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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 70R to 350A diameter for a dose of 2X10!5 ions cm 2 at
100 kev. X-ray diffuse scattering measured around the 222 Bragg reflection
reveals a combination of microalloying and dislocation loop effects from
implantation of aluminum jons to a dose of 2X10!® ions cm~2 at 100 kev. Loop
densities on the order of 10!7 cm 3 and an average loop size of 254 was estimated
from the x-ray data. The aluminum ion damage is Targely unchanged upon
annealing for 30 minutes at 500° and 600°C. Alloying 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

initiation is being assessed.



I.  BACKGROUND

Modern design philosophies, which are greatly affected by economical
and safety factors, require the use of materials having an optimum combination
of properties, e.qg., fabricability, strength, facture toughness, corrosion
and fatigue resistance. It is difficult 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

(1)

are inherently susceptable to stress corrosion cracking and have poor

(2)

fatique resistance. However, for most alloy systems corrosion and fatigue
behavior are greatly affected by the surface condition and 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 principle of this technique is to separate the
metal being protected from the unfavorable surroundings. An improvement arises
from the inertness of the coating material with the environment. Many coating
techniques are now available, 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., water is



often reduced to form hydrogen) which may have a considerable influence on the
mechanical properties. In addition, electroplated Tayers can have a wide range
of compressive and tensile stresses depending upon the plating parameters, and
may contain networks of microcracks with varying depths and spacing.(3) The
more recent ion plating and ion implantation methods produce a clean, strongly-
adherent interface between the coating material and substrate. The compositional
variation at the interface can be controlled by controlling 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
fatique 1ife, research on the influence of surface films on fatigue behavior
has been lacking. The fatique process may be divided into two general areas:
crack initiation and crack propagation. Improvements in fatigue 1ife can be
obtained by increasing the time to c¢rack 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 fatigque performance by altering the state of the surface,
without greatly changing bulk properties. The present ONR program is concerned
with the effects of various ion-plated and ion implanted surfaces, and their
microstructure, on the CSSR and fatigue crack initiation of a copper substrate.
To meet the program objectives we have selected surface film-substrate
combinations designed to separate the various parameters which control near
surface deformation and associated crack initiation.

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

fatique crack initiation depends on such parameters as: crystal structure,



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 well as which ones
dominate for a given 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 initiation in similarily implanted
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 single crystals.
IT. INTRODUCTION

Although ion implantation effects are coﬁfined to very thin layers, several
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.(4)
Ion plating which combines aspects of vaper deposition with aspects of low
energy implantation at the substrate/plating interface has been demonstrated
to modify the fatigue crack initiation resistance in copper single crysta]s.(s)
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



(8)

related neutron damage simu]ation(7) and semi-conductor device physics.
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 fatique crack initiation, 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.(g)

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(lo) 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-implanted copper.
There are indications of irradiation damage stability in x-ray difuse scattering
from annealed microalloys.
IIT. EXPERIMENTAL

ATuminum ion implantation of copper was selected on the basis of a favorable
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.



Copper single crystal surfaces parallel to (111) were prepared in bulk
material or thin foil TEM discs for ion implantation. TEM discs were
mechanically cut, electropolished and then teepanned into 3 mm discs. These
discs were etched chemically and then finally thinned with a TENUPOL double-
jet electro polisher until perforation. These foils were examined in 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. Bulk 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 10° cm~2.

The TEM discs and bulk crystals were oriented with (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 kev Ion
Implanter was used to irradiate the crystal surfaces at 25°C. Temperature rises in
these samples have not been measured. However, bulk samples are not expected to
see more than a few degrees centigrade rise since the crystal substrate is a good
heat sink. The TEM foils are mounted in mechanical contact with a good heat
sink, but since the degree of thermal contact is unknown a temperature rise of

several 10's of degrees C is possible at a high dose rate. Argon dose rates



at 100 kev were 3X10'2 dons cm 2 sec™l. The total dose was 2X10!° 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 kev. The implantation area of 3 mm diameter was placed to
one side of the surface in order that x-ray diffraction measurement could be
made on both implanted and unimplanted areas on the same crystal surface. Dose
rates were as follows: 19.7X1013 jons cm~2 sec™! at 200 kev, 9.9X1012 jons cm~2
sec”! at 100 kev and 2.4X10!! jons cm™2 sec™! at 50 kev. The does were 2X10!6
jons cm~2, 4X101° ions cm 2 and 5.5X10!° ions cm™2 respectively. An aluminum
concentration of 2 atomic percent is calculated 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 modified 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 ~10-® Torr
for 30 minutes.

The x-ray measurements were carried out with apparatus at the Oak Ridge
National Laboratory. The diffuse scattering was measured in a two-axis x-ray
spectrometer with Cu Ko 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 scattering geometry
is shown in Figure 1. The scattered intensity is measured as a function of the
copper crystal rocking angle, A0, after the crystal has been carefully oriented

to give a maximum peak reflectivity. The measured intensities are scaled to



the incident beam intensity of an approximately 2 mm diameter beam measured by
the open detector positioned to intercept the beam through a calibrated filter.

TEM investigations-concentrated on the cbservation of the relatively large
loops found in the argon implanted foils. The theoretical argon ion distribution
is peaked at 350 A for 100 kev. Therefore it is estimated that a significant
fraction of the damage will be deposited in the TEM foil. Sessile loops 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 {111}, Use of single
crystals greatly facilitates the orientation analyses.
IV. RESULTS

The diffuse scattering measurements made on an aluminum implanted copper
crystal are shown in Figure 2. The logarithm of the normalized scattering
intensities of the implanted and un-implanted crystals are plotted as a function
of the rocking angle Ao 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 with scattering from a Cu(Al1) alloy whose lattice parameter is
larger than that of the pure copper substrate. As will be discussed below,
calcuated alloy Tayer scattering effects predict scattering in the form of a
low angle peak with IS/IO ~ 0.01 with much smaller contribution, at high angles
(Is = scattered intensity and IO is incident power). Therefore, additional
diffuse scattering is present in the form of dislocation loop scattering. Such

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



scattering must be peaked at an angle which is displaced toward the Tow-angle
side from the substrate Bragg peak position. Presently no quantitative
calculation of combined microalloying and damage effect scattering can be

(11)

made. But recent self-ion damage results on nickel provides some guidance

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

(12)

5X1013 ions cm™? were implanted at 4 Mev, points defects produced were a
factor of 20 less than that of the aluminum implantation of this study. The
scattering intensity (IS/IO) seen in the nickel study was on the order of 1073
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, loop scattering and microalloying effects are comparabie in their
contribution to the integral diffuse scattering effect.

The results from integral diffuse scattering measurements for as-implanted
and 500°C (T/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 (T/TM = 0.64) for 30 minutes. (The data in this figure
may be compromised by the surface roughness of the sample although the trend
shown in the annealing effects is at least qualitatively 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
annealing. This result should be compared with the observation that a 25%
decrease in scattering from nickel self-ion implanted crystals was observed upon

annealing at 450°C (T/TM = 0.42) for one hour. Finally, although not shown, it



was observed that a 900°C (T/Ty = 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 Toops present will not be visible due to image contrast
geometry and no analysis for "black dot" loops was attempted. Several of the
more easily seen loops (up to 350 A diameter) were analyzed as vacancy type.
This was determined on the basis of an "inside-outside" contrast variation with
a change from one known diffraction vector to another. An estimate of the Toop
density of the larger loops was done assuming that one-third of the dislocations
were observed in the damage thickness of 350 R. The calculation gave 4X1010
Toops cm~3, If an average loop size of 100 3 diameter is assumed, then the
number of point defects residing in loops is 2X10!* cm™3 which is lower than
the density of Frenkel pairs which one calculates for the argon implantation
dosé. A calculation of dislocation density gives 10° c¢cm 2 which is a density
found in moderately annealed material.

V.  DISCUSSION

TEM is essential for the determination of the dislocation Toop type through
contrast analysis. This kind of determination is not feasible with the present
diffuse scattering method and would be difficult under the best of circumstances
in the case of mixed vacancy and interstitial Toop population. The observation
of large Toops 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 Toops which is
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energetically favorable. In summary, one can expect to see elimination of
interstitials 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 density
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

(11)

implanted nickel. Microalloy effects were estimated on the basis of a

dynamical diffraction calculation originally done for elastically bent crysta1s.(13)

Larson et a1(14)

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 atloying 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 crysta1(15’16).

These components were used as initial values for
the integration into the crystal to a depth below the implanted jfons. 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



11

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 lTow 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 scattering peak and therefore the scattering is distributed
over wider angles at a Tower intensity. When quantitative measurements of
implantation profiles can be made with the implantation device on identically
prepared material, further refinements of the above calculation will be
attempted.

The diffuse scattering (IS/IO) from dislocation loops seen in self-ion
implanted nickel is in the range of 1073 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 -1n(ae).
A larger angle scattering proportional to (40)”2 arises from short-range strain
fields. In the aluminum implantation of copper, dislocation loops are created
within the microalloy region. Thus, loop scattering build-up centers at the
Bragg peak angle of the microalloy. This explains why there is a broad
asymmetry 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 with the result that ao = 3.9 min. The diffuse scattering was

Bragg
plotted in Figure 7 where A0 was measured relative to the displaced microalloy

Bragg peak. The average scattering calculated from
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I = (I3(+)/1 + I3(-)/1))/2

- - * 3
was extrapolated to zero on the 1 vs Tn(a®) curve to obtain A6 . This value

can then be used to obtain an average loop diameter from the re1ation(10) where
1/2 *
R, = (e"q, )

* *
where 9 = h A0 cosog and h = 2n/d The average loop radius obtained in

2227
this calculation is 25 R, but it must be kept in mind that loop radius size
distributions have been found to be a strongly decreasing exponent1a1(11) in
form so that the average Toop 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 scattering occurring at small rocking
angles can be calculated for a single loop size, R, having a specified loop
density, Cr’ which comes from the above described intensity extrapolation method.
Hence
3

*
I"(q,)/1, = K CR* In (q  /q,)

where g = hqO cosop and K is a calculable 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_R/Ro)

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(ll).
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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 given by

i 0.8 Ed

) = ——c
R avg
2 ED

v(E

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

a9 is the average displacement energy. The ratio of defects

energy loss, and ED
produced in copper by 200 kev 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 on several grounds. First, displacement cascades
are smaller and distributed more deeply for aluminum in copper suggesting a
tendency toward smaller Toops. Second, saturation 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, Toop
scattering at low angies which favors large loops may be relatively lTower in
the aluminum implantation case. Nevertheless, loop densities on the order of
1017 em™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 R. More quantitative
Toop density interpretations are possible with measurements of scattering to
larger rocking angles.

The annealing response of the aluminum implants shown in Figure 3 and

Figure 4 points out that the dislocation loops 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 1ittle 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 asymmetry of scattering with 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 Tattice parameter but since the loop structure
remains largely 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 possible. Of more practical significance is the observation 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 appreciable 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 strains put the
surface layer in compression as the copper lattice attempts to maintain coherency
with the implanted Tayer. This is the desired stress condition for fatigue
prevention. The loop distribution is Tlikely to respond to this stress field
although it is not obvious what response in locp 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 ciffraction 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 TEM and x-ray scattering methods to characterize
implantation microstructure has been demonstrated. Pre1iminary 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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ABSTRACT

Fatigue crack initiation can be affected by surface phenomena and the
possibility exists for improving the fatigue performance by altering the state
of the surface without greatly changing bulk properties. This program was
initiated on 1 March 1978, with the objective of determining the effect of
ion implantation and ion plating on the cyclic stress-strain response and
fatique crack nucleation of a metal substrate. To meet this objective, we
have selected surface film-substrate combinations designed to separate the
various parameters, e.g., crystal structure, SFE, shear modulus, misfit,
residual stress, etc., which control near surface deformation and associated
crack initiation. This report summarizes our progress during the period
1 March 1979 - 29 February 1980. Three aspects of the program are discussed:
(1) The effect of silver and nickel ion plating on the low and high cycle
fatigue behavior of polycrystalline copper, (2) x-ray diffraction analysis of
ion implanted crystals, and (3) the effect of aluminum-ion implantation on

the fatiqgue crack initiation of polycrystalline copper.



I.  BACKGROUND

Modern design philosophies, which are greatly affected by economical and
safety factors, require the use of materials having an optimum combination of
properties, e.g., fabricability, strength, fracture toughness, corrosion and
fatigue resistance. It is difficult 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 and have poor fatigue
resistance. However, for most alloy systems corrosion and fatigue behavior
are greatly affected by the surface condition and 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 ductitlity.

Metallic coatings have been widely used in industry for controlling
corrosion and errosion. The principle of this technique is to separate the
metal being protected from the unfavorable surroundings. An improvement arises
from the inertness of the coating material with the environment. Many coating
techniques are now available, and include hot dipping, metal spraying,
electroplating, 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 variation 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.,



water is often reduced to form hydrogen) which may have a considerable

influence on the mechanical properties. In addition, electroplated layers can
have a wide range of compressive and tensile stresses depending upon the plating
parameters, and may contain networks of microcracks with varying depths and
spacing. The more recent ion plating and ion implantation methods produce a
clean, strongly-adherent interface between the coating material and substrate.
The compositional variation at the interface can be controlled by controlling
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 1ife, research on the influence 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 Tife 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 bulk properties. The present ONR program is concerned
with the effects of various ion-plated and ion implanted surfaces, and their
microstructure, on the CSSR and fatigue crack initiation of a copper substrate.
To meet the program objectives we have selected surface film-substrate
combinations designed to separate the various parameters which control near
surface deformation and associated crack initiation.

The influence of fon-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 acoommodation dislocation network) and the adhesion of the film. The
complex interrelationships between these parameters, as well as which ones
dominate for a given system, are presently not well understood. Consequently,
the behavior of such composites is now largely unpredictable. Our effort
during the past year has been concerned with studying the effect of ion plating
on the low cycle fatigue behavior of polycrystalline copper; characterizing the
surface structure of copper single crystals implanted with aluminum and argon
ions; and determining the effect of this implantation on fatigue crack initia-

tion.

IT. THE EFFECT OF SILVER AND NICKEL ION PLATING ON LOW AND HIGH CYCLE
FATIGUE BEHAVIOR OF POLYCRYSTALLINE COPPER.

The results of our previous strain controlled, LCF studies (])have shown
that silver and nickel ion plating on copper single crystals has a significant
effect on low cycle fatigue 1ife (Figure 1). Silver plating, which has low
SFE, reduces the propensity of PSB formation in the surface region and extends
the fatigue life over that of unplated copper crystals. Nickel piating, which
has a high SFE, has the opposite effect.

This aspect of the program was undertaken to see if similar results are
possible for polycrystalline copper. In addition, stress controlled high
cycle fatigue studies were made to see if simi}ar changes in the fatigue life
occur in the Tong-life regime.

Experimental

LCF and HCF specimens were machined from annealed, electrical grade,

polycrystalline copper rod obtained from Southwire Company. The specimens were
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Figure 1. Strain-1ife curves for Ni- and Ag plated and non-plated copper
single crystals.

mechanically polished and then electropolished. Some of the specimens

sputter cleaned by argon ions at 2kv. Others were sputter cleaned and then ion
plated with either silver or nickel. A 2.5kv potential was used for obtaining
a plating thickness of 1ﬁm. Low cycle (strain-controlled) or high cycle
(stress-controlled) fatigue tests were conducted using a servohydraulic closed-
loop testing machine. Optical and scanning electron microscopy were performed
on the fatigued samples in order to characterize the surface and near surface

defromation and crack nucleation behavior.

Results and Discussion

Several silver-plated samples have been studied.and the results compared
with those obtained from non-plated samples. A limited number of nickel-

plated samples have been examined to date. However, one HCF and one LCF result



is included for comparison.

The stress-response under strain-control shows considerable cyclic
hardening followed by saturation for both non-plated and plated samples,
Figure 2. The cyclic stress-strain curves, Figure 3, show that the extent
of hardening for the non-plated and plated samples is slightly different.
Silver plating is observed to reduce the extent of hardening compared
the non-plated copper. whereas nickel plating seems to have the opposite
effect. The cyclic strain-1ife curves derived from the data, Figure 4, appear

(2,3) relationship. Ag-plating improves the fatigue

to follow the Coffin-Manson
life and nickel plating seems to have the opposite effect. The cyclic stress-
life curves, Figure 5, show an analoaous effect, which is most significant

at lower stresses (near the fatigue limit).

Surface slip markings on low cycle fatigue samples, Figure 6, show that
silver plating leads to more homogeneous slip and reduces the propensity of
persistant slip band formation. Grain boundary cracking appears to be the
predominent mode of crack initiation for both the plated and nonplated
materials. Surface slip markings on the high-cycle fatigue samples, Figure
7, show that slip band cracking is the predominate mode of crack initiation.
at long lives. Although the density of PSB's appear to be similar for both the
Ag-plated and nonplated materials the Ag-plated sample was examined after a
considerably larger number of cycles. Consequently, it appears that Ag-
plating reduces the propensity of PSB formation.

