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INTRODUCTION

This report presents the results of the research done during the second
year or Phase II of an investigation of the properties and behavior of
lamellar composites formed by sputter deposition. The overall objective of

» the work was to develop iamellar composite technology that could be benefi-
cially applied to engineering problems considered relevant to the Department
of Defense and related agencies.

2riefly, lamellar composites formed by sputter depositicn consist of
alternate layers of dissimilar elements and/or compounds. Selection of
layer thickness and compone~t can be made to establish the validity of theo-
retical considerations and so provide a scientific basis for design of engi-
neering materials. Two approaches have been investigated in parallel in
Phases I and II of the contract. Both were expected to result in yield
strengths on the order of 1% or more of the modulus of the composite material.
The thin-layered approach, with 50 R thick layers, was expected to derive
its strengthening from interface effects between layers and the small thick-
ness of the layers. The compound-forming approach, with ~2000 R thick
layers, was expected to derive its strengthening from the bulk properties

e

of the components and their reaction products.

N In general, the Phase II objectives were to expand property and behavior
data on the composites to provide the technology base necessary for consid-
eration of engineering applications. A secondary objective was to seek
information from DOD agencies on potential applications of the technology.

L T Teeeama—

SUMMARY

TECHNICAL PROBLEM

The objective of the program was to develop new composites which dis-
play properties more desirable than the properties of either component
material by itself. Mechanical properties and their thermal stability were
"ﬂ of primary interest for assessment of usefulness in engineering applications.
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Thin-Layered Systems

Koeh]er(]) has proposed the design of a strong solid composed of alter-
nate layers of materials with high and low elastic constants. He expects
yield strengths on the order of 1% of the elastic modulus if layers are thin
enough (200 R) to prevent the operation of Frank-Reed sources. In addition,
since up to 20 R of a pure metal may assume the crystal structure of another

metal upon which it has been de;osited,(2'4)

i.e., pseudomorphic or epi-
taxial growth, the interface region would be very highly stressed in the

manner of Guinier-Preston zones or boundaries of other coherent precipitates.

The object of the thin-layered system program is to fabricate lamellar
composites with layers ‘less than 200 R thick. These layers would consist
of two metals mutually insoluble in the solid state, with different crystal
structures and with widely different elastic moduli and coefficients of
thermal expansion. Contributions to a high level of internal stress should
be realized from lattice distortion produced by pseudomorphic layers, fine
grain size, high internal stress levels achievable in pure sputtered mate-
rials, and property mismatch. It is not expected that Frank-Reed sources
will operate within a given layer; therefore, dislecations should be very
difficult to generate. The long-range nature of the dislocation barriers
(1aver interfaces) together with the need to preserve Burgers vector in
mcving across an interface should also make dislocation moveme.i very diffi-
cult. Vacancy diffusion to the interfaces and subsequent defect movement
should provide the only deformation meraanism.

Compound-Forming Systems

Compound-forming systems do not depend on the small dimensions of the
layers for their properties. The elements or compounds forming the layers
are selected for their individual properties and their compatibility with
each other. The reinfc-cing layer consists of a high elastic modulus mate-
rial such as an oxide, carbide or intermetallic compound; the other layer
is a metal with a reasonable degree of plasticity. These composites couid
function similarly to existing composite materials in that the metal would
protect, orient, and transfer load to the reinforcing layer. They would be
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expected to achieve higher strengths than existing composites due to the
strong bonding between layers. They may, however. suffer the drawback of a
potential continuous crack path in the brittle reinforcing layer.

GENERAL METHODOLOGY

The general approach was experimentai. Tensile testing and microhard-
ness techniques were used to study mechanical properties as a function of
relative and absolute laminate layer tr.ckness, substrate temperature during
deposition, and heat treatment tempurature after deposit on. In additien
such techniques as x-ray diffraction, scanning electron microscopy, calo-
rimetry, and resistivity measurements we.'e used to gain insight into struc-
ture, fracture behavior, and other composite characteristics as a function
of time and temperature.

Depositions on large cylindrical substrates were performed to provide
tensile samples and additional material for metallurgical characterization.

Information was sought from the DOD and related agencies on potential
applications of the sputter-deposited lamellar composite technology.

TECHNICAL 2SULTS

Thin-Lay:red Systems

Phase I -- It was determined that the thin laminate structure provided
a very effective new strengthening mechanism with excellent thermal stability
and retention of mechanical properties to at least 0.6 of the absolute melt-
ing point of the lowest melting component. Deposits sputtered at tempera-
tures below 100°C were very high integrity, highly strained layered structures
with distinct and centinuous alternating layers of Cu and Mo. Each of these
layers were 50 to 100 R thick and were composed of equiaxed grains 50 to
100 K in diameter. Total composite thicknesses produced ranged up to

0.076 cm {G.030 in.), with an area of 800 cmz. The composites were heavily
textured with Cu (111) and Mo (110) planes oriented parallel to the layer
planes. Pronounced peak splitting was also observed in x-ray diffraction
patterns.




Room temperature hardness of as-deposited samples w?3 as high as
717 DPH, which is much higher than that observed in either pure Cu or pure
Mo. Calculation of strenjth based on hardness indicates that a measured
hardness of 669 DPH corresponds approximately to an ultimate tensile strength
of 18,100 kg/cm2 (258,000 1b/in.2). Therefore, at room temperature, the
Cu-Mo laminate structure is much stronger than either pure Cu or pure Mo
and is roughly three times stronger than expected by the rule of mixtures.
Tensile testing to support the strength calculations based on hardness data
met with only limited success since all fractures were brittle and occurred
at low loads, precluding any measurement of ou. The composite modulus was
found to be 1.52 x 106 kg/cm (21.7 x 10 1b/in. ). This was lower than
the 2.35 x 106 kg/cm2 expected from the rule of mixtures and was possibly
the result of microcracking occurring during pretest fixturing. The cal-
culated ultimate strength (o ) of 18,100 kg/cm2 (258,000 1b/in. 2),
is approximately 0.77% of the modulus expected by the rule of mixtures, and

1.18% of the observed moduh(ls3 This value is in cxcess of the 1% of modulus
1

however,

value predicted by Koehier.

With respect to the influence of temperature, the layered structure
withstood a heat treatment of 4 hr at 300°C but broke down by spheroidiza-
tion of the Mo after 2 hr at 750°C Vie spheroidized structure after this
heat treatment consisted of 860 A diameter Mo spheres in a twinned Cu matrix.
The Mo spheres grew in diameter with increasing time at temperature with
3000 A diameter Mo spheres being observed after 4 hr at 1000°C. Hardness
decreased with heat treatment ahove 650°C, a possible indication of the
onset of-Mo spheroidization. Room temperature hardness of a sample sp'roid-
ized by heat treatment at 1000°C for 4 hr, however, was still greater than
the values observed for as-rolled Mo bar stock. In addition, the calculated
room temperature ultimate strength of this sample was 8800 kg/cm2
(125,000 1b/1n.2). This is approximately 1055 kg/cm (15,000 1b/in. 2)
higher than is observed for Mo, almost twice the maximum observed for pure

Cu, and 1.4 times the value predicted by the rule of mixtures.
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Calculations vased on elevated temperature hardness data indicated that
although above 60C°C pure Mo is stronger than the Cu-Mo laminate, the Cu-Me
laminate exceeds the rule-of-mixtures nvedicted strength below 783°F and is
nearly equal to it at 987°C.

Phase II -- Characterization of the lamellar composites formed in the
Phase I work continued. Measured ultimate tensile strengihs obtained from
samples heat treated at 1000°C for 4 hr were slightly higher than the
8800 kg/cm2 (125,000 1b/in.2) calculated from hardness data. It was con-
cluded, therefore, that the method used to calculate o, from hardness in
Phase I was generally conservative and that actual ultimate strengths would
be higher than calculated values. Scanning electron microscopy of fracture
surfaces revealed typical cleavage fractures for composite in the as-
sputtered and heat-treated at 550°C conditions. Fracture in composite heat
treated at 932°C followed the Mo sphere-Cu matrix boundaries.

X-ray diffraction examination of macerial deposited at temperatures of
400 to 450°C revealed that the Mo layers were heavily textured with Mo (110)
planes oriented parallel to the layer planes (or deposit-substrate interface).
The Cu Tayers were slightly textured with Cu (111) planes oriented parallel
to the layer planes, corresponding to the recrystallization texture for
sputter-deposited Cu.

