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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 lamellar composite technology that could be benefi- 

cially applied to engineering problems considered relevant to the Department 

of Defense and related agencies. 

Briefly, lamellar composites formed by sputter deposition 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. 
o 

The thin-layered approach, with %50 A thick layers, was expected to derive 

its strengthening from interface effects between layers and the small thick- 
o 

ness of the layers. The compound-forming approach, with ^2000 A thick 

layers, was expected to derive its strengthening from the bulk properties 

of the components and their reaction products. 

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. 

SUMMARY 

TECHNICAL PROBLEM 

The objective of the program was to develop new composites which dis- 

play properties more desirable than the properties o^ either component 

material by itself. Mechanical properties and their thermal stability were 

of primary interest for assessment of usefulness in engineering applications, 

!■ Ml  M. .__-- 



Thin-Layered Systems 

Koehler^ 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 U of the elastic modulus if layers are thin 

enough (^200 A) to prevent the operation of Frank-Reed sources. In addition, 
o 

since up to 20 A of a pure metal may assume the crystal structure of another 

metal upon which it has been d^osited,' " ' 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 
0 

composites with layers less than 200 A 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, dislocations should be very 

difficult to generate. The long-range nature of the dislocation barriers 

(layer interfaces) together with the need to preserve Burgers vector in 

moving across an interface should also make dislocation moveme.iL very diffi- 

cult. Vacancy diffusion to the interfaces and subsequent defect movement 

should provide the only deformation mer-ianism. 

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 reinforcing 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 could 

function similarly to existing composite materials in that the metal would 

protect, orient, and transfer load to the reinforcing layer. They would be 

^^^^^^*^^_  iiiiiiMiliiiiiiiiiiiii Ht-iin^r MI wr'-^-'"'"-'--■ :'- 
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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 oath in the brittle reinforcing layer. 

GENERAL METHODOLOGY 

The general approach was experimental. Tensile testing and microhard- 

ness techniques were used to study mechanical properties as a function of 

relative and absolute laminate layer f-ickness, substrate temperature during 

deposition, and heat treatment tempirature after deposit'on. In addition 

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 /ESULTS 

Thin-Layered 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 100oC were very high integrity, highly strained layered structures 

with distinct and continuous alternating layers of Cu and Mo. Each of these 
o 

layers were 50 to 100 A thick and were composed of equiaxed grains 50 to 
o 

100 A in diameter. Total composite thicknesses produced ranged up to 

0.076 cm (0.030 in.), with an area of 800 cm . 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. 
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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 strength 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 lb/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 cy The composite modulus was 

found to be 1.52 x 106 kg/cm2 (21.7 x 106 lb/in.2). 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 (a ) of 18,100 kg/cm2 (258,000 lb/in.2), however, 

is approximately 0.77% of  the modulus expected by the rulü of mixtures, and 

1.18% of the observed modulus. This value is in excess of the 1% of modulus 

value predicted by Koehler.^ ' 

With respect to the influence of temperature, the layered structure 

withstood a heat treatment of 4 hr at 500oC but broke down by spheroidiza- 

tion of the Mo after 2 hr at 750oC. Vl.e 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 1000oC. Hardness 

decreased with heat treatment dhove 650oC, a possible indication of th« 

onset of-Mo spheroidization. Room temperature hardness of a sample spheroid- 

ized by heat treatment at 1000oC 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/cm 

(125,000 lb/in.2). This is approximately 1055 kg/cm (15,000 lb/in. ) 

higher than is observed for Mo, almost twice the maximum observed tor pure 

Cu, and 1.4 times the value predicted by the rule of mixtures. 
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Calculations oased on elevated temperature hardness tota indicated that 

although abovt 60CoC pure Mo is stronger than the Cu-Mo laminate, the Cu-Mo 

laminate exceeds the rule-of-mixturts p>2dicted strength below 7880C and is 

nearly equal to it at 9870C. 

Phase II — Characterization of the lamellar composites formed in the 

Phase I work continued. Measured ultimate tensile strengths obtained from 

samples heat treated at 1000oC for 4 hr were slightly higher than the 

8800 kg/cm (125,000 lb/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 550oC conditions. Fracture in composite heat 

treated at 9820C followed the Mo sphere-Cu matrix boundaries. 

X-ray diffraction examination of material deposited at temperatures of 

400 to 450oC revealed that the Mo layers were heavily textured with Mo (110) 

planes oriented parallel to the layer planes (or deposit-substrate interface). 

The Cu layers 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 650oC 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 9820C, 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 
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due to grain boundary or interface diffusion of Cu and Mo and was respon- 

sible for layer breakdown by formation 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 witti an activation energy of 70 kcal/mole, 

was thought to be due either to Mo diffusion through the Cu matrix or to Mo 

sphere coalescence and was responsible for sphere coarsening. 

Additional information on the peak splitting observed in as-sputtered 

composite produced at temperatures less than 1 J0OC, Indicated tha1; this 

phenomenon was not attributable to lattice strain induced by differetxes in 

therma' contraction on cooling from the sputtering temperature, or the 

occurrence of fee 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 solution 

formation during sputter deposition. The nature of these strains is not 

clear. However, the x-ray diffraction data indicated that t, ey were very 

short-range strains. 

Compound-Forming Systems 

Phase I — Lamellar composites of alternate layers of titanium and 

beryllium-titanium (nominally corresponding to TiBe-ip) formed by sputter 

deposition were found to have the potential for high strength. Compos-ites 

were formed with titanium layers ranging in thickness from 0.09 to 0.17 \m 

and TiBe12 compound layers ranging from 0.014 to 0.06 ym. Total composite 

thickness deposited ranged up to 0.025 cm (0.010 in.) with an area of 
2 

800 cm . It was found that the intermetallic compound was formed during 

deposition at a substrate temperature of 500oC and that the lamellar struc- 

ture was stable up to 900oC, but broke down into a nonplanar geometry at 

higher temperatures. 

Tensile testing of the composites was limited by premature failure at 
-4 

strains of less than 10 . TIVJ elastic moduli were 9 to 23% greater than 
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that of titanium, however no --o) ^elation with the relative compound or 

repeating layer (compcund plus titanium) thickness was observod.    The 
3 2 observed tensile strengths were in the 2.0 to 5.3 x 10   kg/cm    (29 to 

76,000 lb/in.2) 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 most 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, 

aluminum-nickel aluminide, aluminum-titanium aluminide, and aluminum- 

beryllium. Typical lamellar thickness characteristics were: reinforced 

metal layers 0.5 to 1.0 micron, reinforcing layer 0.05 to 0.25 micron, total 
2 

thickness 0.5 mm. The composites were deposited on 700 cm 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 

substrate. The layer thicknesses were controlled by the voltages applied 

to the individual targets and the rotation rate of the substrate. 

In the titanium-titanium beryllide system, the observed flow stress at 

a given strain varied in the expected manner with the degree of reinforce- 

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 aij^'num. 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 layers in the necked region when deformed at 0.6 Tm. At this tem- 

perature, the aluminum-tit?nium aluminide and aluminum-beryllium systems 

were about three times as strong, did not exhibit necking, and retained 

their continuous layer structure during deformation. 

All 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 

Only evaluation techniques not discussed in previous reports^ ' ' are 

described in the following. 
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Density 

Densities of specimens from deposit OTLC-2 were measured in a tempera- 

ture compensated displacement device with reference to standards of known 

density using techniques similar to those developed by Nelson.^ * '    Den- 
3 

si ties were judged to be accurate within 0.01 g/cm . 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 analysis 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 0TLC-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 ZrOo powder in a quartz tube with a continuous argon flow through a porous 

quartz tube bottom. The bed was maintained at temperatures up to 1000oC 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 

„ 
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rapidly. The sample was then removed from the flindited bed and allowed to 

cool to room temperature. Sample size was measured with a micromete" and an 

optical comparator and resistivity was calculated. The resistivity was 

meacyr,ed 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 changes that occurred as a function of time and temperature. 

RESULTS AND DISCUSSION 

X-Rcyy 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 

layers or small grain size rather than by lattice strain. Calculation of 

layer thickness (or grain size) from the line broadening resulted in a range 
o    '     ' 

of 73 to 119 A which was in good agreement with the results of TEM (reported 

in a later section). 

Peak Splitting 

As reported previously^ '  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 "n 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 fee 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 Cooling After Deposition. One possible 

cause for the- peak-splHtir.g 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 /0C and deposits 

were cooled less than 100oC from the deposition temperature to room 

temperature. Thermal contraction, therefore, would be on the order of 
-4 

11.5 x 10  or 0.115%. This analysis, however, doc., not take into account 

chat the surface of a sputtered deposit during deposition may be at a very 

high temperature. The energy distributions of sputtered atoms are usually 

peaked at a few eV which corresponds to adatom temperatures near 30,000oK. (9-11) 

In order to investigate 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 29 separation in 5 pi it Mo (110) and Cu (111) peaks. Accord- 

ingly, a sample from deposit ÖTLC-2 was mounted in a specially designed 

integrally heated x-ray diffractometer holder and examined at 28, 125, and 

2250C. The recorded diffraction pattern from 29 = 40° to 29 = 48° and the 

A29 separation of peaks i      H in Figure 1. The essentially negligible 

change in A29 with increasv 4«   ture indicates that residual cooling 

stresses were not the source ^       -t peak splitting. These data also indi- 

cate 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 500oC and 750oC heat-treated conditions. The data taken after a 3-hr, 

500oC 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, d.,,, larger 

than that for equilibrium Mo (110). No similar reflection was observed 

from as-sputtered samples. Further, the A29 values for the second to 
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Peak Splitting in Region of Mo (110) Peak 
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FIGURE 1. Influence of Sample Temperature on Peak Separation for 
Deposit 0TLC-2 in the As-Sputtered Condition. (Absolute 
29 values may not be accurate.) 

