
A0 A066 SN? SEOUIA INST OF TECH AT LANTA ~RACTUP€ AND FATIOkR RE—ETC F/S 11/e
THE EFFECT OF ION PLATI NS AND ION IMPLANTATION ON THE CYCLIC RE—Etc (tU
mM fl $ $POC~tR. H SOLNICK—tjS$, £ A STAR KE N0001*—Th C—0270

UNCLASSIFIED

1 1BU 
__  

III! I

_

•f!
~~~~~

‘I



1.0 ~~LL~
L. L IHhI~~~~

Ii ~
IIIl~HID’ ~ IIIlI~ nin~

MICROCOPY RLSOIUTION TES T CHART
NA~IONA1 BUREAU O~ SIANUAALJ ~ lybi A



~~~-~ r w — - .

C

f SECURITY C L A S S I F i C ~~~~~~’ 
- 

r~~~~~~~e Entered)

R E A D  INSTRUCTId ~~R_____REPORT DOCUMENTATION PAGE BEFORE COMPLETING F~~~~~~~
I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RE C I P I E N T S  C A T A L O G  NUMBER

Technical Report No. l v 
____

‘ 
. T.TLI ~~~~~~~~~~~~ __ ~~~~.. T YPF

The Effect of Ion Plating and Ion Implantation on 
~ Technica lA .j...Mar~~ 78 -the Cyclic Response and Fatigue Crack Initiation 28 Febq 79

of Metal s and Al loys~~— 
- -

~~ ~~~~~~
— 6. r•~.. _ . .  I1U S~ S 1 U 1~~~

-5-- - _________

-.-. 7 AUTHOR(s) CONTRACT OR G R A N T  NUMBER(s)

f ’~ S.j~~ooner~ H./Soln ick-Leggy’~~ E. A./S t r  
________________

9. PER ORM ING O R G A N I Z A T I O N  NAME AND ADDRESS 10. PROGRAM ELEMENT . PROJECT . TASK

Fracture and Fatigue Research Laboratory 7 A R E A S WORK U

Georgia Institute of Technology
ti anta, Georgia 30332

I I .  CONTROLLING OFFICE NAME AND ADDRESS ~~~~~~~
Offi ce of Naval Research I Mar_ I~~J79

t
800 N. Quincy Street ‘~~ ‘~~

Arlington, Virginia 
____ _____ ice) IS SECURI 

30
______ _______ TY CLASS. (*1 this repo rt)14. MONITORING AGENCY NAME & A DDR

Unclassifi ed

v 

15.. OECLASSIF ICATION/  DOWNGRADING
SCHEDULE

eq..

~~~~~ 1$. DISTRIB UTION STATEMENT (of this Report)

Approved for Public Release; Distribution Unlimi tedà LJJ

4 L~... •
. . -

.

17. DISTRIBUTI ON STATEMENT (of th, abstract entered in Block 20 . ~f different train Report) 
~ 

¼ ~~ 
-
~ ~

‘ S
..

( 2 °  _

18. SUPPLEMENTARY NOTES

19. KEY WOR DS (Continue on reverse side if necessary td identify by block number)

Ion Implantation
Ion Plating
Fatigue Crack Initiation 7 Q ~ ~ 2 6 1 ~ 5S . ,Copper

I ~ 1~ 
i
.,, 

~S .~~~ r20. ABSTRACT (Continue on r.v.ra. aide It nec..aa.y end identity by block number)

X-ray diffuse scattering and transmission electron microscopy have been ‘ I
used to study the defect state of copper implanted with alLaninLsn and argon ions.
Electron microscopy studies of argon Implanted thin foi~s.-reyea.ls vacancy loo~~.~(in the size range of 70~ to 350A diameter for a dose of~2v1OlS ions cm~~it~~100 key. X-ray diffuse scattering measured around the 21ZBragg refliE~~on

_ _ 

_ _ _ _ _ _ _ _ _  

J 

yreveals a combination of microalloying and location 1009 effects from
implantation of aliininlin ~g9 tg~ .2jtose of X1O b ions cm~~)at 100 key. Loop
densities on the order of m and a as_~~

~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

size of 25A ~

SE CU PI~~Y C~.A SS IFICA1I O M OF THIS ‘ A G E  (W~~n Oat. ent.,..~)

i 7 o ~~tJ~;.c’~
. 4~1 ~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~ ~~~~~~ ~~~~ 
_ _ _ _ _



— - - -.

( S~~~~5ITY 
CLASSIFICATION OF THIS PAGE(Wh in Data EnI,r.d)

estimated from the x-ray data. The aluminum ion damage is largely unchanged
upon annealing for 30 minutes at 500° and 600°C. Alloying appears to stabliz
the surface radiation damage relative to damage produced in self-ion
bombardments. The possible effectiveness of implanted layers in affecting
fatigue crack initiation is being assessed.

~-~~~
--— ~~~~~ 5’C~~1 9