Additional data on the spheroidization caused by heat treatment indi-
cated that for 1 hr at 650°C or above, spheroidization was produced. Cu and
Mo diffusion with a component perpendicular to the layer planes was respon-
sible for the onset of Mo spheroidization and resulting breakdown of the
layered structure with the later stages of Mo sphere coarsening proceeding,
at least in part, by coalescence.

Activation energies, based on hardness and resistivity measurements
from -196 to 982°C, indicated that there were three possible stages for the
structural changes occurring during heat treatment at any given temperature.
The first stage, associated with an activation energy of 9.6 kcal/mole, was
thought to be due to vacancy migration to sinks. The second stage, asso-
ciated with an activation energy of 10 to 22 kcal/mole, was thought to be




due to grain boundary or interface diffusion of Cu and Mo and was respen-
sible for layer breakdown by ‘ormation of Mo spheres. It is possible, how-
ever, that the first stage also contributes to layer breakdown and thus it
may not be appropriate to differentiate between the first and second stages.
The third stage, associated with an activation energy of 70 kcal/mole,

was thought to be due either tu Mo diffusion through the Cu matrix or to Me
sphere coalescence and was responsible for sphere coarsening.

Additional information on the peak splitting observed in as-sputtered
composite produced at temperatures less than 10°C, indicated tha* this
phenomenon was not attributable to lattice strain induced by differences in
therma’ contraction on cooling frrom the sputtering temperature, or the
occurrence of fcc Mo or other nonequilibrium structures. Furthermore, peak
splitting was not observed in samples heat treated at sufficiently high
temperatures. It is hypothesized that the observed peak splitting was a
result of strains from crystallographically related growth of the Cu and Mo
layers with possible contributions from strains induced by solid soiution
formation during sputter deposition. The nature of these strains is not
clear. However, the x-ray diffraction data indicated that t.zy were very
short-range strains.

Compound-Forming Systems

Phase I -- Lamellar composites of alternate layers of titanium and
beryllium-titanium (nominally corresponding to TiBelz) formed by sputter
deposition were found to have the potential for high strength. Composites
were formed with titanium layers ranging in thickness from 0.09 to 0.17 um
and TiBe]2 compound layers ranging from 0.014 to 0.06 um. Total composite
thickness deposited ranged up to 0.025 cm (0.010 in.) with an area of
800 cmz. It was found that the intermetallic compound was formed during
deposition at a substrate temperature of 500°C and that the lamellar struc-
ture was stable up to 900°C, but broke down into a nonplanar geometry at
higher temperatures.

Tensile testing of the composites was limited by premature failure at
strains of less than 10'4. Th elastic moduli were 9 to 23% greater than




that of titarium, however no oy relation with the relative compound or

14 repeating layer (compcund plus titanium) thickness was observed. The
observed tensilz strengths were in the 2.0 to 5.3 x 103 kg/cm2 (29 to

76,000 1b/in.%) range.

Eend test results revealed the following effects of the repeating and
relative compound layer thickness:

a. At equal strain, higher strengths were observed with smaller repeat-
ing layer thickness and/or higher relative compound layer thickness.

® b. A smaller relative compound layer thickness permitted greater
plastic strain before fracture, and thus produced the highest
observed strengths.

It was concluded that the lamellar composites had demonstrated the
potential for high strength. The mcst profitable area for further investi-
gation appeared to be that of smaller repeating layer thickness, and smaller
proportions of the relative intermetallic compound.

: ® Phase II ~- The mechanical properties of lamellar composites formed by

high-rate sputter deposition were determined, and an attempt was made to
correlate the results with the characteristics of the lamellar structure.
The composite alloy systems investigated were: titanium-titanium beryllide,
F® aluminum-nickel aluminide, aluminum-titanium aluminide, and aluminum-
beryllium. Typical lamellar thickness characteristics were: reinforced
metal layers 0.5 to 1.0 micron, reinforcing 1aygr 0.05 to 0.25 micron, total

thickness 0.5 mm. The composites were deposited on 700 cm2 copper substrates

) at rates of 1 to 2 microns/min. The lamellar structures were obtained by
depositing from two semicylindrical targets onto a rotating cylindrical b
substrate. The layer thicknesses were controlled by the voltages applied
to the individual targets and the rotation rate of the substrate.

s B Bt e

In the titanium-titanium beryllide system, the observed flow stress at
a given striain varied in the expected manner with the degree of reinforce-

| PR pe—

ment. The fracture stress, however, was greatest in the composites with -
smaller degrees of reinforcement, due to their greater plastic strain and .
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the high strain hardening rate. Tensile strengths of 100 ksi and extreme
fiber stresses in bending of 500 ksi were observed with less than 10%
reinforcement.

The properties of the aluminum-based systens were not consistently
dependent on the degree of reinforcement. However, reinforcement was
obtained in all cases, as shown by elastic moduli 30 to 60% greater than
pure a:uminum. Strengths of 40 to 65 ksi in tension and 135 to 280 ksi
(extreme fiber) in bending were observed. Total strain (elastic + plastic)
to fracture was of the order of 0.5%.

The layer structure was stable to temperatures in excess of 0.6 of the
absolute melting point in all systems investigated. The titanium-titanium
beryllide system showed spheroidization at 0.7 Tm, while the aluminum-based
systems were stable at this homologous temperature. The aluminum-nickel
aluminide system exhibited extensive breakup and instability of the inter-
metallic lavers in the necked region when deformed at 0.6 Tm. At this tem-
perature, the aluminum-titanium aluminide and aluminum-beryllium systems
were about three times as strong, did not exhibit necking, and retained
their continuous layer structure during deformation.

A1l systems exhibited thorough bonding of the lamellar structure in all
conditions examined, including heat treatments and bend fractures.

The small fracture strains at room temperature, together with the high
strengths observed at testing temperatures of 0.6 Tm, indicate the potential
utility of this class of materials in high temperature applications such as
gas turbine blading.

THIN-LAYERED SYSTEMS

MATERIALS AND PROCEDURES

(5,6)

Only evaluation techniques not discussed in previous reports
described in the following.

are
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Density

Densities of specimens from deposit OTLC-2 were measured in 2 tempera-
ture compensated displacement device with reference to standards of known
density using techniques simiiar to those developed by Ne1son.(7’8) Den-
sities were judged to be accurate within 0.01 g/cm3. The density data were
useful only as a rough indicator of deposit porosity and as verification of

the amount of Cu and Mo in the deposits.

Scanning Electron Microscopy (SEM)

Fracture surfaces were examined in a scanning electron microscope (SEM)
to determine mode of fracture and its relation to composite structure.

Resistivity

Resistivity measurements were made in a Battelle-Northwest designed
and constructed apparatus using a four-probe technique and a digital data
acquisition and anaiysis system. In specimen preparation, copper substrates
were machined away from the deposits on a milling machine with the final
copper removal being accomplished with 600-grit abrasive paper. Resistivity
samples were then cut from the free-standing deposits by electrical dis-
charge machining. Sample size was typically 2.54 cm long, 0.254 cm wide,
and the thickness of the deposit (0.023 to 0.076 cm). Most resistivity sam-
ples were taken from deposit OTLC-2 in order to correlate resistivity data
with transmission electron microscopy (TEM) data. Resistivity leads of high
purity platinum were spot welded to the samples as was a Type R (platinum-
13% rhodium versus platinum) thermocouple. Sample, resistivity leads, and
thermocouple were mounted on a quartz rod and room-temperature resistivity
was measured. The assembly was then plunged into a fluidized bed consisting
of Zr02 powder in a quartz tube with a continuous argon flow through a porous
quartz tube bottom. The bed was maintained at temperatures up to 1000°C by
an automatically controlled and monitored tube furnace. Resistance at con-
stant temperature was measured every 2 sec with a recording digital voltmeter

as a function of time at temperature until resistance had ceased to change




rapidly. The sample was then removed from the fluidi:ed bed and ailowed to
cool to room temperature. Sampla size was measured with a micrometer and an
optical comparator and resistivity was calculated. The resistivity was
meacured ayain at room temperature, in liquid nitrogen, and a third time at
room temperature. Errors in sample dimension measurement may have resulted
in absolute resistivity errors on the order of 15%; however, it is felt that
resistance measurements were accurate within 1%. The resistivity change

data were used to calculate activation energies for the processes responsible
for structural changzs that occurred as a function of time and temperature.