T?mperature 
CO 

28 

125 

225 

Mo (110) 
(A29) 

0.7> 

0.76 

0.76 

Cu (111) 

0.84 

0.90 

0.83 

third Mo (110) peaks increased from the as-sputtered values (Figure 1) 

indicating that heat treatment at 500oC for 3 hr decreased the interplanar 

spacing for this reflection. The change in relative peak heights observed 

near Mo (110) may indicate 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 500oC for 3 Hr 

Temperature 
_J^  

28 

125 

225 

Mo (110) 
(A2e) 

1st to 
2nd Peaks 

Not measured 

0.59 

0.60 

2nd to 
3rd Peaks 

0.97 

0.96 

0.93 

Cu (111) 
(A29) 

0.92 

0.92 

0.87 

is.no 

t 

(first peak) formed at the expense of the shortest inter^lanar spacing 

structure (third peak). The largest interplanar spacing near Cu (111) 

also seemed to be favored by the heat treatment. 
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Since the layered structure persisted after the 500oC 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 fee Mo. The possibility of peak splitting being caused 

by the presence of the nonequilibrium fee Mo structure was considered. 

Lattice effects related to the epitaxial or pseudormorphic growth of non- 

equilibrium phases on a substrate surface have been reported by Jesser 

and Mathews'2'4^ and vapor-deposited fee Mo with a lattice parameter of 
o (]2) 

a = 4.16 A has been reported by Aggarwal and Goswami.  ' At this point 

because of the relative obscurity of data on fee Mo, some digression for 

a discussion of the information obtained from the literature is eonsidered 
o 

appropriate. The previously mentioned lattice parameter, ao = 4.16 A, 

results in the fee Mo interplanar spaeings and 26 Bragg refleetion values 

listed in Table 1. Other investigators have also reported fee Mo obtained 

by sputter deposition^13' and evaporation"   ' with a lattice parameter 
o 

of approximately a    -■ 4.19 A. 

TA3LE 1.    Calculated Interplagar Spaeings, d.., for fee Mo 
Based on a0 = = 4.16 A 

Reflection In 
(hkl) 

dices 
d  (Ä) CuK 

a 

29   (deg) for 
,  X - 1.5405 A 

(111) 2.40 37.44 

(200) 2.08 43.47 

(220) 1.4V 63.19 

(311) 1.25 76.07 

(222) 1.20 79.86 

(400) 1.04 95.56 

(331) 0.95 108.34 

(420) 0.93 111.82 
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The corresponding interplanar spacings and Bragg reflection angles are not 

substantially different from those in Ta'jle 1. The most recent of these 

investigators^ ' commented that fee Mo is favored by condensation in poor 

vacuum conditions onto low temperature substrates. It should also be noted 

that the fee modification is usually most pronounced in the first few tens 

of angstroms of film thickness. Further, high adatom energies, high adatom 

fluxes, and high substrate temperatures would be expected to produce suppres- 

sion of fee structure. Thus, conditions of this investigation would not 

favor fee Mo formation unless such formation was strongly promoted by epi- 

taxial or pseudomorphic growth. This observation was confirmed by the 

absence of fee 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- 
o 

mately 2.56 A (from its fee structure) and Mo retained its size of approxi- 
o 

mately 2.73 A (from its bee 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, solid solution strains could 

account for the peak splitting attributed to Mo (110) planes and one of 

the peaks attributed to Cu (111) planes. However, the other peak attributed 

to Cu (111) 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 positions. Strains implied by 

the peak locations are indicated in Figure 1. Because Cu has a lower 
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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, 750oC 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. 

; I 

3 
o 

3600 

3000 _ 

2400 - 

1800 - 

1200 

600 - 

39.00 4 3.00 

26 (DEGREES) 

FIGURE 3. Diffractometer Pattern of 0TLC-2 After Heat 
Treatment at 750oC for 2 Hr 
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Transmission Electron Microscopy 

Previous work^ ' indicated that for times in the 2- to 4-hr range, 

breakup of the layered structure by spheroidization occurred between 500 and 

750oC. Anneals at 650oC 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 selected heat treated specimens are compared in Figure 4 to 

the 3-hr, 500rC heat-treated structure which is identical to the as-deposited 

structure, fete that after 1 hr at 650oC, Figure 4b, the layers were just 

beginning to break up by spheroidization across several layers with the 

spheres tending to align in arrays perpendicular to the layer planes. The 

white Cu phase seemed to be forming a matrix for the dark spheroidizing Mo 

phase. After 4 hr at 650oC, Figure 4c, layer breakdown had progressed fur- 

ther, and after 2 hr at 750oC 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 also 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 

Heat 
Treatment 

Temperature 
(0C) 

Time 
(hrs) 

3 

Microstructure 

Layered 

Approximate 
Mean  Layer 

Thickness or 
Sphere Diameter 

(X) 
5Cv/ 80 

650 1 Transiten 80 

650 4 Transition 80 

750 2 Spheroidized 860 

1000 2 Spheroidized 2130 

1000 U Spheroidized 3000 

17 

LlMHiiilWiiiMdlittiMML< mmutmammtmääu^ih, . ^J'J—  



mmmmmmmm bin i. n   -vmimn i   iiiiiin 

-:,;■ ^^m'M^m -^g 
■ ■  ■■ ■'vfs** 
-■ 

•V•■_. » 

.... '*.. -    I 

a.    Heat Treated for 3 hr at 500oC. 
Microstructure unchanged from as- 
deposited condition.    TOO.OOOX 

Heat Treated for 1 hr at 650oC. 
Onset of spheroidization.    White 
network phase is Cu, dark phase 
is Mo.    Mo sphere indicated by 
arrow.    lOO.OOOX 

• "f 
' ' V^ -.5^ JS- 

^ 

A- ,i^i 
7 ,-; ^ 
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c.    Heat Treated for 4 hr at 650oC. 
Additional  layer breakdown and 
spheroidization.    60,000X. 
Layers perpendicular to arrow. 

d.    Heat Treated for 2 hr at 750oC. 
Layered structure completely 
absent.    Mo spheres (dark phase) 
are ^60 A in diameter.    51,000X 

FIGURE 4.    Irnlwience 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 
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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 

previously'6' 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 exhibited 

in lamellar composite until the Mo sphere size was of the order of 2000 A. 

This dimension would be large enough to permit sign.Meant dislocation motion. 

Based on this speculation, samples of TLC-2 were heat treated at 1000oC 

for 4 hr to cause spheroidization of the microstructure (sphere diameter 

^3000 A), creep-flattened between flat Mo plates c*,uring the heat treatment, 

and then tensile tested at room temperature. As was 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 lb/in.2), or sliglrcly higher 

than the 8800 kg/cm2 (125,000 lb/in. ) calculated from hardness data. It 

was concluded, therefore, that the method used to calculate ou from hardness 

was generally conservative and actual ultimate strengths would be higher 

than calculated values. 

Density 
3 

The measured density of as-sputtered composites was 9.51 g/cm . Since 

the average of the densities of Cu and Mo is 9.58 g/cm , the lower-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 Microscope 

Fracture surfaces of specimens from 0TLC-2 were examined in a scanning 

electron microscope (SEM). Photographs of these surfaces are presented in 
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Figure 5. The fractures in the as-sputtered material (Figure 5a) and the 

550oC heat-treated material (Figure 5b) were typical cleavage fractures. 

The fracture in the 9820C heat-treated material (Figures 5c and 5d) seems 

to have followed the Mo sphere-Cu matrix boundaries since the fine cellular 

structure has a cell diameter of 2 to 3 x 10"5 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 additional 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 responsible 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 the test temperature is reached by the sample and then decreased very 

rapidly. As time Increased for temperatures in excess of 750oC, 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 tne ^ ]xU cm resistivity characteristic of the nearly equilibrium 

condition 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^  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 (p ) due to effects which limit the electron mean-free path. 
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a. As-Deposited. 600X b. Heat Treated at 550oC for 17 hr. 
850X 

c. Heat Treated at 9820C for 55 min.  d. Heat Treated at 9820C for 55 min. 
500X 5000X 

FIGURE 5. SEM Fractographs of Composite OTLC-2 
in Various Conditions 
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TABLE 3. Influence of Temperature on Resistivity 
of Lamellar Composite 

Specimen 
Number 

OTLC-2 

OTLC-2 

OTLC-2 

OTLC-2 

OTLC-2 

OTLC-2 

TLC-2 

TLC-2 

As-Qeposited 
p   Temp.laj 

QjQ cm)   (°C) 

After Thermal Cycle 
to Indicated Temperature 

Temp.  p at 250C  p at -1960C 
(0C)    (yfl cm) 

14.18 

13.85 

11.73 

15.10 

14.70 

14.58 

22.10 

14.53 

38 

31 

31 

36 

26 

28 

32 

26.2 

982 

837 

754 

641 

622 

550 

976 

311 

3.57 

3.63 

3.88 

5.45 

5.20 

9.82 

4.76 

4.20 

{]xü cm) 

0.95 

1.10 

1.56 

2.68 

6.93 

1.26 

1.26 

a. Temperature of measurement. 

This may be expressed as Matthiessen's rule, P = P0 + P(T). In the present 

work, then p(T) = ^ pH cm and P0 equals the difference between p(T) and 

the as-deposited value or 'vlO ufi cm. 

Since the starting materials were quite pure for these experiments and 

since the equilibrium insolubility of Mo and Cu^ ' indicated that very 

little Cu-Mo solid solubility was expected, the residual 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 limit, deformation of metals is not 

expected to result in large changes in resistivity.^19' Large resistivity 

changes due to pressure have been observed, however, up to as large as a 

factor of 4 increase^ '  for pressures near 2 x 104 kg/cm2. 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 
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FIGURE 6. Time Dependence of Resistivity, Corrected to 9820C 
from Isothermal Resistivity Measurements at Several 
Temperatures 

evidence for lattice distortion approaching this value has been identified 

in a previous section it is possible that elastic distortion may be respon- 

sible for a large part of the residual resistivity. 

i    i 
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Quenched-In Vacancies. Since the adatom surface temperature during 
  (9 21) 

sputter deposition has been calculated to be of the order of 30,000oKv ' 

the possibility of quenching-in vacancies during deposition is very strong. 

if 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 3000oK 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 lift cm,  ' it is possible that quenched-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 composite is considered as an 

aggregate of thin films wich grain size related to film thickness. The 

Fuchs'23^ theory as modified recently by Mayadas and Shatzkes^ '  and 

Mola and Heras^25^ (including grain size effects) predicts a resistivity 

increase over bulk Cu values by a factor of approximately 3 for films 50 
o 

to 100 A thick. An excellent early correlation with theory for thin film 
f 26) 

thicknesses in this range was given by Reynolds and Stilwell.v   Approxi- 

mately 10 to 15 yfi-cm of the as-deposited resistivity, then, could be 

accounted for by thin-film effects. 

