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I.

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

fatigue 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 fatigue crack initiation of polycrystalline copper.
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1. 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 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,

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 dynanic loading. ForK3 example, during electroplating there may be a simultaneous reaction (e.g.,
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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 life, 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 life can be

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

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

condition than is crack propagation, and consequently the possibility exists

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

without greatly changing 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

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 o6' fatigue crack initia-

tion.

II. 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 (l)have shown

that silver and nickel ion plating on copper single crystals has a significant

effect on low cycle fatigue life (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 plating, 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 similar changes in the fatigue life

occur in the long-life regime.

Experimental

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

polycrystalline copper rod obtained from Southwire Company. The specimens were

a ____________
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10
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Z
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Figure 1. Strain-life curves for Ni- and Ag plated and non-plated copper
single crystals.

mechanically polished and then electrovolished. Some of the SDecimpn5

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 lum. 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 comparedKj 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
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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-olated coDoer. whereas nickel plating seems to have the opposite

effect. The cyclic strain-life curves derived from the data, Figure 4, appear

to follow the Coffin-Manson (2,3) relationship. Ag-plating improves the fatigue

life and nickel plating seems to have the opposite effect. The cyclic stress-

life curves, Figure 5, show an analogous 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 thp

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 low strains. A surface coating of a low

SFE material (e.g., Ag) modifies the surface deformation of copner 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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Figure 2. cyclic stress response curves during strain controlled

LCF testing.



7

500
POLYCRYSTALLI NE COPPER
STRAIN CONTROLLED
LOW CYCLE FATIGUE

200
NI-Plated

100 Non-Plated
Ag-Plated

b50

20 II

0.0001 0.001 0.01

Figure 3. Cyclic stress strain curves for non-plated and Al plated
polycrystal line copper.
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Figure 4. Strain life curves for non-plated and Ag-plated polycrystalline
copper.
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120 POLYCRYSTALLINE COPPER

& HIGH CYCLE FATIGUE
STRESS CONTROLLED

Z 110

100-

90 Ag-Plated

) 80 NI.Plated

Non.Plated

106 IoT
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Figure 5. Stress-life curves for non-plated and Ag-plated polycrystalline

copper.

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 life

as a result of more homogeneous and reversible surface slip. These results

Indicate that ion plating has similar effects on the fatigue properties of both

single 'and polycrystalline copper.



(a) (b)

(c) (d)

Figure 6. Scanning electron micrographs of the surface slip features of
strain-cycled polycrystalline copper samples; Ac /2 - 0.3%.
(a) and (b) non-plated and sputter cleaned; (c) Rnd (d) silver
plated.

I
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III. 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. All

these effects are confined 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 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

A
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strain due to alloying has been done in several cases where point defect

scattering was not present . 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

following formulas:
2 )2 )

lS(q /Io = 1/(2p o) (refhe -Mh)2(h/k)2 2 r (ci/V ) (bwRi/V n(e q /qo)

0 c i c L
for q 0  qL and,

IS(qo)/I o = (1/2 o V c) (refmeM h 2 (h/k)2 2 7T (bw/V C ) 2/2q0 npD for

q qL where, IS(q0 ) is the average diffuse scattering intensity calculated

from (1(+qo0) + I (-qo0 ))/2, qo = h coseB Ae, AO = e-0B9 h = 4isino B/', Po

absorption, re Thompson electron radius, fh structure factor, eMh Debye-

Waller factor, k = 2r/x, 2
rT 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, q Is a/Ri, with a =V for the (222) reflection and npD 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 lS(q o) vs ln(q) to zero where qo =
L 2

ek qL and R 2m/qL.

The second equation can be used to obtain the total point defects per
2

volume; IS(qo) qo is proportional to npD. 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 qo value

must be adjusted for the Bragg angle shift. Since shifts are small ( a few

minutes) the measurement of npD which uses large qo 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,, ach 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

I 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 (actually

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.

Equliment

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-I 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
K Iby 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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Figure 8. Log integral diffuse scattering vs. rocking angle for copper
implanted with 3.4XIO15 boron ions/cm2.

-'-s 'S010 'o

Figure 9. Sharpness of resolution is shown in the rocking curve of

unmlne copr
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a photograph of the arrangement operating with the GE XRD-7 system.