RESULTS AND DISCUSSION

X-Rcy Diffraction

Line Broadening

Analysis of line broadening in x-ray diffractometer patterns of the
deposits indicated that the broadening was caused by the extremely thin
leyers or small grain size rather than by lattice strain. Calculation of
layer thickness {or grain size) from the line broadening resulted in a range
of 73 to 119 R which was in good agreement with the results of TEM (reported
in a later section).

Peak Splitting

As reported previous]y(ﬁ) a peak splitting phenomena was observed which
was felt to be related to distortions in the Mo (110) and Cu (111) inter-
planar spacings. It was demonstrated that the peak splittinn was not caused
by instrumental problems ‘1 the diffractometer. In the present work several
phenomena were investigated as potential structural sources of the peak
splitting. These included lattice strain induced during cooling after depo-
sition; the periodicity of the layered structure; the presence of fcc Mo;
the formation of substitutional solid solutions; and accommodat:on strains
resulting from crystallographically related growth of the Cu and Mo layers.
Each is treated in the following discussion.
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Lattice Strain Induced During Cocling After Deposition. One possible

cause for the peak-splitting phenomenon was lattice strain induced by dif-
ferences in coefficient of thermal expansion on cooling. At first glance
this does not seem a likely cause as the difference in thermal expansion
coefficients between Cu and Mo is approximately 11.5 x 10'6/°C and deposits
were cocied less than 100°C from the deposition temperature to room
temperature. Thermal contraction, therefore, would be on the order of

1.5 x 1074
chat the surface of a sputtered deposit during ceposition may be at a very

or 0.115%. This analysis, however, does not take into account {

high temperature. The energy distributions of sputtered atoms are usually
peaked at a few eV which corresponds to adatom temperatures near 30,000°K.(9']])
In order to investigaie the possibility that residual cooling stress was
responsible for lattice distortion, it was reasoned that heating a sample

should relieve some of these stresses, cause a relaxation in lattice strain,

and reduce the 26 separation in split Mo (110) and Cu (111) peaks. Accord-
ingly, a sample from deposit OTLC-2 was mounted in a specially designed
integrally heated x-ray diffractometer holder and examined at 28, 125, and
225°C. The recorded diffraction pattern from 26 = 40° to 26 = 48° and the

A26 separation of peaks i+ ¢ 4 in Figure 1. The essentially negligible
change in A26 with increas1” ‘:: ture indicates that residual cooling
stresses were not the source . : peak splitting. These data also indi-

rate that the structure responsible for the extra peaks expanded at the same
rate as the Cu and Mo layers.

Periodicity of the Layered Structure. The possibility of the period-

icity of the layered structure as a cause of the peak splitting was investi-
gated by comparison of x-ray diffraction patterns from the as-sputtered

and 500°C and 750°C heat-treated conditions. The data taken after a 3-hr,
500°C heat treatment are presented in Figure 2. The Cu (111) peak splitting
was not altered by heat treatment. The Mo (110) region, however, acquired
another reflection corresponding to an interplanar spacing, dhkl’ larger
than that for equilibrium Mo (110). No similar reflection was observed

from as-sputtered samples. Further, the 426 values for the second to

n
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FIGURE 1. Influence of Sample Temperature on Peak Separation for

Deposit OTLC-2 in the As-Sputtered Condition. (Absolute
20 vealues may not be accurate.)

Temperature Mo (110)  Cu (111) 1

(°c) (820) (426) ]

28 0.72 0.84 :
125 0.76 0.90 :
225 0.76 0.83

third Mo (110) peaks increased from the as-sputtered values (Figure 1)
indicating that heat treatment at 500°C for 3 hr decreased the interplanar
spacing for this reflection. The change ir relative peak heights observed
near Mo (110) may irdicate that the largest interplanar spacing structure
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FIGURE 2. Influence of Sample Temperature on Peak Separation for
Deposit OTLC-2, Heat Treated at 500°C for 3 Hr
Mo (110)
(426)
Temperature Ist to 2nd to Cu (111)
] (°C) 2nd Peaks 3rd Peaks (a26)
e 28 Not measured  0.97 0.92
125 0.59 0.96 0.92
'. 225 0.60 0.93 0.87
:
e
" g (first peak) formed at the expense of the shortest inter;lanar spacing
: f structure (third peak). The largest interplanar spacing near Cu (111)
1 also seemed to be favored by the heat treatment.
!
k. .
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Since the layered structure persisted after the 500°C heat treatment,
the resultant changes in peak location and emergence of a new peak during
the heat treatment, then, indicate that the peak splitting phenomenon is not
a diffraction effect produced by the periodicity of the layered structure.

Presence of fcc Mo. The possibility of peak splitting being caused
by the presence of the nonequilibrium fcc Mo structure was considered.
Lattice effects related to tho epitaxial or pseudormorphic growth of non-
equilibrium phases on a substrate surface have been reported by Jesser
and Mathews(z'a) and vapor-deposited fcc Mo with a lattice parameter of
a, = 4.16 K has been reported by Aggarwal and Goswami.(]z) At this point
because of the relative obscurity of data on fcc Mo, some digression for
a discussion of the information obtained from the Titerature is considered

appropriate. The previously mentioned lattice parameter, a, = 4.16 A,
results in the fcc Mo interplanar spacings and 26 Bragg reflection values
listed in Table 1. Other investigators have also reported fcc Mo obtained

(13) (14-16) ith a 1attice parameter

by sputter deposition and evaporation

of approximately a, - 4.19 A.

THR3LE 1. Calculated Interp]agar Spacings, dhl] for fcc Mo
Based on a, 4.16 A

Reflection Indices 20 (deg) for
(hkl) da (&) CuK_. A = 1.5405
(111) 2.40 37.44 -
(200) 2.08 43.47
(220) 1.47 63.19
(311) 1.25 76.07
(222) 1.20 79.86
(400) 1.04 95.56 ;
(331) 0.95 108.34 A
(420) 0.93 111.82
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The corresponding interplanar spacings and Bragg reflection angles are not
substantially different from those in Table 1. The most recent of these

investigators(]s)

commented that fcc Mo is favored by condensation in poor
vacuum conditions ontc low temperature substrates. It should also be noted
that the fcc moditication is usually most pronounced in the firs. few ters
of angstroms of film thickness. Further, high adatom energies, high adatom
fluxes, and high substrate temperatures would be expected to produce suppres-
sion of fcc structure. Thus, confitions of this investigation would not
favor fcc Mo formation unless such formation was strongly promoted by epi-
taxial or pseudomorphic growth. This observation was confirmed by the

absence of fcc Mo peaks in the digitally recorded diffractometer data of
this study.

Formation of Substitutional Solid Solutions. The possibility of peak
splitting produced by the formation of substitutional solid solutions of
Cu in Mo and Mo in Cu was examined. If Cu retained its size of approxi-
mately 2.56 R (from its fcc structure) and Mo retained its size of approxi-
mately 2.73 R (from its bcc structure) and if Cu was substituted for Mo
in the Mo lattice, then a reflection corresponding to decreased Mo (110)
interplanar spacing would be predicted. In addition, if Mo was substituted
in the Cu lattice, a reflection corresponding to increased Cu (111) inter-
planar spacing would be predicted. These reflections were observed, but
an accompanying reflection corresponding to Cu (111) planes with decreased
interplanar spacing was also observed. Thus, sclid colution strains could
account for the peak splitting attributed to Mo (113} planes and one of
the peaks attributed to Cu (111) planes. However, the other peak attributed
to Cu (117) planes could not be displaced to its observed interplanar spacing
by formation of a solid solution.

Accommodation Strains. Accommodation strains resulting from crystal-

lographically related growth of the Cu and Mo layers may have been respon-
sible for the displacement of the Cu (111) peak and, in addition, may have
been partly responsible for the other peak positicns. Strains implied by
the peak locations are indicated in Figure 1. Because Cu has a lower




modulus than Mo, strain would be expected in the Cu lattice to a larger
extent than in the Mo lattice, and this may account for the displacement
of the Cu (111) peak that was not attributable to solid solution strains.
The observed compressive strain of 1.25% in Cu (111) interplanar spacing
is high but not unreasonable for this effect.

Annealed Structure

The result of a 2-hr, 750°C heat treatment on the x-ray diffraction
pattern is illustrated in Figure 3. Note that there is no evidence of peak
splitting in the regions of the Mo (110) and Cu (111) reflections.