Deformation near the free surface has a dominate effect on the cyclic
behavior of materials, especially at lTow strains. A surface coating of a Tow
SFE material (e.g., Ag) modifies the surface deformation of copper towards
that of silver. Under cyclic deformation slip in the surface and near surface

region becomes more reversible due to a lower incidence of cross-slip. This
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gives rise to more homogeneous cyclic deformation and a reduced propensity for
PSB formation. Therefore, silver plating produces (1) lower cyclic hardening
as a result of reduced dislocation interactions, and (2) longer fatigue 1life

as a result of more homogeneous and reversible surface slip. These results
indicate that ion plating has similar effects on the fatique properties of both

single 'and polycrystalline copper.
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IIT. X-RAY DIFFRACTION ANALYSIS OF ION IMPLANTED CRYSTALS

Some results of this aspect of our research have been prepared for
publication in the proceedings of two symposia. These are included in this
report as Appendices A and B. The main features of this type of analysis and
our most recent results are summarized below.

The state of stress at the surface of the implanted crystal can be
inferred from the lattice strain which in turn is measured by a shift in the Bragg
angle. Implantation not only modifies the lattice parameter by microalloying
but can severely damage the surface with the production of point defects which
can also shift the lattice parameter and give a large diffuse scattering. A1l
these effects are confined to depths much less than a micron. MNon-destructive
methods of implantation characterization with x-rays must employ special
approaches to obtain the structural information. X-rays would not normally be
useful for analysis of implantation since the sampling depth is many times the
depth of the implantation affected volume. In order to avoid obscuring the
scattering effects from the implanted layer, a perfect crystal substrate is
used in a double-crystal diffraction arrangement. When a perfect crystal and
an implanted crystal are arranged so that maximum intensity is obtained by
the second reflection, the angular resolution in diffuse scattering measurements
and peak shifts is measured in seconds of arc. In this way, both Bragg peak
shifts and diffuse scattering from defects associated with the implanted layers
can easily be measured. |

Scattering from an Implanted Crystal

The two principal sources of extra scattering from an implanted single
crystal are (1) the scattering from the implanted layer whose Bragg angle is
changed by alloying and (2) the scattering from point defect clusters (inter-

stital and vacancy loops). Analysis of the scattering attributed to lattice
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strain due to alloying has been done in several cases where point defect
scattering was not present (4). A modification of dynamical diffraction theory
can be used to calculate the reflectivity of the alloyed crystal as a function
of rocking angle. To a first approximation the results of such calculations
resemble the results which one might obtain using kinematic diffraction theory
for a very thin crystal. In detail, however, there are interference effects
which can be analyzed in terms of strain distribution to get a more detailed
description of alloy distribution.

The second source of scattering dominates in the measured scattering in
the implanted metals under investigation in this program. One result is that
alloy distribution and strain effects are somewhat obscured. Nevertheless
quantitative analysis of the damaged state of the implanted layer can be done.
Scattering theory (kinematic) for scattering from dislocation loops and
spherical precipitates has been worked out (5). Diffuse scattering measured
as "integral diffuse" intensity in a double-crystal experiment is given in the
fo11owing formulas:

-M .2 2 2 2 L5

(a /1, = 1/(2u)) (rofre h) (h/K) 2mq f (ci/vc) (bnRi/Vc) 'In(equ/qO)

for 9% < 9L and,

M2

I8 (gg)/ 1y = (1/2 ugV.) (refe ) (h/k)2 2nt (bm/V.) a2/2q§ Npp  for

m h

9% > 9. where, Is(qo) is the average diffuse scattering intensity calculated
from (I(+qo) + 1 (-qo))/2, g, = h cosep 40, 4@ = 0-0, h = 4rsinog/x,
absorption, re Thompson electron radius, fh structure factor, e'Mh Debye-
Waller factor, k = 27/x, 27t is an averaging parameter for dislocation loops,
Ci/Vc is the number density of loops of radius Ri’ b Burgers vector VC unit

all volume, qE is “/Ri’ with o =V2 for the (222) reflection and Npp the density

of point defects. The first equation can be used to determine the loop size
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distribution for the case of well determined diffuse scatterings. A simpler
application uses the assumption of a single average loop radius size which
can be obtained from the extrapolation of Is(qo) VS 1n(q0) to zero where q, =
3

2
e®q and R =a/qL.

The second equation can be used to obtain the total point defects per
volume; Is(qo) qo2 is proportional to Npp- These formulas do not distinguish
between vacancy and interstital loops since differential symmetrically
averaged intensity is employed. A detailed measurement of the differential
diffuse scattering rather than integral diffuse scattering is required for
such distinctions to be made unambiguously.

Since the loop scattering originates in the implanted layer, the % value
must be adjusted for the Bragg angle shift. Since shifts are small ( a few
minutes) the measurement of Nbp which uses large 9 values is unaffected. At
small angles (qo) asymmetry in the scattering can be used to infer Bragg angle
changes. But, one must recognize that it is possible to produce asymmetry
in the scattering at small angles by certain combinations of interstitial

and vacancy loop scattering, 2ach of which has opposing asymmetry.

Double Crystal Method

As mentioned earlier, the double-crystal method which uses perfect
crystals has the advantage of permitting the observation of scattering at
angles very close to the Bragg peak. The scattering which is measured is, in
fact, diffuse scattering measured over the Ewald sphere in the vicinity of the
Bragg point in reciprocal space. The range of the integration is determined
by the solid angle defined by the solid angle subtended by the detector. A
major portion of the measured scattering at small angles is reflected (in the
dynamical theory sense) from the unimplanted subtrate and can be corrected by

subtraction of scattering measured from an unimplanted surface. Fig. 8 shows
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the curves for implanted and unimplanted crystal as a log intensity scale. The
excess scattering although obvious on a log scale is nevertheless small (a few

tenths of a percent reflectivity) over an angular range of less than a degree.

The asymmetry that may be attributed to Bragg angle shift can only be measured

within an angular range of ten minutes of the substrate Bragg peak.

The experimental arrangement needed for such measurements is simple. Two
crystals are mounted on adjustmable goniostats. The first crystal reflects
intensity from the x-ray source to the second crystal and is adjusted only once
to maximize the intensity at the second crystal position. The second crystal
can then be focused to reflect the incident rays into the detector (actuailly
85 to 90% according to theory). This is the "antiparallel" arrangement which
simply means that the Bragg plane normals are perfectly parallel but are
directionally opposite. As Fig. 9 shows the peak is sharp ~ a full width at
half maximum of approximately 10 seconds. The second crystal - which is the
implanted crystal - is rotated on a goniometer to give the rocking curve.
Simple adjustments are sufficient to keep the detector centered on the Bragg
peak intensity. Upon mounting a new sample crystal, some care must be taken
to find maximum reflectivity.

Equipment

Two goniostats, motorized goniometer and conventional x-ray equipment
are assembled into a double crystal apparatus. The only critical part of the
apparatus is the motorized goniometer. A Huber goniometer was used with a
10-to-1 gear reducer and was driven by a SLO-SYN pulsed motor. Backlash in
the goniometer gearing is but a few seconds and can be removed effectively
by running rocking curves in a fixed direction. No absolute angular measure-
ments are made since the Bragg peak from the substrate is a satisfactory

internal standard. Data are collected by step-counting mode. Figure 10 shows
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These data have been analyzed in terms of dislocation loop structure and
total point defect density. In Fig. 12 the symmetric excess intensity is
plotted versus TIn q, and the intercept at zero intensity (qo*) is used in the
relation

q* R1oop - e
with a = V2 for the (222) reflection. It is found that loop radii become smaller
with dose even though the number of point defects increase with dose. Table 1
summarizes the preliminary findings for these doses. Note that the peak
boron content in the highest dose is still smaller that the quoted solubility

1imit (0.34 atomic %).
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TABLE I
Dose R Point Defects
(ions/x-rayed area) loop (per x-rayed area)
0.4X1014 93 A 0.4X1015
1.6X101% 80 A 3.6X1015
2.0X101" 73 A 3.9X10%5

The number of defects produced per ion is approximately 18 to 20 and is
between 2 and 5% of the point defects produced as estimated by simpie LSS
collision theory. The density of dislocations in the implanted layer was
estimated by using a 80 3 Toop circumference to contain measured point defects
in a Tayer assumed to be 3000 R thick. The resulting dislocation density is

2.5X1012 cm~2,
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IV. THE EFFECT OF ION IMPLANTATION ON THE FATIGUE CRACK INITIATION OF
POLYCRYSTALLINE COPPER

Some of the results of this aspect of our research have been prepared for
publication in the proceedings on the Symposium on Surface Modifications of
Materials by Ion Implantations. The manuscript is included in this report as
Appendix C. The main features can be summarized as follows:

Aluminum ion implantation did not seem to effect the monotonic yield stress,
but did decrease the extent of work hardening in the low strain range. A
similar decrease was observed in the cyclic hardening behavior. Aluminum ion
implantation produced a significant improvement in fatigue 1ife for both
strain and stress controlled tests. This improvement is associated with
modifications of the deformation behavior in the surface and near surface
regions of the implanted copper, and its subsequent effect on fatigue crack

initiation. For details, see Appendix C.
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" X-RAY DIFFRACTION CHARACTERIZATION OF ALUMINUM ION

'ﬂﬁ""n.,mcwIMPLANTED COPPER CRYSTALS

~ Stephen Spooner
Fracture and Fatigue Research Laboratory
R , and ,
Keith 0. Legg
School of Physics
Georgia Institute of Technology

X-ray diffraction from aluminum ion implanted copper is analyzed in
single crystals in terms of microalloying and radiation damage effects.
Sessile dislocation loop scattering dominates scattering, although asymmetry
in diffuse scattering distribution can be attributed to the lattice
expansion due to alloying. Annealing at 500°C for 30 minutes produces no
significant change in the structure. Annealing at 600°C for 30 minutes
appears to remove microalloying effects while leaving damage structure

having a stability which may be effect1ve 1n 1nhib1t1ng fat1gue crack
initiation. _ ‘
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Ion plating has .been demonstrated to modify the fatique crack
dnitiation resistance in copper single crystals (1). Vapor deposition alone
~can change mechanical properties of copper (2) but the damage effects of ion
simplantation on.mechanical properties remains unexplored. Studies of the
“structure of ion 1mp1antat1on damage in connection with neutron damage
simulation, (3) and semi-conductor device physics (4) provide a basis for
-such investigations. The structure of the implanted layer can be modified
~by choice of ion, energy, and dose. The application of implantation to the
Lontrol of fatigue crack initiation must consider several fundamental
questions: How do ion-type and implantation energy affect surface layer
structure and structure stability? How do the various implantation
.structures affect fatigue crack initiation mechanisms? Which structures are
helpful or detrimental to mechanical property improvements? A partial
answer to some of these questions can be found in a recent presentation on
‘the effects of platinum implantation on subsurface crack initiation in
titanium. (5) In this case the treatment br1ngs mixed benefits to the con-
trol of fracture initiation.

This x-ray diffraction investigation is part of a study on the effects -
-of ion plating and ion implantation on fatigue crack initiation. Conventional
x-ray diffraction methods depend either on measurement of peak shifts to
eveal the state of residual stress (6) or peak profile analysis (e.g., the
‘Warren-Averbach analysis) to characterize effective particle sizes and
'strains (7) in the material of a surface. In these investigations the
.property controlling imperfections are distributed over depths much greater
‘than the penetration depth of the x-rays. However, in the case of an
Timplanted layer, the affected material is much shallower than the x-ray
--—penetration depth and, unless some special conditions are used, the dif-
‘fraction effects from the damaged layer would be 1ost in the tails of the
" «diffraction peak from the unmodified substrate sampled by the x-rays. We
‘have adopted the use of rather perfect crystals in a double-crystal
- :technique (8-10) used in radiation damage investigations which successfully
icircumvents the problems in the conventional x-ray diffraction methods.
sExperiments are described in which aluminum implantation effects in copper
:crystals including response to annealing are analyzed. It is shown that the
adamaged state produced by ion implantation is relatively stable against
:annealing and therefore may provide an effective inhibitor to surface
-fatigue crack initiation. The effects of aluminum implantation in poly-
‘crystalline copper is discussed in a companion paper (11).

Experimental

Implantation of copper with aluminum jons was selected for this study
.because of high solubility of aluminum in copper, because of an appreciable
.lattice parameter change upon alloying aluminum with copper, and because
-the aluminum ions penetrate relatively far into the substrate at the

-implantation energies available to us. Thus, an alloy layer of favorable
: thickness will be produced which has a relat1ve1y simple m1cr0a11oy
'structure containing ion damage effects. _

Highly perfect crystals were se1ected for x-ray studies in order that
- pre-existing dislocations would not interfere with ion-implantation effects.
“Bulk 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.
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The d1s1ocat1on dens1t1es measured after f1na1 sample preparat1on, but |
prior to ion implanation, was less than 103 cm-2

Two crystals were prepared with 1

11 faces. Each was mounted in the ion

accelerator with the (111) normal 6° from the ion beam direction. An

Accelerators, Inc. Ion Implanter which
jmplant the crystals at 25°C.

can be run up to 200 Kev was used to

Although the temperature rise was not

measured, the crystals, which have a volume of approximately 2 cc, were
considered to be a sufficient heat sink allowing less than a degree

temperature rise during implantation.

The implantations were made in three

doses each varying in energy and duration for the purpose of producing a

level aluminum distribution. The dose

calculations were made on the basis

of the LSS. model 511) of ion penetrat1on and the dose rates were as

follows: 19.7Xx10!3
Kev and 2.4X10" jons cm-?
2X10!6 jons cm—2, 4X1015

sec-! at 50 Kev.

jons cm~2 sec-1 at 200 Kev, 9.9X10!2 ions cm-2 at 100
The accumulated ion doses were

ions cm-2 and 5.5X10!5 jons cm-2 respectively.

The results of Keinonen et al.

(12) are used to correct the simple LSS

predictions for ion ranges _giving an Al concentration of 1.8 atomic per

cent over a depth of 1200 k.
estimated profiles are shown in Figure

In the double-crystal diffraction

Estimates of the damage profile relative to
the ion profile were made us1ng the calculations of Winterbon (13, 14) The

1.

method two crystals of nearly

identical d-spacing are set in the anti-parallel reflection position that

- eliminates wavelength dispersion.
first from the 333 planes of a perfect
crystal was set for the 222 reflection.
matched.
same crystal surface.

was measured by the detector through a

Experiments were done at the Solid State
Division of Oak Ridge National Laboratory.

Copper radiation was reflected
Si crystal. The implanted copper
The two d-spacings are closely

A 3 mm diameter area was implanted on the (111) Cu crystal surface
so that both on impianted and unimplanted region could be investigated in the
The copper crystal is rotated through the diffraction
peak position and the intensities are normalized to the incident beam which

calibrated filter. The scattering

vector diagram in Figure 2 shows the arrangement where an open detector with
no intervening collimation intercepts scattering from over an area of the

Ewald scattering sphere.

Scattering measurements were made on the implanted

and unimplanted surface of each crystal. With the intention of exploring

—

CATOMIC %

3
© 4 8 R 16 20 24
(XI00A)
DEPTH
- Fig. 1. Range and Damage

Profiles.

EWALD SPHERE —

DETECTOR

Fig. 2. Scattering Diagram.
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the removal of damage, one of the crystals was annealed at 500°C for 30
minutes and the other crystal at 600°C for 30 minutes. X-ray measurements
were repeated, then the first crystal was annealed at 900°C for 30 minutes.

Results

The scattering measurements made on the implanted crystal and the
unimplanted crystal are shown in Figure 3 in which the logarithm of .
normalized intensity is plotted versus the rocking angle. Excess intensity
in the tails of the rocking curve is on the order of a few percent and more
fntensity is found on the Tow rocking angle side. These scattering features
arise from both microalloying of aluminum in copper and point defect
clusters due to ion damage. Clusters of interstitial and vacancy collapse
into sessile dislocation loops whose short-ranged strain fields of the
loops yield diffuse x-ray scattering. The copper-aluminum alloy at the
surface has a larger lattice parameter which in the absence of damage would
give a small Bragg peak on the low angle side of the rocking curve. The
aluminum jon distribution and the damage distribution overiap so that the
two effects combine to produce an asymmetrical diffuse scattering as
discussed below. .

400

=
. O

ANNEALED,500°C, SOMIN

P ‘@
! &
- &
| e
:g'd' - ;:10"..
= implanted -8
-8 E
®© o5} P E 103
i . Unimplanted © E f
s » '
Elﬂ"‘- !BET‘- . ;
£ & |
: S O O T O ' llljjljjjlllllle
86 -4-2 02 4 6 8 _ . B8 46€-4-2 02 4 6 6
ROQKING ANGLE ,MIN ! . ROCKING ANGLE ,MIN
Fig. 3. Diffuse scattering from _Fig. 4. Excess diffuse scattering
implanted and unimplanted C changes with annealing at
crystals. . : 500°C for 30 minutes.

