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WORKSHOP SUMMARY

\,
W

The purpose of this workshop was to bring together in an
informal setting individuals actively involved in ion mixing,
and individuals working on high dose ion implantatiorn and its
application to the improvement of surface properties of sclids.
The objectives of the workshop includedf

.l)\JOutline present understanding of the basi-

physical processes underlying ion mixingf‘
2)‘;Eompare the approach of ion mixing to
that of high dose ion implantation.

3) \Assess the areas of greatest poEEﬁtlal

practical applications for ion mixinq}

4) “ldentify critical areas on which future

investigations should focus.

sunmarics of the individual coé£ributions presented at th
workshop, along with the key illustrations, follow this worksh.
overvicew.

The workshop was primarily concerned with mixing phenomerna
observed for ion energies of about 30 to 500 keV. There is
general agreement that the implantation of an ion into a solid
initiates atomic redistribution by a number of processes as {ollows:
Ballistic mixing occurs on a time scale § 10~12 scc and containe

those processes that can be explained on the basis of eneractaic

displacements w ich re ..t in atomic rearrangements in the sclid.
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These processes are athermal. In addition, other procasses can
contribute to the mixing in amounts which may depend on tempera-
ture. The present consensus is that the well-established processes
described as radiation-enhanced diffusion are insufficient to
explain the observations. Radiation-enhanced diffusion implies
that a temperature dependence of mixing will correlate with a
flux dependence and in the cases cxamined, flux dependences have
not been observed. This suggests that processes within the
immediate vicinity of a cascade may dominate.

The available experimental cvidence is consistent with the
existence of two temperature regimes. At low temperatures, the
variation in mixing with temperature is weak. The amount of
mixing observed there,. however, varies noticeably between
different systems. Attempts to identify this temperature-
independent mixing with ballistic processes only are inadeguate

in two respects: i) . small changes in masses between two systems

are found tc produce larger variations in mixing than can be
explained by ballistic contributions; i1i) theoretical calcula-
tions of the amount of mixing are numerically too uncertain to
reliably identify ballistic mixing. At high temperatures, the
mixing increases with temperature. However, the temperature
ranges accessible so far have been too small to clearly establish
the activated nature of that dependence.

There are indications that thermpdynamic arguments may be
able to explain and possibly predict the formation of metastable
phases by ion mixing. Key factors are that the number of‘étoms

involved in a cascade and the cooling time is long enough so that




thermodynamic states can be defined on a local scale. Ffree
encergy diagrams and characteristic times for nucleation then
should predict which phases will form. For alterinag surfacce
laver properties of solids (surface ennoblement), ion mixing
has several advantages over ion implantation:

1) Much larger changes 1in concentration for

the same irradiation dose.
2) Much reduced influcnce of sputterina.

3} Insensitive to ion species.

- e e —————— e

4) Facility in new phase formation (metastablc,
i crvstalline, amorphous).
Promising and critical arcas for future studics shoull
include:

1) Both cxperimental and thecoretical studics of

the functional dependences of mixing in tho
temperature-independent regime. Thore aro
i.robably several mechanisms contributing to
the diffusion-like mixing that is observeld irn
this regime, but nonc of them is yot well
characterized.

2)  Studies of molecular effects. These will help
to identify non-linear cascade phenomena.

3) Development of models that explain mixina
that varies with the temperature without varvina
with the flux of the irrvadiation.

4)  Investigations of correlations between trends

observed in ion mixing and those observed in
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and wdhe

thermal processing (e.g., the dominant movirg
species in me#al—si}icide formation).

Studies at the microstructural level (e.qg.,
in-situ TEM).

Investigation of diffecrences between sequential
and simultaneous deposition and bombardment.
These processes, such as in cluster beam
deposition and film deposition during irradia-
tion, are of interest because of their possible
economic benefits in applications. Combinations
of ion mixing with simultaneous deposition may
lead to rather simple implementations. Low

ion energy, reduced beam selectivity, and limited
vacuum are all compatible with the concept of
1on mixing.

applications appcar to ¢xist in wear, oxidation,

sion, particularly on critical surface regions of

componants.,

Rec

include:

ent gencral references in the area of ion mixing

Metastable Materials Formation by Ion Implantation,

MRS Symposia Procecedina, Vol. 7, S. T. Picraux and

W. J. Choyke, Eds., (North-Holland, New Yoirk, 198.).
"Ion Mixing", S. Mattcson and M-A. Nicolet, Ann. Rov.
Mat. Sci. 13, 339 (1983).

Proceedinags of the International Conference on lon Bear
Modification of Materials, Grenoble, France, (Sejptembo

6-10, 1982); to be publishced in Nucl. Instr. & Meth.