3600
_ Mo (110)
3000 |
2400 - -.
= ]
=2 Cu (111}
: 1800 | v
=
1200 |-
600 |-
3 a | | 1 1 |
{ 15,00 39.00 43.00 47.00
3 26 [DEGREES)
FIGURE 3. Diffractometer Pattern of OTLC-2 After Heat
Treatment at 750°C for 2 Hr
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Transmission Electron Microscopy
(6)

breakup of the layered structure by spheroidization occurred betwesn 500 and

Previous work indicated that for times in the 2- to 4-hr range,
750°C. Anneals at 650°C for 1 and 4 hr were evaluated during this reporting
period to gain insight as to the nature of the breakup of the layered struc-
ture. A summary of the dependence of structure (layered or spheroidized)

and sphere diameter or time and temperature is presented in Table 2. The
structures of serlected heat treated specimens are compared in Figure 4 to

the 3-hr, 500°C heat-treéted structure which is identical to the as-deposited
structure. lote that after 1 hr at 650°C, Figure 4b, the layers were just
beginning to break up by spheroidization acioss several layers with the
spheres tending to align in arrays perpenrdicular to the layer planes. The
white Cu phase seemed to be forming a matrix for the dark spheroidizing Mo
phase. After 4 hr at 650°C, Figure 4c, layer breakdown had progressed fur-
ther, and after 2 hr at 750°C it was complete, Figure 4d. Here, the shape
and size of Mo spheres, the extent of the Cu matrix, and the absence of
Kirkendall-type voids indicates that Mo and Cu must have diffused in a direc-
tion perpendicular to the layer planes. Diffusion may aiso have occurred
simultaneously parallel to the layer planes, however, as no evidence to the
contrary was observed.

TABLE 2. Influence of Heat Treatment on Microstructure
of Deposit OTLC-2

Approximate

Heat Mean Layer
Treatment Thickness or
Temperature Time Sphere Diameter
(°c) (hrs)  Mircrostructure (R)
5Cv 3 Layered 80
650 1 Transition 80
650 4 Transition 80
750 2 Spheroidized 860
1000 2 Spheroidized 2130
1000 4 Spheroidized 3000




FIGURE 4.

Heat Treated for 3 hr at 500°C.
Microstructure unchanged from as-
deposited condition. 100,000X

Heat Treated for 4 hr at 650°C. d.

Additional layer breakdown and
spheroidization. 60,000%.
Layers perpendicular to arrow.

Heat Trested for 1 hr at 650°C.
Onset of spheroidization. White
network phase is Cu, dark phase
is Mo. Mo sphere indicated by
arrow. 100,000X

Heat Treated for 2 hr at 750°C.
Layered structure completely
absent. Mo spheres (dark phase)
are 860 A in diameter. 51,000X

1n icence of Heat Treatment on Microstructure of Deposit OTLC-2

as Viewed Parallel to Layer or Prior Layer Planes Which Are
Aligned with the Horizontal in the Micrographs

18
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TEM data were not obtained that clearly identify coarsening mechanisms

at intermediate temperatures and times, although mechanisms involving both
diffusion of Mo through Cu and coalescence of Mo were suspected. As reported
previous]y(G) later stages of Mo sphere coarsening seemed to proceed, at
least in part,'by coalescence.

Tensile Properties

Since tensile specimens of as-deposited composites produced brittle
fractures it was speculated that plastic deformation would not be exh1b1ted
in lamellar composite until the Mo sphere size was of the order of 2000 A
This dimension would be large enough to permit sign.ficant dislocation motion.
Based on this speculation, samples of TLC-2 were heat treated at 1000°C
for 4 hr to cause spheroidization of the microstructure (sphere diameter
3000 R), creep-flattened between flat Mo plates curing the heat treatment,
and then tensile tested at room temperature. As vas expected, sufficient
ductility was created by spheroidization to allow consistent tensile test
results to be obtained. Measured ultimate tensile strengths obtained from
three samples averaged 9210 kg/cm2 (131,000 1b/in.2), or slightly higher
than the 8800 kg/cm2 (125,000 1b/in.2) calculated from hardness data. It
was concluded, therefore, that the method used to calculate 9y from hardness
was generally conservative and actual ultimate strangths would be higher
than calculated values.

Density

The measured density of as-sputtered composites was 9.51 g/cm3. Since
the average of the densities of Cu and Mo is 9.58 g/cm3, the Tower-than-
expected density could be due to a high vacancy concentration or micro-
porosity associated with growth defects. It is more likely, however, that
slightly more Cu than Mo was sputtered and incorporated in the composite.

Scanning Electron Microscop

Fracture surfaces of specimens from OTLC-2 were examined in a scanning
electron microscope (SEM). Photographs of these surfaces are presented in

19




Figure 5. The fractures in the as-sputtered material (Figure 5a) and the
550°C heat-treated material (Figure 5b) were typical cleavage fractures.

The fracture in the 982°C heat-treated material (Figures 5c and 5d) seems

to have followed the Mo sphere-Cu matrix boundaries since the fine cellular:
<tructure has a cell diameter of 2 to 3 x 107% cm (2000 to 3000 A) which
corresponds to the Mo sphere diameter in this material (Table 2).

Resistivity

Resistivity data were obtained as a function of time at a number of
temperatures to obtain additionai insight as to the nature of the lamellar
composite and its response to heat treatment. In addition, the resistivity
data permitted calculation of activation energies for the thermally activated
processes responsitle for structural changes and thus provided insight as to
possible mechanisms for the changes. Tabulations representative of the
resistivity data obtained and its treatment are presented in Appendix I.
Table 3 and Figure 6 summarize the influence of time on corrected resistivity
at selected temperatures. In general, within the first minute of exposure
to the hot fluidized bed, Figure 6, resistivity increased to a peak value
as tne test temperature is reached by the sample and then decreased very
rapidly. As time increased for temperatures in excess of 750°C, resistivity
decreased to a nearly equilibrium value characteristic of the "fully
annealed" condition. For lower temperatures, of course, intermediate resis-
tivity values characteristic of the particular partially annealed condition
were obtained.

Residual Resistivity of As-Deposited Condition

Since the "4 u cm resistivity characteristic of the nearly equilibrium
conditicn is at least a factor of three lower than that in the as-deposited
condition, Table 3, it is pertinent to consider possible sources of the
added resistivity in as-deposited material. Matthiessen(17) discovered that
the resistance of a metal is equal to the sum of the temperature-dependent
resistance [p(T)] of the pure metal's undisturbed lattice and the residual

resistance (po) due to effects which 1imit the electron mean-free path.
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: b. Heat Treated at 550°C for 17 hr.
f 850X

c. Heat Treated at 982°C for 55 min. d. Heat Treated at 982°C for 55 min.
500X 5000X
. FIGURE 5. SEM Fractographs of Composite OTLC-2
1 in Various Conditions




TABLE 3. Influence of Temperature on Resistivity
of Lamellar Composite

After Thermal Cycle

As-Deposited to Indicated Temperature
Specimen 0 Temp.la) Temp. p at 25°C p at -196°C
Number  (uQ2 cm) (°c) (°C) (uQ cm) (p2 cm)
0TLC-2 14,18 38 982 3157 0.95
oTLC-2 13.85 31 837 3.63 1.10
0TLC-2 11.73 31 754 3.88 1.56
0TLC-2 15.10 36 641 5.45 2.68
0TLC-2 14.70 26 622 5.20 --
0TLC-2 14.58 28 550 9.62 6.93
TLC-2 22.10 32 976 4.76 1.26
TLC-2 14.53 26.2 3N 4.20 1.26

a. Temperature of measurement.

This may be expressed as Matthiessen's rule, p = Po + p(T). 1In the present

work, then p(T) = ~4 u2 cm and Py equals the difference between p(T) and
the as-deposited value or ~10 uQ cm.

Since the starting materials were quite pure for these experiments and
since the equilibrium insolubility of Mo and Cu(]s) indicated that very
Tittle Cu-Mo solid solubility was expected, the residuai resistivity may
have resulted from a combination of elastic strain, quenched-in lattice
defects during sputter deposition, and small grain size and/or thin layer
(thin film) effects as discussed below.