Ib,

'...74

Figure 10. Layout of double crystal apparatus. The monochromating
(first) crystal is enclosed in the cylindrical lead shield.
A 2 mm diameter apparature near the second crystal defines

the sampled area, No collimation is placed between the
second crystal and the detector.

Interpretation of Boron Implantation Results

Boron implantation produces a surface alloy whose lattice parameter is

less than that of copper. This can be seen in Figure 11 in which the intensity

is shifted by approximately 50 arc seconds. The shift is somewhat smaller in

the 1.25 dose than in the 1.00 dose and might be attributed to second order

lattrice parameter changes due to a greater number of point defects. The

fractional lattice parameter change calculated from 
this shift is -2.6xlO

-4

(aa0/a0 ) and with the estimated alloy composition represents a large change

(10% per atomic per cent of boron). The implication of this finding is that

the implanted layer will be under tensile stress by virtue of lattice para-

meter coherency between the implanted layer and the copper substrate (matrix).
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Figure 11. The angular shift toward larger angle is shown in the
excess diffuse scattering curve for copper implanted with
3.4X10 15 boron ions/cm 2.

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 In q0 and the intercept at zero intensity (qo *) is used in the

relation

qo* Roopa e a

with a z 2 for the (222) reflection. It is found that loop radii become smaller-i.r

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

limit (0.34 atomic %).
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TABLE I

Dose Point Defects
(ions/x-rayed area) loop (per x-rayed area)

0.4X1014  93 A 0.4XI015

1.6X10 14  80 A 3.6X1015

2.OX10 14  73 A 3.9X1015

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 simple LSS

collision theory. The density of dislocations in the implanted layer was

estimated by using a 80 A loop circumference to contain measured point defects

in a layer assumed to be 3000 A thick. The resulting dislocation density is

2.5X1012 cm-2.
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Figure 12. An average loop radius is determined from the extrapolation
of intensity to zero in this plot. A llop radius of 90 A
is obtained for an implantation of 3.4X1015 boron ions/cm 2.

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 life 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.

III II II IIIrr ...... llrn-i.... 'r I.""
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X X-RAY DIFFRACTION CHARACTERIZATION OF ALUMINUM ION

__IMPLANTED COPPER CRYSTALS .

Stephen Spooner
Fracture and Fatigue Research Laboratory

.- - .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 5000C 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 effective in inhibiting fatigue crack
initiation.
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....... ntroduction

Ion plating has been demonstrated to modify the fatigue crack
..nitiation resistance in copper single crystals (1). Vapor deposition alone
-can change mechanical properties of copper (2) but the damage effects of ion
A1mplantation on~mechanical properties remains unexplored. Studies of the
structure of ion implantation 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
-control 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 brings 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
rreveal 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
-implanted 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 lost in the tails of the
-.diffraction peak from the unmodified substrate sampled by the x-rays. We
ihave adopted the use of rather perfect crystals in a double-crystal
:technique (8-10) used in radiation damage investigations which successfully
,circumvents the problem in the conventional x-ray diffraction methods.
'Experiments are described in which aluminum implantation effects in copper
-crystals including response to annealing are analyzed. It 4s shown that the
-damaged 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 ions 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 2
thickness will be produced which has a relatively simple microalloy* ',structure containing ion damage effects.

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

pre-existing dislocations would not interfere with ion-implantation effects.I * 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.it --

*1



24

The dislocation densities measured after final sample preparation, but
prior to ion implanation, was less than 103 cm-2.

Two crystals were prepared with 111 faces. Each was mounted in the ion
accelerator with the (111) normal 60 from the ion beam direction. An
Accelerators, Inc. Ion Implanter which can be run up to 200 Key was used to
implant the crystals at 256C. 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 il1) of ion penetration and the dose rates were as
follows: 19.7X103 ions CM-2 sec-1 at 200 Kev, 9.9X1012 ions cm-2 at 100
Kev and 2.4X10" ions cM-2 sec-1 at 50 Kev. The accumulated ion doses were
2X10 16 ions cm-2 , 4X1015 ions cm-2 and 5.5X1015 ions 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 A. Estimates of the damage profile relative to
the ion profile were made using the calculations of Winterbon (13,14). The
estimated profiles are shown in Figure 1.