~~~ 0

~crntS~

‘~~CL RIT~ ‘~ .. A$!IFICATION IC ?~~ “&GE Then a ~~- -.- ‘

- .. “ i~’:~~’ ~~~~~~~~~~~~~~~~ 
. W~~~— ~~~~~~~~~~~~



THE EFFECT OF ION PLATING AND ION IMPLANTATION ON
THE CYCLIC RESPONSE AND FATIGUE CRACK

INITIATION OF METALS AND ALLOYS

Technical Report 1
For the Period

1 March 1978 - 28 February 1979

March 1979

by
S. Spooner, H. Solnlck-Legg and E. A. Starke, Jr.

Prepared for the Office of Naval Research
Department of the Navy, under Contract

N00014-78-C-0270

Approved for public release; distribution unlimited

Permission Is granted the U.S. Government to
reproduce this report In whole or In part.

Fracture and Fatigue Research Laboratory
Georgia Institute of Technology

Atlanta , Georgia 30332

I~~j-~ I’ C) .~~~ ,~~~~

~~~ Uu 125

~~~~~~~ 
.q.-

~
,,.--—

~~~~~
- -

~~
- -- -

~~~~~~
- ——----.-- - -

~~~~~~~~~~~~~~~ ~~~~~ -.



—-

,/

TABLE OF CONTENT S

Page

LIST OF FI GURES Ii

ABSTRACT iii

I. BACKGROUND 1

II. INTRODUCTION 3

III. EXPERIMENTAL 4

IV. RESULTS 7

V. DISCUSSION 9
VI. SUMMARY 15

VII. ACKUOWLEDGEMENTS 15

VIII. REFERENCES 16 

:...~~~~i 
-

‘ 

~ ~~. ‘: 
~~~~~~~ ‘

~~~~~~ . 

—



LIST OF FIGURES

Page

Figure 1. X- Ray Scattering Geometry for the Double-Crystal 17
Measurements .

Figure 2. Scattering Rocking Curves (a) First Crystal Implanted 18
and (b) Unimplanted.

Figure 3. Implantation Scattering Intensity (a) First Crystal 19
As-Implanted and (b) Annealed at 500°C for 30 Minutes.

Figure 4. Implantation Scattering Intensity (a) Second Crystal 20
As-Implanted and (b) Annealed at 600°C for 30 Minutes.

Figure 5. Transmission Electron Microscopy Micrographs Showing 21
Effects of Argon Implantation (2X1015 ions cm 2 at 100
key). Many Large Loops Can Be Seen.

Figure 6. Calculated Reflectivity Versus Rocking Angle for a 22
Copper Crystal Implanted With Al uminum to a Depth of
1300 A at a Microscopic Concentration of 1 Atomic
Percept.

Figure 7. Diffuse Scattering From As-Implanted Sample Plotted as 23
a Huan g Scattering Curve I~/I0 vs in ao.

Figure 8. A comparison of Huang Diffuse Scattering From Al uminum 24
Implanted Copper (200 key, 2X10’6 ions cm-2) and
Nickel Implanted Nickel (4 Mev, 5X10’3 ions cnr 2).

_

vi -- ~~~~~~~~~~~~~~~~~ — - — - - — - —---- — — -,fpu__ .



- -

ABSTRACT

X- ray diffuse scattering and transmission electron microscopy have been

used to study the defect state of copper implanted with aluminum and argon ions.

Electron microscopy studies of argon implanted thin foils reveals vacancy loops

in the size range of 701% to 3501% diameter for a dose of 2X10’5 ions cnr2 at

100 key. X-ray diffuse scattering measured around the 222 Bragg refl ection

reveals a combi na tion of microalloying and di slocat ion loop effects from

implantation of aluminum ions to a dose of 2X1016 ions cm 2 at 100 key. Loop
0

densities on the order of 1017 cm ’3 and an average loop size of 25A was estimated

from the x-ray data. The aluminum ion damage is largely unchanged upon

anneal ing for 30 minutes at 5000 and 600°C. Al loying appears to stablize the

surface radiation damage relative to damage produced in self-ion bombardments.

The possible effectiveness of implanted layers in affecting fatigue crack

initiatian is being assessed.

_ _ _  
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I. BACKGROUN D

Modern des ign ph i losop hies, which are greatly affected by econom ical

and safety factors, requ ire the use of materials hav ing an optimum combi na tion

of properties, e.g., fabricability , strength, facture toughness , corros ion

and fatigue resistance. It is difficul t to obtain alloys , either by design or

through empirical development, having the required combination since the alloy

chemistry and microstructure desired for certain properties may be detrimental

to others. For example, aluminum alloys which show the highest static strength

are inherently susceptable to stress corrosion cracking (1) and have poor

fatigue res istance. (2) However , for most a l loy systems corro sion and fatigue

behav ior are greatly affected by the surface con diti on an d surface related

phenomena , and may be improved (or controlled) by altering the state of the

surface without adversely changing bulk properties , e.g. , fracture toughness,

yield strength, and ductility.

Metallic coatings have been widely used in industry for controlling

corrosion and errosion . The principl e of this technique is to separate the

metal being protected from the unfavorable surroundings . An improvement arises

from the inertness of the coat ing mater ial with the en vi ronment. Many coa ti ng

techn iques are now ava i la ble , and include hot dipping, metal spraying, electro-

plating, vacuum deposition , and diffusion coatings. These methods can be

divided into two general groups: those which create an abrupt interface with

a composition discontinuity between the coating surface and the substrate,

and those which create a composition varation at the interface. Most of these