Conclusion. In conclusion, then, approximately 10 to 15 jfl-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, 

however (also evidenced by x-ray diffraction and hardness data) since cold 
(19) 

work only results in resistivity increases of approximately 18% in Mov 

and 1.6% in Cu.  ' Other contributions to the resistivity may also be 

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

range of values to be expected from such structures. 

L > 
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Analysis of Resistivity Data 

The large effect on resistivity expected from the thermally activated 

modifications ov the thin-layered structure indicated that resistivity 

changes should be a good measure of structure changes during breakdown of 

the layered structure and early coarsening 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 1000oC the Mo sphere size very 

soon exceeds the electron mean free path.    Therefor? 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- 

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 corrections 

to the resistivity data and the procedures used to determine activation 

energies from the corrected resistivity data are described in Appendices I 
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 yfi-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 pfi-cm) and produced Mo sphere coarsening.    Mo sphere coalescence 

produced by Mo diffusion through the Cu matrix or other means was identified 
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TABLE 4.    Activation Energy Associated with Structural Change 
as Indicated by Resistivity 

Structure as 
Characterized by 

Resistivity, pQÖ,,or Activation Energy 
' - —^ (kcal/mole) 

40 9.63 

35 17.00 

33 18.90 

30 22.06 

28 14.21 

25 53.27 (11.33a) 

24 52.88 (10.18a) 

22 58.80 (11.33a) 

20 69.85 

17 0 

16 0 

See Appendix II for a discussion oi 
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 yfi-cm. 

Analysis of Hardness Data 

If an Arrhenius^28' analysis is applied to the hardness data presented 

previously^ using the rate of change of hardness as a measure of struc- 

tural change and assuming a thermally activated process, then ihe 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 

Sample 

TLC-4, As sputtered surface 
N.T. @ 750oC 0-1 hr 

1-2 hr 
H.T. 9  1000oC 0-2 hr 

0TLC-2, polished surface 
N.T. @ 750oC 0-2 hr 
H.T. 9 1000oC 0-1 hr 

TLC-4, polished surface 
H.T. (3 500or. 0-1 hr 
H.T. @ 6360C 0-1 hr 
H.T. (a 7880C 0-1 hr 
H.T. @ 9870C 0-1 hr 

1/T In 
(''K-1 x 10-3) [QPH] (dr) Rate  [Rate] 

0.977 
0.977 
0.786 

0 
36 

253 

1 
1 
2 

36 
126.5 4.840 

0.977 
0.786 

184 
326 

2 
1 

92 
326 

4.522 
5.787 

1.294 
1.100 
0.943 
0.794 

57 
115 
261 
344 

1 
1 
1 
1 

57 
115 
261 
344 

4.043 
4.745 
5.565 
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/mole to 

26.4 kcal/mole. 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 to 22.06 kcal/mole range of values obtained from resistivity data 

for the second stage of the annealing process. 

t 

f « 

I t 

COMPOUND-FORMING SYSTEMS 

.(6) The results of the first phase of this program^"' 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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o 

4 - 

TLC-4. AS-SPUTTERED SURFACE   TLC-4, POLISHED SURFACE 
SLOPE = 1.33xl04 SLOPE = 7.5x10^ 

Q = 26.4 kcal/mole 
SLOPE 

Q 14.9 kcal/mole 

0TLC-2, POLISHED SURFACE 
SLOPE = 1.31xl04 

Q = 26.04 kcal/mole 

0.7 0.8     0.9     1.0     1.1 

1/T (0K-1xlO-3) 

1.2 1 .3 

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 magnitude 

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 
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the "rrictrix," or element to be reinforced. The intermetallic compounds, 

NiAl3 c 

agents. 

NiAK and TiAU, and elemental beryllium, were investigated as reinforcing 

MATERIALS AND PROCEDURES 

Sputtering targets were fabricated from commercial purity metals. Alu- 

minum and beryllium were obta-" led as 6-in. diameter bar; titanium and nickel 

were obtained in 1/4-in. plate. The semicylirJrical targets were paired, 

as shown in Figure 8, to form the lamellar composites. The exposed area of 

the strips inserted in the segmented half target was selected on the basis 
(29) of yield data published by Wehnerv ' 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. ' The depositions performed during the 

reporting period are listed in Table 6. 

RESULTS AND DISCUSSION 

Ti-BeTi Composites 

Two additional titanium-beryllium deposits were produced during this 

phase of the program. The first (Deposit 15), employed the segmented target 

scheme previously described/ ' with altered rotation speed and voltage 

ratio to prpduce thicker titanii-m 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. 
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FIGURE 8.    Sputtering Target Used to Deposit Lamellar Composites 
of Al-NiAl.    The semi cylinders 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) 

Target 
Pair 

Run 
No. 

Voltage 
Ratio 

Substrate 
Rotation 

(rpm) 

Substrate 
Temp. 
(0c) 

Deposition 
Rate 

(mil/hr) 

Deposit 
Thickness 

(mils) 

Ti-BeTi 
Ti-Be 

15 
16 

0.25 
0.25 

0.3 
0.3 

500 
500 

0.4 
0.4 

0.014 
0.011 

Al-AINi 17 
18 
19 
24 

0.17 
0.17 
0.13 
0.20 

0.3 
0.3 
0.7 
0.7 

300 
300 
250 
70 

0.9 
0.9 
0.8 
0.8 

0.008 
0.018 
0.020 
0.018 

Al-AITi 20 
21 
22 

0.20 
0.35 
0.20 

0.3 
0.3 
0.7 

250 
250 
250 

0.8 
0.9 
0.8 

0.019 
0.021 
0.018 

Al-Be 23 
25 

0.35 
0.46 

0.3 
1.0 

250 
70 

0.7 
0.8 

0.017 
0.019 

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

Room temperature tensile and thrse-point bend tests were conducted on 

these materials in both the as-deposited and the heat-treated (1 hr at 70GoC) 

conditions.    The results are shown in Table 7. 

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

Condition 

AD (a) 
HT{b) 

AD(a) 
HTW 

Tensile 
Strength, 

(ksi) 

88.75 

104.15 

^ ■ 

Bend Test ing 

Deposit 

Maximum 
Fiber Stress, 

(ksi) 
Plastic 
Strain 

15 

16 

437.8 
392.9 

499.1 
465.9 

8 x 10":* 
2 x 10"J 

a. AD = 
b. HT = 

As-Deposited 
1 hr at 700° 

8 

The plastic strain exhibited in the tensile tests was on the order of 
-5 10 , i.e , the specimens were very nearly elastic. In part, this behavior 

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 approximation for Deposit 16. The plastic deflections corresponded 
-3 -3 to plastic strain of 8 x 10  in the as-deposited specimen, and 2 x 10  in 

the heat-treated specimen. The "yield strengths" at 2 x 10  (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. 
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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 treatment at 700oC. ilo thickening of the compound 

layers was observed, but the layers became less linear. Figure 9c. The 

apparent coarsening of the overall layer structure is believed due to an 

unintentional deviation from a surface perpendicular to the plane of the 

layers. 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 TiBe12 com- 

pound by x-ray diffraction were inconclusive. Diffraction peaks attributable 

to TiBe12 and TiBe^0 + * were observed, but satisfactory patterns (i.e., 

all expected intense peaks) were not obtained. 

Al-NiAl, Al-TiAl and Al-Be Composites 

The restricted plasticity of the materials, even i,. 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 
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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 
700oC, 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 250oC; two 

deposits were formed at a low temperature (7Ü0C) 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. 

..' 

j 

TABLE 8. Layer Thickness Data 

Calculated Thickness 
Rein- 

(lim) Observed Thickness 
Rein- 

(pm) 

Number Identity Aluminum forcement %(a) Aluminum forcement %(a) 

17 Al-Ni 0.92 0.23 20 1.04 0.34 25 
18 0.96 0.14 ^3 0.88 0.19 18 

24(b) 
0.45 0.08 15 0.47 0.11 19 
0.39 0.13 25 0.34 0.16 32 

20 Al-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 Ü.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 70oC, all others at 250oC. 

The discrepancy between calculated and observed thickness values was 

attributed to the point-to-point 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 

400oC. 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 Al-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 ultimate tensile strengths of 43 to 48 x 103 

psi were observed.^30,31, ' 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 ana 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 AITi were not consistently dependent on the layer 

thicknesses or the percent reinforcement. Such a dependence was 

expected theoretically^ ^ and has been generally observed in 

other work^ ' ' and previous work in this program. ' The 
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TABLE 10. Room Temperature Bend Tests 

* 

m 
4» 

Number Identity 

17 Al-Ni 

18 Al-Ni 

19 A1-N1 

24 Al-Ni 

24 Al-Ni^ 

20 Al-Ti 

21 Al-Ti 

22 

22 

Al-Ti 

Al-Ti^ 

23 Be 

25 

25 

Be 

Be^) 

Stress at Indicated 
Strain (103 psi) 

Elastic 
Modulus 

<10-4 Fracture (106 psi) 

124.7 124.7 (<1 x 10"4] 9.89 

81.5 161.6    (4 x 10"4] 10.15 

118.9 118.9 (<1 x io"4; 10.54 

149.1 149.1 (<1 x io-4: )          11.50 

137.7 137.7 (<1 x IO"4, I         10.50 

104.5 219.2 (19 x IO"4 )           9.51 

66.7 255.5    (8 x IO"4 )           9.50 

60.9 ^81.6 (16 x IO"4 )           9.01 

174.5 240.2    (7 x IO"4 )          10.02 

59.9 145.1    (5 x IO"4 )          11.10 

194.1 194.1   (<1 x IO"4 )          12.55 

151.2 151.2 (<1 x IO"4 )          11.66 

Heat treated 1 hr at 400oC. 