In the double-crystal diffraction method two crystals of nearly
identical d-spacing are set in the anti-parallel reflection position that
eliminates wavelength dispersion. Experiments were done at the Solid State
Division of Oak Ridge National Laboratory. Copper radiation was reflected
first from the 333 planes of a perfect Si crystal. The implanted copper
crystal was set for the 222 reflection. The two d-spacings are closely
matched. A 3 an diameter area was implanted on the (111) Cu crystal surface
so that both on implanted and unimplanted region could be investi gated in the
same crystal surface. The copper crystal is rotated through the diffraction
peak position and the intensities are normalized to the incident beam which
was measured by the detector through a 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
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Fig. 1. Range and Damage Fig. 2. Scattering Diagram. I1 Profil1es.



the removal of damage, one of the crystals was annealed at 5006C 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 wade 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
intensity is found on the low 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 ion distribution and the damage distribution overlap so that the
two effects combine to produce an asynmetrical diffuse scattering as
discussed below.
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Fig. 3. Diffuse scattering from Jig. 4. Excess diffuse scattering
implanted and unimplanted changes with annealing at
crystals. 5006C for 30 minutes.

-Excess intensity curves are calculated from the difference between the
U, imimplanted 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-5000C annealed cases. Anneal-
ing at 5000C 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 asymmnetry in the
scattering due to annealing at 6000C for 30 minutes. Not shown are the
results of annealing in 9000C which restored the original condition of the
copper crystal. A significant qualitativ.'finding in these annealing
observations is that the microalloying effect which gives asymmnetry 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 microalloylng 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 paraireter varies with depth according to
aluminum content and that the alloyed layer is spaclally coherent with the
substrate. The resulting diffracted intensity can be calculated using an
approach (10) based on an adaption of dynamical diffraction theory
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
.1, but now with alloying strain effects modifying the integration calculations.

Figure 6 shows the calculated reflectivity for the case of a 1 atomic per-
4 cent alloy at a depth of 1300 A. A small Bragg peak appears on the low

angle side whose position corresponds to a 1 atomic percent alloy and whoseIo Intensity is approximately 0.5%. Presuming that the intensi y of this

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

The analysts 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)

is (q)=constant x CL (=t 2 ) in (q L/qo)

4. C

for q -< qL where q a hcoseae with h - d-1 8 is the Bragg angle and d o
is thg hki plane d-pacing. C is the denMy of dislocation loops of "k
radius R with Burgers vector, b, V s the unit cell volume in qL is
approximately 1/R. This result caR be used to obtain an average loop size,
and a determination of loop size distribution and density is possible as
well (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
mticroalloy 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 ln(Ae) 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
cnpared to a loop radius of 16 A found in a similar analysis of neutron
irradiated copper at room temperature.

a
A comparison of the magnitude of measured scattering intensity in the ID

present experiments with a similar experiment (19) on nickel self-ion
implantation shows that the observed scattering is within reasonable
expected values. 4 Nev NI ions where Implanted into a nickel single CL
crystal to a dose of 5X10 1 3 ions/cm2 at room temperature, although the d se
is lower, a comparable point defect generation can be expected because OT 'a
the higher ion energy. An estimate is made with a modified Kinchen-Pease

model ?20) for Frenkel pair production:
V a0.8 Ed/2E avg

* where E is the damage energy and Enavg is the average displacement energy.
* The ratio of defects produced in Cu by 200 Key Al ions to the defects

produced in Ni by 4 1ev NI ions is 20 after dose differences are taken into
-account. Figure 8, 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 R4, 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 6000C 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 6000C 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

Sis heavily radiation damaged is produced by aluninum ion implantation into
i.. 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+1 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 damageuffects. The principal observation which can be used to
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deduce surface stress state Is a'synmetry In the scattering about the sub-
strate Bragg peak aod such effects can be seen only in relatively perfect
crystals.
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APPENDIX B

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

By
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X-RAY SCATTERING INVESTIGATION OF MICROALLOYING

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 microalloy and the
presence of dislocation loops which originate from implantatiSn damage. The
copper crystal with a dislocation densig less thn 10- cm/cm was im-
planted with aluminum to a dose of 2x10 ions/cm with energiesup to 200 keY.
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.