Excess intensity curves are calculated from the difference between the
unimplanted crystal rocking curve and the implanted as well as the implanted
and annealed crystal rocking curves. In Figure 4, excess intensity curves
are shown for the implanted and the implanted-500°C annealed cases. Anneal-
ing at 500°C for 30 minutes produces no appreciable intensity level or
asymmetry change. In Figure 5, excess scattering curves show both a
reduction in excess intensity as well as a loss of asymmetry in the
scattering due to annealing at 600°C for 30 minutes. Not shown are the
results of annealing in 900°C which restored the original condition of the
copper crystal. A significant qualitative finding in these annealing

- observations is that the microalloying effect which gives asymmetry in excess
scattering appears to be more readily annealed than dislocation loop effects.
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Calculation of Scattering Effects

The scattering arises from a combination of microalloying and ion
~damage effects. These effects can be considered separately to provide a
- perspective on the observed scattering. Microalloying effects are modeled
by assuming that the lattice parameter varies with depth according to
aluminum content and that the alloyed layer is spacially coherent with the
substrate. The resulting diffracted intensity can be calculated using an
"approach (10) based on an adaption of dynamical diffraction theor

described by Klar and Rusticelli (15) for the description of elastic lattice

distortion effects. Two coupled differential equations for the real and.
imaginary x-ray amplitudes are set up to incorporate lattice strain as a
function of depth into the crystal. The equations are numerically _

. integrated starting with boundary conditions on the real and imaginary
scattering amplitudes at an external surface. Effects rising from the
implanted microalloy are calculated by first determining the amplitude
components at a depth well below the implanted alloy region. This is done
by integrating from the reflecting surface into the crystal using the
reflected amplitudes expected at the reflecting surface for an unimplanted
crystal. The integration then procedes from the interior to the surface

but now with alloying strain effects modifying the integration calculations.
Figure 6 shows the calculated reflectivity for the case of a 1 atomic per-
cent alloy at a depth of 1300 E? A small Bragg peak appears on the low
angle side whose position corresponds to a 1 atomic percent alloy and whose
intensity is approximately 0.5%. Presuming that the intensity of this

peak is in proportion to the ratio of alloy thickness (1300 A) to penetration
thickness (1/u.,), then the observed intensity should be 0.6%. : .

g The analysis of scattering from radiation damage effects is complicated
by the fact that the damaged region coincides with alloyed region created by
implantation. The scattering is assumed to arise from the short range strain

fields of the loops which give Huang scattering (16) near the Bragg peak
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position. Since no distinct Bragg peak has been observed, quantitative
analysis of observed scattering is not really valid and one must procede
along qualitative directions given below. The analysis of scattering from
point defect clusters including sessile dislocation loops of vacancy and
interstitial type is concisely reviewed by Larson. (17) Huang scattering
intensity around the Bragg peak gives detailed information on cluster density
and type, but the scattering intensity is integrated over the Ewald sphere

"

near the Bragg position so as to give an "integral diffuse scattering." The
scattering averaged from above and below the Bragg peak is given by ?18)

S - bwR2
1 (qo) = con;tént x C (—VE—Q in (qL/qo)

4

for q. < q where q = hcosese with h = d"l , 6 is the Bragg angle. and dris
is th® hkz plane d-gpacing. C; is the denggfy of dislocation loops of
radius R with Burgers vector, b, V_ is the unit ce’ll volume in q is
approximately 1/R. This result cafi be used to obtain an average loop size,
an?la(dggennination of loop size distribution and density is possible as

we 18). - :

Analysis and Discussion

No distinct Bragg diffraction peak satellite associated with a implanted
microalloy layer is observed. Since radiation damage is concentrated in the
.alloy layer, the degree of crystalline perfection within the layer is so
poor that the dynamical diffraction calculation is simply not appropriate.
The Scherrer formula estimate of the kinematic diffraction theory breadth
for the implanted layer is approximately 5 times greater than the width
calculated by dynamical theory. Thus, any distinct Bragg peak would be
broadened into a small general scattering on the low angle side of the
" rocking curve as observed.

The analysis of the observed intensity in terms of dislocation loop
scattering was persued using the approach outlined above. First, the
angular position of defect scattering was measured relative to an assumed
microalloy Bragg position. This position was calculated on the basis of
the lattice parameter for a 1.8 atomic percent copper solid solution. The
diffuse excess scattering is plotted versus In(sg) in Figure 7 and a
straight line is seen. From the intercept of the line with the abscissa,
q, was obtained to give an average loop radius of 25 A. This may be
cbmpared to a loop radius of 16 A found in a similar analysis of neutron
irradiated copper at room temperature.

A comparison of the magnitude of measured scattering intensity in the
present experiments with a similar experiment (19) on nickel self-ion
implantation shows that the observed scattering is within reasonable
expected values. 4 Mev Ni ions where implanted into a nickel single
crystal to a dose of 5X10!3 jons/cm? at room temperature, although the dose
is lower, a comparable point defect generation can be expected because of
the higher ion energy. An estimate is made with a modified Kinchen-Pease
mode1 ?20) for Frenkel pair production:

' . _ avg

‘ v = 0.8 Ed/ZED '

where E, is the damage energy and EDavg is the average displacement energy.
The rat?o of defects produced in Cu"by 200 Kev Al ions to the defects -
.produced in Ni by 4 Mev Ni jons is 20 after dose differences are taken into
-account. Figure B, which shows the excess scattering intensity, a scatter-

ing ratio of approximately 7 is observed. There are several factors which

must be considered in comparing dislocation loop scattering intensities.
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Since the intensity varies as RY, differences in loop radius between the two
cases will affect scattering levels considerably. Agreement between the two
cases within a factor of ten is considered satisfactory.

: The annealing response in aluminum implanted copper suggests that
aluminum migrates into the interior at 600°C and leaves dislocation loops
in place although reduced in density. Thus, the damaged state has a degree
of stability making the dislocation loops a potentially useful barrier. to
slip at the surface. At 600°C one can expect removal of loops unless they
are stablized by alloying interactions or entanglement. It is not yet
possible to assess which factor might be most important.

Conclusions

X-ray diffraction analysis of intensities measured with the double-
crystal arrangement has qualitatively shown that a microalloy layer which
is heavily radiation damaged is produced by aluminum ion implantation into
copper. With the current interpretation, we believe that an alloy layer
having a larger lattice parameter will produce a compressive stress on the
surface and a tensile stress on the interior as the alloy layer maintains
coherency with the substrate. Upon annealing, the aluminum solute leaves
the surface layer but radiation damage produced dislocation loops remain,
possibly stablized by alloy effects or dislocation entanglement. The
beneficial effects of such a surface structure on fatigue crack initiation
:in polycrystalline copper is discussed in a companion paper.

The diffraction effects seen in alloy implantations is dominated by
radiation damage @ffects. The principal observation which can be used to
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dedute surface stress state is assymmetry in the scatter1ng about the sub-
" strate Bragg peak and such effects can be seen only in relatively perfect

cnysta]s
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X-RAY SCATTERING INVESTIGATION OF MICROALLOQYING
AND DEFECT STRUCTURE IN ION IMPLANTED COPPER

S. Spooner

Fracture and Fatique Research Laboratory
Georgia Institute of Technology
Atlanta, Georgia 30332

The double-crystal method for x-ray scattering analysis of radiation
described by B. C. Larson (1) has been applied to the investigation of
aluminum implanted copper. The interpretation of x-ray observations is
based on effects of lattice strain in the surface m1croa1loy and the
presence of dislocation loops which originate from 1mp antat1 n damage. The
copper crystal with a dislocation dens1t% less th cm/cm was im-
planted with aluminum to a dose of 2x10 10nS/Cm w1th energies up to 200 keV.
The response of the implanted crystal to annealing at 500 and 6000C was
determined. The quantitative use of the x-ray technique to assess implant-
ation effects and limitations of the technique are discussed.
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X-ray diffraction is an effective method for analyzing radiation damage
particularly for quantitative measurement of lattice strain effects associat-
ed with defect clusters (1). In recent years there have been a variety of
x-ray diffraction investigations of ion implantation damage produced in
single crystals based on double-crystal measurements. Komenou et al (2)
observed x-ray scattering resembling Pendellosung interference in rocking
curves from Ne* -implanted garnet films which Speriosu (3) interpreted
according to a kinematic diffraction theory encorporating strain and damage
distributions as a function of depth. A fanasev et al (4) have used dynam-
ical theory for calculating the scattering from a silicon crystal with dis-
turbed layers. Yamagishi and Nittono (5) studied Ar” ijon-implanted copper
whiskers with both x-ray topography and a triple-crystal diffraction method
to assess lattice strain response with dose and annealing. In the foregoing
studies (2-5) no absolute intensity measurements were made so that analysis
of structural changes depended mostly upon scattering distribution shape.

In the present study, absolute reflectivity measurements are used to study
the effects of ALY -ion damage in copper due to low energy (200 kev) and

high dose (2X10!® ions/cm2) with a double-crystal diffraction method. Both
surface alloying and implantation damage are under consideration for their
jmportant influence on fatigue crack initation (6). Because radiation damage
production of point defect clusters enters our work in a fundamental way,
this paper offers an example of the utility of x-ray scattering techniques

in radiation damage research.

The principal challenge is this x-ray study was to find an effective
x-ray method for investigating the damage and surface alloying effect in an
implanted layer which is much thinner than the sampling depth of x-rays.

In addition, there was the consideration of which theoretical analysis of
scattering intensity would be most appropriate to describe the combined
damage and surface alloying scattering effects. This question was approach-
ed from two perspectives; (a) use of dynamical theory of diffraction for the
analysis of lattice strain due to surface alloying (7,8) and (b) use of
kinematic theory for the description if scattering from defect clusters (1).
It is shown that the scattering data is dominated by implantation damage
defect clusters and that the kinematic theory is most appropriate for the
description of scattering in the case at hand. Furthermore, it is shown that
a quantitative evaluation of implantation damage can be obtained from the
absolute reflectivity measurements made in the double-crystal method.

X-Ray Scattering Models

The implanted region structure is modeled by the superposition of
damage produced clusters within a surface alloy layer which has a lattice
parameter that is different from the unimplanted substrate. As yet, no
single formulation for scattering intensity gives a calculatin of the
scattering for the combined defect cluster and lattice distortion effects.
Instead, we make a calculation for the case of scattering from a defect-free
surface alloy on one hand and a calculation for the scattering from defect
clusters in a pure matrix on the other hand. The measured x-ray scattering
effects are then used to determine the manner in which the two calculations
might be applied to represent the scattering from the implanted layer.

For a surface alloy layer free of defects, dynamical theory of x-ray
scattering can be used to calculate the reflectivity of x-rays as a function
of crystal rotation in a double-crystal rocking curve. In a two-crystal
arrangement, the first crystal which is alloy-free is set to maximum re-
flectivity. The second crystal is rotated about an axis perpendicular to
the scattering plane (defined by the incident and reflected x-ray beams).

The resulting reflectivity curve is the convolution to the reflection



characteristic of the first crystal with the reflectivity of the second
crystal. Larson (7,8) has adapted for this surface alloy problem a

method of calculation used by Klar and Rustichelli (9) for neutron scatter-
ing from elastically bent crystals. The reflectivity from a crystal is
obtained by the computation of the real amd imaginary components of the
complex scattering amplitude of the reflected radiation. Two coupled
differential equations - one for real and one for imaginary component - are
integrated numerically. The integration is dependent upon initial values
of the amplitude components and the variation in the Bragg angle for the
crystalline sublayers due to the elastic lattice distortion arising from
bending or composition change. Full algebraic development of the theory
can be found in papers by Larson and Borhorst (8) and Klar and Rustichelli
(9). The equations requiring integration express the derivatives of the
real (X;) and imaginary (X,) scattering amplitude components with respect
to a variable A which is proportional to depth measured relative to the
external surface:

2 2
%%l =k (X - X5+ 1)+ 2%(X;-y) - 29X, (1)
B - _F 2
dan_ -(X; -X, ¢+ 1) + 2Xy(Xok+y) -2gX, (2)

where k and g are constants which depend on x-ray absorption and the
parameter y contains the misset angle, A6, for the rocking curve as follows:

y = Cy a8 -Cy (3)

where C; and C, are constants dependent on x-ray scattering parameters that
are fixed for the Bragg diffraction peak under examination. It is shown (8)
that the parameter y can be reexpressed for the case where the lattice
parameter varies with A as follows:

y = C,{as+e(A) tanBB) -C, (4)

where the variation of the lattice parameter with depth is contained in the
strain function e(A). 1In the case at hand, ¢(A) is determined by the
compostion of the surface alloy as a function of implantation depth.

The method by which the change in reflectivity due to surface alloying
is calculated does not require integration over the entire crystal thickness.
Instead, one uses the well known results (10,11) for the reflectivity from
a perfect crystal as a starting point. The real and complex components of
the scattering amplitude at a set rocking angle are used as initial values
for the integration into the interior of the perfect crystal(e(A) = 0) to a
depth below the implanted ions. Then, the amplitude components at that
depth are used as initial values for the integration back to the surface but
with the effects of surface alloying, (A), now allowed to affect the
computation of scattering amplitude. A set of these calculations is done
for a range of rocking angles where the reflectivity is calculated from,

R(48) = xf + xi (5)

where the amplitude components, X; and X, are evaluated at the reflecting
crystal surface. Note that the result is an absolute reflectivity.

Figure 1 shows the results of calculation we have obtained for the case
in which a 1 atomic per cent aluminum is implanted in copper to a depth of
approximately 1100A°. The lattice parameter expansion used in this cal-
culation was calculated from the data given on linear lattice strain by
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Fig. 1 - Calculated reflectivity from a 1100 A surface alloy of 1 atomic

percent of aluminum in copper.

The subsidiary peak appears at an

angle appropriate for the lattice parameter of this composition.

Fig. 3

Scattering geometry for
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thod used in this exper-
iment. Upon rocking the
crystal the Ewald scat-
tering sphere is swept
through the Bragg point.
At a fixed crystal set-
ting the diffuse scat-
tering is integrated
over a portion of the
scattering sphere near
the Bragg point.
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. miny\de) SYUal LU TU.UDLD ger atomic percent of aluminum in copper. A
sharp subsidiary peak of 0.5% reflectivity is seen at a Bragg angle dis-
placed to a lower angle corresponding to the expanded lattice parameter.
The small peak width is approximately 1 minute of are. The reflectivity
very nearly equals the ratio of implanted layer thickness to x-ray
penetration thickness, 1/uo, where no is the linear absorption parameter.

Consider now the calculation of the scattering from defect clusters in
a crystal of uniform lattice parameter. In this case, Kinematic diffraction
theory is used to calculate the scattering intensity from an isolated
defect cluster. The scattering resulting from a collection of defects is
the sum of these intensities. This implies that no scattering interference
occurs between scattering amplitudes coming from each defect. Larson (1)
summarizes the calculation of the scattering intensity from defect clusters.
The experimental geometry used in our experiments is shown in Figure 2 where
the scattered x-rays are recieved into a large detector and to each of the
scattering vectors is associated a scattering space vector q going from the
Bragg spot (at the top) to the surface of the Ewald scattering sphere. In
such an experiment, the intensity is averaged over the scattering space
vectors, q. q_ is the shortest vector between the Bragg position and the
Ewald sphere 8t a given crystal setting. The measured intensity is called
the integral diffuse scattering. The intensity is measured as a function
of rocking angie of the crystal in the same geometry used for measurement of
dynamical diffraction effects described above.

The diffuse scattering from dislocation loops measured close to the
Bragg peak is attributed to long range strain fields around the loop and
is called Huang scattering. Scattering measured farther away from the
Bragg peak is attributed to short range strain fields and is termed Stokes-
Wilson scattering. The diffuse scattering is distributed about the Bragg
position in a way dependent on the precise strain field distribution (1,13).
The calculation of integral diffuse scattering requires an averaging of the
diffuse scattering over the portion of the Ewald scattering sphere which is
close to the Bragg position. (14) For the scattering from loops of radius
R, the Huang scattering smoothly joins the Stokes-Wilson scattering at a
scattering parameter q = g, = 1/R where q_ = hA8 cos6, with
h = 2"/dhk1’ 6g the Brggg angle for reflection from hk? planes and A8 the

mis-set angle of the rocking curve. A symmetric diffuse scattering cross
section is defined

s _ 3 s
op (a)) =% (op (-q.) +op (a)) ) (6)
which is obtained by the average of intensities measured symmetrically
above and below the Bragg position (q = 0). The symmetric diffuse cross
sections for Huang and Stokes-Wilson gcattering are given by,
s - - M2 2 2 2 L
(Huang) 9 (ag)=(refre” M7 (h/K) "2t (bnR/V ) In(e®q /q.) (7)
for 9, <q1 > and,s
_ -M,2 2 2 2
(stokes-Wilson) ~h(a,)=(r fre™)“(h/K) 2rz(brR /Vc)‘QE/qu (8)
=13
for 4y, > 91 - Tg is the Tnuinzsein claciron radius (2.5¢ X 16 cm), fh atomic
scattering factor, e™™ is the Debye-Waller factor, k = 2mx, A = wavelength,
T is a constant of order 1 which depends on averaging of Toop orientations,
b Burgers vector, V_ atomic volume. The scattering intensity relative to the
incident intensity §s given,



In summary of the two calculations, the dynamical theory predicts a
subsidiary peak which appears at an angle determined by the lattice strain
due to alloying. The kinematic theory predicts a diffuse scattering which
is proportional to the number and size of loops. Both calculations give
the absolute reflectivity with no adjustable parameters other than those
describingthe structure. The dynamical thoery calculation depends on the
assumption that the surface alloy is crystallographically coherent with the
unalloyed crystal. The 1imit to the kinematic theory is likely to be
found with very high defect cluster densities where interference between
diffuse scattering amplitudes may occur.

