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1. Introduction

Improvements in the fatigue performance of a metal by

modification of its surface stress state, chemistry, or

structure are well known [1,2]. In the present study,

techniques of ion beam mixing were developed to produce

shallow surface modifications with controlled thickness,

composition and structure, and the procedures applied to

specimens which were then cyclically deformed. Using the ion

beam mixing technique, "surface superalloys" were made in the

Ni-Al system, with specific compositions and structures. Both

supersaturated solid solutions and Y'^ dual-phase precipitate

structures have been produced, in 70 nM thick layers, on

fatigue specimens of pure polycrystalline nickel. The

versatility of the technique was demonstrated by the ease with

which metastable super-saturated solid solutions and shallow

precipitate structures were formed.

Fatigue crack initiation in many metals is associated

with the localization of plastic strain into narrow lamellar

bands of "soft" material known as persistent slip bands, or

PSBs. These structures intersect the free surface and produce

notch-peak topographies and net extrusions of material [3].

Such geometrical features provide the stress concentrations

necessary for crack nucleation at moderate plastic strain

amplitudes [4]. The process of crack initiation is therefore

sensitive to the role of the free surface in controlling the

egress of mobile dislocations, mediating the effects of the



external environment, and modifying the activity of near

surface dislocation sources. Adjustment of surface properties

is thus a sensible approach to the improvement of fatigue

crack initiation lifetimes. In the present work it is shown

that surface modification by ion beam mixing produces

potentially beneficial effects on cyclic deformation phenomena

associated with fatigue crack initiation. The principal

effects of the modifications are to suppress the formation of

the notch-peak surface topography of PSBs and inhibit the net

extrusion of PSBs from the free surface. The dominant

"failure mode" of the surface is changed from extrusion and

notch formation to surface film rupture.

2. Experimental Procedures

Development of the ion beam mixing technique was carried

out using 3 mm diameter pure nickel disks. Surface films were

first applied by vacuum evaporation to a depth of

approximately 70 nM in the form of several alternating layers

of nickel and aluminum, with an outermost layer of nickel to

inhibit surface oxidation. The thicknesses of the deposits

were adjusted to provide both 16 at.7= Al and 23 at.7c Al

surface compositions, in order to produce a supersaturated

solid solution and a Y - Y structure respectively. These

disks were subsequently irradiated with 0.5 MeV krypton ions

*:o a dose of 2x10 ions/cm . The 23 at.7o Al samples were

annealed for one hour at 700 K to form the V precipitates.



Fatigue specimens were machined from 99.97% purity nickel

(Huntington alloy 270) into 100 mm long cylindrical bars with

a 12 mm reduced section, 7 mm in diameter. Two flat surfaces,

4 mm wide, were machined on opposite sides of the gage section

to facilitate optical microscopy and to present a target

surface normal to the ion beam. The gage sections were

mechanically polished before annealing the bars in a reducing

atmosphere for 3 hours at 1073 K. The specimens were then

electropolished in a cold solution of perchloric acid and

ethanol. Surface modifications to these specimens were

carried out using the same apparatus and procedures described

above. Further details may be found in reference [5].

Both disk and fatigue samples were examined using

Rutherford Backscattering Spectrometry (RBS) , before and after

ion beam irradiation, to determine the degree of mixing and to

check for compositional variations caused by sputtering. Disk

specimens were later back-thinned electrochemically for

transmission electron microscopy. When processing the axial

fatigue specimens, ion beam modification was confined to the

flat surfaces of the gage section, limiting the treatment

coverage to approximately 30% of the gage section surface

area.

Both modified and unmodified fatigue specimens were

subjected to fully reversed axial loading at constant plastic

strain amplitudes from 3x10 to 7x10" , until cyclic

saturation was achieved. The surfaces of these specimens were



then studied using scanning electron microscopy and Nomarski

phase contrast optical microscopy.

3. Results

Figs. 1 anci 2 show results from RBS and TEM studies of

16% and 237= aluminum structures before and after irradiation,

and of a 23% Al structure which was given a post irradiation

anneal. The top curve in Fig. la distinctly shows two Ni and

two Al peaks. The step in the RBS spectrum in the lower curve

of Fig. la indicates complete mixing of the surface layers.

Surface layer substructures, shown in Figs. l(b,d) before and

after irradiation and annealing, indicate that irradiation has

caused significant grain growth in the surface layer, from 10

nm to about 70 nm. Heat treatments alone, for as long as 10

hours at 973 K, produced no such grain growth, and at higher

temperatures significant oxidation occurred, even in high

vacuum. Fig. lc is a brightfield-darkfield pair of

micrographs from a 16% Al sample which had been annealed

without irradiation. The dark field image, taken from a (100)

superlattice reflection, reveals a dual-phase structure in

which / and )f phases occur in separate grains (rather

than as a precipitate-matrix structure). This structure was

also found in irradiated and annealed 23%. Al samples.

The i surface layer was found to grow with a random

orientation at the free surface, but was oriented with the

substrate near the surface-substrate interface. This is shown

by electron diffraction patterns in Fig. 2. The near surface



pattern (Fig. 2d) shows only rings arising from the randomly

oriented grains. The pattern from the region close to the

interface (Fig. 2c) shows, in addition to the ring pattern, a

(200) reflection from the nickel substrate, and a (100)

superlattice spot from / grains with the same orientation

as the nickel substrate.