I
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Introduction

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 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 AL+ -ion damage in copper due to low energy (200 kev) and
high dose (2XI0 16 ions/cm 2) with a double-crystal diffraction method. Both
surface alloying and implantation damage are under consideration for their
important 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
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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 (XI) and imaginary (X2 ) scattering amplitude components with respect
to a variable A which is proportional to depth measured relative to the
external surface:

dA ( - X 2 + 1) + 2X2 (Xl-y) - 2gX1  (1)

= -(X1 -X2 + 1) + 2XI(X 2k+y) -2gX 2  (2)

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

y = C1 AO -C2  (3)

where C1 and C2 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 = C1 (Ae+(A) taneB) -C2  (4)

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

The method by which the cha.:je 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(c(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, c(A), now allowed to affect the

.J computation of scattering amplitude. A set of these calculations is done
for a range of rocking angles where the reflectivity is calculated from,

2 2
R(Ae) = X1 + X2  (5)

where the amplitude components, X, and X2 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 1100A0 . 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.
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King (12) equal to +0.0626 per 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, I/vo, where vo 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 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 diffraction effects described above.

The diffuse scattering from dislocation loops measured close to theBragg peak is attributed to long range strain fields around the loop andis 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 = q2 = I/R where q = hA8 cose with
h = 27/dhkl, eB the Br~gg angle for reflection from hki planes and &e the

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

as (q ) (s (-q+) +
h 0 (qo) ) (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 Huanq and Stokes-Wilson scattering are given by,

(Huang) oh(qo)=(refhe " )2 (h/K) 22 (brR 2/Vc)2n(e qL/qo) (7)

for qo < q  , and,

(stokes-Wilson) s (8)

13
for q > q, . re is the us Ic.;ron radius .cm), atomic

scattering factor, e-m is the Debye-Waller factor, k = 2ix, X - wavelength,
T is a constant of order 1 which depends on averaging of loop orientations,
b Burgers vector, V atomic volume. The scattering intensity relative to the
incident intensity is given,

I.
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u_ h (q0 ) (9)
0O 10oc

where C(R)/V c is the density of loops of radius R. From Egs. (7)(8) and

(9) one can obtain loop size and density. Note that (bR 2/V ) equals the
number of point defects in the defect cluster.

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
describtngthe structure. The dynamical thoery calculation depends on the
assumption that the surface alloy is crystallographically coherent with the
unalloyed crystal. The limit 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/po = 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 translate 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 oradiation onto the implanted copper crystal. The (333)
d-spacipg (1.0451PA) 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 translated 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 cm2 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

1*
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was well below the solubility limit of the aluminum in copper. The details
of implantation are given elsewhere. (6) The implanted layer was 1200 A
(16) thick with a composition of 1.8 atomic per cent. The distribution of
damage over the alloy thickness was estimated on the basis of calculations
by Fritzsche (17) and Winterbon. (8) The alloy distribution (solid line)
and the damage profile (dashed line) are shown in Figure 3.

I 2.0

Fig. 3 1.6

Distribution of implanted AI+  j 1.2
ions (solid) and the energy
deposition (dashed) for the 0.8
implantation of 2x1OI6ion/cm 2
with energies upto 200 keV. 0.4
Note that damage is concen-
trated toward the surface. 0

0 4 8 12 16 20 24
(XIOOA)

DEPTH

Annealing of the specimens was performed as a means to differentiate
the sources of scattering in the implanted layers. The crystals were
placed in a vacuum of 10 -0 Torr at 5000C, at 6000C, and 9000C for 30
minutes. Annealing at 9000C restored the original structure as seen in the
rocking curves.

Results and Discussion

The rocking curves for unimplanted copper and for aluminum implanted
copper were measured on the same crystal. These cruves are shown in Figure
4.

.4,
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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
shown in Figure 5 for annealing at 5000C and in Figure 6 for annealing at
6000C.

1I00

ANNEALED,500"C,3OMINFig. 5 P IorI

Excess diffuse scattering
intensity for the sample be-
fore annealing (dashed) and
aftar annealing (solid) at 
500 C Is shown. Note that

al level and distribution
of the excess intensity oc- 0
curs upon annealing. I 10

- O8 - -4-2 0 2 4 6
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No large change due to annealing occurs at 5000C while for annealing at
6000C, 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. Kinema ic 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 low angle intensi y is close to a straight line which
yields an estimated loop diameter of 25P
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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 Ae = 2 minutes. Substitution of appropriate constants into Egn. 9
for a 30A loop size gives

1S(qo)/Io = 6.1 X 10.  C In (44/6e (min))
V

17 v
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 diffrtction 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.