Experimental

The calculated strain scattering effects must be measured at small
angles near the Bragg diffraction peak of the unaffected crystal. The im-
plant affected region is less than 1 micron and the pentration depth is
approximately 1/uo = 22 microns. It is required that the bulk of the
crystal be perfect (mosaic spread less than 1 minute) in order that the
small scattering effects can be measured near the Bragg peak. Furthermore,
it is required to subtract a sigificant background due to the tails of the
bulk crystal Bragg peak in order to determine the diffuse scatterin in-
tensity due to surface alloying and defect clusters. A convenient approach
to this measurement is to transiate the crystal between an implanted and un-
implated area on the sample crystal. Crystals used in these studies were
provided by F. W. Young of ORNL. The crystals were grown by Bridgman
technique, wt to orientation, then annealed at a few degrees below the
melting point for two weeks. The crystal pieces were hardened by neutron
irradiation and then further cut and shaped by chemical cutting methods.(15)
The dislocation density measured by etch pit techniques was less than 103
cm-2 after shaping processes were complete.

The two-crystal arrangement consisted of a silicon crystal fixed to
diffract the Cu K sradiation onto the implanted copper crystal. The (333)
d-spacipg (1.0451%A) of silicon happens to match the (222) d-spacing
(1.0436A) of copper very well so that the system is well focussed to give a
narrow rocking curve width. The copper crystal is initially aligned to give
a sharp maximum in the rocking curve by adjusting the (111) normal about an
axis in the scattering plane (defined by the incident and scattered beams).
When properly adjusted, the full width at half-maximum (FWHM) of the copper
rocking curve is 12.5 arc-sec. The crystal is mounted on a goniostat which
can be transiated in the plane of the crystal surface so that rocking curves
can be made from the implanted area and masked unimplanted areas. In a
typical run, the copper crystal is rocked about an axis perpendicular to
the scattering plane at a rate of 5 to 20 arc-sec per minute while x-ray
intensities are recorded continuously at 10 second intervals. The x-ray
detector has an active receiving area of 5 cm? at a distance of 8 cm so that
the subtended soild angle (0.08 steradians) intergrates the scattering over
a large portion of the Ewald scattering sphere in the vicinity of the 222
Bragg peak of copper.

The implantation of aluminum into copper was chosen for these experiments
because the ion penetration was favorable and the microalloy concentration
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of nmp.anta*ion are given e1sewhere (6) The implanted layer was 1200 g
(16) thick with a composition of 1.8 atomic per cent. The distribution of
dsnage over the alloy thickness was estimated on the basis of calculations
by Fritzsche (17) and Winterbon. (8) The alloy distribution (solid 1ine)
and the damage profile (dashed 1ine) are shown in Figure 3.

Fig. 3

Distribution of implanted At
ions (solid) and the energy
depnsition (dashed) for the
implantation of 2x1016ion/cm?
with energies upto 200 keV.
Note that damage is concen-
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trated toward the surface. —
12 I6 20 24
(X1004)
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Annealing of the specimens was performed as a means to differentiate
the sources of gcatterlng in the implanted 1ayers The crysta1s were
placed in a vacuum of 108 JJorr at 500°C, at 600°C, and 900°C for 30
minutes. Annealing at 900°C restored the original structure as seen in the
rocking curves.

Results and Discussion

The rocking curves for unimplanted copper and for aluminum implanted
corper weore measured on the same crystal. These cruves are shown in Figure
4,
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Rocking curves are shown
for the implanted (upper)
and unimplanted(lower)
crystal. The scattering
is expressed as a fraction
of the incidnet beam in-
tensity. Note the larger
scattering at low angles.
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The diffuse scattering from the implanted crystal is more intense on the

low angle side of the Bragg peak position. The excess diffuse scattering is
calculated by subtraction of the unimplated rocking curve intensity from the
corresponding intensity in the implanted crystal. The excess diffuse
scattering for the implanted crystal is shown in Figures 5 and 6 as a dashed
line. The effect of 30 minute anneals on the excess diffuse intensity is

shogn in Figure 5 for annealing at 500°C and in Figure 6 for annealing at
600°C.

2 |°0..
c .
E ANNEALED,500°C,30MIN
Fig. 5 ~ 101k \
g \
Excess diffuse scattering zg |
intensity for the sample be- 02+ \
fore annealing (dashed) and g‘, \
after annealing (solid) at = ”’4””_,—— <
500°C is shown. Note that ll:_- 3 T
little change in the gener- = [0 Ad =
al level and distribution {
of the excess intensity oc- gg !
curs upon annealing. w 104t
¢ |
tat
R EEEEEE BN RSN

-8 6 -4-2 02 4 6 8
ROCKING ANGLE ,MIN



L
z 109
©
E : ANNEALED,600°C,30MIN
Fig. 6. EE 10
Excess diffuse scattering 7]
intensity for the sample be- w 102}
fore annealing (dashed) and ~ @ _
after annealing (solid) at iE - >
600°C. The level and the L o3k
distribution of the excess =
intensity has changes as a o0
result of the annealing at o0 0,4
this temperature. 5] 107
b4
il
JJ]LJJL]llllll_llJ

8 -6-4-2 02 4 6 8
ROCKING ANGLE ,MIN

No large change due to annealing occurs at 500°C while for annealing at

600°C, there is a reduction of scattering and the scattering becomes more
symmetric with respect to the Bragg peak position.

The observation of a higher diffuse scattering at low rocking curve
angles can be attributed to the fact that implanted aluminum expands the
copper lattice so that Bragg scattering from the implanted region occurs at
a lower angle than that for the unimplanted material. The composition of
the implanted layer was estimated to be 1.8 atomic per cent. The resulting
Bragg position would be displaced to lower angle by 4.2 minutes for the 222
reflection from the copper alloy layer.

No subsidiary peak is seen in the rocking cruve data which indicates
that conditions for the dynamical diffraction from the surface alloy do not
apply. Kinematic theory for Bragg scattering from an incoherent microalloy
layer of 1100 A predicts a rocking curve width about 9 minutes (compare for
example the Scherrer width (19) ). The kinematic intensity relative to the
dynamical subsidiary peak would be reduced in proportion to the ratio be-
tween the two peak widths. This suggests that if the implanted layer loses
strict coherence with the unimplanted material, the Bragg diffraction
intensity from the layer would be relative small and spread out on the scale
of these rocking curve measurements.

The diffuse scattering seen on both sides of the main Bragg position
can be compared to calculations of the scattering from dislocation loops.
Figure 7 the excess diffuse scattering is plotted versus the log of the
rocking angle according to Egn. (7) for Huang loop scattering. The rocking
angle was measured relative to the supposed Bragg position for the alloy.
Although there is a displacement between the two sets of points, the average
of the high angle and Tow angle 1ntensi§y is close to a straight line which
yields an estimated loop diameter of 25A.
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An estimate of the density of loops can be made by,comparing measured
reflectivity with Egn. (9). We use a loop radius of 30A and a reflectivity
of 1% at A6 = 2 minutes. Substitution of appropriate constants into Egn. 9
for a 308 loop size gives

221
I(q0)/1, = 6.1 X 107" C 1n (44/s6 (min) )

VV

17
from which a value of C/V_‘is 5.3 X 10 loops/cc. (The loops are
concentrated by a factor 6f 200 in the implanted layer since the above
calculation assumes the loops to be uniformly distributed).

The failure to observe a sharp Bragg peak associated with the im-
planted aluminum and the general agreement with scattering levels cal-
culated for loop scattering point to the conclusion that the kinematic
theory for diffraction from an implanted crystal is most appropriate. The
annealing at 600°C produces symmetrical scattering which suggests that most
of the aluminum is removed from the region where loops persist. Thereby,
the loop scattering now originates in essentially pure copper. The role of
aluminum is seen as simply expanding the lattice in a region which, by
virture of severe damage, is no longer strictly coherent with the un-
implanted crystal.



Analysis of x-ray diffraction in aluminum ion implanted copper suggests
that defect cluster scattering dominates the observed rocking curve
intensity. Alloying in the implanted layer contributes through a shifting
of the diffuse scattering to Tower angies due to the fact that the defect
clusters are formed in a region of aluminum-expanded lattice. The format-
ion of a distinct peak predicted by dynamical diffraction theory does not
occur probably because spatial coherency between the alloy layer and the
substrate is lacking due to severe lattice damage. Problems in the
analysis of scattering remain in the area of (1) formulating a model of
combined alloying and defect cluster scattering and (2) description of very
high defect cluster scattering. Nevertheless the simplistic interpretation
of x-ray scattering observation provides useful insights into the type and
quantity of damage as well as the annealing response of the implanted
structure.
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‘ The effect of Al don 1mplantatton on' the low cyc1e and h1gh cyc]e

‘gue behavior of polycrystalline copper has been investigated. The

ic stress strain response, stress-life relationship and fatigue crack
leation behavior of implanted copper are compared with unimplated copper.

The ion implantation did not seem to effect the monotonic yield stress,

did decrease the extent of work hardening in the low strain range.

milar decrease was observed in the cyclic hardening behavior. Al ion
antation produced a significant improvement in fat:gue Yife for both. § SE—
Jin and stress controlled tests. This 1mprovement is associated with
fications of the deformation behavior in the surface and near-surface

ons of the implanted copper, and 1ts subsequent effect on fatigue
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- JIntroduction

The fatigue process may be divided into two stages, crack initiation
i subsequent crack propagation. Microcracks usually form at the surface
a material due to cyclic straining, and link-up and growth of these
:rocracks into a major fatal crack may be termed the initiation stage.
najor factor in the initiation of fatigue cracks concerns slip processes
the surface and these are considerably influenced by the surface
idition. It is well known that gross surface alterations like shot
:ning and case hardening can improve fatigue 1ife, and recent results
/e shown that small surface alterations can also have a considerable
‘ect on fatigue behavior. -Chen and Starke (1) studied the effect of
-plated coatings of copper, nickel, and silver on the low cycle fatigue
perties of copper single crystals. They concluded that the ion-plating
)cess itself does not significantly change the cyclic flow stress, but
:» stacking fault energy of the coating material effects crack initiation
influencing the topography of the slip bands on the surface.

It is unclear whether similar small surface modifications of poly-
rstalline samples will produce a change in cyclic life similar to that
;erved for single crystals. Changes in the deformation behavior of
~face grains may be produced by minor surface alterations; however,
:igue cracking of polycrystalline materials may be totally controlled
grain boundary events. The current research was undertaken to
icidate these points. This paper concerns a study of the effect of
minum ion implantation on the low cycle and high cycle fatigue
perties of polycrystalline copper.

Experimental

Cold drawn polycrystalline rods, having 0.03 wt.¥ oxygen as the major
yurity were supplied by the Southwire Company, Carrollton, Georgia.
v and high cycle fatigue specimens were machined from the rods and
ysequently annealed for one hour in vacuum at 810°K, ground and hand
lished with billiard cloths impregnated with 0.3 uym alumina, and finally
actropolished in a nitric-methonal solution. The cylindrical low cycle
:igue samples had a gage section approximately 10 mm long by 3.8 mm
imeter, and the hour-glass-shaped high cycle fatigue samples had a
1vimum diameter of 3.5 mm. Some specimens were sputter cleaned by
jon jons at 2.0 KV. Others were implanted with 100 KeV A1t jons to
fose of 5X10!°% fons/m2. To insure uniformity of implantation, the
acimens were rotated in the beam which was scanned across an aperature
inning the gage length. Fatigue tests of A1t ion implanted and un-
>lanted samples were conducted on a servohydraulic closed-loop testing
chine, in laboratory air, at 298°K. Low cycle fatigue measurements were
le using constant total strain control with a saw-tooth wave form at a
~ain rate of 5X10-%/sec. Stress control, high cycle fatigue tests were
le using a frequency of 10 Hz. Optical and electron microscopy were
ad to characterize the deformation behavior.

Results

Stress/Strain Response: Alt fon implantation did not change the mono-
nic yield stress of polycrystalline copper. However, a small but
atistically significant difference between monotonic hardening in the
¥ strain range was observed with the ion-implanted material showing a
ser degree of hardening. The monotonic stress-strain curve can be
scribed mathematically by the Ludwik relationship, o = ¢ + K ¢N, where

is the yield stress, €p the plastic strain, n the straiff hardeRing
ponent and K the stress increament at €p = 1. Figure 1, which is a
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Figure 1. ‘Monotonic stress-strain cufvesmfor Al-ion implanted and
unimplanted polycrystalline copper

t of 1n (9-%9%) versus In ép, illustrates the difference in monotonic
dening behavior as a function of plastic strain.

Considerable cyclic hardening was observed for both implanted and
mplanted samples at all strain amplitudes, Figure 2. "Waistometer-type
dening" (2) was recorded subsequent to the saturation state. However,’
ce this is an effect of the testing procedure and not a material
racteristic, this portion was deleted and replaced by dotted lines.

h unimplanted and implanted copper showed cyclic hardening behavior
ical of annealed fcc materials: initial rapid hardening followed by a
uration stage. The relationship between cyclic stress and plastic strain
be described mathemat1ca11y by a power function similar to Lidwik
ationship, (3) i.e., oa =05 = ok~ {4ep/2)"”, where o, is the stress for
/2 =0, og is the stable stress amp11gude. Aep/2 1is QNe p]astic strain
litude, n~ is the cyclic strain hardening exponent, and ok~ is the cyclic
ength coefficient. Figure 3, which is a plot of 1In (oca - og) versus 1In

/2) shows that, analogous to the monotonic behavior, the implanted

er1a1 cyclically hardens less than the unimplated material.

Strain-Life Curves (LCF): Figure 4 compares the strain-life curves
ffin-Manson plots) for the implanted and unimplanted polycrystalline
per. Coffin (4) and Manson (5) independently proposed a relationship
ween the plastic-strain amp11tude and the cycles to failure of the form:
/2 = g5~ (2Nf)C where ef” is the fatigue-ductility coefficient, 2Nf is

number of reversals to failure, and c is the fatigue duct111ty
onent. A1t ijon imp]antat1on s1gn1f1cant1y improves the cyclic ductility,
noted by an increase in ef”, but a]so increases the absolute value of
cyclic ductility exponent.
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polycrystalline copper.
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Figure 5. Stress-life curves for Al-ion implanted and unimplanted
polycrystaliine copper.

Stress-Life Curves (HCF): Figure 5 shows the effect of Al* ion
lantation on the high cycle fatigue behavior of po]ycrysta]11ne copper.

nificant 1mprovement in the high cycle fatigue life is observed, and —

fmprovement is greatest at the lower Stresses. -~ "' T-" YOI

e ‘F

Cyclic Surface-Deformation: Figure 6 compares the surface slip
kings of A1* ion implanted and unimplanted LCF specimens. It appears
t coarse persistent slip bands (PSB) with associated intrusion/
rusions form in both cases. However, the propensity of coarse PSB
mation is higher for the unimplanted copper, and somewhat finer, more
ogeneous slip appears to be favorable for the implanted material. This
ults in more PSB cracking for the unimplanted copper, although extensive.
in boundary cracking is present in both materials. The grain boundary |
cking is associated with surface rumpling resulting from incompatibility
coarse deformation in neighboring grains. The surface rumpling and
ociated grain boundary cracking is more evident in the unimplanted
per. Surface studies showed that microcrack 1ink-up is also easier in
un1mp1anted material due to the higher frequency of microcracks in

grain interiors. .;

Figure 7 shows areas of intense $1ip markings on the high cycle fatigue
dles. 1t appears that the propensity of PSB formation is quite high in .
surface grains having heavy deformation. Cracking associated with these
's is also evident. No distinction could be made between the surface
> markings of the two materials. Unlike the LCF surface analysis,
face studies of the HCF samples were made after fatigue failure had
Irred. Because of life differences the implanted material had undergone '
nsiderably larger extent of fatigue cycling for the constant
ass-amplitude tests.
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Figure 7. Scanning electron micrographs of surfaces of HCF spec1mens
of (a) unimplanted and (b) impTanted po]ycrysta111ne copper
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The observations made here are results of our preliminary
restigations. In depth studies are underway to elucidate some of the
nts discussed here and will be presented in future publications.

X-ray diffuse measurements by Spooner and Legg (6) and theoretical
isiderations may be used to estimate the surface modification made by ——
-implantation. In our case, the ion beam is broader than the diameter
the fatigue specimens which are rotating cylinders. This is expected to
duce an aluminum concentration profile with a peak of 0.7 wt. % at a
ith of 55 nm with a full width at half maximum of 85 nm as against 70 nm -
' both parameters in normal incidence implantation (6) . The resulting -
iage profile (6) is expected to be similar but may be slightly displaced
h respect to the concentration profile. Sputter cleaning of the
mplanted samples may have also created some damage in the surface layer.
'ever, since the helium ions used for this purpose were of very low
rgy, it is assumed that damage was minimal. The sputter cleaning was
e to keep the surface topography of the implanted and unimplanted
cimens as similar as possible.

