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DC'i Computer-Aided Systems Engineering Branch, RBES, has imented an in-house
ef -ort to evaluate the structural reliability of the outpu': wov.guide window on a

'Traveling Uave Tube (Tr). This window acts as a seal between the TU"T's vacuum
envelope and output waveguide. Its purpose is to prevent any loss due to leakage of
the vacuum while allowing passage of the microwave signal. T is particular disk-
shaped window is constructed of a ceramic material, beryl and contains an inner
ring of copper and an outer ring of Mon I K-500 (70-3q Ni-Cu). It was suspected that
excessive thermal stresses associated vith the very hirih- operating temperatures by
this window had caused it to JLQUj4

inite element analyses, along with material failure theories were used to determine
the window's response to a time-dependent heat source and operating heat sink
temperaturq. Analyses were made for various rates of heat dissipation through the

(wl dovr-in'ing from 20 to 120 warts. It was determined that cracking of the
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beryllia at its outer edge could occur if more tin 20 watts of heat were to be
dissipated through the window. The effect of power cycling on the window's
ductile materials (copper and Xonel) was also studied. It was found that,
deponding on the amount of heat dissipation, the copper portion of tht window
could survive between 500 and 9000 power cycles before failure would occur.



PREFACE

The structural reliability or a ceramic RF output window of a Travel-

ing Wave Tube (TWT) is assesed in this report. This TWT was part of the

ALQ-99 ECM system currently in service on the EF-1I1 aircraft. The Finite

Element program, Numerically Integrated Elements For System-s Analysin

(IISA), along with material failure theories were utilized for this anal-

ysi3. All of the work was accomplished in-housn at RADC.

The author wishes to thank Mr. Edward J. Jones, Hs. Gretchen A.

Bivens, Mr. Douglas J. Holzhauer, and hr. William Bocchi, RADC/RBES, along

with Dr. Edward Daniazewki, RADC.OCTP, fir their technical assistance on

this project.

Accesicon For

NTIS CRAI
OTIC T; oJ
U nan no-r, ,c,.J r

A-1 il _r



TABLE OF CONTENTS

SECTION TITLE pAr-

0.0 EXECUTIVE SUM&IiY 1

1.0 INTRODUCTION

2.0 FINITE ELEMENT MODEL lo

3.0 TRANSIENT HEAT TRANSFER ANALYSTS

II.0 THERMAL STRESS ANALYSES

5.0 CONCLUSIONS 16

6.0 REFERENCES 119

APPENDIX A
MATERIAL PROPERTIES 50

ii



TLLISTRATION S

FIGURE TITLE PAGF

BF Window Location ?

TWT Output RF Window 7

3 Geometric Model 11

4 Finite Element Model 13

5 AL(-99 Environmental Flight Test Profile 16

6a Tempcraure Distribution - (50 attr) 19

6b Temk Nr.ture DPitribution - (IM0 ,tts) 20

7a Time vs Temperature Curves (50 Watts) 21

7b Time vs Temperature Curves (100 Watts) 22

8a Stress Distribution - Peryllia ('0 Watt.s) 27

8b Stress Distribution - Peryllia (100 'atts) 28

9a Time vs Stress Curve - Beryllia (50 Watts) 29

9b Time vs Stress Curve - Beryllia (100 Watts) 30

'Oa Stress Distribution - Copper (50 Watts) 32

10b Stress Distribution - Copper (100 \W.atts) 33

Ila Time vs Stress Curve - Copper (50 Watts) 314

llb Time vs Stress Curve - Copper (100 Watts) 35

12 Stress-Strain Curve For Copper (Above Yield Point) 37

13 Hanson-Coffin Model 38

14 Hanson-Coffin Curve For Copper 39

15 Cycles To Failure vs Heat Dissipation - Copper 41

16a Stress Distribution 1!onel (5O Watts) 113

16b Stress Distribution - lone! (100 w,,atts-) 114

17 Time vs Stress Curve - Monel (100 Watts) 45

iii



0.0 EXECUTIVE ZUXMMARY

The objective of this study was to Investigate the physical integrity

of a TWT'a output BF window (Figure 1). This window is part of a TWT that

is used in the ALQ-99 EN4 system. The output energy that this window is

subj c - 1-o causes the window to experience very high operating tempera-

tures that cause high material stresses which adversely affect its reli-

ability. The window analyzed in this study had been taken from a failed

TWT and was found to be cracked. Many microwave tube failures have been

attributed to mechanical stresses induced in the output window by heat

sources which induce a temperature distribution throughout the window.