TABLE 11.    Elevated Temperature Tensile Properties 

Deposit 
Number 

19 
24 

21 

23 
25 

21 
25 

Identity 

Al-Ni 
Al-Ni 

Al-Ti 

Be 
Be 

Al-Ti 

Be 

0.2%^ Yield Ultimate Tensile 
Strength, (ksi) Strength.(ksi) 

Tested at 300oC (0.61 T.n) 
7.61 11.92 

11.43 13.21 

23.09 35.57 

20.38 27.69 
25.37 34.81 

Tested at 400oC (0.72 Tm) 
6.59 10.35 

12.46 12.46 

Elongation 
(Percent) 

6 7(b' 

1.8 

2.7 
2.8 

9.0 

8.5 

a. Approximate offset from crosshead motion. 
b. Reduction of area >80%. 
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FIGURE 10. Room Temperature Mechanical Properties of Lamellar 
Composites Versus Percent Reinforcement 
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FIGURE 11.    Temperature Dependence of the Yield Strength 
of Lamellar Composites 
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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 metal!ographically, and was apparently 

not extensive (if present at all) since the composites did 

exhibit elastic moduli 30 to 60% greater than aluminum. 

b. 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 400oC heat treatment. Calorimetry of these samples 

revealed an exothermic reaction attributable to formation of 

the intermetallic compound. The Al-Ni specimens showed no 

such reaction and their mechanical properties decreased after 

heat treatment. This effect, therefore, cannot account for 

the results in general. 

c. 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 measured modulus would be decreased if the 

aluminum layers were stressed beyond their yield strength. 
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The effect of heat treatment at 400oC differed in the various 

systems. The Al-Be and Al-NiAK systems exhibited a loss of strength 

without an increase in plasticity. In contrast, the Al-TiAl3 

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 TiAK, 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-NiAK samples than in the other systems. Figure 11. Both Al- 

TiAl3 and Al-Be had strengths over 20 ksi at 300
oCJ which is 0.61 

of the absolute melting point; and Al-Be had a strength of 10 ksi 

at 400oC, or 0.72 Tm. These samples exhibited small reductions 

in area, while the Al-NiAl3 system exhibited chisel-point necking 

with reduction in area >80%. 
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Since this is more likely with higher amounts of reinforce- 
i 

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' knowledge. Residual stresses have been reported to 
(35) produce a tension-compression strength difference^ ' but in 

that work the elastic modulus was not affected. 
i 

The Al-TiAU 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. 

*-*•——--","■—>t'*r-aj '        —  tft^MtiMfclitiMA^.. ^^ -.^ ...r    ..   ^.^^„a^ .. .   



The decrease in strength with temperature was greater 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 hign fraction of its low 
temperature strength at 700oC. ^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-NiAl3 specimens were unstable when strained at 300 and 400
oC. 

The breakup of the continuous layer structure is shovn in Figure 12 
where it is seen that the effect is related to the reduction in 
area as the necked region is traversed. This alloy system has been 
observed to behave similarly in directionally solidified eutectic 

(30 32) form.v ' ; 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 Al-NiAU 
composites are shown in Figure 13. Ductile behavior is readily visible in 

Deposit 17, where the aluminum layers have necked in a chisel-point manner, 
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 300C>C. The dependence of the breakup on the 
overall reduction in area is apparent. 2000X. 
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Deposit 17 Deposit 18 

Deposit 19 Deposit 24 

FIGURE 13. Microstructure of Al-NiAl Lamellar Composites, Obtained 
from Room Temperature Fracture Surfaces by SEM. Ductile 
oehavior 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 Al-TiAK composites are showr. 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 

del ami nation of the layers was observed. 

The aluminum-beryllium 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 elongation observed 

in the tensile tests. Table 9. 

The fracture surfaces of the specimens tensile tested at 300oC are 

shown in Figure 16. The necking of the Al-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 300oC (1.831 versus 0.6%). Although the lamellar 

structure is not visible for the Al-Be sample. Figure 16d, examination of a 

portion of this sample away from the fracture surface indicated that the 

layers were in fact still present. 

Compound Identification 

In the Al-NiAl system, x-ray diffraction indicated that the desired 

MiAl3 compound was obtained, although several diffraction peaks not indexable 

to this compound were observed. The compound identification results with 

the Al-TiAl system were inconclusive. 
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Deposit 20 Ueposit 21 

. 

Deposit 22 

FIGURE 14. Microstructure of Al-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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Deposit 23 

Deposit 25 

FIGURE ]5. 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. Fracture Surface at 4000X. 

A1-N1A1 Composite. Note high reduction in 
area and apparent absence of layer structure. 

::>-°    ■■■% ir- 

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

-•   .i^' 

- -. 
»I *    *m& * ■' ^w 

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 problems 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 tamperature mechanical prop- 

erties and oxidation resistance of turbine blade materials. This familiar 

problem has been, and remains, the limiting 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 the.i becomes a major 

path to increased aircraft performance. 

In the following 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 blade 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 ^980oC (1800oF). 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 

49 

-"———*til*fc'*''*"**'—"'"—*•——    - - —-■—~^~- 



mmmjmammmimmmimmmmmKm^1 lv- ^" ^mmmmmmmmm^^mmmmmmimmm^mmmmmm 

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 stability 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 1370oC (2500oF) turbine blade material.    To withstand 

a metal temperature of 1370oC with a two-phase lamellar composite, the lower 

melting phase should have a melting point of 24ti70C (44720F), 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 1370oC. 

The three systems considered practical for turbine blade application 

at metal temperatures near 1370oC on the basis of mechanical considerations 

and oxidation resistance are, in order of decreasing melting temperatures, 

as follows:    W-WpZr, Nb-NbJU and Mo-Mo-Zr.    In each case the entire Icmellar 

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 (Z^) or alumina (AlpO^. 

This oxide scale would be generated by oxidation of the refractory inter- 

metallics WpZr, Nb^Al, or f^Zr which would act as reservoirs to replenish 

the zirconia or alumina forming during exposure at temperature.    During 

service, when an intermetallic compound '«ayer has been either consumed or 

eroded away, the exposed refractory metal  layer is expected to rapidly oxi- 

di"e, thereby exposing a fresh oxidation-resistant intermetallic layer. 
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DISCUSSION OF POTENTIAL TURBINE BLADE MATERIAL SYSTEMS 

For the W-W2Zr system, the melting point of W2Zr is 2150
oC (3900oF) and 

the solubility of zirconium in tungsten at 1370oC (2500oF) is less than 1%. 

These characteristics are expected to provide a stable lamellar composite 

material. The W layers would contain small quantities of thoria, yttria, 

or HfC + C to stabilize the grain structure. The WpZr 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-Nb3Al system, the melting point of Nb3Al is 1950oC (3450oF). 

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 a.id yttrium alloying 

additions in the NbJU layer. An advantage of this system is the close 

expansivity matching between the base material and the protective alumina 

forming in service. 

Tne Mo-MOpZr system is very similar to the W-k^Zr system excspt that 

the melting point of Mo2Zr is only 1880oC (34160F). The same grain-size 

stabilizing materials would be used in this system as in the W-I^Zr system, 

with particular attention being focused on HfC + C additions. 

EXPERIMENTAL APPROACH 

Preliminary Evaluation 

Initial material development activity would involve sputter deposition 

of the intermetallic compounds (W2Zr, Nb3Al, Mo2Zr, 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 

through formation of zirconia and alumina scales. The o.ndation behavior 

would be determined by still-air weight-loss measurements. It is expected 
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that the sputtering experiments will also detsmiine 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 parallel 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 

proparties 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 sputter deposition. Discussions with personnel at AFML and 

AFAPL revealed that similar configurations are currently being fabricated 

for testing and evaluation. The consensus was that the thin-wall concept 

would be satisfactory from a mechanical (e.g., stress) viewpoint  Some 

control of the flow of cooling air, i.e., an internal structure, such as an 

impingement tube, was thought to be required. This structure could readily 

be incorporated in tne blade mandrel. Potential methods for attachment of 

the airfoil to the fir tree include brazing, bicasting and sputter-bonding. 

The sputter-bonding method would take advantage of the high-bond strength 

obtainable by sputter deposition to bond the airfoil shape to a permanent 

section of the mandrel during depositioh. Other lamellar composite blade 

design concepts, including nonperforated shapes and shapes with exhaust slits 

in the blade tip, were discussed with Air Force personnel and were received 

with considerable interest. 

In the fabrication approach visualized, modifications would be made to 

existing hardware to permit the sputter deposition of lamellar composites 
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SPUHERED BLADE 

FUSIBLE OR LEACHABLE 
MANDREL 

MATER I AL'A" LAYER 

MATERIAL "B" LAYER 

SEVERAL THOUSAND 
LAYERS 

FIGURE 17. Cross-Section of Thin Lamellar Composite Turbine 
Blade Showing Alternate Layers of Repeating 
Thickness 

i 

I 

in tubular test specimen and airfoil shapes.    The material would be deposited 

on fusible or leachable mandrels.    The mandrels revolve around split cylin- 

drical targets at a rate calculated to produce the desired layer pair thick- 

ness. Figure 18.    An appropriate number of airfoil  shapes would be produced 

using the material systems selected. 