I I
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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 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 ffect of Al ion implantation on the -low cycle and high cycle
-fatigue behavior of polycrystalline copper has been investigated. The
icyclic stress strain response, stress-life relationship and fatigue crack
Inucleation behavior of implanted copper are compared with unimplated copper.

* The ion Implantation did not seem to effect the monotonic yield stress,
1but did decrease the extent of work hardening in the low strain range.

---A similar decrease was observed in the cyclic hardening behavior. Al ion
2implantation produced a significant Improvement in fatigue life for both-.-

istrain and stress controlled tests. This improvement is associated with
pnodifications of the deformation behavior in the surface and near-surface
Iregions of the implanted copper, end ts subsequent effect on fatigue
icrack initiation.
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-- ":Introduction

The fatigue process may be divided Into two stages, crack Initiation
and subsequent crack propagation. Nicrocracks usually form at the surface
of a material due to cyclic straining, and link-up and growth of these
-microcracks into a major fatal crack may be termed the initiation stage.
A major factor in the initiation of fatigue cracks concerns slip processes
at the surface and these are considerably influenced by the surface
-condition. it is well -known that gross surface alterations like shot
peening and case hardening can improve fatigue life, and recent results
have shown that small surface alterations can also have a considerable
effect on fatigue behavior. -Chen and Starke (1) studied the effect of
Ion-plated coatings of copper, nickel, and silver on the low cycle fatigue
properties of copper single crystals. They concluded that the Ion-plating
process itself does not significantly change the cyclic flow stress, but
the stacking fault energy of the coating material effects crack initiation
by influencing the topography of the slip bands on the surface.

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

Experimental

Cold drawn polycrystalline rods, having 0.03 wt.% oxygen as the major
impurity were supplied by the Southwire Company, Carrollton, Georgia.
Low and high cycle fatigue specimens were machined from the rods and
subsequently annealed for one hour in vacuum at 810°K, ground and hand
polished with billiard cloths impregnated with 0.3 Um alumina, and finally
electropolished in a nitrc-methonal solution. The cylindrical low cycle
fatigue samples had a gage section approximately 10 mm long by 3.8 mm
diameter, and the hour-glass-shaped high cycle fatigue samples had a
minimum diameter of 3.5 m. Some specimens were sputter cleaned by
argon ions at 2.0 KV. Others were Implanted with 100 KeV A1+ ions to
.a dose of 5X1019 Ions/M 2. To insure uniformity of implantation, the
specimens were rotated in the beam which was scanned across an aperature
spanning the gage length. Fatigue tests of A1+ ion implanted and un-
implanted samples were conducted on a servohydraulic closed-loop testing
machine, in laboratory air, at 2980K. Low cycle fatigue measurements were
made using constant total strain control with a saw-tooth wave form at a
strain rate of 5X10-/sec. Stress control, high cycle fatigue tests were
made using a frequency of 10 Hz. Optical and electron microscopy were
used to characterize the deformation behavior.

Results

Stress/Strain Response: Al+ ion implantation did not change the mono-
tonic yield stress of polycrystalline copper. However, a small but N
statistically significant difference between monotonic hardening in the
low strain range was observed with the ion-implanted material showing a
lower degree of hardening. The mnotonic stress-strain curve can be
described mathematically by the Ldwik relationship, a - ' + K c n, where
00 is the yield stress, ep the plastic strain, n the stralA hardeRing
exponent and K the stress increament at tp a 1. Figure 1, which is a
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Figure 1. Monotonic stress-strain curves for Al-ion implanted and
unimplanted polycrystalline copper

iplot of In (O-Oo) versus In ei, illustrates the difference in monotonic
,hardening behavior as a function of plastic strain.