Any quantitative analysis of this phenomena involves the calculation of

temperature and stress distributions. Heating conditions that caused

cracking of the window and also the e'..cts of power cycling on the system

(number of power cycles to failure) were determined. These are good

indications of the window's design reliability.

In order to assess the window's reliability, finite element simula-

tions were employed. Finite Element Analysis (FEA) is a computer simula-

tion technique which predicts the physical behavior of a system under any

specified type(s) of load(s). A geometric model of the system is generated

and the material properties of the model are defined within the input data

file. The data file also contains thermal loads and/or physical con-

straints on the system (depending on the type of analysis being performed).

The data file is then read by the finite element code and the analysis is
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performed. Several parametric studies were made of this window using this

technique and the results used to assess the window's reliability.

The results of the parame1u'IC studies made by finite element analyses

were used in conjunction with the Hanson-Coffin equation to predict the

number of power cycles the copper portion of the window would survive in

the ALQ-99 environment. The Hanson-Coffin equation is an empirical rela-

tion based on fatigue-life data which considers the total strain within a

ductile material and the effect of load reversals on these strains. One

power cycle was considered to represent one loading cycle. Therefore, the

number of power cycles to failure indicates how many times the TWT can be

operated before window failure would occur.

A plot was obtained relating heat dissipation through the window to

power cyc3es to failure. From this plot, for any value of heat dissipation

rate (ranging from 20 to 120 watts) the number of power cycles to failure

could be determined for the copper portion of the window. Within this

heating range, the number of power cycles to failure was found to vary from

500 to 9000 cycles, FEA results were also used in conjunction with the

maximum normal stress theory for brittle fracture to determine what condi-

tions would cause the beryllia portion of the window to crack. It was

determined that for heat dissipation rates through the window of greater

than 20 watts, the beryllia would begin to crack at its outer circumfer-

ence.



All conclusionn were mde on the assumption that there were no manu-

tsmturinE deaet.-s asrociated with the window. Failul'o could only be caused

by design defects or tube operation beyond design capabilities. Struc-

tural failure is but one railum mode associated with TWT's. A study is

currently underway at HADC to identify other failure modes associated with

TWT's. It is anticipated that the results of these studies will provide

information that would lead to design and manufacturing of more reliable

Traveling Wave Tubes.
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1.0 INTRODUCTION

A Traveling Wave Tube (TWIT) is an electron tube used for amplification

of microwave and millimeter wave signals. Its operation depends on the

interaction of a beam of electrons with an electromagnetic wave. Some

applications of TWT's include use in space communications, electeonie war-

fare, radar and the relaying of home video signals.

Investigation of the effect of high operating temperatures on the

structural rol'abillty of a TWT's output window was the main objective of

this study. If temperature limits are exceeded due to high heat dissipa-

tion and/or inadequate cooling meth.,d, the resulting thermal stresses can

reach a high enough value to cause cracki ig or fatigue failure of the

window.

The most widely used waveguide window for high-power tubes is the

circular ceramic disk window in a section of round waveguide. This type of

window can achieve a bandwidth in the thirty percent range and has a high

average and peak power handling capability (8). This ceramic window is

constructed of beryllia (BeO). Beryllia ceramic winduws are used for high

average power outputs because of their good thermal conductivity at ig

temperatures (111 W/M-C at 3250C or 64.14 BTU/hr-ft-F at 6000F). Beryllia

is avoided in many cases for window applications because of its toxicity,

unless its high thermal conductivity is an absolute requirement. The

material is used more as an electrical insulator where the chance of

exposure to beryllia in powder form is very slim (8).

5



The system analyzed in this study and its dimensions are shown in

Figure 2. This system consists of the beryllia disk which surrounds a

thin-walled copper tube through which the output RF energy is conducted.

The beryllia disk is surrounded by a nickel-copper alloy. A laboratory

analysis determined the composition of this alloy to be 64% nickel and 36%

copper. This material was assigned the properties of Monel K-500 (70-30

Ni-Cu), the material whose composition most closely resembled the alloy's

composition.

When the TWT is powered up, current flow through the copper interacts

with the copper atoms causing displacement and heat generation. The system

experiences a uniform temperature distribution which induces a thermal

stress distribution throughout the disk. If these stresses reach a high

enough value, the beryllia disk, which behaves in a brittle manner, can be,

expected to crack.