coating methods produce an undesired contaminated interface which may prove

detrimental when the sample is under static or dynamic loading. For example ,

during electroplating there may be a simultaneous reaction (e.g., wa ter is

— -.—-—- --— —
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often reduced to form hydrogen) whi ch may have a cons idera bl e infl uence on the

mechanical properties. In addition , electroplated layers can have a wide range

of compress ive and tens i le stresses depend ing upon the pl ating parameters , and

may contain networks of microcracks with varying depths and spacing.~~ The

more recent ion pl a ting an d ion implan tation methods produce a clean , strongly-

adherent interface between the coating mater ial and substrate. The compositional

var iation at the interface can be controlled by controll ing the energy of the

ions.

Although it is generally agreed that fatigue cracks originate and propagate

from a free surface and that the surface condition has a considerable effect on

fatigue life , research on the infl uence of surface films on fatigue behavior

has been lacking. The fatigue process may be divided into two general areas:

crack initiation and crack propagation. Improvements in fatigue life can be

obtained by increasing the time to crack initiation or reducing crack growth

rates, or both. However, crack initiation is more affected by the surface

condition than is crack propagation, and consequently the possibility exists

for improving the fatigue performance by altering the state of the surface,

without greatly changing bul k properties. The present ONR program is concerned

with the effects of various ion—plated and ion implanted surfaces , and their

microstructure , on the CSSR an d fa tigue crack in iti ation of a copper substrate.

To meet the program objectives we have selected surface film-substrate

combinations designed to separate the var ious parameters whi ch con trol near

surface deformation and associated crack initiation.

The Influence of ion-plated surface films and/or implanted surfaces on

fatigue crack Initiation depends on such parameters as: crystal structure,

- — 
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stacking fault energy, composition , and mechanical properties of the surface

region and the substrate; the degree of misfit and cleanliness at the interface,

the residual stresses in the film and substrate (due to radiation damage and

the accommodation dislocation network) and the adhesion of the film. The

complex interrelationships between these parameters, as wel l as wh ich ones

dominate for a gi ven system, are presently not well understood. Consequently,

the behavior of such composites is now largely unpredictable. Our effort

during the first year of this program has been mainly concerned with studying

the surface structure of copper single crystals implanted with aluminum and

argon ions. Studies of fatigue crack Thitiation in similarily impl anted

crystals is now underway. Concurrently, we are studying the effect of ion

plating on the low cycle fatigue behavior of polycrystalline copper. However,

this report is concerned only with our preliminary results on the characteri-

zation of ion implanted copper singl e crystals.

II. INTRODUCTION

Al though ion implantation effects are confined to very thin layers, seve ra l

kinds of property improvements are effected by this method Of surface treatment.

Mechanical wear resistance dramatically increases so that wire drawing die life

is quantitatively extended in the case of ion implantation of steel dies.~~
Ion plating which combines aspects of vaper deposition wi th aspects of low

energy impl antation at the substrate/plating interface has been demonstrated

to modify the fatigue crack initiation resistance in copper single crystals)~~
Vapor deposition alone can change mechanical properties of copper~

6
~ but the

additional effects of Ion damage on mechanical properties remains unexplored.

There are many fundamental studies of the structure of ion implantation damage

_____  —- -.-~~~~~~~~~~-~~~~~~~ -- --- — --— --. -.--.-.- 
_ _ _  
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related neutron damage simui at ion~~ and semi—conductor device physicsJ8~

The structure of the implanted layer can be modified in a controlled way by

choice of ion , energy and dose. In approaching the possible application of

implantation alloying and damage effects to fat ig ue crack in i t iat ion , one must

answer several fundamental questions: (1) How do ion—type and implantation

energy affect surface layer structure and structure stability , (2) How do the

various implantation structures affect fatigue crack initiation mechanisms , and

(3) which structures are helpful or detrimental to mechanical property improve-

ments. A partial answer is given in a recent presentation on the effects of

platinum ion plated titanium in which subsurface crack initiation was reported)~~