-. " Considerable cyclic hardening was observed for both implanted and
'unimplanted samples at all strain amplitudes, Figure 2. "tWastometer-type
;hardening" (2) was recorded subsequent to the saturation state. However,'
Isince this is an effect of the testing procedure and not a material
characteristic, this portion was deleted and replaced by dotted lines.
!Both unimplanted and implanted copper showed cyclic hardening behavior
itypical of annealed fcc materials: initial rapid hardening followed by a
;saturation stage. The relationship between cyclic stress and plastic strain
!can be described mathematically by a power function similar to LUdwik
jrelattonship, (3) i.e., ca -0 = Ok (a.t/2)n%, where a is the stress for a

t/2 o is the sable stress amplitude, aep/2 is the plastic strain a
lam~litude, n is the cyclic strain hardening exponent, and ok" s the cyclic
;strength coefficient. Figure 3, which is a plot of In (oa - oo) versus In
*(hcp/2) shows that, analogous to the monotonic behavior, the implanted
material cyclically hardens less than the unimplated material.

[ I.

Strain-Life Curves (LCF): Figure 4 compares the strain-life curves
'(Coffin-Nanson plots) for the implanted and unimplanted polycrystalline
Icopper. Coffin (4) and Nanson (5) Independently proposed a relationship
!between the plastic-strain amplitude and the cycles to failure of the form:
iAcp/2 a cf° (2Nf)c where ef is the fatigue-ductility coefficient, 2Nf is
'the number of reversals to failure, and c is the fatigue ductility
j exponent. A1+ ion implantation significantly improves the cyclic ductility,
Ias noted by an increase in t 't but also increases the absolute value of
!the cyclic ductility exponent .

10 I0
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Figure 5. Stress-life curves for Al-ion implanted and unimplanted
polycrystalline copper.

Stress-Life Curves (HCF): Figure 5 shows the effect of A1+ ion
implantation on the high cycle fatigue behavior of polycrystalline copper.

. Significant improvement in the high cycle fatigue life is observed, and
-the Improvement is greatest at the lbwer s-tresses. .,

Cyclic Surface-Deformation: Figure 6 compares the surface slip
markings of Alt Ion implanted and unimplanted LCF specimens. It appears
Ithat coarse persistent slip bands (PSB) with associated intrusion/
extrusions form in both cases. However, the propensity of coarse PSB

iformation is higher for the unimplanted copper, and somewhat finer, more
ihomogeneous slip appears to be favorable for the implanted material. This
results .in more PSB cracking for the Vnimplanted copper, although extensive.
grain boundary cracking is present in both materials. The grain boundary

Icracking is associated with surface rumpling resulting from incompatibility
iof coarse deformation in neighboring grains. The surface rumpling and

. associated grain boundary cracking is more evident in the unimplanted o
; copper. Surface studies showed that microcrack link-up is also easier in
i the unimplanted material due to the higher frequency of microcracks in
the grain interiors.

Figure 7 shows areas of intense Slip markings on the high cycle fatigue
-samples. It appears that the propensity of PSB formation is quite high in
the surface grains having heavy deformation. Cracking associated with these

IPSB's is also evident. No distinction could be made between the surface
:slip markings of the two materials. Unlike the LCF surface analysis,j surface studies of the HCF samples were wade after fatigue failure had

;occurred. Because of life differences the implanted material had undergone icy
Iconsiderably larger extent of fatigue cycling for the constant.stress-amplitude tests.

V I- ,.-v IN F C.>L .
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Figure 7. Scanning electron micrographs of surfaces of HCF specimens

of (a) niimplanted and (b) implanted polycrystalline copper.

"D.iscussion

The observations made here are results of our preliminary
,investigations. In depth-studies are underway to elucidate some of the
1points discussed here and will be presented in future publications.

* X-ray diffuse measurements by Spooner and Legg (6) and theoretical
--iconsideratons may be used to estimate the surface modification made by

_ ion-implantation. In our case, the ion beam iS broader than the diameter
iof the fatigue specimens which are rotating cylinders. This is expected to
produce an aluminum concentration profile with a peak of 0.7 wt. % at a
idepth of 55 n with a full width at half maximum of 85 rim as against 70 nm
ffor both parameters in normal incidence implantation (6) . The resulting
damage profile (6) is expected to be similar but may be slightly displaced
with respect to the concentration profile. Sputter cleaning of the
funimplanted samples may have also created some damage in the surface layer.
(lowever, since the helium ions used for this purpose were of very low
nergy, it is assumed that damage was hinimal. The sputter cleaning was ,
one to keep the surface topography of the implanted and unimplanted I

ispecimens as similar as possible.