FEATURES OF FABRICATION BY SPUTTER DEPOSITION 

Sputter deposition offers the freedom to produce such material systems 

and shapes as identified above which employ intrinsic coating systems to 
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TURBINE BLADES 

TARGETS 

DRIVE 
MECHANISM 

FIGURE 18.    Rotatioifi and Precession of Turbine Blades 
During Fabrication 

protect refractory metals.    In addition, sputtering's ability to produce 

graded layer thicknesses and, therefore, graded thermal or mechanical prop- 

erties, or both, through the wall thickness of a blade may permit higher 

operating loads and/or temperatures. Figure 19.    From a blade fabrication 

standpoint, the high cost of blades produced by conventional processing 
indicates that blade fabrication by sputter deposition may offer »conomic, 

as well as property, advantages.    With sputter deposition, the ability to 

combine the material production, blade fabrication and coating into a single 
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SPUTTERED BLADE 

FUSIBLE OR LEACHABLE 
MANDREL 

INNER WALL-THIN LAYERS 
LARGE % COMPOUND 

OUTER WALL-THICK LAYERS 
SMALL % COMPOUND 

SEVERAL THOUSAND LAYERS 

FIGURE 19.    Cross-Section of Thin Lamellar Composite 
Turbine Blade Showing Layer Thickness 
Grading 

operation is expected to result in per airfoil costs of $100 to $200.    Costs 

for materials, mandrels, fir tree and attachment method, etc., would add to 

the airfoil fabrication cost. 
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operation is expected to result in per airfoil costs of $100 to $200.    Costs 

for materials, mandrels, fir tree and attachment method, etc., would add to 

the airfoil fabrication cost. 
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APPENDIX I 

TEMPERATURE CORRECTION OF RESISTIVITY DATA 

Accurate determination of activation energies from the Arrhenius rela- 

tion requires that the reaction rate, i.e., the time rate of change of 

resistivity Ap/At, be determined for similar structures.    In an attempt to 

do this a temperature coefficient of resistivity was assumed and measured 

resistivity values were first corrected tu the maximum temperature reached 

by the specimen during that specific resistivity experiment and then cor- 

rected to 9820C.    Results of these calculations, presented in Tables 1-1 

to 1-8, must be viewed with caution, however.    Temperature corrections to 

resistivity data are usually made using the relationship P2 = p, + ap, 

(T2 - T^, where a is the temperature coefficient of resistivity and p, 

and p2 are resistivities at temperatures T1 and T2, respectively.^"1 ^ 

However, if resistivity is approximately linear with temperature above the 

Debye temperature, as is generally truej1"^ then the temperature coeffi- 

cient a as defined above must also be a function of temperature.    It has 

been shown, in fact, that a is a linear function of conductivity for Cu^"^ 

and it is, therefore, j linear function of temperature.    If, however, the 

values of p and a are measured at one temperature and held constant, the 
relation p2 = p1 = p1 + ^p^ (^ . ^ should be valid) where ^ and 

are measured at 250C in this case.    This approach was used for correcting 

resistivity data in this investigation using a = 0.00393/oC, which is 

typical of pure Cu.(I-3)    Here p25 was measured after heat treatment for 

each resistivity experiment.    This is not a very accurate approximation 

because, although temperature coefficients are nearly identical for most 

pure metals,(I'1) current thin film resistivity theory^'4'1-6) predicts 

decreasing values of a for decreasing film (or layer) thickness.    It is 

possible to calculate values of r. for any resistance-temperature data, of 

course, and this was dorn for the longest neat treatment at each temperature. 

Results are displayed in Figure 1-1 and the range of values corresponds very 

well to published data for bulk Cu.(I"3)   Also note that a for annealed 
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structures here approaches the bulk value. Using the above approach, 

however, it is not possible to separate residual resistivity and temperature- 

effect resistivity contributions. 

Note that in Tables 1-1 to 1-8 the room temperature resistivities as 

corrected to 9820C differ widely. This resulted from the use of resistivities 

measured at 250C after each heat treatment to generate the temperature cor- 

rections. The one exception to this practice was tlie 330oC data (Table 1-8). 

These data were corrected to 9820C using a mean 250C resistivity from the 

other experiments because time at temperature to substantially lower the 

250C resistivity would have been excessive and, therefore, the experiment 

was not carried out to large reductions in resistivity. The approximation 

is better for longer times at temperature, as is demonstrated by increasing 

resistivity (corrected to 9820C) with decreasing temperature for times near 

100 min. Further, data obtained at temperatures of 750oC or above approached 

the same resistivity limit at about 100 min, as would be expected from TEM 

observations of the spheroidized structure. Samples heat treated at 650oC 

and below were observed to retain the layered structure or very fine sphere 

size and were expected to retain higher resistivities as was also observed. 

The 330oC data were excluded from these comparisons because of the manner 

in which they were corrected and the 9760C data (specimen TCC-2) were 

excluded because they were measured on a sample taken from a different 

sputter deposition experiment. 

Small variations in resistivity after long times at temperature are 

believed to have resulted from degradation in the thermocouple and/or resis- 

tivity lead attachments welded to the samples. The irregularities during 

the first minutes at temperature resulted from inability of the zirconia 

bath material to behave in a completely fluid manner and remain at constant 

temperature in the vicinity of the sample during sample heating 
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TABLE 1-1. Resistivity of 0" rLC-2 to 982 
0C 

Corrected 
Time 

(9820C -T) (min)   T (0C) p (|in cm) P9820C 

0 38 14.28 944 27.52 
.1 38 14.24 944 27.48 
.2 38 14.26 944 27.50 
.3 38 14.26 944 27.50 
.4 409 81.96 573 90.00 
.5 940 27.49 42 28.08 
.6 953 24.16 29 24.57 
.7 973 19.27 9 19.40 
.8 970 19.78 12 19.95 
.9 969 18.96 13 19.14 

1,0 967 19.27 15 19.48 
1.1 966 19.33 16 19.55 
1.2 966 19.19 16 19.41 
1.3 965 19.09 17 19.33 
2.3 966 18.33 16 18.55 
3.3 968 17.82 14 18.02 

4.3 969 17.46 13 17.64 

5.3 971 17.14 11 17.29 
6.3 973 16.96 9 17.09 
7.3 973 16.87 9 17.00 

8.3 974 16.73 8 16.84 

9.3 976 16.60 6 16.68 
10.3 976 16.47 6 16.55 

11.3 977 16.35 5 16.42 

12.3 978 16.27 4 16.33 
13.3 979 16.18 3 16.22 
14.3 979 16.13 3 16.17 

15.3 979 16.07 3 16.11 
16.3 980 16.02 2 16.05 

17.3 980 15.98 2 16.01 

18.3 981 15.95 1 15.96 

19.3 981 15.92 1 15.93 
20.3 981 15.88 1 15.89 
25.3 982 15.73 0 15.73 

30.3 982 15.65 0 15.65 

35.3 982 15.63 0 15.63 
40.3 982 15.64 0 15.04 

45.3 982 15.61 0 15.61 

50.3 979 15.56 3 15.60 
55.3 976 15.52 6 15.60 
OO 25 3.57(a) 957 17.00 
OO 106 .95(a) 

a. Measured after elevated temperature resistivity determination. 
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TABLE 1-2. Resisti vity of TLC-2 to 9760C 

Corrected 
Time 
(min) T   (0C)       p ipil cm) (9760C 

-T,   P9760C (9820C 
■T)   »,9820C 

0 32 22.10 944 39.67 950 39.87 
.1 35 22.28 941 39.88 947 40.00 
.2 49 22.29 927 39.63 933 39.74 
.3 149 23. 7S 827 39.22 833 39.33 
.4 890 29.91 86 31.52 92 31.63 
.5 884 26.59 92 28.31 9« 28.42 

B 916 24.56 60 25.68 66 25.79 
.7 923 22.90 53 23.89 59 24.00 
.8 917 22.68 59 23.78 65 23.90 
.9 913 22.36 63 23.54 69 23.65 

1.0 913 22.21 63 23.39 69 23.50 
1.1 910 22.01 66 23.24 72 23.36 
1.2 908 21.88 68 23.15 74 23.26 
1.3 908 21.75 68 23.02 74 23.13 
2.3 910 21.07 66 22.30 72 22.42 
3.3 917 20.68 59 21.78 65 21.90 
4.3 922 20.39 54 21.40 60 21.51 
5.3 928 20.21 48 21.11 54 21.22 
8.7 944 19.87 32 20.47 3% 20.58 
9.7 947 19.82 29 20.36 35 20.47 

10.7 950 19.74 26 20.23 32 20.34 
11.7 955 19.72 21 20.11 27 20.23 
12.7 955 19.65 21 20.04 2? 20.16 
13.7 958 19.63 18 19.97 24 20.08 
14.7 960 19.61 16 19.91 22 20.02 
15.7 960 19.57 16 19.87 22 19.98 
16.7 962 19.50 14 19.76 20 19.87 
1/.7 964 19.54 12 19.76 18 19.88 
18.7 965 19.52 11 19.73 17 19.84 
19.7 966 19.47 10 19.66 16 19.77 
20.7 967 19.47 9 19.64 15 19.75 
21.7 968 19.48 8 19.63 14 19.74 
22.7 969 19.43 7 19.56 13 19.67 
27.7 972 19.39 6 19.50 12 19.61 
32.7 973 19.33 3 19.39 9 19.50 
37.7 974 19.27 2 19.31 8 19.42 
42.7 975 19.24 1 19.26 7 19.37 
47.7 975 19.23 1 19.25 7 19.36 
52.7 976 19.17 0 19.17 6 19.28 
57.7 976 19.15 0 19.15 6 19.26 
62.7 976 19.14 0 19.14 6 19.25 
67.7 976 19.10 0 19.10 6 19.21 
72.7 976 19.10 0 19.10 6 19.21 
77.7 976 19.08 0 19.08 6 19.19 
82.7 976 19.08 0 19.08 6 19.19 
87.7 976 19.08 0 19.08 6 19.19 
92.7 976 19.06 0 19.06 6 19.17 
97.7 976 19.06 0 19.06 6 19.17 

102 7 976 19.05 0 19.05 6 19.16 
105 7 S7Ö 19.05 (1 19.05 6 19.16 
112.7 976 19.03 0 19 05 6 19.16 

m 25 4.76««» 951 22.55 957 22.66 
" 188 1   26<«> 

See Table 1-1. 
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TABLE 1-3 ,    Resist vity of 0TLC-2 to 8370C 

