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ABSTRACT OF THE DISCLOSURE 

Titanium sheets are vacuum coated with a ?ash coat of 
aluminum and then vacuum coated with a thick coat of 
boron or boron carbide. The coated product has a higher 
modulus of elasticity than titanium of equivalent thick 
ness and Weight and may be laminated to form a struc 
tural material. 

BACKGROUND OF THE INVENTION 

The present invention relates to a coated titanium prod 
uct, a coated refractory metal product, composites with 
high modulus reinforcement, laminates and structural ma 
terials. 

It is a principal object of the invention to provide a 
coated titanium or like refractory metal product of high 
modulus of elasticity and strength. 

It is a further object of this invention to provide an im 
proved form of titanium structural material characterized 
by higher modulus of elasticity than titanium and a lower 
density to be used for any given application where high 
stiffness and low weight are required. 
The object is achieved through the use of a laminate 

approach in which titanium in the form of foil about half 
mil thick is coated with boron, a high modulus of elas 
ticity material, and laid up in laminates. Alternatively, the 
foil is coated with boron carbide. In order to achieve ef 
fective amounts of boron or boron carbide in the lami 
nate, it is coated in a thickness of at least one-fourth as 
great as that of the substrate and preferably in a thickness 
greater than half the substrate thickness. The combina 
tion of titanium and boron results in a surprisingly low 
internala stress despite the signi?cant thickness. of the 
coating relative to the substrate. In order to achieve the 
necessary adhesion between the coating and the substrate 
at relatively low temperature an aluminum undercoat is 
deposited on the titanium prior to coating with boron. 
It is surprising that adherent thick coatings of boron or 
boron carbide could be obtained on titanium at relatively 
low temperatures, of vacuum deposition. 
Another distinct aspect of the invention is the discovery 

that a way to achieve a useful and practical form of the 
known “high-modulus-at-low-density” materials—boron 
and boron carbide—is to apply them as thick coatings 
onto a titanium substrate. This involves accepting the ap 
parent weight penalty of titanium in return for the sur 
prisingly more-than-oifsetting gains of achievable thick 
and adherent coatings of the high modulus material. The 
validity of this approach to coated product reinforcing 
structures has been demonstrated. 

In making the laminate, the layers of coated product 
can be bonded by adhesive or self-bonded by hot pressing. 

It is a further object of the invention to provide a meth 
od of coating boron and boron carbide onto titanium, 
using an interlayer. 

It is possible to coat boron or boron carbide direct 
ly on titanium. But, such coating requires uniform heat— 
ing of the coating area to a temperature of about 500° C. 
800“ C. to insure good adhesion. Uniform heating of thin 
titanium substrates is not a simple processing task and 
the di?iculty is greater when done in Vacuum. In addi 
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tion, high coating temperatures increase the effects of 
small differences in the thermal expansion coef?cients 
of the substrate and coating. The stresses produced by 
these differences in coefficients of expansion may limit 
the coating thickness of boron and boron carbide attain 
able on a practical basis at SOD-800° C. The small dif 
ference of thermal expansion between titanium and boron 
and between titanium and boron carbide due to thermal 
gradients across a thickly coated product and/or small 
differences in coefficient of thermal expansion, both ac 
centuated at high processing temperature limits the coat 
ing thickness of boron or boron carbide attainable on a 
practical basis at 500° C.-800° C. The coating of boron 
or boron carbide on an aluminum coated face of a titan~ 
ium substrate in accordance with the present invention 
can be carried out at about 200—300° C. for boron and 
for boron carbide. Consequently, substantially greater 
coating thicknesses may be attained. The attainable thick 
ness is also increased by the closer match of titanium to 
boron and boron carbide in coe?icient of thermal expan 
sion compared to other substrates. This improvement in 
attainable thickness and hence of volume fraction of 
boron or boron carbide which can be introduced into a 
composite offsets the weight penalty of titanium compared 
to lighter available substrates (plastic, aluminum). 
Titanium also lends desirable strength to the structural 
laminate as a whole. 
The coe?icient of thermal expansion of boron carbide is 