Elastic Strain. Within the elastic 1imit, deformation of metals is not
expected to result in large changes in resistivity.(]g) Large resistivity
changes due to pressure have been observed, however, up to as large as a
factor of 4 increase(zo) for pressures near 2 x 104 kg/cmz. This is
approximately 1% of the observed modulus of the Cu-Mo composite and thus
corresponds to about 1% elastic deformation. Since x-ray diffraction

22
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FIGURE 6. Time Dependence of Resistivity, Corrected to 982°C
from Isothermal Resistivity Measurements at Several
Temperatures
L4
evidence for lattice distortion approaching this value has been identified
in a previous section it is possible that elastic distoriion may be respon-
._ sible for a large part of the residual resistivity.
23
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Quenched-In Vacancies. Since the adatom surface temperature during
sputter deposit.ion has been calculated to be of the order of 30,000°K(9’2])
the possibility of quenching-in vacancies during deposition is very strong.
(f vacancies are retained in the proportion exp (-Q/kT), where Q is the
activation energy for vacancy formation and T is the surface temperature,
then a surface temperature of only 3000°K is adequate to obtain 1 at.%
vacancies. Since the calculated resistivity associated with 1 at.% of
vacancies, including resistivity resulting from vacancy strain fields, is
1.5 uQ cm,( it is possible that guenched-in vacancies could contribute
to residual resistivity.

Grain Size and/or Thin-Film Effects. Small grain size and thin film %
effects may be treated collectively if the cumposite is considered as an :
aggregate of thin films with grain size related to film thickness. The ;
Fuchs(23) theory as modified recently by Mayadas and Shatzkes(24) and i
Mola and Heras(zs) (including grain size effects) predicts a resistivity %
increase over bulk Cu values by a factor of approximately 3 for films 50 3
to 100 Z thick. An excellent early correlation with theory for thin film
thicknesses in this range was given by Reynolds and Sti]we]].(ZG) Approxi-
mately 10 to 15 pQ-cm of the as-deposited resistivity, then, could be
accounted for by thin-film effects.

Conclusion. In conclusion, then, approximately 10 to 15 uQ-cm can be '
accounted for by thin film effects with a refined Fuchs theory. Any remain-
ing residual resistivity can be act.ounted for by elastic strain effects and

effects due to quenched-in defects. These effects must be very strong, i
however (also evidenced by x-ray diffraction and hardness data) since(co]d
19)

work only results in resistivity increases of approximately 18% in Mo
and 1.6% in Cu.\27)

active, but the observed room-temperature resistivity values are in the

Other contributions to the resistivity may also be

range of values to be expected from such structures.
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hnalysis of Resistivity Data

The large effect on resistivity expected from the thermally activated
modifications 0." the thin-layered structure indicated that resistivity
changes should be a good measure of structure changes during breakdown of
the layered structure and early ccarsening of the resulting spheroidized
structure. Resistivity was not expected to be a good measure of the later
stages of sphere coarsening because at 750 to 1000°C the Mo sphere size very
soon exceeds the electron mean free path. Therefore further resistivity
change would be expected to be small.

Considering the thermally activated processes causing changes in resis-
tivity, an Arrhenius analysis was used to obtain activation energies for
mechanistic speculations. Here reaction rate (R) was assumed to be propor- E
tional to the time rate of change of resistivity and related to temperature :
according to R = Ap/At = const. exp (-Q/kT), where p is the measured resis-
tivity, t is time, Q is the activation energy, and T is the temperature at
which resistivity measurements were carried out. Temperature correcticns
to the resistivity data and the procedures used to determine activation
energies from the corrected resistivity data are described in Appendices 1
and II, respectively.

The results of the activation energy determinations are summarized in
Table 4. Based upon these data and a review of relevant published activa-
tion energy data detailed in Appendix III, the following observations were
made. The early structural changes prior to layer breakdown produced by
heat-treatment were characterized by an activation energy of 9.63 kcal/mole,
a value appropriate for vacancy migration to sinks. The next stage of struc-
tural change, indicated by activation energies of 10.18 to 22.06 kcal/mole
(resistivities from 22 to 35 uQ-cm), may have been closely related to the
first stage and was probably produced by grain boundary or interface dif-
fusion of Cu and Mo. This second stage structural change produced layer
breakdown by Mo spheroidization. The third and final stage observed was
characterized by an activation energy of 69.85 kcal/mole (resistivity from
20 to 25 uQ-cm) and produced Mo sphere coarsening. Mo sphere coalescence
produced by Mo diffusion through the Cu matrix or other means was identified




TABLE 4. Activation Energy Associated with Structural Change
as Indicated by Resistivity

Structure as
Characterized by
Resistivity, Pgg2oC Activation Energy

(uQ-cm) (kcal/mole)

40 9.63

35 17.00

33 18.90

30 22.06

28 14.21

25 53,27 (11.33%)
24 52.88 (10.18%)
22 58,80 (11.33%)
20 69.85

17 0

16 0

a. See Appendix II for a discussion o/
these values.

as a possible source of this third stage phenomenon. Note that two struc-
tural change processes may be occurring simultaneously in the structure
characterized by resistivities of 22 to 25 uQ-cm.

Analysis of Hardness Data

If an Arrhenius(28) analysis is applied to the hardness data presented
previous]y(G) using the rate of change of hardness as a measure of struc-
tural change and assuming a thermally activated process, then the rate is
given by

Rate = const. exp (-Q/kT)

and the results in Table 5 are obtained. Here Rate (average) = A(DPH)/At,
A(DPH) = hardness change, At = time at temperature, T = heat treatment tem-

perature, and Q = activation energy.
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TABLE 5. Calculation of Arrhenius Parameters from Hardness
Measured at Room Temperature After Heat Treatment

/T A ot In
Sample (°k-1 x 10-3) [pPH] ('ir) Rate [Rate]
TLC-4, As sputtered surface
H.T. @ 750°C O0-1 hr 0.977 0 1 == ==
1-2 hr 0.977 36 1 36 ==
H.T. @ 1000°C 0-2 hr 0.786 253 2 126.5 4.840
0TLC-2, polished surface
H.T. @ 750°C 0-2 hr 0.977 184 2 92 4,522
H.T. @ 1000°C 0-1 hr 0.786 326 1 326 5.787
TLC-4, polished surface
H.T. @ 500°C 0-1 hr 1.294 5il 1 57 4.043
H.T. @ 636°C 0-1 hr 1.100 115 1 115 4.745
H.T. @ 788°C O0-1 hr 0.943 261 1 261 5.565
H.T. @ 987°C 0-1 hr 0.794 344 1 344 5.841

The Arrhenius plots of In (Rate) versus 1/T are shown in Figure 7.
Activation energies Q obtained from this plot ranged from 14.9 kcal/iole to
26.4 kcal/mcle. Because of the very small amount of data and its nature,
however, these activation energies are given with reservation and are approxi-
mate at best. They correspond to average rates and compare very well with
the 14.21 %0 22.06 kcal/mole range of values obtained from resistivity data
for the second stage of the annealing process.

COMPOUND-FORMING SYSTEMS

The results of the first phase of this program(ﬁ) indicated the
following:

a. The strengthening effect of the lamellar structure, as measured
by the flow stress at a selected value of strain, depended in
the expected manner on the volume (thickness) fraction of the
reinforcing (compound) layers and the thickness of the layer pair
repeating units.

b. However, the fracture stress of the lamellar composites exhibited
the opposite dependence on the above parameters, being determined
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FIGURE 7. Arrhenius Determination of Activation Energy from
Hardness Changes with Heat-Treatment Temperature

by the strain to fracture. This property was an order of magni tude
greater in the case of the smaller fraction of reinforcing layers.

The direction of the second phase of the program was based on the above
results. Specimens of the Ti-BeTi composite system were prepared with
smaller fractions of the reinforcing Be-Ti layers. The thickness of the Ti
layers was increased in an attempt to increase plasticity by reducing the
constraints imposed by the reinforcing layers. These specimens exhibited
significantly higher fracture strengths.

Although this result was in the desired direction it was not considered ;
sufficient to establish the engineering feasibility of this class of material. -
Therefore, alternate composite systems were selected, based on aluminum as




the "matrix," or element to be reinforced. The intermetallic compounds,
NiA]3 and TiA13, and elemental beryllium, were investigated as reinforcing
agents.

MATERIALS AND PROCEDURES

Sputtering targets were f:oricated from commercial purity metals. Alu-
minum and beryllium were obtai ied as 6-in. diameter bar; titanium and nickel
were obtained in 1/4-in. plate. The semicylirdrical targets were paired,
as shown in Figure 8, 1c form the lamellar composites. The exposed area of
the strips inserted in the segmented half target was selected on the basis
of yield data published by Nehner(zg) and the composition of the desired
intermetallic compounds. The targets were independently biased to control
the relative deposition rates of the metal and compound, and thus the thick-
ness of the respective layers. The substrate was a cylinder concentric with
the targets and rotated at a rate selected to obtain a desired layer pair
thickness in the deposit. The deposition and sample preparation procedures
have been previously reported.(6) The depositions performed during the
reporting period are listed in Table 6.

