3a 
for loads parallel to fibers and in FIG. 3b for loads 
transverse to the fibers. Note that the stress-strain 
curves are linear to fracture, or nearly so, for speci- 
mens loaded parallel to the fibers (FIG. 3a).  However, 
specimens loaded transverse to the fibers exhibit con- 
siderable non-linearity (FIG. 3b). Curves of Poisson's 
strain versus axial strain are shown in FIGS. 4a and 4b. 

One interesting result was the failure mode of the 
Type V lamiate (Ti,B/Al,Gr/Ep) tested in longitudinal 
tension. The boron/aluminum plies failed when the 
tensile stress produced strain about equal to the frac- 
ture strains of the boron fibers. The Gr/Ep plies re- 
mained intact and therefore still capable of carrying 
mechanical load. This favorable failure mode is very 
significant since these hybrids can therefore be de- 
signed to be inherently fail-safe. 

3. Notch Tensile Tests 
The test data obtained from slotted specimens are 

summarized in Table V. Two interesting points to be 
observed from the data in Table V are the following: 

a. The notch effects are small and about the same for 
both the longitudinal and transverse directions in 
the hybrid composites. 

b. Notch strengthening for the transverse tensile 
specimens was observed in both the diffusion- 
bonded and adhesively-bonded B/Al laminates. 
This strengthening may be attributed, in part, to 
the transverse restraining effects of the fibers at the 
slot ends. 

TABLE IV 
Fracture Fracture Initial modulus 
strength strain of elasticity Initial Poisson's 

Laminate 
type Constituents 

Density I 05 psi percent 10' psi ratio 
Ib/mJ Long. Trans. Long. Trans. Long. Trans. Long. Trans. 

r GrEp 0.057 164 5.6 1.02 0.34 15 1.8 0.33 0.03 
11 BIAl"' .089 228 17.7 .79 .I2 32 25 .24 .I4 
m BIAl"' .091 159 23.7 .67 .21 30 23 .26 .14 
IV Ti, BIAl .098 160 44.1 .68 .88 27 20 .27 .I8 
V Ti, BIAI, GrEp .74 125 31.5 .73 1.01 18 8.5 .25 . l l  

TABLE V 

Laminate 
type Constituents 

Net fracture 
Notch strength Notch strength + 
length IO5 psi Unnotched strength 

m. Long. Trans. Long. Trans. 

I GrlEp 0.17 2.2"' 1 .oo .39"' 
11 BIAI"' .I7 157 27.5 .69 1.55 
Ill BIAl"' . I O  142 27.9 .89 1.18 
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TABLE V-continued 

Net fracture 
Notch strength Notch strength + 

Laminate length 10' psi Unnotched strength 
type Constituents m. Long. Trans. Long. Trans. 

111 BIAI"' .17 140 22.4 .88 .95 
IV Ti, BIAI . I O  140 39.0 .87 .88 
IV Ti, BIAI .I7 134 36.6 .84 .83 
V Ti, BIN, GrIEp .17 98 24.0 .78 .76 

"'Dwran-bonded 
mAdhe8ive-bondcd 
"'No notch p w t h ,  qccimcn split paralkl to fikn 
'UDwbk edge notch @men 

4. Flexural Tests comparison purposes. In order to make the comparison 
The test data obtained from subjecting test speci- meaningful, the Izod impact data were normalized with 

mens to 3-point flexural loading are summarized in 15 respect to the cross sectional area of the composite. In 
Table VI. The important points to be observed from the Table VII, the low and high Izod impact strengths and 
data in Table VI are the following: the number of specimens for each composite or mate- 

1. The hybrid composites exhibit significant improve- rial are given. 
ment in transverse strength compared to other The important point to be observed from the data in 
composites. 

2. The hybrid composites exhibit a decrease in the Using the metal and resin matrix hybrid composite 
longitudinal flexural strength compared to other concept, composite materials may be designed with 
composites. Izod impact resistance approaching that of aluminum. 

3. The hybrid composite flexural longitudinal modu- In addition, when the Izod impact values are nomal- 
lus is slightly less than the B/AI composite and 25 ized with respect to density the longitudinal impact 
greater than the Gr/Ep composite. resistance of the Type V hybrid is about 70 percent of 

that of the titanium. 

2o Table VI1 is the following: 

4. The transverse modulus of the Ti,B/Al, Gr/Ep 
TABLE VII 

U O D  impact strength 
Laminate Tent in.-Ib/hx Number 
type Constituents direction Low High of specimens 

I GrIEp Long. 325 357 4 

I1 B I A P  Long. 277 286 2 

111 BIAI"' Long. 155 216 2 

IV Ti, B/AI Long. 247 253 . 2 

V Ti, B/Al, Gr/Ep Long. 634 720 2 

Trans. 44 48 2 

Trana. 229 241 2 

Trans. 98 159 4 

Trans. 179 224 4 

Tnnn. 186 202 2 

Other Matehh  
h 4 

Trans. 40  43 2 
Glucl-fabric/epoxy - 249 255 3 

272 2 4-mil dum Bl6064-AI Long. 253 
914 2 Aluminum 0.6061 - 756 

Titanium (6A1-4~) - 2525 2558 2 

"'Dwran-bonded 
'UAdhaive-bonded 
"UPMR-polymerization of monomeric PI-polymide 

hybrid composite is about four times greater than 
that of the Gr/Ep composite. 50 