less than that of titanium. However by increasing the 
volume fraction of aluminum, the coef?cient of the com 
bination of aluminum and boron carbide may be made 
equal to that of titanium. Under these circumstances the 
aluminum will yield and the combination of coating and 
substrate will remain ?at as deposited. 
The invention is now further described in the following 

speci?c example with reference to the accompanying 
drawings wherein: 
FIG. 1 is a schematic diagram of the apparatus used 

in practicing the method of the invention, 
FIG. 2 is a schematic cross-section view of a structural 

laminate incorporating as a repetitive building block, the 
coated product of the invention. 

Referring to FIG. 1, there is shown a vacuum cham 
ber 10 evacuated by a vacuum pumping system 12. With 
in the chamber is mounted an evaporation source 14 such 
as a water-cooled copper crucible ?lled with a charge of 
the material to be evaporated (boron or boron carbide), 
an electron beam- gun 16 for heating the charge with 
a beam of electrons and a shutter 18 (movable to the 
position indicated at 18’ to allow coating). The substrate 
to be coated is indicated at 20 and is moving from a feed 
roll 22 to a wind up roll 24 passing over wheels 26. The 
substrate also passes over a cooled back-up plate 28, the 
temperature of which is controlled by circulation of a 
coolant in pipes 29. . 

Heater rods 30 are provided to preheat the substrate 
to the temperature necessary for good adhesion. The rods 
are electrical resistance heating elements arranged in pairs 
with current ?ow in opposite directions in the adjacent 
rods of each pair so that there is no net signi?cant mag 
netic ?eld to disturb the beam from electron gun 16 to 
source 14. 
The substrate comprises an aluminum coated titanium 

sheet in a distinctly advantageous embodiment of the in 
vention. The aluminum is evaporated in vacuum by any 
of electron beam, resistance or induction heating and de 
posited on a clean titanium foil moving past the evapo 
rating source to produce a coating of aluminum. Where 
the ?nal coating is to be boron, the thickness of the 
aluminum coating will be a mere ?ash coating thickness 
on the order of about 10 microinches. 
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Where the desired ?nal coating is boron carbide, the 
aluminum coating is deposited to a thickness of at least 
1/5 the desired boron carbide thickness but no greater 
than half the desired boron carbide thickness. This is to 
help buffer the effects of slight mismatch in the thermal 
expansion coef?cients of boron carbide and titanium (4 
and 8, respectively) without getting the aluminum so thick 
that the effective substrate becomes aluminum rather than 
titanium. 

Prior to the aluminum precoating, the titanium is pre 
heated in vacuum for cleaning, to a temperature at least 
as high or higher than any subsequent temperature which 
will be encountered in the later steps of aluminum pre 
coating or boron (or boron carbide) ?nal coating. 

It is distinctly advantageous that the temperature of 
the titanium foil during the pre-heating, precoating and 
coating steps be held below the temperature of its alpha/ 
beta transition which is l62l° F. (885° C.) for pure 
titanium, about 1650° F. for high titanium alloys, 1665 ° 
F. for low titanium alloys and 1750° F. for the common 
Ti-6Al-4V high strength alloy, particularly during the 
latter two steps. Internal stresses are thus minimized and 
thicker adherent coats of boron or born carbide are made 
more readily by eliminating this source of stress as well as 
the stresses associated with thermal expansion per se. 
The boron or boron carbide charge is degassed in a 

vacuum on the order of l0—4 torr by heating at 1300° C. 
for 2 hours prior to coating. In the case of boron a further 
preparation step of deep melting by electron bombard 
ment in vacuum is carried out prior to coating. 
A preferred heating schedule for the titanium is 600° 