The effect of thermal cycling from repeatedly powering up and power-

ing down the system can lead to fatigue failure of the window. When the

system is powered up, the ductile materials in the window (copper and

monel) become strained due to thermal stresses. After the system is

powered down, the materials return to their original thermal state. How-

ever, not all of the total strain is recovered. A portion remains within

the material due to plastic deformation. Every time this process is

repeated, strain accumulates within the material and after a certain

number of power cycles, the total strain within the material can reach a
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great enough value to cause failure. The predicted number of power cycles

to failure gives a good indication of th~e window's reliability.

MIL-HDBK-217, Reliability Prediction of Military Equipmen "ides

a model to predict the operating failure rate for Traveling Wavt tubes

based on tube characteristics and operating environment. This model was

formulated from failure data obtained from previously designed tubes and

only considers the reliability of the overall TWT, Since no mathematical

model exists that can be used to predict the reliability of an output

window, an alternate method is needed. Therefore, several par-nmetric

studies were made of the window using finite element techniques and the

results used to assess the window's reliability. Research into this area

turned up no reports of previous finite element analyses done on TWT output

windows.

The FEA code used at RADC is Numerically Integrated Elements for

System Analysis (NISA). In this study, NISA's transient heat transfer code

was used to simulate the system's response to a heat input and time varying

operating heat sink temperature. The resulting temperature distribution

was used as a thermal load into NISA's nonlinear static stress module.

Nonlinear stress analyses were performed to account for the plastic behav-

ior experienced by the ductile materials of the system beyond their respec-

tive yield points. Stresses beyond a material's yield point will cause the

material to deform in a plastic manner. Results from the nonlinear anal-

yses were used in the maximum normal stress formula to predict

8



a heating value that would cause brittle failure of the beryllia to occur.

These results were also used in the Manson-Coffin equation in order to

predict a number of power cycles to failure for the copper portion of the

window.

This report is organized in the following manner. First , a deb ,

tion of the finite element model is given. Second, the inputs tuto -ho

transient heat transfer coie are described along with the resultin& tet-

perature distributions for different heating vPelues. These results are

then input to the nonlinear code which gives the resulting stress distribu-

tions throughout the window. Finally, results from the stress analyses are

interpreted using material failure theories for both brittle and ductile

materials.

9i



2.0 FINITE ELEMET MODEL

Finite lement models are geometric models that represent an actujl

physical system. Since heat was being generated on the entire inner

diameter of the copper, the heat transfer was axisymmetric; that is, the

temperature varied only in the radial direction (x-direction) (Figure 2).

Because the window is of uniform thickness, it was also assumed that the

temperature remained constant throughout the thickness of the disk (y-

direction). With these assumptions, the heat transfer is actually one-

dimensional, however, to better visualize the temperature distribution

throughout the system, a two-dimensional model was created. The geometric

model is illustrated in Figure 3. Figure 3 is oriented such that the x-

axis represents the radial direction and the y axis represents the axis or

rotation. This model is a two-dimensional cross-section of Figure 2 taken

parallel to the x-y plane (looking into the z axis).

Using NISA's Geometry Data Base Computer Program, this model was

easily created. The model was divided into four patches (regions) with

each patch representing a different material. Patch 1 represents a very

elastic material used to simulate boundary conditions. This patch wan

assigned highly elastic properties and its purpose was to represent the

space between the y-axis and the copper (patch 2). The space was repre-

sented in this way so that the model could be properly constrained in the x

and y directions. Constraining the left-hand side of the copper ,gould have

been invalid since the whole model must be allowed to expand radially.

10
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The finite element niel (Figuro 1) in, Jffinp4 by tw'i mathI=-.igal

parameters, no',-s tn.t ilements. A noie In 3i grid pint locatfJ In nP .

.ince this medel w3s created in two dimensiens, each ncie was derined by

two coordinates, x and y. The lelment in defined by a material inJox

numbo and a oat of nodes. Each index number has specific material proper-

ties snociated with it. The p:vperties can be defined to be constant or

temperature dependent. Two or the materials, o..pper and bery.lia, had

temperature-dependent thermal eondutlvitiPs. A row sets of data points

were input into the data file and the tISA code linearly interpolated

between these points to determine the conductivity at any temperature.

Only one value of thermal conductivity cc,'Jld be round for monl, thereaore,

its thermal conductivity was assumed to be independent of temperature.