A basic inquiry into the first question has been initiated with transmission

electron microscopy and diffuse x-ray scattering studies of ion damage

structure in copper. The single crystal method adopted for this investi-

gation ( 10) is capable of measuring surface layer distortion and the density of

dislocation loop produced by ion damage. The combination of these two methods

aims at direct characterization of damage type and density and surface strain

state measurement. This preliminary work describes some findings on the nature

of sessile loops produced in copper by argon ion damage and the character of

combined microalloy and sessile loop structure in aluminum-impl anted copper.

There are indications of irradiation damage stability in x-ray difuse scattering

from annealed microalloys.

III. EXPERIMENTAL

Al um i num ion implantation of copper was selected on the bas is of a favora b le

substitutional solubility combined with an easily measured alloy lattice para-

meter change. In addition, the relatively light ion can penetrate deeply into

the copper substrate.

_______  - -~~~ -
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Copper si ngle crysta l surfaces parallel to ( 111 ) were prepared i n bul k
material or thin foil TEM discs for ion implantation . TEM discs were

mechanically cut, electropol ished and then teepanned into 3 m discs. These

discs were etched chemically and then finally thinned with a TENUPOL double-

jet electro pol isher un ti l perfora tion. These fo i ls were examined i n the JEOL
100C electron microscope for selection of low dislocation density samples for

later implantation.

Highly perfect crystals were selected for x-ray studies in order to ensure

that pre-existing dislocation effects would not interfere with ion-implantation

effects. Bul k copper crystals were provided by F. W. Young of Oak Ridge National

Laboratory. These crystals were grown by Bridgeman technique and then annealed

for two weeks at a few degrees below the melting point. The crystals were

radiation hardened with neutrons before final cutting to orientation. Chemical

cutting techniques were used to shape the crystal. The dislocation densities

measured after final sample preparation , but prior to ion implanation , was less

than iO~ cnr 2.

The TEM discs and bul k crystals were oriented wi th (111) surface normals 6°

from the incident beam direction to prevent channeling (even through [111]

channeling in copper is very unfavorable). The Accelerators , Inc. 200 key Ion

Implanter was used to irradiate the crystal surfaces at 25°C. Temperature rises in

these samples have not been measured. However, bul k samples are not expected t~

see more than a few degrees centigrade r ise since the crystal subs trate is a good

heat sink. The TEM foils are mounted in mechan ical contact with a good heat

sink , but since the degree of thermal contact is unknown a temperature rise of

severa l 10’s of degrees C Is possible at a high dose’rate. Argon dose rates

_ _ _  - ~~~~~~~~~~~~~~~~~~~~
- — — —_ _ _
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at 100 key were 3X10’2 ions cm 2 sec ’. The tc~tal dose was 2X10’5 ions cm
2.

Bulk crystals were implanted with three doeses for the purpose of providing an

approximately level implanted ion concentration from the surface to the maximum

depth range at 200 key. The implantation area of 3 ~vn diameter was placed to

one side of the surface in order that x-ray di ffraction measurement could be

made on both implanted and unimplanted areas on the same crystal surface. Dose

rates were as follows : 19.7X1013 ions cnr2 sec~ at 200 key, 9.9X1012 ions cm 2

sec ’ at 100 key and 2.4X1O1’ ions cm 2 sec ’ at 50 key. The does were 2X10’6

ions cnr 2, 4X10’5 ions cnr2 and 5.5X10’5 ions crri2 respectivel y . An al um i num

concentration of 2 atomic percent is calcul ated to have been generated to a

thickness of 1000 A. The ion implanter beam line vacuum was 2X10 5 Torr during

implantations. The ion implantation machine is now being modi fied to provide

implant concentration profile determinations. In these studies theoretical

estimates of implant distribution were used. Annealing studies were carried

out on the bulk crystals at 500°C, 600°C, and 900°C in a vacuum of ~1O 6 Torr

for 30 minutes.

The x-ray measurements were carried out with apparatus at the Oak Ridge

Nationa l Laboratory. The diffuse scattering was measured in a two-axis x-ray

spectrometer with Cu Kc& radiation monochromated with the 333 reflection of a

silicon crystal. The x-rays impinge on the (111) surface at approximately 45°

and radiation scattered in the vicinity of the 222 reflection is intercepted

by an open detector set at 90° from the incident beam. The scat ter i n g geometry

Is shown in Figure 1. The scattered intensity is measured as a function of the

copper crystal rocking angl e, A® , after the crystal has been carefully oriented

to gi ve a maximum peak reflectivity . The measured intensities are scaled to