TABLE VI ' 

Fractue streu Modulusc1) 
10. d e, tong. L n r .  55 

Laminate 
type Constituents 

I GrIEp 246 8 20 2.5 
I1 BIAI"' 304 39 39 14 
111 B/AI"' 204 46 31 17 
IV Ti, B/AI 204 97 21 17 
V Ti, B/AI, Gr/Ep 185 83 22 I 1  

5.  Impact Tests 
Data obtained by subjecting the thin composite spec- 65 

imens to unnotched Izod impact .tests are summarized 
in Table VII. Note in Table VI1 the impact strengths of 
some other composites and materials are given for 

Predicted Density and Elastic Properties of the Pre- 
sent Hybrid Laminates 

Laminate analysis was used to assess the applicability 
of linear laminate analysis to the present hybrid com- 
posites. For this purpose, the laminate analysis avail- 
able in the well-known Multilayer Fiber Composite 
Analysis Computer Code was used. The inputs for the 
analysis of the metal and resin matrix hybrid compos- 
ites consisted of the ply constituent properties data in 
Table I1 and the ply arrangement and thicknesses data 
in Table 111. 

The output of the computer code consists of the 
following: 

1. composite density 
2. longitudinal, transverse and shear moduli 
3. major and minor Poisson's ratios 
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4. plate-type bending stiffneses, a measure of the 

The flexural longitudinal and transverse moduli are 
obtained from the plate-type bending stiffnesses using 
the following equations: 

agreement with initial measured data. Comparing cor- 
responding values from Tables VI and VU, it is seen 
that linear lamiate theory predicts flexural longitudinal 
moduli which are in very good agreement with mea- 

5 sured data. The comparisons for flexural transverse 
moduli is fair with the predicted values higher than 
those measured. This is to be expected since transverse 

structural response of the laminate. 

E n  = 12 (Dii-Dix'/&)/t' 1. 

Err = 12 (Dadh*Dii)lI' 2. 
where E denotes modulus; the subscript F flexural, L 
longitudinal and T transverse; the D's denote plate-type 
bending stif€nesses with the subscript 1 taken along the 
fiber direction and 2 transverse to it; and t denotes the 
laminate thickness. 
The results of the laminate analysis via the computer 

code are summarized in Table VIII. In this table the 
flexural moduli predicted by equations ( 1 ) and (2) are 
given. Also, corresponding values for aluminum and 
titanium are included for comparison purposes. As can 
be seen from these data, unidirectional hybride com- 
posites can be designed for torsional stiffness equal to 
that of aluminum. 

10 

1s 

20 

flexural loaidng strains the sp&imen nonlinearly as 
shown in FIG. 3b. The important point from the a h v e  
comparisons is that laminate theory is suitable for pre- 
dicting the structural response of the metal matrix and 
resin matrix fiber composite hybrids. And from what 
has been discussed previously, laminate theory is ex- 
pected to be applicable for predicting the strength of 
these hybrids based on constituent plies and materials 
fracture data. 

It is also important to note the following observa- 
tions: 

1. The mechanical test results show that adhesive 
bonding produces high quality composites and 
composites with improved impact and transverse 

TABLE WI 
Poinon's Plate type bending Flexural modulus 

Laminate Densip Modulus IO. mi ratio Itiifnw") Ib-in. 10' psi 
type Conatitusnu Iblin. Long. Trans. Shear Major Minor DII Dit D,, Du Long. Tram. 

I GrlE 0.057 18.5 2.0 0.61 0.25 0.027 316 8.5 34.1 10.3 18.5 2.0 
I1 BIAIR1 ,095 33.0 21.0 , 7.20 .25 .I6 482 77.6 306 101 33.0 21.0 
Iu B/AI(~) ,093 31.9 20.3 6.96 .25 .16 430 68.5 274 90.2 31.9 20.3 
IV Ti. B/Al .IO3 30.0 19.9 6.92 .26 -17 353 65.0 247 82.8 27.2 19.0 
V Ti, B/Al.Gr/Ep ,079 20.2 8.7 3.0 .26 . I 1  359 60.5 226 15.9 21.1 13.3 

Metal (Measured vaIuesL 
AI (6061) .098 10.0 10.0 5.61 .33 .33 203 65.5 203 130 10.0 10.0 
Ti (6A14V) .I60 16.0 16.0 6.2 .30 .30 316 95.0 316 223 16.0 16.0 

Lamination residual stresses are induced in the con- properties. 
2. Using composites in the unidirectional configura- 

tion simplifies the fabrication process. Introduction 

tics sufficiently so that angleplying is not necessary. 
3. The hybrids with the titanium layers will offer 

distinct advantages over other composites where 
erosion and impact resistance control the design. In 
addition these hybrides should be suitable for joints 

stituent 
Composites because of: 

mom temperatures. 

layers of the me, and resin 

1. m k a t c h  of thermal coefficient of expansions 40 Of the layen propr- 
2. the temperature difference between the cure and 

The lamination residual stresses are computed using 
laminate analysis and the results are summarized in 
Table IX. 45 

TABLE IX 
Relidual stress. IO' mi 

Ti foil BIAl OrlEv Adhelive 
Laminate Constituentr %On& Trans. Lon#. Trans. Long. Trans. Long. Trans. 