RESULTS AND DISCUSSION

Ti-BeTi Composites

Two additional titanium-teryllium deposits were produced during this
phase of the program. The first (Deposit 15), employed the segmented target
scheme previously described,(6) with altered rotation speed and voltage
ratio to produce thicker titanium layers and thinner compound layers (i.e.,
smaller amount of reinforcement). The second deposit (16) was made with
pure elemental targets (Ti and Be) so that formation of the compound would
be purely by interdiffusion. Both experiments were intended to increase
plasticity, since the strength of previous deposits was restricted by inade-
quate plasticity. The deposition data are presented in Table 6.




FIGURE 8. Sputtering Target Used to Deposit Lamellar Composites
of A1-NiAl. The semicylinders are pure aluminum; one
is plain and the other has nickel insets to produce
the NiAl layer.

TABLE 6. Deposition Parameters for Ti-BeTi Composites(a)

Substrate Substrate Deposition Deposit
Target Run Voltage Rotation Temp. Rate Thickness
Pair No. Ratio (rpm) (°C) (mil/hr) (mils)

Ti-BeTi 15 0.25 0.3 500 0.4 0.014
Ti-Be 16 0.25 0.3 500 0.4 0.011
A1-AINi 17 0.17 0.3 300 0.9 0.008
18 0.17 0.3 300 0.9 0.018
19 0.13 0.7 250 0.8 0.020
24 0.20 0.7 70 0.8 0.018
A1-A1Ti 20  0.20 0.3 250 0.8 0.019
21 0.35 0.3 250 0.3 0.021
22 0.20 0.7 250 0.8 0.018
Al-Be 23 0.35 0.3 250 0.7 0.017
25 0.46 1.0 70 0.8 0.019

a. Substrate potential was floating (-20 V) in all depositions.




Mechanical Properties

Room temperature tensile and three-point bend tests were conducted on
these materials in both the as-deposited and the heat-treated (1 hr at 700°C)
conditions. The results are shown in Table 7.

TAuLE 7. Properties of Ti-BeTi Lamellar Composites
in Tension and Bending

Bend Testing

Tensile Maximum
Strength, Fiber Stress, Plastic
Deposit  Condition (ksi) (ksi) Strain
15 ap(a) 88.75 437.8 0
HT(b - 392.9 0
16 Aniag 104.15 499.1 8 x 1073
HT (b - 465.9 2 x 10
a. AD = As-Deposited.
b. HT =1 hr at 700°C.

The plastic strain exhibited in the tensile tests was on the order of
10-5, i.e , the cpecimens were very nearly elastic. In part, this kbehavior
was due to gripping difficulties. In the three-point bend tests, Deposit 15
behaved in an elastic manner, but Deposit 16 exhibited an obvious curvature
in the load-deflection plot.

Although it is not strictly valid to correlate stresses and strains in
three-point bending with tensile properties, such a correlation was made as
a first approxiﬁation for Deposit 16. The plastic deflections corresponded
to plastic strain of 8 x 1073 in the as-deposited specimen, and 2 x 1073 in
the heat-treated specimen. The "yield strengths" at 2 x 10'3 (0.2%) were

456 and 466 ksi, respectively.

The data confirms the previously observed dependence of the achieved
strength on the plasticity, or ability to deform, of the deposits. This
dependence arises from the extremely high work-hardening .ates of these
materials (approximately E/2) in the microstrain region.

31




Microstructure

The microstructure of these materials was evaluated from the fracture
surfaces of bend-test specimens by scanning electron microscopy, Figure 9.
The lamellar structure of Deposit 15 was not v sible on the unetched fracture
surface, which had a glassy appearance. In the etched structure, Figure 9a,
the apparent thickness of the layers versus the gaps between layers indicates
that the metallic titanium was selectively dissolved during etching. In
Deposit 16, the as-deposited compound layers, formed by interdiffusion
between the alternating beryllium and titanium layers, are indicated by the
thin irregular white lines, Figure 9b. An attempt was made to further develop
this structure by heat treatmen: at 700°C. 1lo thickening of the compound
layers was observed, but the layers became le¢ss linear, Figure 9c. The
apparent coarsening of the overu11l layer structure is believed due to an
unintentional deviation from a surface perpendicular to the plane of the
lavers. The difference between the structures of these deposits is attrib-
uted to the fact that in one case (15) the compound layers were deposited
directly, while in the other (16) they were formed by interdiffusion of the
metal layers. Attempts to verify the presence of the intended TiBe]2 com-
pound by x-ray diffraction were inconclusive. Diffraction peaks attributable
to TiBe]2 and TiBe(]0 +n) were observed, but satisfactory patterns (i.e.,
all expected intense peaks) were not obtained.

A1-NiAl, A1-TiAl aid Al-Be Coniposites

The restricted plasticity of the materials, even 1.. the most favorable
condition, discouraged further investigation. Although very impressive
strengths were obtained, the applicability to structures was considered
small. Therefore, in order to fulfill the program objective of demonstrating
the engineering utility of sputtered lamellar composites, it was decided
to investigate a series of alternate material systems. Aluminum was
selected as the "matrix," or element to be reinforced for these systems pri-
marily for its low density and high plasticity. Aluminum forms strong inter-
metallic compounds with titanium and nickel; the most aluminum-rich of the
compounds in each system was selected as the reinforcing material. This




choice was made primarily on the basis of thermodynamic stability of the
composite, and secondarily, minimum density considerations.

a. Deposit 15, Etched, 8000X b. Deposit 16, 4000X %

c. Deposit 16, Heat Treated 1 hr at
700°C, 4000X

FIGURE 9. Microstructure of Ti-BeTi Lamellar Composites,
Obtained from Fracture Surfaces by SEM
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An additional system, using beryllium as the reinforcing element, was
also investigated. Although this system was outside the scope of this part
of the program, not being a compound-forming system, it was considered
attractive since the elastic modulus of beryllium is of similar magnitude
to the intermetallic compounds above, and its density is significantly less.
Also, no stoichiometry problems exist, which considerably simplifies inter-
pretation of the results.

Deposits of each of these systems were formed with various layer thick-
nesses, Table 8. In most cases, the substrate temperature was 250°C; two
deposits were formed at a low temperature (70°C) to determine whether or not
temperature was a significant parameter. The layer thicknesses and corre-
sponding fraction of reinforcing layer are presented as calculated (from
total deposit thickness, time and rotation rate), and observed (scanning
electron microscope) values.

TABLE 8. Layer Thickness Data

Calculated Thickness (um) Observed Thickness (um)

REin‘ (a) Rein" (a)
Number Identity Aluminum forcement % Aluminum forcement ¢

17 Al-Ni 0.92 0.23 20 1.04 0.34 25
18 0.96 9.14 y 0.88 0.19 18
19 0.45 0.08 15 0.47 0.11 19 ,
24(b) 0.39 0.13 25  0.34 0.16 32
20 A1-Ti 0.88 0.12 12 0.78 0.22 22
21 0.82 0.29 26 0.82 0.30 27
22 0.41 0.08 16 0.43 0.11 20
23 Be 0.82 0.09 10 0.70 0.12 14
25(b) 0.28 0.05 15 0.25 0.06 19

a. Percent reinforcement.
b. Deposited at 70°C, all others at 250°C.

The discrepancy between calculated and observed thickness values was
attributed to the point-to-pcint thickness variation in the deposits and
; deviation from perpendicularity of the examined sections to the lamellar
structure. In all cases, the observed reinforcement is larger than calcu-
lated, perhaps due to overestimation of the thickness of the thinner layers.
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The calculated values are considered more accurate, and will be used as the
basis for comparison of mechanical property results.

Mechanical Properties

The mechanical properties of the deposits were determined by room tem-
perature tensile and three-point bend tests, and tensile tests at 300 and
400°C. The results are shown in Tables 9, 10 and 11 and Figures 10 and 11.

The only comparison which can be made with the literature is for the
case of A1-NiAl. This system has been produced in lamellar form by direc-
tional solidification at compositions of 6 to 11 wt% nickel. Elastic moduli
of 11.3 to 11.6 x 106 psi and uitimate tensile strengths of 43 to 48 x 103
psi were observed.(30’3]’32) Comparative values from the present work were
appreciably higher due to the greater volume fraction of the reinforcing
phase.