~~~
— .-- . -.- — . . . - . - 
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the incident beam intensity of an approximately 2 m diameter beam measured by

the open detector positioned to intercept the beam through a calibrated filter.

TEM inves tigations concen trated on the observa tion of the rela ti vely lar ge

loops found in the argon implanted foils. The theoretical argon ion distribution

is peaked at 350 A for 100 key. Therefore it is estimated that a significant

fraction of the damage wil l be deposited in the TEM foi l. Sess i le loo ps were

identified by observing the variation of loop contrast with changing diffraction

vector used for image contrast. The loop-type was identified by assuming a

Burgers vector b = a/3 <111> and the collapse planes of C111}. Use of singl e

crystals greatly facilitates the orientation analyses.

IV. RESULTS

The diffuse scatter ing measuremen ts made on an alum inum implante d copper

crystal are shown in Figure 2. The logarithm of the normalized scattering

intensities of the implanted and un—imp lanted crystals are plotted as a function

of the rocking angle A® relative to the substrate Bragg peak position . An

intensity increase arising from implantation is seen on both low and high angle

sides of the Bragg peak. A general intensity increase is larger at low angles

and no obvious side peak is seen. The qualitative character of the intensity

is consistent wi th scattering from a Cu(Al) alloy whose lattice parameter is

larger than that of the pure copper substrate. As will be discussed below ,

ca l cua ted alloy layer scattering effects pred ict scatter ing in the form of a

low angle peak with 1 S
/1 ~ 0.01 with much smaller contribution , at high angles

(I~ = scattered intensity and I~, is incident powe~). Therefore, additional

diffuse scattering is present in th~ form of dislocation loop scattering. Such

scattering arises from damage within the microalloy region. Thus, this diffuse

-— — 
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scattering must be peaked at an angle which is displaced toward the low—angle

side from the substrate Bragg peak position. Presently no quantitative

calcul ation of combined microalloying and damage effect scattering can be

made. But recent self-ion damage results on nickel ( 1 1) provides some gu idance

on effects to be expected from loops alone. For the nickel study in which

5X10’3 ions cm 2 were implanted at 4 Mev, points defects produced(12) were a

factor of 20 less than that of the aluminum implantation of this study. The

scattering intensity (Is/I® ) seen in the n ickel study was on the order of i0~
in the angular range of interest. If the nickel scattering intensities were

scaled up in proportion to the number of point defects produced then the scaled

intensity would be in the range of scattering observed in our experiments.