Corrected 
Time 
(mini T  (UCI p   (pi» cm) (8370C    1 

25.35 

(9820C    1 

951 

1    P9820C 

0 31 13.85 806 27.42 
31 13.87 806 25.37 951 27.44 
,11 13.86 806 25.36 951 27.43 
31 13.86 806 25.36 9A 27.43 

521 54.'(5 317 59.47 4il 61.53 
818 25  58 19 25.85 164 27.92 
833 19.87 4 19.93 149 22.00 
834 18.96 3 19.00 148 21.07 

,8 834 17.98 3 18.02 148 20.09 
,9 833 18.00 4 18.06 149 20.13 

1.0 833 18.29 4 18.35 149 20.42 
1 .1 833 18 60 4 18.60 149 20.73 
1 .2 815 18.67 22 18.98 167 21.05 
1 .3 818 16.12 19 16.39 164 18.46 
2.3 818 16.08 19 16.35 164 18.42 
3.3 818 15.72 19 15.99 164 18.06 
4.3 820 15.46 17 15.70 162 17.77 
5.3 821 15.26 16 15.49 161 17.56 
6.3 822 15.12 15 15.33 160 17.40 
7.3 824 14.99 13 11>   18 158 17.24 
8.3 825 14.87 12 15.04 157 17.11 
9.3 827 14.77 10 14.91 155 16.98 

10.3 828 11.70 ') 14.83 154 16.90 
11.3 828 14.60 9 14.73 154 16.80 
12.3 829 14.53 H 14.64 153 16.71 
13.3 830 14.48 7 14.58 152 16.65 
14.3 830 14.43 7 14.53 152 16.60 
15.3 830 14.38 7 14.48 152 16.55 
16.3 831 14.34 B 14.43 151 16.49 
17.3 832 14.32 5 14.39 150 16.46 
18.3 832 14.26 5 14.33 150 16.40 
19.3 832 14.24 5 14.31 15C 16.38 
20.3 833 14.20 4 14.26 149 16.33 
25.3 834 14.07 3 14.11 148 16.18 
29.8 835 13.97 2 14 00 147 16.07 
30.3 835 14.00 2 14.03 147 16.10 
36.3 835 13.91 } 13.94 147 16.01 
42.3 836 1 3.82 1 13.83 146 15.90 
48.3 837 1 3  76 0 13.76 145 15.83 
54.3 837 13.67 0 13.67 145 15.74 
60.3 837 13 63 0 13.63 145 15.70 

oc 25 3 63,*l 812 15.21 957 17.28 
M 196 I.10,•, 

See Table 1-1 
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TABLE 1-4. Resisti vity of OTLC-2 to 7540C 
l^irrHLtrtl 

Tune 
(mini T ("i;i |i   i|iU  inn |754Ut; ri ^4'V: 

I082"(J T'   "982" 

II ii II   73 723 22  74 951 26 22 
1 i.i II   74 721 22.73 040 26 20 
2 33 11   75 721 22.74 040 26.21 

1 13 11   73 721 22.73 040 26.19 
i 277 16.46 477 23.77 705 27.20 

.5 341 18.55 41.1 24.88 041 28 32 

.6 I.M, 20.95 '.III 22.45 326 25.02 

.7 690 17.27 Ii4 18 25 202 21.72 
H 701 16.46 .'..1 17.27 281 20.74 
'1 70 1 15.42 53 18.23 2111 19.70 

l.J B91 15.75 63 Hi.71 201 20. 18 
1   1 B94 15.23 80 16.15 288 19 02 
1.2 692 16.»3 62 17  08 JO II 20  55 
13 690 16.49 1,4 17.47 202 20 94 
2 J 694 15.59 60 16 51 288 19.98 
1.3 702 15   14 52 15  «4 280 19.41 
4.3 708 14 93 41, 15 63 274 19.11 
5.3 714 14  77 411 15 38 268 18.85 
(i.3 717 14.62 37 15.19 265 18 66 
7  'I 720 14  52 34 15.04 282 18  51 
8 .1 720 14   11 .14 14.63 202 18   10 
1   1 7IH 14  72 III 15 27 264 18  74 

Id  .1 71K 1 4  4li II, 15.01 265 18  50 
11    1 719 14 41 35 14.95 263 IB 42 
12   1 722 14 29 32 14  78 200 18.25 
II   1 724 14   18 III 14 64 253 18   11 
14.3 727 14 05 27 14.40 25 5 17 94 
15  ,1 729 13.92 25 14   30 253 17  78 
IK  3 730 I.I  78 24 14.15 252 17.62 
17   ) 732 13 65 22 13.99 250 17 46 
1H  3 734 13 52 20 13.83 248 17  30 
19.3 735 13  38 19 13.67 247 17  14 
.'0  J 736 13.26 18 13 54 240 17.01 
25  3 74.! 12  70 12 12.88 240 16.36 
30   1 745 12  32 9 12 46 237 15.93 
15   1 747 12 02 7 12.14 235 15 61 
40   ) 740 11   85 f, 11  5.1 233 15.40 
45   1 750 11   72 4 11.78 232 15.26 
50   1 751 11.61 4 11  67 2J2 15.15 
55   1 751 11   49 1 11   54 231 15.01 
uo ;i 751 II   42 1 11.47 JJ1 14 94 
H5  3 752 11   .14 2 11.37 231) 14.84 
70 3 752 11   20 2 11.32 230 14.79 
75  3 753 II   24 1 11   28 220 14  73 
Hll   1 753 11   19 1 11   21 220 14 68 
H5   1 753 11   15 1 11.17 220 14 64 
to  1 753 11   11 1 11.13 220 14 60 
95   1 753 11   07 1 110» 220 14 56 

100   t 753 11   05 1 11  07 !2B 14 54 
105  ,1 .■•.4 II   02 II II  02 228 14 49 
1 111   1 ',4 II   00 II 11  00 228 14 47 
1 1 :'i    1 '54 10   98 II III 08 228 14 45 
l.'O    1 7^,4 10  07 II 10  97 228 14  44 
IJ5   1 ■•.4 10  15 0 10 95 228 14 42 
1 10   1 754 III  92 II 10  92 228 14  39 
1 15   1 -.1 III  HI 0 10  91 228 14   IB 
140   i 754 III  02 0 10  »2 228 14 .10 
145   1 -■.4 10 91 il 10  »1 228 14  .18 
150   1 .•r,4 III   80 il III  89 228 14  36 
IM   1 754 10   HI, il 10  HI, 228 14   13 
Mill   1 ".4 III   84 0 10  84 228 14  31 
11.5   1 754 III   82 n 10  82 228 14 29 
17(1   1 754 10   81 II III  81 228 14  28 
17'.   1 754 III   80 il III  80 228 14 27 
Jll 1    l 1 .1 III   74 il III  74 .'J8 14 21 
<2h   1 • il HI  I.K il III  68 .:2H 14  15 
2'il    1 /'.4 III  1. 1 n III  I.I 228 14   III 
.•n,   1 7'.4 HI  1,1 II 20 I.I J.'8 14 118 

' I'". 

i 8.•;•.<•» 
 .<•» 

'."i 15  04 057 18 41, 

See Table 1-1 
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TABLE 1-5. Resistivity of 01 rLC-2 to 6410C 

Corrected 
Time 
(min) T   (0C)       p (|iU cm) 6410C     T) P6410C 

(9820C  -T)    p9e2Oc 

0 36 15.10 605 28.06 946 35.36 
.1 36 15.13 605 28.09 946 35.39 
.2 36 15.14 605 28.10 946 35.40 
.3 36 15.14 605 28.10 946 35.40 
.4 288 47.80 353 55.36 694 62.66 
.5 554 27.99 87 29.85 428 37.17 
.6 599 23.60 42 24.50 383 31.80 
.7 618 20.94 23 21.43 364 28.74 
.8 624 19.48 17 19.84 358 27.15 
.9 625 

1.0 625 18.38 16 18.72 357 26.03 
1.1 625 18.36 16 18.70 357 26.01 
1.2 624 18.39 17 18.75 358 26.06 
1.3 624 18.39 17 18.75 358 26.06 
2.3 624 18.36 17 18.72 358 26.03 
3.J 625 18.26 16 18.60 357 25.91 
4.3 62£ 18.18 15 18.50 356 23.66 
5.6 627 18.05 14 18.35 355 25.65 
6.3 627 18.00 14 18.30 355 25.60 
7.3 628 17.94 13 18.24 354 25.52 
8.3 629 17.89 12 18.15 353 25.45 
9.3 629 17.84 12 18.10 353 25.40 

10.3 629 17.80 12 18.06 353 25.36 
20.9 635 17.40 6 17.53 347 24.83 
30.9 637 17.14 4 17.23 34 24.53 
40.9 638 16.90 3 16.96 344 24.27 
50.9 639 16.71 2 16.75 343 24.06 
60.9 639 16.55 2 16.59 343 23.90 
70.9 640 16.40 1 16.42 342 23.72 
84.9 641 16.20 0 16.20 341 23.50 
94.9 641 16.08 Ü 16.08 341 23.38 

104.9 641 15.90 0 15.90 341 23.20 
124.9 641 15.63 0 15.63 341 22.93 
154.9 640 15.25 Ü 15.22 342 22.57 
174.9 640 15.02 Ü 15.04 J42 22.34 
204.9 641 14.69 Ü 14.69 341 21.99 
254.9 641 14.25 0 14.25 341 21.55 
304.9 641 13.90 0 13.90 341 21.20 
354.9 641 13.65 1) 13.65 341 20.95 
404.9 641 13.43 0 13.43 341 20.73 
454.9 641 13.28 t) 13.28 341 20.53 
504.9 641 13.15 Ü 13.15 341 20.45 
554.9 641 13.04 0 13.04 341 20.34 
604.9 641 12.98 I) 12.98 341 20.28 
654.9 641 12.90 (1 12.90 341 20.20 
704.9 641 12.83 (1 12.83 341 20.13 
754.it 641 12.77 0 12.77 341 20.07 
604 n 641 12.71 0 12.71 341 20.01 
854.9 641 12.64 () 12.64 341 19.94 
404  9 641 12.71 0 12.71 341 20.01 

oe 25 ■1.44951*1 616 lfl.64 957 25.95 
- 1H5 2. H77<»» 

a.    See Table 1-1 
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TABLE 1-6. Resisti vity of 0TLC-2 to 640oC 