C. for preheating 350° C. for aluminum precoating and 
250° C. for ?nal coating. 
The coated product of the invention is shown in FIG. 2, 

as incorporated in a structural laminate. The laminate 40 
comprises multiple layers of coated titanium, only two 
of such layers 42 and 44 being shown in the drawing. 
The layers are secured to each other by hot pressed dif 
fusion bonding (pressure of 2000 p.s.i., temperature of 
600° C. applied for 120 minutes), assisted by use of a 
?ash vacuum coating of aluminum 43 coated on the 
back face of the titanium substrate 441 of layer 44. The 
layer 42, which is typical of the coated product of the 
invention, comprises a substrate 421 of .0005 inch ti 
tanium foil. The coating 422 is a vacuum deposited layer 
of boron .005 inch thick secured to the substrate by a vac 
uum deposited coating 423 of aluminum .00005 inch 
thick and the diffusion reaction products of aluminum 
and titanium in layer 424 and of aluminum and boron in 
layer 425. The structural material 40 may be employed 
as a simple ?at wall member or curved as in an airplane 
fairing. Curved shapes can be laid of individual coated 
layers and hot pressed in curved form to produce a ?nal 
curved product which is quite rigid. The laminating can 
also be produced by methods other than metal assisted 
hot pressing, such as self-bonded hot pressing, epoxy 
bonding by painting one or both of mating surfaces with 
in the laminate and holding the laminate under conditions 
to promote curing of the epoxy adhesive. The use of an 
all metal structural material is preferred, over one having 
epoxy or other resins, in order to facilitate high tempera 
ture use such as in hot gas turbine blades. 

Another embodiment of the invention involves produc 
tion of the structural laminate material of the invention 
by forming the titanium layers in situ by consecutive dep 
osition. For instance, an aluminum core in the shape of 
a turbine blade could be rotated in a vacuum chamber 
over three sources of titanium, boron and aluminum which 
could deposit in sequence layers of 

(Ti-Al-B ) ~Al- (Ti-Al-B ) -Al 
etc., the B and Ti layers being .O000l inch thick and the 
Al layers being .000001 inch thick. The temperature at 
the deposition surface would be held to between 100° C. 
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4 
and 500° C. and preferably about 300° C. by a com 
bination of heaters and radiant heat sinks adjacent the 
deposition zone. 
As further variations of the invention the aluminum 

metal precoat can be substituted by other metals which 
adhere well to the substrate and ?nal coat under vacuum 
coating conditions, such as nickel, magnesium, zinc, lead 
and cadmium. The substrate can be substituted by alloys 
of titanium and by other refractory metals-columbium, 
zirconium, hafnium, tantalum, tungsten, molybdenum and 
alloys thereof. All the foregoing have coefficients of 
thermal expansion in the range of 4 to 8 ><10"6/° C. 

(In/in. ° C.) 
Columbium __________________________ __ 8.0 X l0—6 

Zirconium ___________________________ .._ 5 X 10‘6 

Hafnium ____________________________ __ 6 X 10—6 

Tantalum ____________________________ __ 6.7 X 10*6 

Tungsten ____________________________ __ 4.6 x10-6 

Molybdenum _________________________ __ 5.5 x 1O~6 

which is essentially the same as 4 for boron carbide and 8 
for boron for purposes of the present invention and in 
contrast to aluminum and plastic substrates whose coeffi 
cients are 25><l0—6/° ‘C. and up. The use of the above 
substitutions with the present advantages is limited by 
the constraint that the precoated substrate must be capable 
of being coated by the ?nal coat material at temperatures 
below those involved in coating without bene?t of the 
precoat to limit stresses as described above. It is also 
preferable that the precoat ‘be coatable on the substrate 
at relatively low temperatures. 
The following examples of practice of the invention are 

now set forth by way of illustration and not by way of 
limitation. 