AUWDL  SIDINYY

aJolny

The aluminum concentration will lower the stacking fault energy of the
face layer. The effect will be a reduction in the propensity of cross
p. Normally, such a reduction reduces the work hardening rate at low
ains since it decreases dislocation multiplication and dislocation-
location interactions. However, for a monotonic test on implanted
ples the effect will be small and only noticeable at very small strains
ce here the plastic strain in the surface grains make up a significant
tion of the total plastic strain of the sample. This explains the
ference in flow stress at small strains and the convergence of flow
ess with increasing strain as noted in Figure 1.

g find

Since Al ions are larger than Cu Nons residual compressive stresses
1 be generated in the damaged layer (with the corresponding residual
sile stresses in the interior). This compressive residual stress will
ose any applied tensile stress. In stress controlled fatigue this
1 reduce the effective tensile stress on the surface of the material and
er_the plastic strain at the surface._ The reduction of SFE and
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also reduces the tendency of PSB formation, increases the reversibility of
cyclic deformation, and reduces cyclic hardening (7). The sessile vacancy '
loops formed by the jon implantation (6) act as a barrier to slip and
{reduce slip distances which tends to homogenize slip in the surface region.
fhe s1ip homogeneity will be further improved by the presence of - ——— -—-
dislocations which may be able to accammodate small cyclic slip wi thout any
generatlon of . add1t1ona] dislocations.

The implantation shows a tendency to change the surface deformation
imode from coarse slip bands to more finer planar slip. This type of
ihomogeneity of deformation should Teduce the extent uf tyclic deformation in
ieach s1ip band. cSince chances of slip reversibility improve with a
.decrease in cyclic plastic strain, the deformation at the surface oFf the
[implanted material should be more reversible. Comsequently the implanted

imaterial should show less cyclic hardening than the unimplanted material,
1as observed in Figure 3.

Fatigue crack initiation in polycrystalline copper has been observed
|to occur along grain boundaries at high strains (8) and along PSB's at low
istrains (9, 10). In either case irreversibility of deformation of the
surface region is what leads to the cracking. 1In our results we have seen -
{that at moderate strains {regime of.our LCF studies) both grain boundary
iand PSB cracks are present (Figure 6). However, the propensity of PSB
icrack formation is reduced for the ion 1mp1anted material. This is
expected, since as discussed earlier, implantation should decrease the
propensity of PSB formation. Our results also show that LCF fatigue life
for implanted specimens is much improved. This again agrees with our
interpretation. When deformation is made both more homogeneous and more
reversible due to implantation the incompatibility of cyclic slip in
neighboring grains is reduced and grain boundary 0offsets are reduced or
¥t tdkes a larger number of cycleS“to for'm a grain boundary offet of the® -
same size.

The slope of the Coffin-Manson plot {the cyclic ductility exponent) is
larger for the implanted material. In other words the number of reversals
to failure of the implanted and unimplanted materials appears to converge
at lower strains. There are possibly itwo reasons for this. Firstly, the
plot is logarithmic and even though there-is a large difference between
fatigue 1ives of the two materials at llow strains the number of cycles
appear closer in logarithmic scale. Secondly, when the imposed strain is
low the deformation is more localized and this perhaps has a stronger
zontrol over fatigue life than the surface coating.

At the 1ife range of ~ 10° the improvement in 1ife due to implantation
ippears to be the same for both low cycle and high cycle fatigue samples.
vince the difference in cyclic flow stress of the materials is small the
;1ip homogeneity and reversibility effect in LCF should also be reflected
in the HCF data. When the stress is further reduced, slip becomes
:ompletely reversible for the implanted material and a drastic improvement
n life is observed. For the implanted material a reduction of surface !
leformation and an increase in deformation homogene1ty and reversibility
iay have produced much better fatigue behavior in this range. As mentioned
wreviously, the compressive residual stress on the surface of the implanted
1aterial will oppose the applied tensile stress and reduce the plastic
.tress at the surface. Consequently, fthe fatigue life for a given applied
tress is longer for the copper that had been implanted with aluminum jons.
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No significant change in monotonic yield stress due to Al ion , =017
implantation on copper was measured. However, Al ion implantation j tg\(i;lf)b‘
EFrgsults in a small decrease in monotonic hardening at low strains. : R

-

Al ion fmplanted po]ycrysta]11ne'copper shows significantly less
,,fatlgue harden1ng than un1mp]anted copper.

An 1mprovement in low cycle and high cycle fatigue life is observed
due to Al ion implantation on polycrystalline copper. The most
significant 1mprovement—appears—to-be'%he~h+gher-fa14gue—4+m1t for
the implanted mater1a1
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ABSTRACT

The effect of ion implantation on the strain and stress controlled fatigue
behavior of polycrystalline copper has been investigated. The cyclic stress-strain
response, strain-life and stress-1ife relationships and fatigue crack nucleation
behavior have been studied. The results from the non-implanted materials have
been compared with those from the implanted materials. Four implant species, one
with a positive misfit, one with a negative misfit, one with a zero misfit, and one
insoluble under equilibrium conditions have been used. Most of the fatigue tests
were performed in laboratory air. Ion implantation changes the surface deforma-
tion behavior for both monotonic and cyclic loading with a corresponding change
in hardening rate. Larger changes are observed for the cyclic loading. Implan-
tations which lead to a more homogeneous deformation (fine slip) near the surface,
improves the resistance to fatigue crack initiation. Surface compressive residual
stresses, induced from implanting a positive misfit species, have a major influence

on crack initiation in the stress-1ife regime.
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I. INTRODUCTION

Viable structural materials should have an optimum combination of properties
1like fabricability, strength, fracture toughness, corrosion and fatigue resistance.
Often it is difficult to design an alloy which will satisfy the critical demand
of its application with respect to all of these properties. Therefore, it will
be advantageous to have a technique available which may improve some of the
properties of a given alloy without any measurable loss in other properties.
Surface treatment in general is such a technique and may lead to substantial
improvement in surface sensitive properties 1ike corrosion, wear, and fatigue crack
initiation resistance.

Metallic coatings have been widely used in industry for controlling corrosion
and erosion. However, some of the earlier techniques produced poor coatings
(poor adherence and poor deposit structures) or sometimes altered the bulk prop-
erties. The more recent ion plating and ion implantation techniques produce an
altered surface chemistry without a noticeable degradation in the bulk properties.
Ion plating creates a clean strongly adherent interface and fon implantation
usually does not create any well defined interface. Under this contract we
are studying the effects of implantation and plating of various selected species
on the fatique behavior of some metals and alloys. As discussed below, results
of our investigation show that significant changes can be made by ion implantation
and plating.

I1. CURRENT PROGRESS

X-Ray Diffraction Analysis of Implanted Copper Single Crystals

(1,2) The

Some results of this aspect of our research have been published.
main features of this type of analysis are summarized below.
The state of stress at the surface of the implanted crystal can be inferred

from the lattice strain which in turn is measured by a shift in the Bragg angle.
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Implantation not only modifies the lattice parameter by microalloying but can
severely damage the surface with the production of point defects which can also
shift the lattice parameter and give a large diffuse scattering. All these
effects are cqnfined to depths much less than a micron. Non-destructive methods
of implantation characterization with x-rays must employ special approaches to
obtain the structural information. X-rays would not normally be useful for
analysis of implantation since the sampling depths is many times the depth of
the implantation-affected volume. In order to avoid obscuring the scattering
effects from the implanted layer, a perfect crystal substrate is used in a double-
crystal diffraction arrangement. When a perfect crystal and an implanted crystal
are arranged so that maximum intensity is obtained by the second reflection, the
angular resolution in diffuse scattering measurements and peak shifts is measured
in seconds of arc. In this way, both Bragg peak shifts and diffuse scattering
from defects associated with the implanted layers can easily be measured.

The two principal sources of extra scattering from an implanted single
crystal are (1) the scattering from the implanted layer whose Bragg angle is
changed by alloying and (2) the scattering from point defect clusters (inter-
stitial and vacancy loops). Aralysis of the scattering attributed to lattice
strain due to alloying has been done in several cases where point defect scattering

(3)

was not present. A modification of dynamical diffraction theory can be used
to analyze x-ray scattering in terms of strain distribution to get a detailed
description of alloy distribution.

The second source of scattering dominates the measured scattering in the
implanted metals under investigation in this program. One result “is that alloy
distribution and strain effects are somewhat obscured. Nevertheless quantitative

analysis of the damaged state of the implanted layer can be done. Scattering

theory (kinematic) for scattering from dislocation loops and spherical precipitates
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has been worked out.(4) Diffuse scattering measurements in a double-crystal
experiment may be used to determine loop size distribution, to obtain the total
point defects per volume, and to distinguish between vacancy and interstitial
loops.

The results of the x-ray analysis on implanted copper single crystals show
that aluminum implantation produces compressive residﬁa] stresses while boron
implantation creates tensile residual stresses. Analysis of observed x-ray
intensity also shows dislocation loop scattering. Aluminum implanted samples
have a loop radius of approximately 25A while the loop radius for boron implanted
samples is 80A.

The Effect of Ion Implantation on the Fatigue Behavior of Polycrystalline Copper

Results of this aspect of our investigation have been reported in some of

(5-9) The most important features of our results are

our recent publications.
summarized below.

Four different species, aluminum, boron, chromium, and copper have been
used to implant polycrystalline copper. It is expected that all four elements
will introduce a similar defect structure, but of varying degrees of intensity.
Also, boron atoms, because of their small size with respect to copper, intro-
duce tensile residual surface stresses, and aluminum atoms, because of their
larger size, introduce compressive stresses. Self-implanted copper should have

(1,2,5)

1ittle or no surface residual stresses. X-ray diffraction results
aluminum and boron implanted copper single crystals have confirmed the predicted
effect. Solute elements also effect the stacking fault energy, the propensity of
cross slip, and thus the reversibility of deformation. Chromium, being insoluble
in copper under equilibrium conditions may precipitate during cyclic loading of

the Cr-implanted samples. The use of these four elements for implantation allows

examination of the effects of residual stresses, the homogeneity and reversibility



of deformation, cyclic deformation, and fatigue crack initiation behavior of

polycrystalliine copper. Details of the experimental procedures have been described

e1sewhere.(6)
We attempted to measure the damage in the ion implanted surface region by

comparing its back scattered electron channeling pattern(lo) (ECP) with that of

a non-implanted surface. As expected from the TEM resu1ts,(6) the ECP's show

that the damage is most severe for the copper implanted surface; least severe for

(9)

the boron implanted surface. The aluminum implanted surface is intermediate
between these two. We are now attempting to evaluate these figures to quantita-
tively assess the the degree of damage.

In addition to producing a defect structure and residual surface stresses,
the alloying of the surface material is expected to lower the stacking fault
energy (SFE) of this region. Of course no modification in SFE would result from
self-implantation. It is likely that precipitation of chromium will occur in
the chromium implanted sampies during fatigue cyciing. The effect of lowerinc the
SFE will be lost at that stage and the presence of chromium has to be considered
instead.

The implantation of Al, B, or Cr ions lowers the yield stress and the
degree of monotonic and cyclic hardening. The reduction in yield stress and
monotonic hardening at low strains is perhaps due to the availability of free
dislocations on the surface which tends to promote s1ip at lower stresses.
Aluminum implantation, which produces a larger degree of surface defects,
consequently shows a larger reduction of monotonic fiow stress.

The reduction of cyclic hardening may be explained in terms of the lowering
of the SFE and the presence of dislocation loops and arrays due to ion-implantation.
Lowering the SFE leads to a reduction in the tendency for cross slip. This

improves the reversibility of cyclic deformation and reduces cyclic hardening.
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DisTlocation Toops are barriers to slip and tend to homogenize deformation by
reducing the slip distance. Improved homogeneity of slip due to implantation
aids in reducing the resistance to cyclic deformation. Aluminum implanted samples
have a higher degree of surface defects, the greatest reduction in hardening, and
therefore the lowest cyclic flow stresses. The chromium implanted samples have
a similar defect structure. However, it appears that chromium precipitation
during cycling increases cyclic hardening somewhat by tying up slip dislocations.

Since fatigue damage is caused by cyclic plastic strain, the fatigue life
should be related to the plastic strain amplitude. Consequently, many recent
studies have relied on strain-controlled low cycle fatigue (LCF) of smooth samples.
Since the strain amplitude of these tests exceeds the macroscopic elastic 1imit,
the effect of surface residual stresses is minimal. The data are normally pre-
sented as strain-1ife curves, where the log of the plastic strain amplitude is
plotted versus the 1og of the reversals to failure. The strain-1ife results of
this study will be discussed with respect to the microstructural and deformation
behavior described in the previous paragraphs.

The strain-1ife relationships for the nonimplanted &2d implanted poly-
crystalline copper are presented in Figure 1. The defect structure produced
by ion implantation improves the homogeneity of deformation, and in general
this leads to improvement in the low cycle fatique life, regardless of the exact
mechanism of cracking. Fatigue crack initiation in polycrystalline copper has

been previously shown to occur along surface grain boundaries at high strains(ll’lz)

and along PSB's(13’14)

emerging on the surface at low strains. Our results are
consistent with these observations. However, for our studies both types of
cracking are observed because of the intermediate strain range used. Microcrack
formation by either mechanism becomes more difficult when the slip is more

reversible and more homogeneous. The difference between the FCI resistance of
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boron and aluminum implanted samples is again due to the difference in defect

structure.

it gives rise to a more severe defect structure.

Aluminum implantation produces the most significant effect because

Even though chromium implanta-

tion results in a defect structure similar to aluminum, the expected intervention

of chromium precipitation decreases the resistance to FCI under what is expected

from its defect structure.
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Figure 1.
polycrystalline copper.

The effect of ion implantation on the cyclic strain-life behavior of

Since residual stresses have a minimal effect on strain-1ife results, the

primary feature to be considered here is the deformation behavior of the near

surface region.

The defect structure increases the homogeneity of deformation

and the surface alloying lowers the SFE and thus increases the reversibility

of deformation.

conducting some tests on self-implanted copper.

In order to isolate the effect of damage only, we are now

The preliminary results, Figure 1,

indicate that self-implantation has a limited beneficial effect on strain-1ife

response even though it shows the largest extent of damage.

It seems that for

the conditions and materials used in this study, reversibility, as controlled by

surface alloying and SFE modification, is more important than a severely damaged

surface layer.



Under stress control the ion implanted samples are expected to show
improvement in fatigue 1ife due to better slip homogeneity and reversibility.
However, since the stress amplitudes used are lower than the macroscopic yield
strength, surface residual stresses may also play an important role in deter-
mining the fatigue life. The residual stresses may control the flow stress,
and therefore the plastic strain of the surface region. The magnitude and dis-

tribution of plastic strain controls the fatigue crack initiation behavior.
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Figure 2. The effect of ion implantation on the cyclic stress-1ife behavior
of polycrystalline copper.

Aluminum implanted samples have a beneficial compressive surface stress.
The compressive stress tends to reduce the more damaging (i.e., tensile)
component of the cyclic stress and hence improves the fatigue 1ife, Figure 2.
The tensile residual surface stress produced by boron implantation decreases
the resistance to stress cycling. The beneficial effects of surface defects
due to implantation are overcompensated by the detrimental effects of the

residual tensile surface stresses, Figure 2. Our preliminary results show
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that self-implantation, although producing a more severe defect, modifies the
stress-1ife less than either aluminum or chromium implantation, Figure 2.
Consequently, surface residual stresses appear to have the dominant effect on
the fatigue 1ife for the experimental conditions used here.

The results of this study have shown that ion implantation can have
beneficial effects on the fatigue 1ife of materials. For an exact determination
of the influence of a particular implanted species, it is necessary to charac-
terize the defect structure and surface residual stresses produced. We have
shown that tests under both strain and stress control are necessary in order to
separate metallurgical effects from residual stress effects.

The Effect of Ion Plating on Fatigue Properties of Copper

In this part of our investigation copper was ion plated with silver and
nickel. These plating species were chosen because they have substantially
different stacking fault energies compared to the copper substrate. It may be
expected that a low SFE coating (e.g., Ag) will improve slip reversibility and
may lead to an improvement of FCI resistance of the substrate metal (i.e., copper).

Our results show that ion plating of both silver and‘ﬁicke1 reduces yield
stress and the degree of monotonic and cyclic hardening. Ion plating also
appears to increase fatigue 1ife under both strain and stress control. We
have observed that silver plating improves the homogeneity and reversibility

of cyclic deformation and thereby improves the FCI resistance. This has been

(15) We have observed that

attributed to the Tower SFE of the silver coating.
nickel plating reduces the degree of cyclic deformation on the surface. This
apparently has an offsetting effect on the expected reduction in homogeneity
and reversibility of slip due to high SFE of the nickel coating. Therefore,

a slight improvement in FCI results.
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ITI. CONCLUSIONS

The results of this study have shown that ion implantation can have beneficial

effects on the fatigue 1ife of materials. For an exact determination of the
influence of a particular implanted species, it is necessary to characterize

the defect structure and surface residual stresses produced. We have shown that
tests under both strain and stress control are necessary in order to separate

metallurgical effects from residual effects.
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THE EFFECT OF I0ON IMPLANTATION ON THE FATIGUE PROPERTIES OF POLYCRYSTALLINE

COPPER

A.KUJORE, S B. CHAKRABORTTY, E.A. STARKE, Jr.