Since the thermal conductivities of most metals do not depend heavily on

temperature, this is a reasonable assumption.

The elements used in this study were two-dimensional, four-sided,

axisymmetric solid elements. Each element was defined by four nodes, one

at each corner. Two types of these elements were utilized, the first for

the heat transfer analysis and the second for the nonlinear static stress

analysis. These elements were identical in shape and orientation with

their only difference being that the heat transfer element has only one

degree of freedom, temperature, while the static element has two degrees of

freedom, movement in both the x and y directions.

12
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The finite element model contains a total or 800 nodes anJ 690 ele-

rents. Each material contains the oloowinE nole anJ nlem.nt numbrs:

Material NLdo #'S Element #'3

Copper 1-61 1-45

Beryllia 65-480 46-,20

Monol 481-736 ,21-645

Elastic 737-800 646-690

The results obtained for the elastic material were reviewed to verify

the accuracy ot this technique, but not considered in. the stress analyse3.

For both heat tranmLer and static stre s analyzes, all nodet lying on

a boundary between materials were coupled to each other. What this means

is that tOr the hermal analyses, these nodes were required to have the

same temperature and for the stress analyses, they wore required t move

equal amounts in both the x and y directions. Ir these nodes were merged

instead at coupled, the temperature and stress results given would have

been average values between nodes of two dissimilar materials, which woul'd

have been inaccurate. It these nodes were left uncoupled, the NISA pro-

grams would not execute due to disjointed elements at the boundaries.

14



3.0 TRANSIENT HEAT TRANSFER ANALYSIS

Model

A transient heat transfer analysis simulates the model's thermal

statn when the temperature distribution varins with time. Since the window

is enclosed in a section of round waveguide, it was assumed that the

primary mode of heat transfer was conduction. There was no convection or

radiation to the outside air. The thermal resistance 0ssociated with

conduction iz considerably loss thun the resistances for convection and

radiation, therefore, this is a reasonable assumption. ?his case or pure

conduction represents a worse case scenario under which the window's reli-

ability will be characterized.

This analysis was performed with heat being generated on the entire

inner diameter of the copper. The heat generation was simulated as concen-

trated nodal heat fluxes at nodes 1, 5, 9? 13, 17, 21, 29, 33, 37, 41, 45,

53 and 61 (see Figure 4). In order to provide a path for the heat to flow,

a heat sink temperature was designated at the outer edge of the monel.

These nodes represent the extreme outer edge of the model (see Figure 4).

The heat sink represents an area where the system is cooled to a specified

temperature to prevent possible melting of any components. A tube operat-

ing temperature profile was measured during an actual ALQ-99 mission

flight test or th tube and is shown in the curve of Figure 5. This data

was obtained from temperature readings taken on the top of TWT's beam

rcollector. The location of the collector is close to the outer edge of the

15
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RF window, therefore, it was assumed that the system's heat sink tempera-

ture followed this time-amplitude curve. A number of data points wore

inserted into the Input file to represent this curve. The curve was then

referenced by the sink temperature data group in the NXSA input f iAe to

give temperature and heat source values at any time.

Results

NISA's transient heat transfer program was executed in time steps of

ten seconds over a span of 580 seconds. Temperature contours for 50 and

100 watt heat sources are shown in Figures 6a and 6b (all temperature units

are given in degrees C). These plots show the system's thermal state at

the conclusion of the run (580 seconds). It is apparent that the widths of

the temperature bands through the beryllia are wider than through the other

materials. This is because of beryllia's much higher thermal conductiv-

ity. Figures 7a and 7b, obtained through NISA's post processor, are time

vs. temperature curves at four nodes in the model for heat dissipation

rates of 50 and 100 watts respectively. Temperature values at nodes 1, 65

and 481 were plotted because these are the nodes of maximum temperature for

the copper, beryllia and monel, respectively. In all canes, the tempera-

ture of the model reaches a maximum at approximately 290 seconds and

remains relatively constant for the duration of the run. Node 1 is the

node of greatest temperature change from the heat sink since it is one of

the nodes where heat is being generated. Nodal temperatures decrease with

increasing distance from the heat source.

17



The reults or the~o heat tranzf or an;lyse3 h3vo shoun that at any

time during the TI'a.T operation, the temperaturo distribution throuhout

the R.r window i in the radial directimn and does not vary in the vertiea

direction.