(Jorrected 
Time 
(mini T   (0C)        p l\iil cm) !S40OC 

^   P640OC (9820C 
^    'J9620C 

0 26 14.69 614 27.22 956 34.20 
.1 26 14.7 614 27.23 956 34.21 
.2 26 14.7 614 27.23 956 34.21 
.3 88 15.9 552 27.18 894 34.17 
.-1 259 49,38 381 57.00 723 63.99 
.5 445 41.01 1S5 45.01 537 52.00 
.6 582 27.91 58 57.7 400 36.07 
.7 629 20.92 1 1 21.14 353 28.12 
.8 640 17.92 I) 17.92 342 24.91 
.9 633 16.54 7 16.67 349 23.66 

1.0 626 15.49 14 15.77 356 22.76 
1.1 624 16.15 16 16.50 358 23.41' 
1.2 822 16,42 18 16.79 360 23. 7f 
l.J 622 16.33 18 16.70 360 23.69 
2.H 621 16.76 19 17.15 361 24.13 
3.3 621 16.79 19 17.18 361 24.17 
4.3 621 16.72 19 17.15 361 24.14 
5.6 621 16.69 19 17.09 361 24.07 
6.3 621 16 66 19 17.05 361 24.04 
7.3 621 16.62 19 17.02 361 24.01 
8.3 621 16.59 19 16.98 361 23.97 
9.3 621 16.57 19 16.96 361 23.94 

10.3 621 16.52 19 16.91 361 23.90 
20.9 621 16.25 19 16.64 361 23.62 
30.9 620 16.03 20 16.43 362 23.42 
40.9 620 15.83 20 16.24 362 23.22 
50.9 620 15.67 20 16.07 362 23.06 
60.9 620 15.51 20 15.91 362 22.89 
70.9 620 15.34 20 15.75 362 22.73 
84.9 620 15.12 20 15.53 362 22.52 
94.9 620 15.04 20 15.44 362 22.43 

104.9 620 14.89 20 15.30 362 22.29 
124.9 620 14.59 20 15.00 362 21.98 
154.9 619 14.19 21 14.61 363 21.60 
174.9 619 13.96 21 14.39 363 21.38 
204.9 620 13.63 20 14.04 362 21.C3 
254.9 621 13.23 19 13.61 361 20.60 
289.6 622 13.02 18 13.38 360 20.37 
354.9 622 12.70 18 13 08 360 20.06 
384.6 622 12.59 18 12.97 360 19.95 
484.9 623 12.03 17 12.65 359 19.63 
529.6 623 12.22 17 12.57 359 19.56 
574.9 623 12.15 17 12.50 359 19.49 
619.6 623 12.09 17 12.44 359 19.43 
654.9 623 17.03 17 12.38 359 19.36 
709.9 623 11.97 17 12.33 359 19.31 
754 .9 623 11.93 17 12.38 359 19.27 
844  !) 622 11.85 18 12.21 360 19.20 
934.9 622 11 .80 18 12.17 360 19.16 
979  (i 622 11.75 18 12.12 360 19.11 

'XJ 25 5.2«»» 615 957 
*i 196 

a.    See Table 1-1. 

1-8 

Mi 



nPB*a mm mm ^^^M^W^ 

TABLE 1-7. Resisti vity of 0TLC-2 to 550oC 

Corrected 
Time 
(min) T   (0C)       p [liil cm) (5560C 

^    P5560C (9820C 
-T,   P9820C 

0 28 14.58 528 34.96 954 51.40 
.1 30 14.59 526 34.89 952 51.33 
.3 31 14.58 525 34.84 951 51.28 
.4 44 14.79 512 34.55 938 50.99 
.6 491 23.41 G5 25.92 491 42.36 
.7 544 18.32 12 18.78 438 35.22 
.8 550 16.91 6 17.14 432 33.58 

1.0 546 16.41' 10 16.85 436 33.29 
1.1 545 16.45 11 16.87 437 33.31 
1.3 545 16.69 11 17.11 437 33.55 
2.3 544 16.85 12 17.31 438 33.75 
3.3 545 16.83 11 17.25 437 33.69 
4.3 545 16  79 11 17.21 437 33.65 
5.3 F;46 16.77 10 17.16 436 33.60 
6.3 547 16.74 9 17.09 435 33.53 
7.3 548 16.71 8 17.02 434 33.46 
8.3 549 16.69 7 16.96 433 33.40 
9.5 550 16.63 (i 16.86 432 33.30 

10.1 550 16.60 6 16.83 432 33.27 
10.8 551 16.58 5 16.77 431 33.21 
11.5 551 16.59 5 16.78 431 33.22 
12.1 551 16.57 5 16.76 431 33.20 
12.8 551 16.58 5 16.77 431 33.21 
14.1 552 16.55 4 16.70 430 33.14 
14.8 552 16.52 4 16.67 430 33.11 
16.1 552 16.51 4 16.66 430 33.10 
16.8 553 16.49 3 16.61 429 33.05 
18.1 553 16.47 3 16.59 429 33.03 
18.8 553 16.46 3 16.58 429 33.02 
20.1 554 16.45 2 16.53 428 32.97 
21.5 554 16.42 2 16.50 428 32.94 
25.5 555 16.36 1 16.40 427 32.84 
29.5 556 16.30 Ü 16.30 426 32.74 
36.0 554 16.22 2 16.30 428 32.74 
40.0 552 16.17 4 16.32 430 32.76 
44.0 551 16.12 5 16.31 431 32.75 

135 548 15.90 8 16.21 434 32.65 
175 548 15.91 H 16.21 434 32.66 
215 548 15.88 8 16.19 434 32.63 
415 548 15.63 8 15.94 434 32.38 
455 543 15.58 13 16.08 439 32.52 
395 548 15.53 8 15.84 434 32.28 
535 548 15.48 8 15.79 434 32.23 
615 549 15.34 7 15.61 433 32.05 
735 549 15.60 7 133 
815 549 15.46 7 15.73 433 32.17 
895 549 15.24 7 15.51 433 31.95 
935 549 15.23 / 15.50 433 31.94 

m 25 9.82••, 531 30.31 957 46.75 
m 196 6.9.»1" 

a.    See Table 1-1 
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TABLE 1-8. Resisti vity of TLC-2 to 3J0oC 

Corrected 
Time 
(mini T   (0C)       p (ni> cm) (330OC    T) 

P330OC 
(9820C    T 

P9e20C 

no 26.2 14.53 303.5 19.54 955.4 30.30 
0.1 26.2 14.53 303.9 19.54 955.8 30.30 
0.J 26.0     • 14.53 304.1 19.55 956.0 30.31 
0.3 26.1) 14.53 304.1 19.55 956.0 30.31 
0.4 31.4 14.67 298.7 19.60 950.6 30.36 
0.5 50  7 14.73 279.4 19.34 931.3 30.10 

-   0.6 79.8 25.12 250.3 29.26 902.2 40.02 
0.7 242.5 29.14 87.6 30.58 739.5 41.34 
0.8 315.1 19.32 15.0 19.56 666.9 30.32 
0.9 330.1 16.40 0.0 16.40 651.9 27.16 
1.0 320.3 15.92 9.8 16.08 661.7 26.84 
1.1 318.3 15.73 11.8 '5.92 663.7 26.68 
1.2 317.2 15.75 12.9 15.96 664.8 26.72 
1.3 316.0 15.73 14.1 15.96 666.0 26.72 
2.3 312.9 15.63 17.2 15.92 669.1 26.68 
3.3 311.4 15.61 18.7 15.91 670.6 26.67 
4.3 311.0 15.60 19.1 15.92 671.0 26.68 
5.3 310.7 15.61 19.4 15.93 671.3 26.69 
6.3 310.7 15.60 19.4 15.92 671.3 26.68 
7.3 310.4 15.59 19.7 15.91 671.6 26.67 
8.3 310.3 15.57 19.1 15.89 671.7 26.65 
9.3 310.2 15.57 19.9 15.89 671.8 26.65 

10.3 310.4 15.56 19.7 15.89 671.6 26.65 
15.3 310   1 15.51 20.0 15.84 671.9 26.60 
28  3 310.2 15.44 19.9 15.77 671.8 26.53 
38.3 310.3 15.38 19.9 15.71 671.8 26.47 
48.3 310  4 15.35 19  7 15.68 671.6 26.44 
58.3 310.6 15.33 19.5 15.65 671.4 26.41 
C8.3 310.7 15.30 19.4 15.62 671.3 26.38 
78.3 310.9 15.28 19.2 15.60 671.1 26.36 
88  3 310.8 15.26 19.3 15.58 671.2 26.34 
98.3 310.8 15.24 19.3 15.56 671.2 26.32 

158  3 310.3 15.16 19.8 15.48 671.7 26.24 
208  3 310.4 15.11 19.7 15.44 671.6 26.20 
258.3 310  7 15.08 19.4 15.40 671.3 26.16 
308  3 310.6 15.05 19.5 15.37 671.4 26.13 
358. 3 310  6 15.02 19.5 15.34 671.4 26.10 
408  3 31'j.5 14.99 19.6 15.31 671 .5 26.07 
458.3 310.5 14.98 19.6 15.30 671.5 26.06 
508  3 310.7 14.96 19  4 15.28 671.3 26  04 
558  3 3111 14.96 19.1 15.27 671.0 26.03 
608.3 311.1 14 92 19 0 15.23 670.9 25.99 
758.3 311.1 14.92 19  Ö 15.23 670.9 25.99 
708  3 311.1 14  89 19.0 15 20 670  9 25.96 
758  3 311   4 14  87 18  7 15.18 670.6 25.94 
BOB   ) 311  2 1 4   IK. 18  9 15   IB 670  8 25.94 
B58  3 111 . 1 1 4. Bf! 19 0 15. 16 670  9 25.92 
aoH 3 •III .2 14  84 18  9 15.15 670  8 25.91 
95«. 3 310.8 14  BU 19   .1 15   11 671 .2 25.87 

IIMIH    1 no 9 14  79 19   .. 15. II 671   2 25  87 
I05M. 1 iiti 9 1 4  79 19.2 15.11 671   I 25.87 »• 25.0 4  2<«> 

« I'M, 1   J(i<»» 

a.    See Table 1-1 
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Coefficient of Resistrnce (a) 
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APPENDIX II 

DETERMiriATION OF ACTIVATJON ENERGIES 

With the qualifications regarding temperature corrections to resistivity 
data discussed in Appendix I, determinations of R = Ap/At were made from 
data shown in Tables 1-1 to 1-8 of Appendix I. Constant p (corrected to 
9820C) was taken, as a first approximation, to indicate constant structure. 
Therefore, values of P932oc were chosen, the times to reach these corrected 
resistivities were noted for each resistivity experiment, and the corre- 
sponding measured resistivities (at the experiment temperatures) were 
recorded. This gave a measured resistivity end time at each experiment 

temperature for each chosen value of P^OQ- Values of ^p/At were then 
calculated in the vicinity of each of these measured resistivity values 

from resistivity versus time data recorded at each experimental temperature. 
Results are presented graphically in Figures II-l, II-2, and II-3. Arrhenius 
analysis of these graphs yielded the activation energies also indicated in 

each of these figures (an approximate least-squares method was used for 
slope determination). 