Fracture and Fatigue Research Laboratory, Georgia Institute of Technology, Atlanta, GA 30332, U.S.A.

and

K.O. LEGG

Department of Physics, Georgia Institute of Technology, Atlanta, GA 30332, U.S.A.

The effect of ion implantation (aluminum, boron or chromium) on the tensile and strain or stress controlled fatigue behavior
of polycrystalline copper has been studied. The monotonic and cyclic stress—strain relationships, cyclic strain—life and stress—life
relationships, cyclic deformation characteristics and crack nucleation behavior of implanted copper are compared with unim-

planted copper.

Monotonic and cyclic flow stresses are reduced by ion implantation. Life under strain controlled fatigue is improved by ion
implantation. Aluminum implantation has the greatest effect on both flow-stress reduction and life improvement. Life under
stress controlled fatigue may or may not be improved by implantation. Aluminum and chromium implantation produces a signifi-
cant improvement whereas boron implantation causes a reduction in the resistance to stress cycling.

1. Introduction

The fatigue process may be divided into two
stages, which are crack initiation and crack propaga-
tion. For a defect-free metal, the process of initiation
and early crack growth is usually associated with the
cyclic deformation behavior of the surface layer. This
process is found to occur in conjunction with slip
band formation [1,2] in the surface region, or with
the incompatibility of deformation between two
neighboring grains on the surface [3.4]. Any surface
modification which reduces the magnitude or
increases the homogeneity and reversibility of cyclic
deformation is expected to improve the fatigue crack
initiation resistance. It is well known that manufac-
turing processes, e.g., shot-peening, which produce
surface compressive residual stresses have a substan-
tial effect on stress controlled fatigue resistance.
However, it has been shown recently that subtle
modifications of the surface may also produce large
changes in fatigue behavior [S—10].

Chen and Starke [5] have shown that ion plating
can have a major effect of the fatigue behavior of
copper single crystals. When they plated silver (low
stacking fault energy, SFE) on copper, the cyclic
deformation behavior of the surface changed toward

0029-554x/81/0000—0000/$02.50 ® North-Holland

that of silver. Crack initiation was retarded because of
a reduction in the propensity of cross slip compared
with the copper substrate and subsequent reduction
in slip band formation. Nickel (high SFE) plating had
an opposite effect. More recently it has been shown
that ion implantation of various species on many
metal substrates leads to some spectacular changes in
fatigue properties [6—10]. However, a clear under-
standing of the mechanism for such changes is lack-
ing. The purpose of this work is to study the change
in monotonic and cyclic deformation behavior of
copper implanted with 3 different species—aluminum,
boron and chromium—and to correlate measured
mechanical properties with the deformation behavior
as modified by ion implantation.

The results obtained here are quantitatively similar
to those reported in our prior publications [69].
However, previously we used polycrystalline copper

‘samples which had variations in grain size and oxygen

content. In the present work, all implanted and non-
implanted specimens were made from identical poly-
crystalline copper material. Therefore direct com-
parison between the effect of various implanted
species is possible. It is expected that all three ele-
ments will introduce a similar defect structure but of
varying degrees of intensity. Also, boron atoms,

VII. ION-IMPLANTED METALS






A. Kujore et al. [ Fatigue properties of polycrystaliine copper 953

NON-IMPLANTED

/BORON IMPLANTED

/. 5
g’
7
 F CHROMIUM IMPLANTED
4

;
77 ALUMINUM IMPLANTED

r'ys
17

150

CYCLIC STRESS AMPLITUDE, MPa

POLYCRYSTALLINE COPPER
- STRAIN CONTROLLED FATIGUE
{LOW CYCLE)

il | L
02 04
PLASTIC STRAIN AMPLITUDE, %

I
06 08

100 L —

Fig. 5. The effect of ion implantation on cyclic stress—strain
relationship of polycrystalline copper.

with a greater improvement at lower stresses. Boron
implantation, in contrast, shows a reduction in resis-
tance to cyclic stress, with a greater reduction in life
at lower stresses. The limited data on chromium im-
plantation appears to indicate that it improves the
cyclic stress resistance almost as well as aluminum
implantation.

3.6. Surface observations

Fig. 9 shows scanning electron micrographs of the
surfaces of non-implanted and implanted copper after
strain controlled fatigue deformation. Al micro-
graphs show the presence of persistent slip bands
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Fig. 6. The effect of ion implantation on cyclic strain—life
relationship of polycrystalline copper.

S 120]- CHROMIUM IMPLANTED
= "
§ n“.‘}.
= gﬁ;-. ALUMINUM IMPLANTED
o o N
g NS
L4 AN E-‘\'
o 100 - LS
@\ ' ™
i BORON IMPLANTED ™ ~ “\ON.IMPLANTED
7] |
g POLYCRYSTALLINE COPPER
3 STRESS CONTROLLED FATIGUE
% sl (HIGH CYCLE)
| R L L 1 L |-
2.10° 10° 107 10°

NUMBER OF CYCLES TO FAILURE

Fig. 7. The effect of ion implantation on cyclic stress—life
relationship of polycrystalline copper.

(PSB) and associated intrusions/extrusions. However
the propensity of PSB formation appears to be
reduced by ion implantation. Aluminum implantation
has the most significant effect. Most of the micro-
cracks are at the grain boundaries. Some cracks asso-
ciated with PSB are also observed, being more fre-
quent for the non-implanted samples and least for the
aluminum inplanted samples. Implanted samples
show a lower degree of surface rumpling and fewer
surface microcracks compared with nonimplanted
samples deformed to the same degree. Aluminum im-
plantation appears to have the most significant effect.
Transmission electron micrographs (fig.9) of the
saturated surface substructure at €,, = 0.3% of alumi-
num implanted and non-implanted samples show that
cell formation occurs for both.

Scanning electron micrographs of the surfaces of
nonimplanted and implanted copper after stress con-
trolled fatigue deformation are given in fig. 10. Crack-
ing associated with PSB is more evident than that ob-
served for strain controlled tests (compare with
fig. 8). Aluminum implanted samples show the smal-
lest overall fatigue damage. All samples were observed
after cycling to failure at the same stress amplitude.
Considering the cycles required for failure for the
various implanted samples, fig. 10 shows that the life
is related to the resistance to microcrack formation.

4. Discussion
The following represents our present understand-

ing of the effect of ion implantation on fatigue
behavior of metals. The research is by no means com-
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flow stresses. The chromium implanted samples have
a similar defect structure. However, it appears that Cr
precipitation during cycling increases cyclic hardening
somewhat by tying up slip dislocations.

4.3. Fatigue crack initiation (FCI)

Under strain controlled fatigue the microcrack
formation and eventual failure of the materials follow
what is expected from the foregoing discussion of the
cyclic hardening behavior. The effect of ion implanta-
tion is to improve slip reversibility and homogeneity,
and in general this leads to improvement in the low
cycle fatigue life, regardiess of the exact mechanism
of cracking. Fatigue crack initiation in polycrystalline
copper has been previously shown to occur along sur-
face grain boundaries at high strains [3 4] and along
PSB’s emerging on the surface at low strains. Our
results are consistent with these observations. How-
ever, for our studies both types of cracking are ob-
served because of the intermediate strain range used.
Microcrack formation by either mechanism becomes
more difficult when the slip is more reversible and
more homogeneous. The difference between the FCI
resistance of boron and aluminum implanted samples
is again due to the difference in defect structure.
Aluminum implantation produces the most signifi-
cant effect because it gives rise to a more intense
defect structure. Even though chromium implanta-
tion results in a defect structure similar to aluminum,
the expected intervention of chromium precipitation
decreases the resistance to FCI under what is
expected from its defect structure.

Under stress control the ion implanted samples are
expected to show improvement in fatigue life due to
better slip homogeneity and reversibility. However,
other parameters must be considered. Aluminum ir-
planted samples have beneficial compressive surface
stress. The compressive stress tends to reduce the
more damaging (i.c., tensile) component of the cyclic
stress and hence improves the fatigue life. The tensile
residual surface stress produced by boron implanta-
tion decreases the resistance to stress cycling. The
beneficial effects of surface defects due to implanta-
tion are overcompensated by the detrimental effects
of the residual tensile surface stresses. Chromium im-
planted samples show fatigue lives similar to alumin-
um implanted samples, even though beneficial surface
residual stresses are not expected, Chromium precipi-
tation may lead to a reduction of cyclic slip at & given
stress amplitude and slow down the process of fatigue
crack initiation.

We have observed significant changes in monotonic
and cyclic flow stresses, and fatigue lives from small
alterations of the surface of polycrystalline copper.
Most of the trends observed here are at least qualita-
tively accurate. Qur confidence in this is reinforced
by qualitative agreement with similar experiments
performed earlier [6,9,12]. Experimental uncertain-
ties were reduced by careful microstructural control,
by controlled selection of specimens for implantation
and by controlled selection of the sequence of
mechanical testing. The change in flow stress is signi-
ficant because this property is traditionally assumed
to be a bulk property, and the modified surface layer
does not constitute even 0.1% of the bulk. We believe
that the main reason for this is that at low straing
(either cyclic or monotonic) grains near the free sur-
face deform most and have a major contribution in
determining the flow stress. Since surface modifica-
tion alters the flow characteristics of these grains, the
measured flow stresses are substantially altered.

5. Conclusions

1) The surface defect structure of polycrystalline
copper due to jon implantation consists of dislocation
loops and arrays. The defect structure is more intense
for larger and heavier atoms.

2) Monotonic and cyclic flow stresses are reduced
by ion implantation, This has been attributed to the
availability of slip dislocations and the homogeneity
and reversibility of slip as a consequence of the alloy-
ing and defect structure in the surface layer.

3) Life under strain controlled fatigue is improved
by ion implantation. This is attributed to improve-
ments in the homogeneity and reversibility of slip due
to implantation.

4) Under stress controlled conditions, fatigue lives
may or may not be improved by ion implantation.
When residual tensile surface stresses are present, e.g.,
due to boron implantation, fatigue life is reduced.
Residual compressive stresses along with the effects
of surface alloying and defect structure improves the
fatigue life, e.g., for the aluminum implanted samples.
Chromium implantation also shows marked im-
provement. This may be attributed to the expected
precipitation of chromium along with the presence of
defect structures.

This research was sponsored by the Office of Naval
Research under Contract N00014-78-C-0270, Dr.
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X-RAY SCATTERING INVESTIGATION OF MICROALLOYING
AND DEFECT STRUCTURE IN ION IMPLANTED COPPER

S. Spooner

Fracture and Fatigue Research Laboratory
Georgia Institute of Technologzy
Atlanta, Georgia 30332

The double-crystal method for x-ray scattering analysis of radiation
described by B. C. Larson (1) has been applied to the investigation of
aluminum implanted copper. The interpretation of x-ray observations is
based on effects of lattice strain 1in the surface microalloy and the
presence of dislocation loops which originate frog implagtation damage. The
copper «c¢rystal with a dis}gcation less than 10”7 cm/cm™ was implanted with
aluminum to a dose of Z x 10 ions/cw with energies up to 200 keV, The
response o0f the Implanted crystal to annealing at 500 C and 600 C was
determined. The quantitative use of the =x-ray technique to assess
implantation effects and the limitations of the technique are discussed.

e

This vesesvch was sponsorved by the Office of Kaval Research wunder Contract
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X-ray diffraction is an effective method for aralyzing radiation damage
narticularly for quantitative wmeasurement of Ilattice strain effect:
associated with defect clusters (1). In wrecent years there have been o=
variet of x-ray diffraction invastigutihps of ifon Implantation da
procuced iIn single crystals based on double-cryetal measurenents. ¥nﬁ :
et al. (2) gbserved x-ray scattering Pendellosung interference in rocking
curves from Ne —-implanted garnet Iilms which Speriousu (3) dinterprezsd
according to a kinematlc diffrasction theory incornporating stralin and damage
cistributions as a function of depth. Afanasev et al. (4) have uzed
dynamical theory for calculating the scattering from a,silicon crystal with
d¢lsturbed layers. Yamacichi and Nittono (5) s*udied Ar dion-implanted copper
whiskers with both x~ray topography »nd a triple-crystel diffraction m
to assess lattice strain response with dose and annealing., In the fore
studies (2-5) no absolute intensity measurements were made so that analvy
of structural changes depended mostly upen scettering distribution 3
In the present st udy, absolute reflectivity measurements are uvsed to gtudy
the effects of 4 '-ion damage in copper due to low energy (200 keV) and hiph
dose (2 x 10°° ions/cm ) using a double-crystal diffraction methed. Zouh
surface alloying and implantation dawmage are under consideration for their
fmportant influence on fatigue crack idinitiation (6). Because radiation
damage production of point defect clusters enters our work in a fundamental
way, this paper offers an example of the utility of x-ray scattering
techniques in radiation damage research.

The principle challenge in this x-ray study was to find an effective
x-ray method for investigating the damage and surface alloying effect ip an
implanted layer which i5 much thinner than the sampling depth of x-rays. 1In
addition, there was the consideration of which theoretical analysis of
scattering intensity would be most appropriate to describe the combined
damage and surface alloying scattering effects. This question was
approached from two perspectives; (a) use of dynamical theory of diffraction
for the analysis of lattice strain due to surface alloying (7,8) and (b) use
of kinematic theory for the description of scattering from defect clusters
(1). It is shown that the scattering data are dominated by implantation
damage defect clusters and that the kinematic theory is most appropriate for
the description of scattering in the case at hand. Furthermore, it is shown
that a quantitative evaluation of implantation damage can be obtained f£from
the absolute reflectivity measurements made In the double-crystal method.

X-Ray Scattering Models

The structure the implanted region i1s modeled by placing of point
defect clusters within a surface layer which has a lattice parameter that is
expanded by implantation alloying. As yet, mno single formulation for
scattering intensity gives a calculation of the scattering from the combined
defect <cluster and Jattice distortion effects. Instead, we make a
calculation for the case of scattering from a defect-free surface a2lloy on
one hand and a calculation for the scattering from defect clusters 1in 3
unalloyed matrix on the other hand. The measured x-ray scattering effects
are then used to determine the manner in which the two calculations might be
applied to represent the scattering from the implarnted layer.

For a surface alloy layer free of defects, the dynamical theory of
x-ray scattering can be used to calculate the reflectivity of x-rays as a
function of crystal rotation in a double-crystal rocking curve. In a
two-crystal arrangement, the first cryvstal which is not implanted is set to
maximum reflectivity. The second crystal 1s rotated about an  axis
perpendicular t~ <’ - rcattering plane (defined by the Incident and reflected

1ouonodg g

1T



T4y L2amS.) Tne vresulting reflectivity curve is the convol S e
rerlection characteristic of the first crystal with the reflectiviiy ol t(he
second cr sl. Larson (7,8) has adapted, for this surface elloy problem, a

wethod o calculation used by Xlar and Rustichelli (9) for neutron
scattering from elastically bent crystals. The reflectivity from a crystal
is obtained by the computation of the real and imaginary components of the
complex scattering semplitude of the reflected rediation. Two coupled
differentigl equations - one for real and one for imaginary components = are
integrated numerically. The integration is dependent upon initial wvaluves of
the amplitude components and the wvariation in the Bragg angle <for the
crystalline sublayers due to the elastic lattice distortion arising from
bending or composition change. Full slgebraic development of the theory can
be {found in papers by Larson and Barhorst (8) and Klar and Rustichelli (9).
The eguations requiring integration express the derivatives of the real (X,)
and dImaginary (X,) scattering amplitude componerts with respect to a

variable A which iE proportional to depth measured relative to the external
surface:

dX = vl oY

k(h X2+l)+2X2(X1 v) ngl (1)
dX,__ .2_.2 .
HK2— (Xl X2+l)+2xl(k)&2+y)-2gx2 (2)

where k and g are constants which depend on x-ray absorption and the
parameter y contains the misset angle, A6, for the rocking curve as follows:

y=ClA@-C2 (3)
where C. and C, are constants dependent on x-ray scattering parameters tha

ere fixed for thé€ Bragg diffraction peak under examrination. For the case
where the lattice parameter varies with A it {is shown (8) that

y=C_ (4&+e(A)tano )-C (4)
1 B "2

where ariation of the lattice parameter with depth is contained in the
LiTein ion ¢ (A)., In the case at hand, {(4A) is determined by the

conporiiion of the surface alloy as a function of implantation depth.

tod by which the change in relectivity due to surface alloying
does mnot require dntegration over the entire ecrystal

stead, one wuses the welli known results (10,11) for the

ity irom a perfect crystai: as a starting point. 7The real and
cowponents of the scattering D1 & ser tocking angle are
initial wvalues for the integvasition Leginrning at a depth below the
i int on b t T surface the eiffects of
ar T computation of scattering

for & range of rocking

(5)

are evaluated at the reflecting
absolute teflectivity value.

shows the calculated vesults we have obtained at the
hich 2 atomic percent of &luminum is implanted in copper to a

ny whic!

eptl of approrimately 1000 A, The laittice parameter exXpansion used in the
caiculztion was taven f{rom the data given on linear lattice strain by King
(i2) equal to +0.0626 per atomic percent of eluminum In copper. A sharp

1t



SUDS1C1AaTY Peak ©OX 1.4 percent T ivity is seen at 8 Bragg anple
displaced to a lower angle than the substrate 3ra2gg angle corresponding to
the expanded lattice ©parameter. The cwal ooak width is approximately 2
minutes of arc. The reflectivity dis the order o7 the ratio of implanted
layer thickness ¢to the x-ray penetration thickness, 3/2;% where My is the

linear absorption narameter.
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Fig. 1 Calculated reflectivity from a surface implanted to 2 atomic
percent of aluminum in copper to a depth of approximately 1000 A The
subsidiary peak appears at an angle appropriate for the lattice
parameter of this composition.