The aluminum concentration will lower the stacking fault energy of the
isurface layer. The effect will be a reduction in the propensity of cross
slip. Normally, such a reduction reduces the work hardening rate at low
istrains since it decreases dislocation multiplication and dislocation-
islocation interactions. However, for a monotonic test on implanted

samples the effect will be small and only noticeable at very small strains
since here the plastic strain in the surface grains make up a significant
portion of the total plastic strain of the sample. This explains the
difference in flow stress at small strains and the convergence of flow
stress with increasing strain as noted in Figure 1.

Since Al ions are larger than Cu ions residual compressive stresses
1will be generated in the damaged layer (with the corresponding residual
'tensile stresses in the interior). This compressive residual stress will
oppose any applied tensile stress. In stress controlled fatigue this 10
will reduce the effective tensile stress on the surface of the material and
LlowerAlhe .plastic -train att-he surface. lbe-reductinn.E- 5-and

..........
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also reduces the tendency of PSB formation, Increases the reversibility of.asmreue th tedec ofPBfra - ,,, ,tcyclic deformation, and reduces cyclic hardening (7). The sessile vacancy : x" ' 'iF.

loops formed by the ion Implantation (6) act as a barrier to slip and : 4" "
,ewduce slip distances which tends to homogenize slip in the surface region.

6The slip timmogenety-vi 11 be - rther-Iproved by the presence of . . . ","

Idislocations which may be able to accumodate small cyclic slip without any
Ig neration pf .. ddi tional 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 of-cyclic deformation in
ieach slip bond. -Since chances of slip reversibility improve with a
.decrease in cyclic plastic strain,-the deformation at the surface 6f the
Jimplanted material should be more reversible. Consequently the implanted
imaterial should show less cyclic hardening than the unimplanted material,
ias observed in Figure 3.

* Fatigue crack initiation in polycrystalline copper has been observed
ito occur along grain boundaries at high strains (8) and along PSB's at low.strains (9, 10). In either case Irrewrsibility of deformation of the
Isurface region is what leads to the cracking. In our results we have seen
fthat at moderate strains (regime of-our LCF studies) both grain boundary
land PSB cracks are present (Figure 6). However, the propensity of PSB
icrack formation is reduced for the ion implanted material. This is
lexpected, since as discussed earlier, implantation should decrease the
1propensity 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

_Jreversible due to implantation the incompatibility of cyclic slip in -

ineighboring grains is reduced and grain boundary-offset are reduced or
-Tft-tkes -iarger number of cycles-to form a grain -boundary Dffetof the ....

Isame size.

The slope of the Coffin-Hanson plot (the cyclic ductility exponent) is >
larger for the implanted material. In other words the number of reversals
Ito failure of the implanted and unimplanted materials appears to converge
tat lower strains. There are possibly two reasons for this. Firstly, the
plot is logarithmic and even though there-is a large difference between
fatigue lives of the two materials at flow strains the number of cycles 3

lappear closer In logarithmic scale. Secondly, when the Imposed strain is
;low the deformation is more localized and this perhaps has a stronger
icontrol over fatigue life than the surface coating. !C

At the life range of -. 105 the iprovement in life due to implantation
iappears to be the same for both low cycle and high cycle fatigue samples.
Since the difference in cyclic flow stress of the materials is small the
slip homogeneity and reversibility effect in LCF should also be reflected
in the HCF data. When the stress is further reduced, slip becomes
completely reversible for the implanted material and a drastic improvement
in life is observed. For the implanted material a reduction of surface
deformation and an increase in deformation homogeneity and reversibility
may have produced much better fatigue behavior in this range. As mentioned
previously, the compressive residual stress on the surface of the implanted
material will oppose the applied tensile stress and reduce the plastic
stress at the surface. Consequently, fthe fatigue life for a given applied o
Istress is longer for the copper that had been implanted with aluminum ions. "

IL J
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1. No significant change in monotonic yield stress due to Al ion 1- 1ItF
implantation on copper was measured. Hlowever, Al ion Implantation M
results in a small decrease in monotonic hardening at low strains. r

2. Al ion implanted polycrystalline'copper shows significantly less
_____ gu hardening than unimplanted copper.

!3. An iprovemnent in low cycle and hiigh cycle fatigue life is observed
due to A] ijon implantation on polycrystalline copper. The most
significant -Improvement -appars -to -be -the 4gher -44jve -4ii t- for
theimplanted imaterial. ________
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