Figure II-l indicates an activation energy of 9.63 kcal/mole for the 
early stages of annealing at all temperatures for structures corresponding 

to p9g2or = *0 UÖ-C«. 

If the data from 550oC are discarded or if only the resistivities 
during the first few seconds at 550oC are used, then the curves for 

structures corresponding to o982oC 
a 35, 33, 30, 28 u^-cm indicate an 

activation energy of 14.21 to 22.06 kcal/molt, in good agreement with the 
results obtained from hardness data. The neglect of the 550oC data can be 
justified since the laminate structure did not break up at 550oC and, 
further, resistivity change virtually ceased after 0.7 min at 550oC. In 
addition, since early data taken at 550oC falls on the curves for structures 

corresponding to ^^2°C ~  40, and 35 u-cm, it is hypothesized that ihe 
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resistivity changes at 550ol  are probably due to recovery processes and 

are produced by the same mech^isms responsible for the early resistivity 
changes at higher temperatures. 

The same arguments can be applied to 640oC resistivity data with respect 

to cirves for structures corresponding to Pg32oC = 25, 24, 22 y^-cm in Fig- 

ure II-2.    If the 640oC data are neglected in these curv?s, the calculated 

activation energies are 10.18 to 11.33 kcal/mole.    If these 640oC data are 

not neglected, however, activation energies appropriate to the third stage 

of structural change (+50 kcal/mole) are observed. 

All of the data represented by the curves for structures corresponding 

to P9820c = 20' 17, 16 ^■cm were taken after the sample resistivities 
riased to change rapidly. Figure II-3.    Further, TEH results presented 

earlier indicated that all of these structures were spheroidized.    It is 

likely, therefore, that the calculated activation energy from the curve for 
P9820C = ^ vti-cm of 69.85 kcal/mole is typical of the sphere coarsening 
mechanism while an activation energy of 10 to 22 kcal/mole is typical of 

the layer breakdown (spheroidization) mechanism and an activation energy of 

9.6 kcal/mole (0.42 eV) is typical of the earliest annealing stage.    No 

evidence was found to clearly indicate that the earliest annealing stage 

was not actually the onset of layer breakdown by Mo spheroidization. 

The curve for P9820C = 17, 16 v»fi-cm indicate virtually no change in 
rate with temperature (above 750oC) and no activation energy.   This is 

probably because sphere size and spacing is becoming large enough compared 

to the electron mean free path that small changes in sphere size and 

spacing do not have a sufficiently large effect on resistivity to be 
measurable. 
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II-l. 

FIGURES II-l  and II-2, 

11-2. 

Arrhenius Determination of Activation Energy 
(Q) from Temperature (T) Dependence of the 
Time-Rate-of-Change of Resistivity (Ap/At). 
Constant structure was chosen corresponding 
to values of Pgooor indicated. 
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P9820c'20Mfi'cm 

Q - 69.83 kcal/ii.ole 

FIGURE II-3. 

m l^'1 x 10"3> 

Arrhenius Determination of Activation Energy (Q) from 
Temperature (T) Dependence of the Time-Rate-of-Change 
of Resistivity (Ap/At).    Constant structure was chosen 
corresponding to values of p 

9820C indicated. 
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APPENDIX III 

SUMMARY OF LITERATURE SEARCH ON ACTIVATION ENERGY DATA 

AHD DERIVED MECHANISTIC CONSIDERATIONS 

An extensive literature search revealed no previous activation energy 

measurements related to diffusion in the Cu-Mo system. The only pertinent 

data available in the published literature for comparison, then, are data 

obtained from self-diffusion, creep, radiation damage, and related experi- 

ments in pure Cu and Mo and data on diffusion in other fcc-bcc systems. The 

literature, therefore, was searched for these types of data and the results 

were used to interpret observed activation energies. 

Since very high concentrations of vacancies, divacancies, and related 

defects would be expected to be quenched into high-rate sputtered materials, 

the thermally activated motion of these defects may have been responsible 

for the observed activation energies. The 9.63 kcal/mole activation energy 

for the first annealing stage in the present work is lower than the 

15.4 kcal/mole reported for divacancy migration in Cu or the 14.2 kcal/mole 

for divacancy migration minus divacancy binding in Cu.^   ' ' However, 

the activation energy for vacancy formation in copper is reported to be 

12 to 21 kcal/mole^  " * ' ' and the activation energy for vacancy migra- 
fIII-3 4 5) 

tion is reported to be 27 to 31 kcal/mole.    ^»^»^z Therefore, migration 

of vacancies to sinks should have an activation energy of 6 to 19 kcal/mole. 

Based on this observation, the high expected vacancy density, and the high 

density and close spacing of sinks (interfaces and grain boundaries) in the 

sputter-deposited composite, it is considered nost probable that vacancy 

migration to sinks was responsible for the initial resistivity decrease 

stage. The first stage may actually have been responsible for the onset of 

layer breakdown by Mo sphercidization. 

From the preceding comments it is apparent that th?» activation energy 

of 10 to 22 kcal/mole attributed to layer breakdown is appropriate either 

to vacancy migration to sinks or to vacancy migration. The latter is 
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considered to be the most likely of these two mechanisms. However, TEM 

observations reported in this report indicate that layer breakdown (spheroid- 

ization) occurs at least in part by Cu and Mo diffusion perpendicular to the 

layer planes. Thus the layer breakdown process may involve activation 

energies for diffusion of Cu or Mo vacancy species along Cu-Mo interfaces, 

Cu and/or Mo grain boundaries, and columnar growth boundaries. None of these 

activation energies have been evaluated separately. The activation energy 

for lattice self-diffusion in Ag is reported to be 45 kcal/mole^ 

effectively ruling out this mechanism. Grain boundary diffusion, however, 
(III-7) 

is reported to have an activation energy of 21.5 kcal/mole in Ag.v 

Thus the grain boundary or interface activation energies in the Cu-Mo com- 

posite of about 20 kcal/mole that would be expected were observed. 

Sphere coarsening, on the other hand, must be due to Mo diffusion 

through the Cu matrix or to Mo sphere coalescence. One possible mechanism 

of Mo sphere coalescence might involve Cu vacancy diffusion to the Mo sphere, 

around its surface to the opposite side, and away. Motion of the Mo sphere, 

then, would be opposite to the flow of Cu vacancies. This would allow Mo 

spheres to approach each other and coalesce. Another possible mechanism 

for coalescence might involve diffusion of Mo around the sphere circumfer- 

ences or through the spheres (self-diffusion) to produce sphere movement. 

Still another mechanism might involve Cu diffusion through the Mo spheres. 

The activation energy attributed to the sphere coarsening process is similar 

to the 61 to 88 kcal/mole reported for creep in Mo/  ' ' Howeve-, 

Claner111"9^ has reported an activation energy of 106 kcal/mole for creep 

in Mo and Murray^111-10' has reported an activation energy of 94 kcal/mole 

for self-diffusion in Mo. The activation energy for self-diffusion in Mo 

that is calculated by the method of Sherby and Simnad^  " ' is 98.5 kcal/ 

mole. Vacancy migration in Mo is reported to produce an internal fric-io». 

peak at 1050oC and results from recrystallization starting near 700oC with 
(111-121 

an activation energy of 34.5 to 55.2 kcal/mole,v    ' which is too low to 

account for the observed value for sphere coarsening. Further, no activa- 

tion energies centered about the 23.8 kcal/mole reported for recovery of 

irradiated Mo^111"13^ or the 23 to 47 kcal/mole reported for self-diffusion 
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and creep In Ci/ ' were observed.    Peart^ ' reported an activa- 

tion energy of 100 kcal/mole for grain boundary diffusion of     Co in Ho in 

temperature ranges where Co would be expected to be fee.    This is higher 

than the observed activation energies, indicating that sphere coalescence 

by diffusion of Cu through the Mo spheres would not be likely. 

It is tentatively concluded, therefore, that the observed activation 

energies for spheroidization and coarsening, 10.18 to 22.06 and 69.85 kcal/ 

mole respectively, could have been produced by Cu-Mo boundary diffusion or 

Mo diffusion in Cu in these structures.    This conclusion may also be sup- 

ported by the tabulation of data for diffusion in Aq by Lazarus. ' 

A large number of diffusing species were list^, and all  had activation 

energies of less than 46 kcal/mole except Ru.    tto was the only bec material 

listed and the activation energy for Ru diffusion was 65.8 kcal/mole.    No 

otner examples of diffusion of a bec metal   in an fee lattice (except Fe) were 

encountered In the literature.    Furthermore a recent comprehensive review of 

grain boundary diffusion by Gleiter and Chalmers^111"22' Indicates that 

activation energies for Cu-Mo interface or grain boundary diffusion cannot 

be predicted accurately within the present state-of-the-art. 
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