The following observations can be made from the tabulated data:

1. With the exception of Specimen 19, the tensile modulus and elastic
limit correlate with the corresponding properties in three-point
bending. The tensile moduli were "25% greater than those observed
in bending, while the bend strengths were about three times those
observed in tension. The lower moduli in bending are traceable to
the use of crosshead motion for strain measurement, in place of
strain gauges as used for tensile tests. The greater strengths
in bending are partly due to the effects of longitudinal curvature
of the tensile samples and partly due to the fact that only a
small volume is subjected to maximum tension in the bend test;
thus decreasing the probability of encountering a critical flaw.

2. With the exception of microhardness, where the expected dependence
was observed, the mechanical properties of the composites reinforced
by AINi and A1Ti were not consistently dependent on the layer
thicknesses or the percent reinforcement. Such a dependence was

expected theoretica]]y(33)
k(30,34)

and has been generally observed in

]
other wor and previous work in this program.(ﬁ) The
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TABLE 10. Room Temperature Bend Tests

§ Stress at Indicated Elastic
Strain (103 psi) Modulus
Number Identity <10-% Fracture (106 psi)
17 Al-Ni 124.7 1247 (<1 x 10°%) 9.89
3 18 Al-Ni 81.5 161.6 (4x107%)  10.15
19 AI-Ni 118.9 118.9 (<1 x 10°%)  10.54
24 AI-Ni 149.1  149.1 (<1 x 10°Y)  11.50
24 A1-nNi(2) 137.7 137.7 (<1 x 100 10.50
& 20 Al-Ti 104.5 219.2 (19 x 1074 9.51
21 Al-Ti 66.7 255.5 (8 x 1077) 9.50
22 Al-Ti 60.9 281.6 (16 x 1074 9.01
22 A1-Ti(@) 174.5 280.2 (7 x10°Y)  10.02
8 23 Be 59.9  145.1 (5x10°%)  11.10
25 Be 194.1 1941 (<1 x 1071 12.55
25 pel@) 5.2 151.2 (<1 x 10°Y)  11.66
L N a. Heat treated 1 hr at 400°C.

TABLE 11. Elevated Temperature Tensile Properties

Deposit 0.24(3) vield Ultimate Tensile Elongation
Number Identity Strength, (ksi)  Strength, (ksi) (Percent)
Tested at 300°C (0.61 Tw)

19 AT-Ni 7.61 .92 6 7%3%

24 Al-Ni 11.43 13.21 4.2
21 Al-Ti 23.09 35,57 1.8
23 Be 20.38 27.69 2.7
25 Be 75.37 34.81 2.8
Tested at 400°C (0.72 Tm)
21 Al-Ti 6.59 10.35 9.0
¥ 25 Be 12.46 12.46 8.5

a. Approximate offset from crosshead motion.
b. Reduction of area >80%.
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absence of the expected dependence in the bend and tensile data
may be due to one or more of the following:

a.

Cracking of the reinforcing layers would reduce their effect

on the elastic modulus and strength of the composites. If

the extent of cracking was proportional to the fraction of

the reinforcing layers (i.e., volume %), the expected dependence
of mechanical properties could be effectively canceled. Such
cracking was not observed metallographically, and was apparently
not extensive (if present at all) since the composites did
exhibit elastic moduli 30 to 60% greatcr than aluminum.

Incomplete formation of the intermetallic compound would be
expected to affect mechanical properties similarly to cracking
of the compound layers. This effect was present in the Al-Ti
system, which showed a substantial increase in properties
after a 400°C heat treatment. Calorimetry of these samples
revealed an exothermic reaction attributable to formation of
the intermetallic compound. The Al1-Ni specimens showed no
such reaction and their mechanical properties decreased after
heat treatment. This effect, therefore, cannot account for
the results in general.

Residual stresses in the composites would be expected to
affect the observed strengths, and could also influence the
elastic moduli. The presence of residual stress was indicated
in all composite specimens by changes in shape upon removal
from the sputtering apparatus. Al-Ni composites were under
tensile stress, while the other systems were under compressive
stress. These stresses were relaxed when the substrate was

removed. A second stress system, which was not relaxed, arose
from the mixmatch in thermal expansivity between the reinforcing
layers and the aluminum layers. This mismatch would put the
aluminum layers in tension and the reinforcing layers in com-
pression. The meusured modulus would be decreased if the
aluminum layers were stressed beyond their yield strength.




Since this is more likely with higher amounts of reinforce-
ment, this mechanism may partially or completely cancel the
expected increase in modulus with increased reinforcement.
Such effects have not been reported in the literature to the
authors' krowledge. Residual stresses have been reported to
produce a tension-compression strength difference(35) but in
that work the elastic modulus was not affected.

The A]-TiA]3 composite system exhibited the highest yield strengths
in tension. Although the elastic limits were less than selected
samples of the other systems, the latter failed at smaller strains
and thus did not reach equivalent strength levels. Similar results
were obtained in bend testing.

The effect of heat treatment at 400°C differed in the various
systems. The Al-Be and A]-NiA]3 systems exhibited a loss of strength
without an increase in plasticity. In contrast, the A]-TiA]3
system exhibited a large increase in elastic limit, and a reduction
of plasticity. This latter result, together with the presence of
an exothermic reaction detected by scanning calorimetry, implies
that the intermetallic compound forming reaction was not completed
during deposition of this alloy system. The measured heat of
transformation, 17 kcal/mole, based on the calculated volume
fraction of TiA]3, is of the order of the heat of formation of
similar compounds. An attempt was made to confirm this by x-ray
diffraction, but the results were not conclusive.

The yield strength decreased more rapidly with temperature in the
Al-NiA]3 samples than in the other systems, Figure 11. Both Al-
TiA]3 and Al-Be had strengths over 20 ksi at 300°C, which is 0.6]
of the absolute melting point; and Al-Be had a stiength of 10 ksi
at 400°C, or 0.72 Tm. These samples exhibited small reductions
in area, while the A]-NiA]3 system exhibited chisel-point necking

with reduction in area >80%.
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The decrease in strength with temperature was grcater than expected
for specimens with stable microstructures. Such composites generally
show only a small dependence of strength on temperature. For
example, the Ni-Ni3Nb eutectic system, directionally solidified to
form a lamellar composite, exhibits a higi fraction of its low
temperature strength at 700°C.(36’37) In the present wor", it is
probable that annealing of the defect structure quenched in by
sputter-deposition is responsible for the decrease in strength.
Dispersion hardening of the individual layers could be accomplished
by co-deposition of small amounts of insoluble materials, and should
significantly improve the high temperature strength.

The Al-NiA13 specimens were unstable when strained at 300 and 400°C.
The breakup of the continuous layer structure is shown in Figure 12
where it is seen that the effect is related to the :eduction in
area as the necked region is traversed. This alloy system has been
observed to behave similarly in directionally solidified eutectic
form.(30’32) The instability of the continuous layer structure
accounts for the more rapid decrease of strength with increasing
temperature.

Microstructure

The lamellar structure of the composites was examined by scanning
electron microscopy of room temperature fracture surfaces. The A]-NiA13
composites are shown in Figure 13. Ductile behavior is readily visible in
Deposit 17, where the aluminum layers have necked in a chisei-point manrer,
and to a lesser extent in Deposit 18. The other samples appear to have
fractured in a brittle manner. The fracture appearance correlates well
with the observed elongations in the tensile tests, Table 9. It should be
noted that in no case is any delamination of the layers visible. The non-
planar nature of the fracture surface of Deposit 24 may be an indication of
the significance of the columnar structure (vertical in the photograph) with
respect to fracture in composites deposited at low substrate temperatures.
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TENSILE AXIS

SPECIMEN
THICKNESS

FIGURE 12. Breakup of NiAl Layers During Deformation (Necking)
at 300°C. The dependence of the breakup on the
overall reduction in area is apparent. 2000X.
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Deposit 19

Deposit 24

FIGURE 13. Microstructure of A1-NiAl Lamellar Composites, Obtained

from Room Temperature Fracture Surfaces by SEM.

Ductile

pehavior of the aluminum layers is most pronounced in
Deposit 17, as indicated by chisel-point fractures

(arrow). 4000X.
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The microstructures of the A]-TiA13 composites are shown in Figure 14,

The intermetallic layers are visible as light grey bands between the white
lines, which are the chisel-point fractures of the aluminum layers. The
major difference between these fracture surfaces is the greater roughness

of Deposit 22. This roughness does not appear to be related to a translayer
columnar structure and may instead reflect crack branching. Again, no
delamination of the layers was observed.