Thus , loo p scatter ing an d microalloying effects are compara ble in the ir

contribution to the integral diffuse scattering effect.

The results from integral diffuse scattering measurements for as-implanted

and 500°C (1/TM 
= 0.56) for 30 minutes annealed material is shown in Figure 3.

This curve shows the difference between intensities taken from the implanted

and unimplanted areas. Figure 4 shows similar data for a second crystal which

was annealed at 600°C CT/TM 
= 0.64) for 30 minutes. (The data in this figure

may be compromised by the surface roughness of the sampl e al thou gh the trend

shown in the annealing effects is at least qual itatively correct). The

important finding is that the loop scattering (which is indicated most cleanly

on the high angle side of the rocking curve) does not significantly change with

anneal ing. This result should be compared with the observation that a 25%

decrease in scattering from nickel sel f-ion implanted crystals was observed upon

anneal ing at 450°C (1/TM = 0.42) for one hour. Finally, al thou gh not shown , it

- —
. - - —:-
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was observed that a 900°C (T/TM 
= 0.86) annealled for 30 minutes entirely removed

scattering effects from the crystal which was initially annealed at 500°C.

TEM micrographs of argon implanted foils are shown in Figure 5. Dislocation

loops are visible near bend contours which contribute to the contrast. At least

one-third of the larger loops present will not be visible due to image contrast

geometry and no anal ysis for “blac k dot” loops was attempted. Several of the

more easily seen loops (up to 350 1% diameter) were analyzed as vacancy type.
Th i s was determined on the bas is of an “ins ide—outside ” contrast variation with

a change from one known diffraction vector to another. An estimate of the loop

density of the larger loops was done assuming that one-third of the dislocations

were observed in the damage thickness of 350 A. The calculation gave 4X10’0

loops cnr 3. If an average loop size of 100 A diameter is assumed, then the

number of point defects residing in loops is 2X1O~k cnr 3 which is lower than

the densit~ of Frenkel pa ir~ which one calculates for the argon implantation

dose. A calculation of dislocation density gives 106 cm 2 which is a density

found in moderately annealed material.

V. DISCUSSION

TEM is essential for the determination of the dislocation loop type through

contrast analysis. This kind of determination is not feasible with the present

diffuse scattering method and woul d be difficul t under the best of circumstances