18
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4.0 THERMAL STRESS ANALYSES

Thermal stresses arQ stresses arising from temperature variations

within a material. When a material is subjected to a temperature gradient,

the various fibers tend to expand different amounts. This expansion

induces tensile and compressive stresses throughout, if the material is

physically constrained. When these stresses exceed the yield strength,

deformation and/or failure will occur.

The results of NISA's transient heat transfer analysis gave tempera-

tures at each node for a given heat source. The resulting output file was

saved at the time step where maximum temperature occurs for each source and

used as a thermal loading condition into NISA's nonlinear static stress

module. This time step was chosen at the conclusion of each run (580

seconJs) which also corresponded to the steady state condition. These

nonlinear stress analyses take into account the behavior of a ductile

material's stress-strain curve beyond its yield point. Data points con-

taining stress and corresponding strain values for both copper and monel

beyond their respective yield points were inserted into the input file.

Copper's stress-strain curve beyond its yield point is shown in Figure 12.

The same time-amplitude curve used to represent the sink temperature, in the

transient heat transfer analyses was used to represent the temperature

loading in these nonlinear stress analyses.

A series of thermal stress analyses were performed on the RF output

window. First, stress analyses of the window were made when the entire

23



system was assigned a finite temperature (zero heat generation). This was

done to determine it cracking of the beryllia could possibly occur when the

i'? was in the power oft condition and subject to extremely cold ambient

temperatures. A nonlinear static stress analysi:s was made with the entire

temperature of the system being dropped to -150 0 C (approximately -83 0 F).

The results showed the maximum principal stress to be 84.86N/sq mm and the

minimum principal stress to be -192.33N/sq mm. Since neither of these

values approach the tensile or compressive stress of beryllia (159 and

-130,00ON/sq mm, respectively), the boryllia will not crack under this

condition .

Next, stress analyses were made using the heat transfer results for

heat dissipation rates ranging from 20 to 120 watts. These results allowed

several plots to be developed relating thermal stresses to elapsed time

after power up of the system. Because of a lack of information regarding

stress-free temperature for these materials, it was assumed that a state of

zero stress existed at 250C (approximately room temperature). Stresses at

each node were dependent upon the difference between the temperature at

that node and this stress-free temperature. The results do not consider

the residual stresses that exist prior to power up. Residual stresses, in

general, are caused by prior thermal cycling, manufacturing processes,

creep, etc. Since copper and monel were assumed to behave as ductile

materials, and beryllia a brittle material, different methods of determin-

ing the possibility of failure had to be employed.

24



Beryllia

Failure of brittle materials occurs due to a peak load. These mate-

rials do not fail due to accumulation or ratigue, as do ductile matmrials.

To predict brittle fracture, the maximum normal stress theory was used.

This stipulates that rracture in a brittle material will occur whenever the

maximum principal stress at a point, ir it is in tension, is equal to or

greater than the tensile strength or the material. Similarly, if the

specimen is in compression, failure will occur if the algebraic minimum

principal stress at a point is equal to or more negative than tN mate-

rial's compressive strength (7). Principal stresses are normal stresses

associated with axes on whose normal planes there exist extreme normal

stress and zero shear stress. It is generally the case, and this case is

no exception, that materials have greater strength in compression than in

tension. Beryllia has a tensile strength of 159 N/sq mm and a compressive

strength of 130,000 N/sq m. (Appendix A contains properties for all

materials used in this study.)

Figures ea and 8b are plots of maximum principj stress (N/sq mm)

through the beryllia with 50 and 100 watts of heat being dissipated through

the window, respectively. All positive stress values indicate tension,

while all negative stress values indicate compression. These contours

demonstrate the increased stress levels associated with increased heat

dissipation. Higher heat dissipation rates induce more positive tensile

stres3es and more negative compressive stresses. Figures 9a and 9b are

curves of time vs. maximum princinal stresses at node 142 in the beryllia

25



at 50 and 100 watts heat dissipation. Node 142 is located at the beryllia-

monel interface and is the node of maximum principal stress (maximum ten-

sion) for the beryllia. Tensile stresses are greatest at the nodes near

the outer diameter or the beryllia because as the system is heated, the

monel undergoes greater expansion than does the beryllia (this is because

monel has a greater coetficient of thermal expansion than beryllia), caus-

ing the beryllia to be in tension. When heat is being dissipated through

the window at a rate of 20 watts, a maximum principal stress Of 156.5N/sq

mm was calculated. Since this value approaches beryllia's tensile

strength o 159W/mm 2 , cracking o the beryllia can be expected to occur for

heat dissipation rates above 20 watts.
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In ord.)r to prodict tlh life or the copper pirtion or the Rr window,

tne erfect or fatigue due to power cycling wss studied. The %ystm experi-

Once 0n. power cycle when It goes from its initiall, or stress-free tOrn-

perature, to its power up temperature, then back to its original state.