EXAMPLE 1 

Substrate in the form of titanium foil, 0.5 mil thick and 
coated with vacuum deposited aluminum on both sides 
to a thickness of .07 mil per side was cut into several 
strips (typical dimensions 2 by 10 inches and 6 by 12 
inches) and mounted on a 2 mil thick carrier web of 
aluminum. The substrate ‘was coated with boron, in the 
apparatus of FIG. 1, with an aluminum coated side fac 
ing downwardly towards the boron source. This coating 
was carried out under conditions of about l0—5 torr pres 
sure, l0—30 kilowatts to the electron beam gun, substrate 
speed of .l—.6 foot per minute, coolant temperatures of 
about 150—160° ‘C., preheating the substrate to tempera 
tures of about 200 to 300° C. with power on the order of 
1-3.5 kilowatts fed to the preheater rods. 
After coating, the titanium foils were separated from 

the carrier and found to have boron contents of 48% by 
volume in two separate runs. 
The various coated foils ‘were formed into laminates 

using epoxy resin adhesive between layers, the epoxy 
forming 15 to 30% of the laminate. One laminate had a 
volume fraction of 34% boron and the other 42%. The 
laminates were tested for strength in tension along a 
single axis. The laminate made with 34% boron had an 
elastic modulus of about 20x10‘6 p.s.i. and the 42% 
boron laminate had an elastic modulus of 28><10~li p.s.i. 

EXAMPLE 2 

A substrate in the form of titanium foil (0.5 mil sub 
strate thickness) was coated in a stationary system in 
vacuum with a layer of aluminum approximately 0.04 mil 
thick. This, in turn, was coated with boron carbide at a 
pressure of between l><l0—6 and 1X10"5 torr. The sub 
strate temperature was maintained between 400 and 600° 
C. The thickness of the boron carbide deposit was ap 
proximately 0.2 mil. The power to the electron gun was 
2 kilowatts. 
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‘EXAMPLE 3 

In order to carry out consecutive deposition, the above 
process of Example 2 was repeated by depositing a second 
layer of aluminum on the ?rst boron carbide layer. The 
second aluminum layer was then followed by a second 
layer of boron carbide. 
The cooled substrate was then removed from the vacuum 

system and cut into four strips. These four strips were then 
bonded together using an epoxy adhesive (Union Car 
bide EAL 2256). The resulting laminate was tested in 
tension. The tensile modulus of elasticity was 31.0><10~6 
p.s.i. The proportional limit was 54,700 p.s.i. and the ulti 
mate strength 54,700 p.s.i. The make-up of the laminate 
was 34 volume percent B4C, 6 volume percent aluminum, 
40 volume percent titanium and 20 volume percent 
epoxy. 
What is claimed is: 
1. A method of producing a basic repetitive unit for a 

high modulus of elasticity laminate product comprising 
the steps of 

(a) placing a sheet form refractory metal substrate 
layer under vacuum, 

(b) vacuum depositing a thin layer of an undercoat 
metal on at least one surface of said sheet form 
metal, 

(0) vacuum depositing a thick layer of a high modulus 
of elasticity material on an undercoated surface of 
said sheet form substrate, 

said high modulus of elasticity material being selected 
from the class consisting of boron and boron carbide, the 
refractory metal substrate being selected from the class 
consisting of elemental and alloyed titanium, columbium, 
zirconium, hafnium, tantalum, tungsten, and molybdenum 
metals. 

2. The method of claim 1 wherein the substrate is 
titanium. Y i ' 

30 

3. The method of claim 2 wherein the undercoat metal 
is aluminum. 

4. The method of claim 3 wherein the substrate is 
heated to a temperature of at least 200° C. and no greater 
than 300° C. during vacuum deposition of the high 
modulus material thereon. 

5. The method of claim 1 wherein a laminate is pro 
duced by assembling and bonding together said repeating 
units. 

6. The method of claim 5 wherein additional layers of 
said undercoat metal are applied to the repeating units 
as adhesive. 

7. The method of claim 1 wherein the laminate is 
formed by consecutive deposition of the repeating units. 
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