Consider now the calculation of the scattering from defect clusters in
a crystal of uniform lattice parameter. In this case, kinematic diffraction
theory is used to calculate the scattering intensity from an isolated defect
cluster, The scattering resulting from a collection of defects is the sum
of the intensities. This implies that no scattering interference occurs
between scattering amplitudes coming from each defect. Larson (1)
summarizes the calculation of the scattering intnsity from defect clusters.
The experimental geometry used in our experiments is shown in Figure 2 where
the scattered x-rays are recieved by a large detector. Each of the
scattering vectors 1s assoclated with a scattering space vector, q, going
from the Bragg spot (at the top) to the surface of the Ewald scattering
sphere. In such an experiment, the intensity 1s averaged over the
scattering space vectors, q. q_1is the shortest vector between the Bragg
position and the Ewald sphege at a given crystal setting. The measured
intensity is called the integral diffuse scattering. The intensity 1is
measured as a function of rocking angle of the crystal in the same geometry
used for measurement of dynamical difraction effects described above.

The diffuse scattering from dislocation loops measured close to the
Brage peak 1g »+'ributed to long range strain fields around the loop and is
oL A "' 7, Searterine measured farther away from the Bragg
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Ewald Sphere ~ __ g=U-n
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/i /[\
Fig. 2 _k)
Scattering geometry for —
the double crystal — h
pethod used in this Silicon _ Q| to detector
experiment. Upon &
rocking the crystal the (LAY
Ewald scattering sphere
is swept through the

Bragg point. At a
fixed «crystzl setting
the dirfuse scattering
is integrated over a
portion of the
scattering sphere near
the Bragg point.

peak is attributed to short range strain fields and is teirmed Stokes- Wilson
scattering. The diffuse scattering is distributed about the Bragg position
in a way dependent on the precise strain field distribution (1,13). The

calculation of integral diffuse scattering requires an averaging of the
d¢ffuse scattering over the portion of the Ewald scattering sphere which is
close to the Bragg position (14). For the scattering from loops of radius
R, the Huang scattering swmoothly joins the Stokes-Wilson scattering at a

DCattering parameter 9, = 9; =a /R where q, = haeeosg, wWith dhk spacing, h

32“/dﬁk? &, the Bragg angle for reflection Ifromw the hkl planes, &8, the
- ] 4 - Py . > o~ .
wmisscet aioyie of the rocking curve. A symmetric diffuse scattering cross
cotaon e dedined
] \
op (g, )=1/2 (ol (~q )¥oi(q ) (6)
i C4<d4Ttd by the average of intensities weesure symmetriczlly above
Low the Bragg position (g = 0). The symmerric diffuse cross sections
anj Stokes-Wilson scaltering are given by,
- . 2.2 =2M nl 2 1/2
(huang ) o (q y=(rtite T (n/K)e ZWT(bT /V 37 1n{e / q,/q ) (7)
e h Cc i Q
ST RINT g, , and,
” - D on o - - s
5, . &2 =2M 2 . 2, .22, 2
SR B s o. (g )=(x"{ (h/k) 28T (bR /V 3 g, /4
YR : Lp‘f) ‘_1’540) k‘-e he t /\) “ ( / C) AL/ qO . (8)
e N - R £ ) -13 N N )
R is tlie Thompson electron radius (2.82 x 10 cw), [ is the

scatiering factdr, e is the Debye-Wzller factor, k = 2%/}, X wavelength,
3 onatant of order I which depeuds on averaging of loop orientations,
Le Zurgers vector, V= atomic volume, The scattering intensity relative to
i ipcicent intensi{y is given by,

-y .
1 &qo) C{3)

5
— %= = i)
i 2}-‘ v 0 o (9)
o o c

woere  U{e3/V Is the denslty of loops of redius R. Trom 5qns . (7),(8) and

e L . . .
(%) onc can obtain loop size a&nd density. Note that (bR /V ) egquals the
sumber ¢ point defects in the defect cliuster.
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subsidiary peak which appears at an angle deteiwined by the lattice strair
due to alleying. The kinematic theory v»redicte # diffuge smcattering whieh
is proportional to the pumber and =ize of Zoopz. Noth czicvletions give the
absolute relectivity with no eadiustable oarvoimeiers other than  thoes
deseribing the structure. The dyno
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unalloyed crystal. The kinematic theory

of very high defect cluster densitier wher
lead to interference between diifuse 5y
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Exverimental

The calculated strain ecattering effe mest  be measured opt  smo
™ 18

angies near the 3ragg diffraction 2=z unaffected crysta =
implant affected region is less than I micron and the penetrstion depth
approxmately 1/2 = 11 microns. It Jc roegquired that the bulk of £
crystal be perfect (mosaic spread less than 1 minute) iIn order that the
small ~rcattering effects can be measured near tne Bragg »eak. Furthermore,
it 1s required to subtract a significant background due to the tails of the
bulk ecrystal Bragg peak 1in order to determine the diffuse scatterine
intensity due to osurface alloying and Cdefect clusters. A convenient
approzen to this measurement 1s to translate the crystal between an
implented and impliantztion-free area on the same crystal. Crystals used in

these studies were provided by T. W. Young of ©Qak Ridge Kational
Laboratory. The crystals were grown by the Bridgeman technique, cut to
orientation, then znnealed at a few degrees below the melting point for two
weeks. The crystal pieces were hardened by mneutron irradiation and then
further cut and shaped by chemical cutting methods (13) he dislocation
density measured by etch pit techniques was less than 10 em < after shaping
procedures were completed.

The two-crystal arrangement consisted of a silicon crystal fixed to
diffract the Cu K  radiation onto the implanted copper crystal. The (333)
d-spacing (1.0451 A) of silicon happens to match the (222) d-spacing (1.0436
A) of copper very well so that the system is well focussed to give a narrow
rocking curve width. The copper crystal is initially aligned to give a
gharp maximum in the rocking curve by adjusting the (111) pormal about an
axis in the scattering plane. When properly adjusted, the full width at
half-maximum (FWHM) of the copper rocking curve is 12.5 arc-seconds. The
crystal is mounted on & goniostat which can be translated in the plane of
the crystal surface so0 that rocking curves can be made from the implanted
area and masked implantation-free areas. In a typicel run, the copper
crystal 1s rocked about an axis perpendicular to the scattering plane at a
rate of 5 to 20 arc-seconds per minute while x-ray iIntensities are recorded
continuously at 10 gecond intervals. The =x-ray detector has an active
receiving area of 5 cm” at a distance of 8 cm so that the subtended solid
angle (0.08 steradians) iIntegrates the scattering over a large portion of
the Ewald sphere in the vicinity of the 222 Bragg peak of copper.

The dimplantation of aluminum into copper was chosen for these
experiments because the 1on penetration was favorable and the microalloy
concentration was well below the solubility limit of the aluminum in copper.
The details of implantation are given elsewhere (19). The Implanted layer
was 1200 A thick (16) with & composition of 1.3 atomic percent. The
distribution of dJdamage over the alloy thickness was estimated on the basis
of calculaticns %Yy Fritzsche (17) and Winterbon (18). The alloy

distribution (.0l " line) and the damage profile (dJdashed line) are shown in
LI
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Fig.

Distribution of iwmplanted
Al+ ions (s0lid) and the
energy deposition (dashed)
for 1ghe implantition of
2x10 ion/cm with
energies up to 200 keV.
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Fig. 5
Zxcess diffuse scattering
intensity for the sample
before annealing (dashed)

and after annealing (solid)
at 500 €. ©Note that little
change in the general level
and distribution of the
excess intensity occurs
upon annealing.
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Results and Discussion

The rocking curves £for Iimplanta
implanted copper were weasured on the
in Figure 4. The diffuse scattering i:
intense on the low angle side of
diffuse scattering is caliculated by =cu
rocking curve dntensity from the cors
crystal. The excess difiuse scat in
in Figures 5 and 6 25 =2 Jag!
excess diffuse intensity Is
Figure 6 for annealing =zt 600 C.
500 € while for annealing at 00
seattering becomes more symmeliric Wit Connool U0 iho Byracp peak posirion.

ig more
The exceoss

tatinn-¥7os

at
annealing occu
tion of sautter“ng

low  rocking
aluminum expa
ted region nccurs
iel. The cowpos:
tomic percent. Mo
gngle by 4.2 minuvies

The observation of & higher
angles can be attriduted o
copper lattice so that Bragg sca
a lower angle than that for the
of the implanted layer was e
resulting Bragg position woul
for the 222 reflection from the

nd“

The diffuse prattering seen orn both rides of the malon Bragg position
can  he cowmpared to calculations of the scatterving from dislocation Joor:s
In Figure 7 the excess diffuse scattering is plotted versus the log of
rocking angle according to Egn. (7) for Huang loop scattering. The rocki
angle was measured relative to the supposed Bragg position for the alloy.
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Saa LU LS LG A W aD G '—ADY*C\_CNCLIL peLwTeil Lae LW mels 01 points,
¢f the high angle and low angle intensity 1s close to a straight
vields an estimated loop radius of 25 A.

An estimate of the density of lcops can be made by comparing measured
reflectivity with Eqgn. (9). We wse a loop rvadius of 25 A4 and =
reflectivity of ] percent at ae6= 2 minutes. Su-stitutiﬂn of Gspproprinte
constants into Eqn. (9) for a 25 A loop size give

s
Tl \ ()
i =06,1x10 ;’7 "n(‘?{,nﬁ.n) )
o] c
from which a wvalue of £/V = 5.3 » 0 7 loops/ce. (The loops =vn
concentrated by a factor of 40% 4n  the fmplanted layer since the above
calculation assumes the loops fo he uniformly distributed),

The failure to obseryve a charp Bras h the implan
2luminum and the general agreement with scattering levals celeul
loop scattering point to the «conclusion that the Kkinematic the
diffraction from an Iimplanted crystﬁl containing loops 1is appropriate.
anneszling at 600 C produces symmetrical scattering which suggests that wmout
of the aluminum is removed from the region wherc loops persist. Thereby the
loon scattering now originates in eszentially pure copper. The rtole oI
aluminum 1s scen as simply expanding the lattice in a region where loops
versist which, by virtue of severe dumage, is mo longer strictly oheren
vwith the Implantation-free crystal.
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Conclusions

Analysis of x~ray diffraction in aluminum-ion implanted copper suggests
that defect cluster scattering dominates the observed rocking curve
intensity. Alloying in the implanted layer contributes through a shifting
of the diffuse scattering to lower angles due to the fact that the defect
clusters are formed in a region of aluminum-expanded lattice. The formation
of a distinct peak predicted by dynawmical diffraction theory does not occur,
probably because of the intense defect scattering and the widths of the peak
from the thin layer. Problems in the analysis of scattering remain in the
area of formulating &a wodel of combined =21loying and defect cluster
scattering as well as description of very high defect cluster scattering.
Nevertheless the siwmplistic Interpretation of x-ray scattering observation
provides useful insights into the type and quantity of damage as well as the
annealing response of the implanted structure. Measurements carried out to
larger q_ will be useful in further definition of the defect structure since
Bragg scattering from the implantation-free and implanted layer are avoided
and the kinematical theory can be assumed. Size distributions an and total
point defect densities are more directly measurahble at the larger q, values
(1) as well.,
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End of the Year Report
ONR Task Order No. N00014-78-C-0270
September 30, 1981

A. The Effect of Ion Plating and Ion Implantation on the Cyclic Response and
Fatique Crack Tnitiation of Metals and ATloys

The general goal of this research is to determine the effect-of ion
implantation and ion plating on the cvclic stress strain response and fatique
crack nucleation of a metal substrate. The coating and substrate materials
have been selected in order to separate the various parameters, e.g., crystal
structures, SFE, shear modulus, misfit, residual stress, etc., which control
deformation behavior and fatigue crack initiation at the surface. The study
includes the characterization of the interface region and the implanted or
plated layer, and determining the relationship between these structural
features and the fatigue crack initiation behavior. We have described our
polycrystalline studies in previous reports. Durina the past year our major
effort was concerned with single crystals in order to eliminate grain boundary
effects.

Effects of Ion Implantation on Fatigue Behavior of Copper Single

Crystals: The effects of ion implantation on low cycle fatigue behavior of
copper single crystals oriented for single slip have been investigated. Fatique
crack initiation, stress-1ife and stress-strain behavior of implanted and non-
implanted crystals were studied. Seeded copper single crystals were grown from
high purity copper wire by the modified Bridgeman techniaue. Some of the samples
were implanted with A" dons to a dose of 1016ions/cm2 at 100 KeV. The results
of implanted crvstals were compared with non-implanted ones.

Aluminum implantation resulted in reduction of cyclic hardening-softening.
This 1is due, in part, to creation of compressive residual stress in the surface
and near surface regions. Aluminum implanted crystals showed a Tow hardening
rate in comparison with non-implanted crystals. Scanning electron microscopy
studies of slip band characteristics showed that aluminum implanted crystals
had a more uniform distribution of deformation bands. Implantation resulted in
increased life of crystals in comparison with non-implanted crystals. The
defect structure created by ion implantation improves the homogeneity of defor-
mation and this, in general, results in imnrovement in fatigue 1ife. In addition,
microcrack formation and link-up becomes more difficult due to improved reversi-
bility of slip.



Using electron channeling patterns, the extent of damane in the ion
implanted reaicn was measured by comparino its back-scattered electron channeling
pattern (ECP) with that of a non-implanted surface. The quality of ECP (i.e.,
contrast, resolution and appearance of various lines) decreases with increasing
extent of damage. Because the ECP information comes mainly from a narrow
surface layer (<10007), and because the damaae by implantation is usually in the
same narrow layer, this technique should prove to be very valuable for charac-
terizing the damage associated with jon imnlantation.

The preliminarv results of this sinale crystal study have shown that ion
implantation can have beneficial effects on the fatiaue 1ife of materials.

B. Implication of OMR Contract Research in Terms of Applied Significance:

Viable structural materials should have an optimum combination of nroperties
1ike fabricability, strength, fracture toughness, corrosion and fatique resistance.
Often it is difficult to desion an alloy which will satisfy the critical demands
of an annlication with resrect to all of these properties. Ion implantation and
jon plating offer ways of improvino surface related properties without any
measureable Joss in bulk properties. These techniaues mavy harden the surface,
delay fatiaue, reduce wear and improve cerrosion resistance. It is hoped that
this research preogram will aid in understanding these technologically important
problems and evertually lead to methods of producing surface modifications for
improving properties.

C. PubTications, Reports and Talks During 1980-1981

1. S. B. Chakrabortty, A. Kujore and E. A. Starke, Jr., "The Effect of
Ion Implantation on Cvclic Stress-Stress Pesnonse of Polvcrystalline Copner,"
Thin Solid Films 73 (1980), 209-219.

2. A. Kujore, S. B. Chakrabortty, E. A. Starke, Jr., and K. 0. Leqq,

"The Effect of Ion Implantation on the Fatioue Properties of Polycrvstalline
Conper," Nuclear Instruments and Methods, 182/123 (1981) 949-958.

3. S. B. Chakrabortty, A. Kujore, E. A, Starke, Jr. and K. 0, Leqg, "The
Effect of Ion Implantation on the Fatigue Behavior of Metals and Alloys," Trans.
Nuclear Science 23 (1981) 1212-1815.

2, A, Kuiore, S. B. Chakrabnrttv and E. A, Starke, Jr., Recent Studies of
the Effect of Ion Implantation of the Fatigue Behayior of Coppner," paper
presented at the Fall AIME Meetino, Pittsburah, P2, Nctober 1980.

5. P. Heydari-Darani and E. A, Starke, Jr., "Effect of lon Implantation

on Low Cycle Fatioue Behavinr of Copper Single Crystal,” presented at Interna-
tional Conference on Modification of Surface Properties by Ion Implantation,
Manchester, U.K. to be published April 1982 in the Conference Proceedings.