If, when the system is powered up, the stresses theouoh the copper excwed

its yield stress, the copper will experience a certain amount or strain.

After the system is returned to its original thermal state, only the

elastic strain Is recovered. The strain that rwains within the material,

the plastic strain, accumulates with every power cycle. Therefore, after a

.certain number of power cycles, the strain will reach a high enough value

to cause the copper to fail.

When determining the total strain, the following procedure is used.

First, Von-Mses stresses in the copper are determined. The Von-Mse

stress is a combined stress value that is widely accepted in predicting

failure of ductile materials. Von-Miss stresses through the copper were

calculated for different vilus of heat dissipation. Figures 10a and 10b

are contour plots of Von-Mises stresses in the copper for 50 and 100 watts

or heat dissipation. As was the case with beryllia, the stress levels

increased with increased heat dissipation through the window. The Von-

Mises stress is a maximum at nodes 4 and 64, the lower and upper corners of

the copper-beryllia interface, respectively. Since the distribution is

symmetric about the center of the model, these stress values are identical

and only the data for node 4 wVs taken into account. The Von-Mises
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stresses are plotted in Figures Ila and 1lb against elapsed time after

power up at node 4. This curve demonstrates the increase in the Von-Mises

stress up until approximately 290 seconds, when the TWT operating tempera-

ture reaches a maximum (see TWT opevating profile in Figure 5). After this

time, the stresses increase only slightly as time is increased.

The total strain is then obtained for a given stress from the stress-

strain curve for copper shown in Figure 12. This total strain value is

translated into number of cycles to failure using the Hanson-Coffin rela-

tion for a specific material. The Hanson Coffin model, along with the

parameter values for copper, is shown in Figure 13. These values were

inserted into the Hanson-Coffin model and r plot, shown in Figure 14 was

generated. This plot contains two lines and one curve. The lines repre-

sent the elastic and plastic components and the curve represents the sum of

these two components. To obtain the number of cycles to failure for a

given strain, the total strain value at node 4 is plotted onto the curve

and the numober of cycles to failure is determined. The chart below lists

maximum Von-Hises stresses (node 4), strains, and power cycles to failure

for different values of heat dis3ipation rates.

HEAT (WATTS) STRESS (N/sq mnu) STRAIN CYCLES

20 49.18 .0054 9000

50 56.64 .007 1450

80 59.62 .011 950

90 61.49 .0118 800

100 63.17 .0125 700

120 65.96 .0145 500
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Manson-Coffin Model

A = o'f (2Nf)b + Ef (2Nf)c
2 E

ELASTIC PLASTIC
STRAIN STRAIN

PARAMETER COPPER

Of 345 N/sq mm

'f .3

E 1.25 ES N/sq mm

b -.05
c -.6

6f : FATIGUE STRENGTH COEFFICIENT

: FATIGUE DUCTILITY COEFFICIENT

E : MODULUS OF ELASTICITY
b : FATIGUE STRENGTH EXPONENT
c : FATIGUE DUCTILITY EXPONENT

FIGURE 13
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A plot or heat ds:31ipation throW!,h theb window (normal scale) vs.

nube.r of power cycles to failurn (lo nele) for the copper is shown in

Figure 15. This plot indicates that an increased heat input will cause a

decrease in the number of cycles to failure, indicating a less reliable

system. By using this graph for a given heat input, a number of power

cycles to failure can be determined.
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Men,1

Like copper, monol behaves in a ductile manner. Von-Mise stresses

were calculated and their contours are plotted in Figures 16a and 16b for

heat sources of 50 and 100 watts, respectively. These contour shapes

remain approximately the s=e for all cases with the larger stress magni-

tudes occurring for larger heat sources.

Time vs. stres3 curves were then plotted for 50 and 100 watt heat

sources at node 1181 (Figures 17a and 17b). The largest Von-M9ises stresses

through the monel occurred at this node which is located at the lower

corner of the beryllia-monel interface.