in the case of mixed vacancy and interstitial loop population. The ibservation

of large loops in the estimated density found in argon implanted copper Is

consistent with the possibility of thin foil heating during implantation. The

interstitials have enough mobility to leave the foil surfaces which are but a

few tens of atomic diameters away from an average interstitial. A small amount

of temperature rise may allow vacancy migration to go to larger loops which is

- — 
-.— - — —- - - .--—- —--- 

- 
-,

~~ 

-- 

-. 
~~~~~~ 

. .

~~

. - .,



10

energeticall y favorable. In sumary, one can expect to see elimi nation of

interstifials and their loops and the growth of vacancy loops. Such a plausi-

bility is born out in the TEM results which indicate vacancy loops at a de!lsity

corresponding to moderately annealed material. As these studies progress, TEM

methods employing back thinning will be used increasingly for the purpose

of complementary TEM and x-ray studies of a identically implanted copper.

The x-ray diffuse scattering measurements can be compared against micro-

alloy scattering estimates and loop scattering measurements made on self-ion

implanted nickel .t
~~ M icroal loy effects were estimated on the bas is of a

dynamical diffraction calculation originally done for elastically bent crystais.(13)

Larson et ~~~~ have applied this approach to boron implanted silicon. Two

coupled differential equations are written for the derivatives of the real and

imaginary components of the scattering amplitude with respect to distance normal

to the surface. These equations include a term describing the lattice strain

as a function of depth due to a distribution of implanted solute. The lattice

strain was taken to arise from the aluminum alloying lattice parameter change.

The aluminum distribution was described by an approximation to the theoretical

implantation profile. Numerical integration of the coupled differential equations

was done with a differential equation solver available from the computer center

library. The calculation sequence was as follows. At a given rocking angle,

the real and imaginary components of the scattering amplitude was calculated

for a perfect crystal (15~16). These components were used as initial val ues for

the integration into the crystal to a depth below the implanted ions. The

real and imaginary components at this depth were then used as initial values

for integration back to the free surface but with the intervening material now

modified to include lattice distortions. The resulting amplitude at the free

_____________________ __________________ •—~~~~-
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surface gave the reflectivity of the crystal at the particular rocking. A

sequence of these calculations gives the rocking curve shown in Figure 6. The

small peak appearing at low angle has an associated d-spacing corresponding to

the assumed 1 atomic percent alloy . The peak reflectivity of approximately 1%

is of the right magnitude to correspond to observed scattering intensity. The

model for the lattice strain used in the calculation does not take lattice

relaxation at the interface between implanted and unimplanted material into

account. There is expected to be a gradient in lattice parameter which would

tend to broaden the scatter ing peak and therefore the scatter ing is d istrib uted

over wider angles at a lower intensity. When quantitative measurements of

implantation profiles can be made with the implantation device on identically

prepared mater ial , further refinements of the above calculation will be

attempted.

The diffuse scattering (1
~
/I
~
) from dislocation loops seen in self—ion

implanted nickel is in the range of iO~~ over a wide angular range. The

scattering of small rocking angles—-Huang scattering--arises from the long-

range loop strain fields and is characterized by a proportionality to —ln(A0).

A lar ger ang le scattering proportional to (Ao) 2 arises from short-range strain

fields. In the aluminum implantation of copper, d islocat ion loops are crea ted

within the microaIloy region. Thus, loop scattering build-up centers at the

Bragg peak angle of the microalloy. This explains why there is a broad

asyninetry of scattering In Figures 3, 4 and 5. It was necessary to estimate

the Bragg peak center from the lattice expansion expected in a 2 atomic percent

alloy wi th the result that AOBragg = 3.9 m m .  The diffuse scattering was

plotted in Figure 7 where AG was measured relative to the displaced microalloy

Bragg peak. The average scatterinç calculated from

- — - -- — 
- -;--- 

~~~~
- -- — -.



• — -1.r w- — - -.

i~

I

12

I = (j S (~~)/j  +

was extrapolated to zero on the I vs ln(AO ) curve to obtain Ae*. This value

can then be used to obta in an avera ge loo p diameter from the rela tionU°) where

;- *R0 = (e 2q0 )

where q0
* = h A® COS ®B and h = 271/d222 . The average loop radius obtained in

this calculation is 25 A , but it must be kept in mind that loop radius size

distributions have been found to be a strongly decreasing exponential (h 1) in

form so that the average loop radius must be interpreted carefully.

An advantage in this scattering technique is that the measured intensity

can be calculated with no arbitrary constants. Thus , parameters used for

describing the loop size distribution can be obtained from an analysis of the

measurements . For example , the Huang scatteri ng occurring at small rocking

angles can be calculated for a single loop size , R, having a specifi ed loop

density, Cr~ 
which comes from the above described intensity extrapolation method.

Hence

13(q0)/10 = K C1R4 in (q0
*/q0)

where q0 = hq0 COS®B and K is a calculabl e constant which depends on known

physical constants of the material. More physical models of loop size

distribution such as the exponential form mentioned above ( CL(R) c~~’R0

can be used in similar equations to make quantitative comparisons with scattering

data. For the time being it will be simpler to make qualitative comparisons of

aluminum implant scattering with nickel self—ion implant scattering(h1) .

I
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A simple Kinchen-Pease model for Frenkel defect (vacancy-interstial )

production can be used to scale the expected scattering effects.~ ~ The

number of defects per ion is gi ven by

0.8 E

~ R = 
avg

where ER is the recoil energy, Ed is the recoil energy corrected for electronic

energy loss , and E0
a
~~ is the average displacement energy. The ratio of defects

produced in copper by 200 key aluminum ions and in nickel by 4 Mev nickel ions

is approximately 20 after dose differences are taken into account. A comparison

of Huang scattering for the two cases is shown in Figure 8. Only a factor of 7

is seen which can be justified oh several grounds. First, displ acemen t cascades

are smal ler and distr ibuted more deeply for alum inum in copper suggesting a

tendency toward smaller loops. Second, satura tion effects due to dose rate may

lead to more point defect anhililation. Third , copper is at a higher homologous

temperature at room temperature thus favoring point defect loss. Thus, loo p

scattering at low angles whi ch favors large loops may be relat ively l ower in

the aluminum implantation case. Nevertheless, loop densities on the order of

1017 cm 3 are estimated on the basis of densities quoted In the work on nickel.