Study of surface alloyed fatigue specimens cycled to

saturation in plastic strain controlled tests demonstrated the

dramatic effect of the ion beam modifications on persisi,ent

slip band morphology at the surface. Figure 3a. shows an SEM

micrograph of a PSB extrusion on the surface of an un-modified

specimen and displays the classic notch-peak topography

commonly observed in fatigued fee crystals [3,4,6]. In

contrast, Fig. 3b. shows a typical slip band at the surface of

an ion beam mixed specimen with an identical strain history.

The notch-peak topography has been replaced by a single

"microband" feature. Variants of this structure were observed

in which feathery flake-like extrusions were present, and

cases were observed in which two "microbands", spaced about 1

micrometer apart, produced a net extrusion. Fig. 3c

illustrates the behavior of a fatigued surface which had been

modified with vacuum evaporated and annealed nickel-aluminum

layers, but which had not been irradiated. Surface film de-

lamination has taken place, and PSB activity below the surface

layer appears to be proceeding as it would have in an un-

modified material.



Fig. 3d, a Nomarski interference micrograph encompassing

a region of the specimen surface where the surface

modification was deliberately masked off, illustrates the

ability of the surface film to inhibit PSB surface modulation.

The surface in the upper half of the micrograph has received

no treatment and shows typical slip band activity, whereas in

the lower half, which was ion beam mixed, surface modulation

resulting from bulk plastic strain localization is almost

entirely absent.

In addition to changes in the surface morphology of PSBs,

the relative numbers of slip bands was dramatically reduced by

the presence of the ion beam mixed surface layer. Fig. 4

shows the results of measurements made on low magnification

electron micrographs of fatigued surfaces in which the spatial

frequency of slip bands is plotted as a function of an

arbitrary slip band "intensity" scale, in which class 1 slip

bands were barely visible in the micrograph, and class 4 bands

were quite prominent and wide. For all intensities, surface

modified specimens displayed considerably fewer PSBs visible

at the surface when compared to un-modified specimens. The

greatest reduction in number was observed for the

supersaturated solid solution treatment (16% Al) .

Changes in mechanical properties were less dramatic, as

indicated by Fig. 5, which shows cyclic saturation stresses

plotted as a function of plastic strain amplitude for various

surface conditions. A slight increase in saturation stress is

noted which is similar for both the 16% and 23% modifications.



These data, from refined tests, show much smaller changes in

saturation stress compared with earlier reports from our group

[5], though the general trend is the same. In evaluating the

mechanical data, it should be born in mind that only 30% of

the surface of the gage section was modified.

4. Discussion:

Ion beam mixing has been shown to be an effective

technique for creating thin, adherent, surface layers of

controlled composition and structure. The irradiation step

produced grain growth which could not be achieved thermally.

Further development will enable production of more refined

structures, such as two-phase (rather than dual-phase)

structures, and structures with controlled crystallographic

orientations. The formation of metastable crystalline phases

and amorphous structures is also quite feasible.

Several key material properties are altered by a surface

modification in which aluminum is mixed with nickel. First,

the shear modulus of the surface layer is lowered slightly

[7], inducing a force on near surface dislocations that tends

to pull them toward the surface [8]. The gradient in elastic

properties near the surface could also tend to alter surface

dislocation source activity, though the gradient is mild

enough that this is probably a minor effect [8]. Third, and

most importantly, the surface layer is strengthened by the

surface treatment. This means that, prior to the onset of

strain localization, the surface layer would experience
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proportionately smaller plastic strains. Once plastic strain

becomes localized into PSBs, the surface layer would be

subjected to large dilational strains (on the order of half of

the local shear strain), and smaller bending strains.

Therefore, results such as are shown in Fig. 3d imply that the

surface layer is capable of some degree of cyclic plastic

strain without rupturing. Once surface film rupture does

occur, the failure of the slip band to produce multiple

intrusion-extrusion features may be understood in terms of a

relaxation of shear stresses in the vicinity of the rupture.

[This work has been funded by the National Science Foundation

under grant #DMR831OO32].
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[figure captions]

Fig.l (a) RBS spectra,-from as-deposited 23% Al sample, and an
irradiated (2x10 ions/cm ) and annealed (700 k) sample;
(b) micrograph of as- deposited sample; (c) brightfield-
darkfield pair showing isolated V grain, (d) micrograph
of irradiated and annealed i

Fig.2 Electron diffraction patterns, (a) As-deposited 23% Al
sample showing Ni and Al rings; (b) irradiated 16% Al
sample showing supersaturated solid solution of Al in fee
Ni; (c) irradiated and annealed sample showing (200)
lattice spot from Ni substrate and (100) superlattice
spot from Y' ; (d) irradiated and annealed 23% Ai sample
showing y superlattice rings.

Fig.3 Surfaces of materials fatigued to saturation: (a) SEM
micrograph of an untreated specimen showing classic
intrusion-extrusion morphology of PSB at surface; (b)
slip band in ion beam modified material showing single
"microband" formation; (c) film delamination in coated
but unirradiated specimen; (d) Nomarski Interference
Contrast micrograph showing near total suppression of PSB
morphology in the surface modified region.

Fig. 4 Spatial frequency of slip band occurrence for various
modifications as a function of visual intensity, 1 being
barely visible at lOOx, 4 being quite prominent at lOOx.

Fig.5 Cyclic stress strain curve for various surface
modifications. Saturation stress is plotted as a
function of the plastic strain range used in the test.
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