- - - - 0 0 -  - 
- - , 3.6 3.1 

- 0 0 
I Gr/E& 
I1 B I N  
UI BIAP) - - - 0 . 1  - 0 . 1  
IV Ti, B/AI 5.6 -19.3 -1.0 3.2 - - 3.6 3.1 
V Ti, B/Al, OrlEp 12.1 -19.6 11.7 2.4 -9.5 3.1 3.6 3.2 

- - - - - 

"'Mm*on-badcd 
'"Ahaivc-badd 

When the lamination residual strews shown in Table 
IX are cornpared with corresponding fracture (yield) 
stresses in Table II, it is seen that the lamination resid- 
ual messes are relatively low. For example, those in the 60 
adherive are lesa than 50 percent of the corresponding 
fracture stresses. Since the adhesive has relatively low 
rtiffneap compared to the other constituents, the hybrid 
can be subjected to considerable mechanical load be- 
fore the adhesive will reach ita fracture stress. 

Comparing corresponding valuer €rom Tables IV and 
Mn, it is reen that the laminate theory predicts densi- 
ties, moduli, and Poisson's ratios which are in good 

65 

and load transfer in highly loaded components. 
4. Optimum combinations of metal/matrix compos- 

ites and titanium layers with resin/matrix compos- 
ites are possible to meet a multitude of design re- 
quirements while maintaining fabrication simplic- 
ity and low lamination residual stresses. 

5. The fracture path/surface of the hybrids tested in 
this investigation appears to be well defined as 
compared with advanced nonhybrid composites. 
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The preceding test evidence shows that hybrid lami- 
nate structure fabricated according to the present in- 
vention have the following desirable properties: 

a. Longitudinal strength and stiffness approaching 
corresponding .properties of other advanced fiber 5 
composites. 

b. Transverse flexural strength approaching that of 
the yield strength of titanium, 6A1-4V alloy. 

C. Longitudinal impact resistance approaching that Of 
aluminum. 

d. Transverse and shear stiffnesses comparable to 
those of 6061 aluminum. 

e. Density comparable to that of commercially-avail- 
able E-glass/epoxy composites. 

Judicious location of the titanium-foil layers in the 15 

direction; said foil plies alternating within the lami- 
nate structure with said matrix material plies, said 
matrix material being metal for outermost plies and 
non-metallic for innermost plies; and 

said fiber embedded metal matrix material being 
aluminum with boron fibers therein. 

2. me laminate of claim 1 wherein the plies me 
bonded together by mems of an adhesive material. 
3. A hybrid structural laminate comprising alternat- 

l o  ing plies of a matrix material and planar metallic foil; 
matrix material being embedded with fiber ele- 

ments having substantially unidirectional strength 
characteristics, said fiber elements being oriented 
within said matrix material with the longitudinal 

extending in subs~ntially the same 
direction; said foil plies alternating within the lami- 
nate structure with said matrix material plies, said 
matrix material being metal for outermost plies and 
nonmetallic for innermost piles; 

with boron fibers therein and wherein the non- 
metal fibercmbedded matrix material comprises 
graphite fibers embedded in an epoxy resin matrix 

laminates may result in predictable high energy absorp- 
tion failure modes for these hybrids. Along the fiber 
direction, fracture is governed by the fiber fracture 
strain. Transverse to the fiber direction and in shear, 

the titanium foils. 
The lamination residual stresses in the adhesive ae 

about 50 percent of its corresponding failure stresses. 
Therefore, capacity remains for carrying mechanical 
load in the hybrid composites. 25 material. 

ture whereby the (B/Al) plies failed leaving the GrEp 

structural material. 

fracture to be governed the geM strain Of 2o said fiber matrix m a t e d  being du,,,i,,um 

The Ti/B/M/Gr/Ep hybrid exhibited a primary fm- 4. The b i n a t e  of claim 3 Wherein the p k  of 
liC foil comprise titanium 

plie are disposed within the laminate at kast on the 
what is claimed is: 
1. A hybrid structural laminate comprising alternat- 6. The laminate of claim 5 wherein the titanium foil 

ing plies of a matrix material and planar metallic foil; plies are double layered on said surfaces and bonded 
said matrix material being embedded with fiber ele- together by means of an adhesive material. 

ments having substantially unidirectional &en@ 7. me laminate of claim 5 wherein the titanium foil 
characteristics, said fiber elements being oriented 35 plies alternate within the laminate structure with the 
within said matrix material with the longitudinal 

plies i n a t ,  thereby providing a fail-safe composite 5. The laminate Of Claim 4 Wherein the titanium foil 

30 upper and lower external surfaces thereof. 

boron/aluminum plies and the graphite/epoxy plies. 
axes thereof extending in substantially the same * * * * *  
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