The aluminum-beryilium microstructures are shown in Figure 15. The
finer lamellar structure and higher percent reinforcement of Deposit 25 are
presumed responsible for the more brittle appearance of the fracture. The
appearance is related to the higher strength and lower elongalion observed
in the tensile tests, Table 9.

The fracture surfaces of the specimens tensile tested at 300°C are
shown in Figure 16. The necking of the A1-Ni specimens is evident in Fig-
ure 16a; in this case the reduction in area was "97%. The layer structure
is not visible on the fracture surface, Figure 16b, but has been illustrated
in Figure 12. The Al-Ti fracture surface appearance, Figure 16c, is similar
to that obtained in room temperature tests in spite of the much greater
elongation observed at 300°C (1.8% versus 0.6%). Although the lamellar
structure is not visible for the Al-Be sample, Figure 16d, examination of a
portion of this sawple away from the fracture surtace indicated that the
layers were in fact still present.

Compound Identification

In the A1-NiAl system, x-ray diffraction indicated that the desired
N1A13 compound was obtained, although several diffraction peaks not indexable
to this compound were observed. The compound identification results with
the AT-TiAl system were inconclusive.
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Reproduced from
best available copy.

- Deposit 20 beposit 21

Deposit 22

FIGURE 14. Microstructure of A1-TiAl Lamellar Composites, Obtained
from Room Temperature Fracture Surfaces by SEM. Crack

branching is believed to be responsible for the surface
roughness in Deposit 22. 4000X.
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FIGURE 15.

Deposit 25

Microstructure of Al-Be Lamellar Composites, Obtained
from Room Temperature Fracture Surfaces by SEM. Smooth
planar surface of Deposit 25 reflects the more brittle
behavior of this specimen. 4000X.
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a. Fracture Surface Across
Center of Photo, 400X. b. Fracture Surface at 4000X.

A1-NiA1 Composite. Note high reduction in
area and apparent absence of layer structure.

c. A1-TiAl Composite. Similar
appearance to room tempera-
ture fracture surface,
4000X.

d. Al-Be Composite. Layer struc-
ture not apparent in the
fracture surface but see
text, 4000X.

FIGURE 16. Fracture Surfaces of Lamellar Composites
Tensile Tested at 300° in Argon
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CONSIDERATION OF ENGINEERING MATERIAL SYSTEMS
APPROPRIATE TO DEPARTMENT OF DEFENSE NEEDS

BACKGROUND

Results of the first 2 years of research have demonstrated the validity
of the lamellar composite concept. It was decided, therefore, to direct the
third year of research towards the application of this concept to existing
DOD materials problems. Advice on the nature of problens amenable to solu-
tion with lamellar composite technology was sought from personnel at the
Air Force Materials Laboratory (AFML), the Air Force Aero Propulsion Labora-
tory {(AFAPL), and NASA-Lewis. The problem identified that appears to have
the greatest anticipated benefit from the use of sputter-deposited lamellar
composites is obtaining improvement in the high temperature mechanical prop-
erties and oxidation resistance of turbine blade materials. This familiar
problem has been, and remains, the 1imiting factor in improving gas turbine
performance. The significance of the turbine blade material problem is
increased by the anticipation that the generation of aircraft now in or
entering service must be kept in service for about 10 years, due to political
and economic factors. Improved turbine performance thea becoines a major
path to increased aircraft performance.

In the fullowing sections consideration will be given to the utilization
of lamellar composite technology to uniquely provide both the improvement in
mechanical properties and oxidation protection required in high temperature
turbine Llade materials.

DEVELOPMENT OF MATERIALS CONCEPT

With respect to current technology, turbine blade meta® temperatures
obtainable with conventional superalloy metallurgy and coating systems are
limited to ~980°C (1800°F). Further, the potential of refractory metals is
limited by the fact that upon failure of coating systems that have been
applied to date the refractory metal catastrophically oxidizes. Considera-
tion of this information, then, leads to the postulation of a materials
concept based on the unique capabilities of lamellar composites technolog
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Briefly, it is felt that the high temperature strength properties of
refractory metals can be utilized in combination with materials that can
provide intrinsic protection from oxidation during service. A layered or
lamellar structure is visualized, with one layer providing the strengthening
and the alternate layer providing the intrinsic oxidation protection.

The previous work in this contract provides the support for the claim
about strengthening. The retention of mechanical properties was observed
to temperatures significantly higher than 0.6 of the absolute melting point
(Tm) in the sputter-deposited lamellar composites produced. In addition,
microstructural stabiiiiy has been observed up to 0.6 Tm. In view of these
properties of sputtered lamellar composites it is appropriate to consider a
goal of developing a 1370°C (2500°F) turbine blade material. To withstand
a metal temperature of 1370°C with a two-phase lamellar composite, the lower
melting phase should have a melting point of 2467°C (4472°F), based on
0.6 Tm. Although we are aware of no two-phase system meeting this specifica-
tion, at least three systems do approach it and therefore offer promise of
desirable mechanical properties at temperatures near 1370°C.

The three systems considered practical for turbine blade application
at metal temperatures near 1370°C on the basis of mechanical considerations
and oxidation resistance are, in order of decreasing melting temperatures,
as follows: w-NZZr, Nb-Nb3A1 and Mo-MoZZr. In each case the ertire limellar
airfoil structure would consist of alternate layers of a refractory metal
and an intermetallic compound.

Concerning oxidation resistance, it was felt that it would be provided
by a thin adherent surface scale of zirconia (Zr02) or alumina (A1203).
This oxide scale would be generated by oxidation of the refractory inter-
metallics NZZr, Nb3A1, or MoZZr which would act as reservoirs to replenish
the zirconia or alumina forming during exposure at temperature. During
service, when an intermetallic compound iayer has been either consumed or
eroded away, the expeosed refractory metal layer is expected to rapidly oxi-
dite, thereby exposing a fresh oxidation-resistant intermetallic layer.
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DISCUSSION OF POTENTIAL TURBINE BLADE MATERIAL SYSTEMS

For the N-NZZr system, the melting point of NzZr is 2150°C (3900°F) and
the solubility of zirconium in tungsten at 1370°C (2500°F) is less than 1%.
These characteristics are expected to provide a stable lameliar composite
material. The W layers would contain small quantities of thoria, yttria,
or HFC + C to stabilize the grain structure. The NzZr layers would contain
yttrium to promote adherence and stability of the protective zircon’a sur-

face scale expected to form under service conditions.

In the Nb-Nb3A1 system, the melting point of Nb3A1 is 1950°C (3450°F).
The homogeneity range of the compound and the solubility of aluminum in
niobium are both significantly larger than in the above system, possibly
indicating a lower degree of stability. The density, however, is only
approximately 45% of the tungsten base system, which proportionately reduces
the stress in rotating components. This system would also contain an oxide
of hafnium, thorium or yttrium in the niobium layer aad yttrium alloying
additions in the Nb3A1 layer. An advantage of this system is the close
expansivity matching between the base material and the protective alumina
forming in service.

Tne Mo-MOZZr system is very similar to the N-NZZr system except that
the melting point of MoZZr is only 1880°C (3416°F). The same grain-size
stabilizing materials would be used in this system as in the N-NZZr system,
with particular attenticon being focused on HfC + C additiuns.

EXPERIMENTAL APPROACH

Preliminary Evaluation

Initial material development activity would involve sputter deposition
of the intermetallic compounds (NZZr, NbjAl, Mo,Zr, etc.) in coupon form
for evaluation of their oxidation behavior. In the lamellar systems, these ;
compound layers are intended to provide the systems' oxidation resistance i
through formation of zirconia and alumina scales. The oxidation behavior §
would be determined by still-air weight-loss measurements. It is expected
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that the sputtering experiments will also detemine the sputtering yield
behavior of the elements in combination, which will pemit the design of
the targets for the larger scale depositions.

A system or systems would then be selected as candidates for blade
fabrication. Lamellar composites of these systems would be sputter deposited
for metallurgical evaluation,'including measurement of structural stability,

, composite oxidation behavior, stress rupture and burner rig testing. These
specimens would be formed in tubular geometry in the apparatus being devel-
oped in the parallecl effort to avoid edge effects (e.g., exposure of the
refractory metals layers). Two extremes of layer pair thickness and two
relative compound layer thicknesses would be employed to vary the physical
properties of the composites. The remaining deposition parameters would

be maintained constant.

Turbine Blade Fabrication by Sputtering

Hollow thin-walled turbine blade shapes with lamellar composite struc-
ture, as shown in Figure 17, would be a convenient configuration to produce
by high-rate spu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>