X-RAY SCATTERING INVESTIGATION OF MICROALLOYING
AND DEFECT STRUCTURE IN ION IMPLANTED COPPER

S. Spooner

Fracture and Fatigue Research Laboratory
Georgila Institute of Technology
Atlanta, Georgia 30332

The double-crystal method for x-ray scattering analysis of radiation
described by B. c. Larson (1) has been applied to the investigation of
aluminum implanted copper. The interpretation c¢f =x-ray observations is
based on effects of lattice strain in the surface microalloy and the
presence of dislocation loops which originate froQ implagtation damage. The
copper crystal with a dis}gcation less than 10”7 cm/cm™ was implanted with
aluminum to a dose of 2 x 10" ions/cm with energies up to 200 keV. The
response of the implanted crystal to annealing at 500 C and 600 C was
determined. The quantitative use of the x-ray technique to assess
implantation effects and the limitations of the technique are discussed.

This research was sponsored by the Office of Naval Research wunder Contract
N0O0O14-78-C-0270.
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introguction

X-ray diffraction is an effective method for analyzing radiation damage
particularly for quantitative measurement of lattice strain effects
associated with defect clusters (1). 1In recent years there have been a
variety of =x-ray diffraction investigations of ion implantation damage
produced in single crystals based on double-crystal measurements. Komenou
et al. (2) observed x-ray scattering Pendellosung interference in rocking
curves from Ne -implanted garnet films which Speriousu (3) interpreted
according to a kinematic diffraction theory incorporating strain and damage
distributions as a function of depth. Afanasev et al. (4) have wused
dynamical theory for calculating the scattering from a+silicon crystal with
disturbed layers. Yamagishi and Nittono (5) studied Ar ion-implanted copper
whiskers with both x-ray topography and a triple-crystal diffraction method
to assess lattice strain response with dose and annealing. In the foregoing
studies (2-5) no absolute intensity measurements were made so that analysis
of structural changes depended mostly upon scattering distribution shape.
In the present study, absolute reflectivity measurements are used to study
the effects of -ion damage in copper due to low energy (200 keV) and high
dose (2 x 10" ions/ecm ) using a double-crystal diffraction method. Both
surface alloying and implantation damage are under consideration for their
important influence on fatigue crack initiation (6). Because radiation
damage production of point defect clusters enters our work in a fundamental
way, this paper offers an example of the wutility of x-ray scattering
techniques in radiation damage research.

The principle challenge in this x-ray study was to find an effective
x-ray method for investigating the damage and surface alloying effect in an
implanted layer which is much thinner than the sampling depth of x-rays. 1In
addition, there was the consideration of which theoretical analysis of
scattering intensity would be most appropriate to describe the combined
damage and surface alloying scattering effects. This question was
approached from two perspectives; (a) use of dynamical theory of diffraction
for the analysis of lattice strain due to surface alloying (7,8) and (b) use
of kinematic theory for the description of scattering from defect clusters
(1. It is shown that the scattering data are dominated by implantation
damage defect clusters and that the kinematic theory is most appropriate for
the description of scattering in the case at hand. Furthermore, it is shown
that a quantitative evaluation of implantation damage can be obtained from
the absolute reflectivity measurements made in the double-crystal method.

X-Ray Scattering Models

The structure the implanted region is modeled by placing of point
defect clusters within a surface layer which has a lattice parameter that is
expanded by implantation alloying. As yet, no single formulation for
scattering intensity gives a calculation of the scattering from the combined
defect cluster and 1lattice distortion effects. Instead, we make a
calculation for the case of scattering from a defect-free surface alloy on
one hand and a calculation for the scattering from defect clusters in a
unalloyed matrix on the other hand. The measured x-ray scattering effects
are then used to determine the manner in which the two calculations might be
applied to represent the scattering from the implanted layer.

For a surface alloy layer free of defects, the dynamical theory of
X-ray scattering can be used to calculate the reflectivity of x-rays as a
function of crystal rotation in a double-crystal rocking curve. In a
two-crystal arrangement, the first crystal which is not implanted is set to
maximum reflectivity. The second crystal 1is rotated about an  axis
perpendicular to the scattering plane (defined by the incident and reflected
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x-ray beams.) The resulting reflectivity curve is the convolution of the
reflection characteristic of the first crystal with the reflectivity of the
second crystal. ZLarson (7,8) has adapted, for this surface alloy problem, a
method of calculation used by Klar and Rustichelli (9) for neutron
scattering from elastically bent crystals. The reflectivity from a crystal
is obtained by the computation of the real and imaginary components of the
complex scattering smplitude of the reflected radiation. Two coupled
differential equations - one for real and one for imaginary components - are
integrated numerically. The integration is dependent upon initial wvalues of
the amplitude components and the variation in the Bragg angle for the
crystalline sublayers due to the elastic lattice distortion arising from
bending or composition change. Full algebraic development of the theory can
be found in papers by Larson and Barhorst (8) and Klar and Rustichelli (9).
The equations requiring integration express the derivatives of the real (X,)
and imaginary (X,) scattering amplitude components with respect to a

variable A which is proportional to depth measured relative to the external
surface:

dX, . oy2 2
aal=k(X] X2+l)+2X2(Xl—y)—2gX1 (1)
X,  ,.2 .2
1 2-—(X1-X2+1)+2X1(kX2+y)—2gX2 (2)

where k and g are constants which depend on x-ray absorption and the
parameter y contains the misset angle, A6, for the rocking curve as follows:

y=C1A9—C2 (3)
where C. and C, are constants dependent on x-ray scattering parameters tha
are fixeé for thé Bragg diffraction peak under examination. For the case
where the lattice parameter varies with A it is shown (8) that

y=Cl(AG+E(A)tan@B)—C2 (&)

where the variation of the lattice parameter with depth is contained in the
strain function ¢ (A). In the case at hand, ¢(A) is determined by the
composition of the surface alloy as a function of implantation depth.

The method by which the change in relectivity due to surface alloying
is calculated does mnot require integration over the entire crystal
thickness. Instead, one wuses the well known results (10,11) for the
reflectivity from a perfect crystal as a starting point. The real and
imaginary components of the scattering amplitude at a set rocking angle are
used as initial values for the integration beginning at a depth below the
implanted ions. For the integration back to the surface the effects of
surface alloying, e(A), are allowed to affect the computation of scattering
amplitude. A set of these calculations is done for a range of rocking
angles where the reflectivity is calculated from,

2,42
R(40)=X]*X, (5)

where the amplitude components, X, and X, are evaluated at the reflecting
crystal surface. Note that the resuit is an’absolute reflectivity value.

Figure 1 shows the calculated results we have obtained at the
reflecting in which 2 atomic percent of aluminum is implanted in copper to a
depth of approximately 1000 A. The lattice parameter expansion used in the
calculation was taken from the data given on linear lattice strain by King
(12) equal to +0.0626 per atomic percent of aluminum in copper. A sharp
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subsidiary peak of 1.4 percent reflectivity is seen at a Bragg angle
displaced to a lower angle than the substrate Bragg angle corresponding to
the expanded lattice parameter. The small peak width is approximately 2
minutes of arc. The reflectivity is the order of the ratio of implanted
layer thickness to the x-ray penetration thickness, 1/2;5 where R is the
linear absorption parameter. ?
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Fig. 1 Calculated reflectivity from a surface implanted to 2 atomic
percent of aluminum in copper to a depth of approximately 1000 A The
subsidiary peak appears at an angle appropriate for the 1lattice
parameter of this composition.

Consider now the calculation of the scattering from defect clusters in
a crystal of uniform lattice parameter. In this case, kinematic diffraction
theory is used to calculate the scattering intensity from an isolated defect
cluster. The scattering resulting from a collection of defects is the sum
of the intensities. This implies that no scattering interference occurs
between scattering amplitudes coming from each defect. Larson (1)
summarizes the calculation of the scattering intmnsity from defect clusters.
The experimental geometry used in our experiments is shown in Figure 2 where
the scattered x-rays are recieved by a large detector. Each of the
scattering vectors 1is associated with a scattering space vector, q, going
from the Bragg spot (at the top) to the surface of the Ewald scattering
sphere. In such an experiment, the intensity 1is averaged over the
scattering space vectors, q. q_is the shortest vector between the Bragg
position and the Ewald sphe?e at a given crystal setting. The measured
intensity is called the integral diffuse scattering. The intensity is
measured as a function of rocking angle of the crystal in the same geometry
used for measurement of dynamical difraction effects described above.

The diffuse scattering from dislocation loops measured close to the
Bragg peak is attributed to long range strain fields around the loop and is
called Huang scattering. Scattering measured farther away from the Bragg
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—>
Ewald Sphere ~ g=Q-h

Fig. 2
Scattering geometry for
the double crystal
method used in this Silicon
experiment. Upon
rocking the crystal the
Ewald scattering sphere
is swept through the
Bragg point. At a
fixed crystal setting
the diffuse scattering
is integrated over a

portion of the
scattering sphere near
the Bragg point. A Copper

peak is attributed to short range strain fields and is termed Stokes- Wilson
scattering. The diffuse scattering is distributed about the Bragg position
in a way dependent on the precise strain field distribution (1,13). The
calculation of integral diffuse scattering requires an averaging of the
diffuse scattering over the portion of the Ewald scattering sphere which is
close to the Bragg position (l4). For the scattering from loops of radius
R, the Huang scattering smoothly joins the Stokes-Wilson scattering at a
scattering parameter 9, = 9 =a /R where q, = hAecoseB with d spacing, h
=2“/dhkl 8y the Bragg angle for reflection from the hkl planes, A&, the
misset angle of the rocking curve. A symmetric diffuse scattering cross
section is defined

o} (a,)=1/2(0} (-9 )+07(a ) (6)
which is obtained by the average of intensities measure symmetrically above
and below the Bragg position (q = 0). The symmetric diffuse cross sections
for Huang and Stokes-Wilson scagtering are given by,

s _,.2.2 =2M 2 2 2 1/2
(Huang) oh(qo)—(refhe (h/k)“2nt (bUR /Vc) 1n(e qL/qo) (7)
for qo < qL , and, ,

s 2,2 -2M 2 2 2 2
(Stokes-Wilson) Uh(qo)=(refhe (h/k) 27T (bTR /Vc) qL/Zqo (8)

for q > q, , r_is the Thompson electron radius (2.82 x 10-13 cm), f is the

scattgring factgr, e is the Debye-Waller factor, k = 2%/i, A= wavelength,
is a constant of order ] which depends on averaging of loop orientations,
b= Burgers vector, V = atomic volume, The scattering intensity relative to
the incident intensity is given by,
& n
I"(q)) c®)

op (a,)

I 2u V (9)
o oc

where C(R)/V_ 1is the density of loops of radius R. From Eqns. (7),(8) and
(9) one can oftain loop size and density. Note that (bmR /VC) equals the

number of point defects in the defect cluster.
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In summary of the two calculations, the dynamical theory preaiccts a
subsidiary peak which appears at an angle determined by the lattice strain
due to alloying. The kinematic theory predicts a diffuse scattering which
is proportional to the number and size of loops. Both calculations give the
absolute relectivity with no adjustable parameters other than those
describing the structure. The dynamical theory calculation depends on the
assumption that the surface alloy is crystallographically coherent with the
unalloyed crystal. The kinematic theory is likely to be limited in the case
of very high defect cluster densities where nonrandom loop distributions may
lead to interference between diffuse scattering amplitudes.

Experimental

The calculated strain scattering effects must be measured at small
angles near the Bragg diffraction peak of the unaffected crystal. The
implant affected region is less than 1 micron and the penetration depth is
approxmately 1/2 = 11 microms. It 1s required that the bulk of the
crystal be perfect (mosaic spread less than 1 minute) in order that the
small scattering effects can be measured near the Bragg peak. Furthermore,
it is required to subtract a significant background due to the tails of the
bulk crystal Bragg peak 1in order to determine the diffuse scattering
intensity due to surface alloying and defect clusters. A convenient
approach to this measurement 1is to translate the crystal between an
implanted and implantation-free area on the same crystal. Crystals used 1in
these studies were provided by F. Ww. Young of Oak Ridge National
Laboratory. The crystals were grown by the Bridgeman technique, cut to
orientation, then annealed at a few degrees below the melting point for two
weeks. The crystal pieces were hardened by neutron irradiation and then
further cut and shaped by chemical cutting methods (1§). _Ehe dislocation
density measured by etch pit techniques was less than 107 cm © after shaping
procedures were completed.

The two-crystal arrangement consisted of a silicon «crystal fixed to
diffract the Cu K, radiation onto the implanted copper crystal. The (333)
d-spacing (1.0451 A) of silicon happens to match the (222) d-spacing (1.0436
A) of copper very well so that the system is well focussed to give a narrow
rocking curve width. The copper crystal is dinitially aligned to give a
sharp maximum in the rocking curve by adjusting the (111) normal about an
axis in the scattering plane. When properly adjusted, the full width at
hal f-maximum (FWHM) of the copper rocking curve is 12.5 arc-seconds. The
crystal is mounted on a goniostat which can be translated in the plane of
the crystal surface so that rocking curves can be made from the implanted
area and masked implantation-free areas. In a typical run, the copper
crystal 1s rocked about an axis perpendicular to the scattering plane at a
rate of 5 to 20 arc-seconds per minute while x-ray intensities are recorded
continuously at 10 gecond intervals. The x-ray detector has an active
receiving area of 5 cm” at a distance of 8 cm so that the subtended solid
angle (0.08 steradians) integrates the scattering over a large portion of
the Ewald sphere in the vicinity of the 222 Bragg peak of copper.

The implantation of aluminum into copper was chosen for these
experiments because the ion penetration was favorable and the microalloy
concentration was well below the solubility limit of the aluminum in copper.
The details of implantation are given elsewhere (19). The implanted layer
was 1200 A thick (16) with a composition of 1.8 atomic percent. ' The
distribution of damage over the alloy thickness was estimated on the basis
of calculations by Fritzsche (17) and Winterbon (18). The alloy
distribution (solid line) and the damage profile (dashed line) are shown in
Figure 3.

asuoodg *g

11



/'\\( Energy Deposition)

N
o
J
s

Fig. 3
Diitribution of implanted
Al ions (solid) and the

ATOMIC PERCENT

energy deposition (dashed) 1.0
for lghe implantgtion of
2x10 ion/cm with
energies up to 200 keV.
Note that damage is
concentrated toward the 0 | |
surface and that the damage
energy 1is on a relative 0 05 1.0 1.5 20
scale.
DEPTH (x100A)

Annealing of the specimens was performed as a means to differentiate
the sources of scggtering in the implanted layers. The crystals were placed
in a vacuum of 10 ~ Torr at 500 C, 600 C and 900 C for 30 wminutes.
Annealing at 900 C restored the original structure as seen in the rocking

curves.
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Fig. 5

Excess diffuse scattering
intensity for the sample
before annealing (dashed)
and after annealing (solid)
at 500 C. Note that little
change in the general level
and distribution of the
excess intensity occurs
upon annealing.

Fig. 6

Excess diffuse scattering
intensity for the sample
before annealing (dashed)
and after annealing (solid)
at 600 C. The level and
the distribution of the
excess intensity changes as
a result of the annealing
at this temperature.
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“Although there is a displacement between the two sets of points, the average
of the high angle and low angle intensity is close to a straight line which
yields an estimated loop radius of 25 A.

An estimate of the density of loops can be made by comparing measured
reflectivity with Eqn. (9). We use a loop radius of 25 A and a
reflectivity of 1 percent at A6= 2 minutes. Substitution of appropriate
constants into Eqn. (9) for a 25 A loop size gives

s ,
I"(q ) c

o -21 44 (10)
o c
from which a value of C/Vc is 5.3 x 1017 loops/cc. (The loops are
concentrated by a factor of 40 in the 1implanted 1layer since the above
calculation assumes the loops to be uniformly distributed).

The failure to observe a sharp Bragg peak associated with the implanted
aluminum and the general agreement with scattering levels calculated for
loop scattering point to the conclusion that the kinematic theory for
diffraction from an implanted crystal containing loops is appropriate. The
annealing at 600 C produces symmetrical scattering which suggests that most
of the aluminum is removed from the region where loops persist. Thereby the
loop scattering now originates in essentially pure copper. The role of
aluminum is seen as simply expanding the lattice in a region where loops
persist which, by virtue of severe damage, is no longer strictly coherent
with the implantation-free crystal.

Conclusions

Analysis of x-ray diffraction in aluminum-ion implanted copper suggests
that defect cluster scattering dominates the observed rocking curve
intensity. Alloying in the implanted layer contributes through a shifting
of the diffuse scattering to lower angles due to the fact that the defect
clusters are formed in a region of aluminum-expanded lattice. The formation
of a distinct peak predicted by dynamical diffraction theory does not occur,
probably because of the intense defect scattering and the widths of the peak
from the thin layer. Problems in the analysis of scattering remain in the
area of formulating a model of combined alloying and defect cluster
scattering as well as description of very high defect cluster scattering.
Nevertheless the simplistic interpretation of x-ray scattering observation
provides useful insights into the type and quantity of damage as well as the
annealing response of the implanted structure. Measurements carried out to
larger 9, will be useful in further definition of the defect structure since
Bragg scattering from the implantation-free and implanted layer are avoided
and the kinematical theory can be assumed. Size distributions an and total
point defect densities are more directly measurable at the larger g values
(1) as well. °
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