Monel's lield stress of 758N/sq mm was not exceeded for any of the

nonlinear statiu runs that were performed (up to 120 watts). Therefore,

this portion of the window is not expected to contribute to the RF window's

failure.
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Microwave tube reliability is strongly dependent on three factors.

First, detects introduced during the mnnuracturing process adversely

aftect reliability. Producibility problems, poor workmanship and lack or

process control are major contributors to manufacturing def(eats.

Secondlyt tube reliability is heavily dependent upon operating procedures

and handling. Finally, adequate design margin must exist between the

operating point and the ultimate design capability of the tube in order to

have reliable operation.

At the onset or this study, it was assumed that neither manufacturing

processes nor handling procedure played a part in the failure of this

window. It was '.he purpose or this stud:i to investigate the impact of

increased oporiting temperature on its struokural integrity.

The two mo3t significant conclusions made based on the results of

these analyses were:

- At heat dissipation rates greater than 20 watts, cracking or the

beryllia would begin to occur.

- Derm. 0 *, iount or heat being dissipated through the sys-

tem, the coy.-. ; v on of the window could be expected to survive

anywhere between 00 and 9000 power cycles.
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Some other conclusions that can be made fram these results are:

- Cracking of the beryllia would occur in Lension, there was no

evidence round that would predict compressive failure.

- A stress analysis of the system in the pover ott condition subject

to an extremely cold ambient temperature (-150 0 C) indicated that the

beryllia would not rail under this extreme.

- Stresses through the monel portion of the window did not approach

its yield stres3 for any o the analyses made. Therefore, this region

will not contribute to the window's failure.

The results or this study have demonstrated that finite element anal-

ysis is a valuable tool that can be used to predict structural reliability

of this RF window. Lack of sufficient TWT data did not permit a conclusion

to be made on whether inadequate design or operation beyond design limits

had caused the window to fail. It should be noted that this study was

limited to an output window of this size, composition and operating envi-

ronment.

Finite element analysis can prove to be a valuable tool in advancing

TWT technolc -v by aiding in the design of future TWT components. Up-front

structural reliability assessments can be made on a component before pro-

duction actually begins to insure that it can withstand the conditions it

was designed for. Finite element analysis can also be used as an analysis
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tool1 for identifying design flaws in previously failed tubes and assist in

the, diapnostics aol-cociated with forensic analysis of thes tubes.
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APPENDIX A

MATERIAL PROPERTIES

COPPER BERYLLIA
Material ID%1 Material ID=2
E:I.P1 E+05 E=3.25 E+05
NU: .311 NU: .23
ALPIHA-17.6 E-06 ALPHA=8.0 E-06
k:.389 e -73 DEG C TENS. ST.=159.O
.1101 G 27 " " COMP. ST.=1.3E+05
.1109 Q 127 " " k:.272 @ 27 DEG C
.4,,., P 327 " " .196 e 127 "

Y= 111.11 .111 @ 327
C: 385 .07 @ 527 " "
DEllS: 8.47 E-06 DENS= 3.0E-06

HONEL K-500 ELASTIC
Material ID:3 Material ID:11
Ez1.79 E+05 E:2.76 E+011
NU-.-32 NU:. 4
ALPHA=13.68 E-06 ALPHA:5.0 E-04
Y:758.5
k:.01715
C: 1118.7
DENS= 8.47 E-06

SYMBOL AND DEFINITION UNITS

E: Modulus of Elasticity N/sq mm
NU: Poissons Ratio Dimensionless
ALPHA: Coefficient of Thermal Expansion 1/DEG C
Y: Yield Strength U/sq mm
TENS ST: Tensile Strength N/sq mn
COMP ST: Compressive Strength N/sq mm
k: Thermal Conductivity Watts/am C
C: Specific Heat Joules/kg C
DENS: Mass Density kg/cubic mm
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MISSION

Of
Rome Air Development Center

RADC plans and executes research, development, test and
S selected acquisition programs in support of Command, Control,

Communications and Intelligence (C1l) activities. Technical and
engineering support iufthin areas of competence is provided to
ESD Program Offices (POs) and other ESD elements to
perform effective acquisition of C1 systems. The areas of
technical competence include communications, command and
control, battle management information processing, surveillance
sensors, intelligence data collection and handling, solid state
sciences, elect romagn etics, and propagation, and electronic
reliability/maintainability and compatibility.