The x- ray results on as-implanted copper are satisfactorally interpreted in

terms of a microalloy lattice parameter expansion and creation of a high

dislocation loop density with an average loop size of 25 A. More quantitative

loop density interpretations are possible with measurements of scattering to

larger rocking angles.

The anneal ing response of the aluminum implants shown in Figure 3 and

Figure 4 points out that the dislocation ioops are in a thermally stable
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configuration . Both aluminum alloying and loop entanglement at high doses may

account for this stability. Annealing at 500°C produces only subtle intensity

changes, indicating that littl e or no aluminum transport has occurred to smooth

out the composition gradient. Neither has there been a quantitative change in

loop density or size distribution change. At 600°C,however,there has been a

clear change in the asyninetry of scattering wi th only a 20% to 30% decrease in

diffuse scattering tails. This suggests that the aluminum impurity transport

is fast enough for aluminum to diffuse into the substrate. This results in a

restortation of the original lattice parameter but since the loop structure

rema ins lar gely intact , loop scattering persists but is now centered at the main

Bragg peak position. With carefully chosen annealing treatments, it appears

possible to eliminate microalloy affects and thereby a separation of the two effects

becomes poss ib le. Of more prac tical si gn if icance is the observa tion of a high
thermal loop structure stability and hopefully a high mechanical stability for

aluminum implantation . A comparable reduction of loop scattering was observed

for one hour in nickel at 425°C with a homologous temperature of 0.42. The

changes at 600°C in copper at a homologous temperature of 0.64 attest

quantitatively to an appreciabl e stability .

The strain effects seen in aluminum implanted copper can be divided into

a net strain due principally to microalloying and a fluctuating strain arising

from dislocation loops . In the case studied by x- rays the net straiis put the

surface layer in compression as the copper lattice attempts to mainl.ain coherency

with the implanted layer. This is the desired stress condition for fatigue

pt evention. The loop distribution is likely to respond to this stress field

although it is not obvious what response in loop density or loop-type distribution

might be found. Further characterization -of the surface layer will be needed.

_  --—— -~~~-_ _ _ _  • 

-
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Electron channeling is under consideration as a method for eventual use in our

laboratory. Sensitive measurements of lattice strain are possible by this

technique and results could corroborate x-ray diffraction trends.

As more implantation species are Investigated , the relation between micro-

alloying and loop stability will be explored. Detailed characterization of

interstitial or substitutional implants will be needed especially in cases of

highly metastable alloy combinations. To this end , consideration is being given

- to ion channeling for indification of lattice disruption effects .

VI. SUMMARY

The feasibility of TEll and x- ray scattering methods to characterize

implantation microstructure has been demonstrated. Preliminary results indicate

that substantial surface damage is induced in copper by aluminum implantation.

Annealing response demonstrates that the damage state is stable. However , the

observed stability is a function of the implantation ion. We are now In a

position to quantitatively investigate surface strain, loop type and density of

new implants . Fatigue crack initiation experiments will soon be started on

implanted copper samples so that favorable microstructures can be identified.
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Figure 1. X-Ray Scattering Geometry for the Double-Crystal Measurements.
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Figure 2. Scattering Rocking Curves (a) First Crystal Implanted and(b) Unimplanted.
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Figure 3. Implantation Scattering Intensity (a) First Crystal as Implanted
and (b) Annealed at 500°C for 30 Minutes.
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Figure 4. Implantation Scattering Intensity (a) Second Crystal As-
Implanted and (b) Annealed at 600°C for 30 minutes .
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Figure 6. Calculated Reflectivity Versus Rocking Angle for a copper
Crystal Implanted With Al uminum to a Depth of 1300 A at
a Microscopic Concentration of 1 Atomic Percent.
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Figure 7. Diffuse Scattering From As-Implanted Sample Plotted as aHuang Scattering Curve IS/b vs ln L~O.
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Figure 8. A Comparison of Huang Di ffuse Scattering From Al uminum Implanted
Copper (200 key, 2X1016 ions cm 2) and Nickel Implanted Nickel
(4 Mev, 5X10’3 ions cnr2).
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