PROCESSES AND NOMENCLATURE

(v 100 keV)

Prompt Processes (5 1 ps).
Athcrmal; high energies.

Ballistic mixing.

-~ noninteracting collisions ("linear cascade")

- low order collisions ("rccoil mixing")

- high order collisions (isotropic cascadc

- interacting collisions (displacement spikes, onor

spikes)

Cooling Down Period (- 1 ps and - 100 ps).

Thermally assisted; intcermediate encrgics;

Delayod Processes (-1 ps and o, 1 h).
Thoermally activated; low energies.
Radiation-assisted Diffusion.

- transport by defect {luxcs

- transport by enhanced diffusion

Persistent Effects (s~ 1 h).
Thermally activated; energies o kT.

- nodified physical and chemical properties

- applications

mixXing)

thermal
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fon Mixing-Collisional Processes

"Effect of Temperature, Dose Rate and
Projectile Mass on Ion Beam Mixing*"

R. S. Averback
Matcrials Science and Technology Division
Argonne National Laboratornrv
Argonne, Illinois 60439

~!

The underlyina diffusion mechanisms involved In 1o e

mixing of lavered materials are proving very clusive, It s

known that mixing has hoth temperaturc dependent and inde:.o:.-

DO

dont components, but theoretical understanding of cithor cor-

ont 1s lacking. We have initiated systematic studies o

comreerature, doce-rate and projoectile soass dorondonoos

<1t to provide a basis for future theorveticael consideiiior,

The Temperature Dependoer® Tomronent-Radition Enhance
Diffusion

(1) (.

Seon peasurements of the mixing 10 Kb-=35i and Ni-Si

-

Corunction of temperature, values of OL9d oV oand L0

odduced for the apparent activation enthalples of dad o

wstectively., These results might suggest that in the forrmo:

a0 (Nb-S1) long-range vacancy miqgration controls the diffus::

=4 and in the latter (Ni-S$i) fast inteorstitial atoms o
sorinant factor.  Simple chemical rate thoory shows th ot o1k

interpretation Implies that the mixing sheuld also depond oo

o= rat oy, For both Ni-Si and Nb-8§8i, h(‘)w(\\'wri, the measured

thrcknesses of the mixed layers were not affected by a chanae o

10




a factor of ten in the dose-rate, whereas the rate theory

predicts that the thicknesses should have changed by a factor

of ~ 1.8. The null results suggest that the temperature

dependent component of mixing is determined predominately by
intra-cascade effects and not by long range migration of
defects. These intra-cascade effects may be associated with
the individual cascades themselves, or result from the super-
position of cascades onto alrecady highly ion-damaged material.
An example of such a temperaturc dependent intra-cascade effect
is the thermally stimulated collapse of point defects produced

in the cascade, into dislocation loops.

B. Temperature Independent Component - Collisijional Effects

Measurements of mixing at liquid helium temperature, where
defect motion is suppressed, provide information about the
athermal, or collisional aspects of mixing. It was observed
that in Pt-Si bilayers, the mixing at 4.2 K was not solely a
function of the deposited damage energy (i.e. collisional
energy), but also a function of the energy density in the
cascades. By irradiating with projectiles varying in mass from
4 amu to 84 amu the energy dersity in the cascades was syste-
matically increased. 1t was observed that increasing the
encrgy density in cascades cnhanced the effectiveness of mixing.
Each unit or damage cnecrgy deposited by 275-keV Kr ions was
four times as effective as that for 300-keV He ions. This result

and the fact that 300-keV He irradiation produces some cascades

in addition to many low cnergy recoils (25% of the damage energy

11
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for 300-keV He in Pt is deposited in primary rocolls over

v 7 keV), suggest that most of the mixing arises from ce-
operative phenomena within a cascade rather than to numerous,
but individual, low-enerqy collisions. These results arc
consistent with a 'thermal spike' model of mixing. They coulu
have important implications for materials modification cun-
siderations, since a thermal spike wmechanism lends validis

to the concept of a super-fast quench of microscopic voluncs.

*WOYK supported by the U.S. Department of Energy

Roferences

1. S. Matteson, J. Roth, ond M-A. Nicelet, Radiation pifeot s
S0, 217 {1979).

2. B. S. Averback, .. J. Thompson, Jr., . Movie, 1.d M.

Schalit, J. Appl. Thys. 53, 1342 (1982).




Table 1. Effect of temperature and dose-rate on mixing in Ni-S{ and Nb-S{i.
The table shows that there is a strong temperature dependence in
ion-beam mixing, but no dose-rate dependence. The results suggest
that mixing is predominantly an intra-cascade effect.

Target Temp Dose-Rate™ Ax2/¢**

(k) (pA/cm?) (arbitrary units)
Ni-Si 10 7.9 1.05

373 7.9 2.47

373 0.71 2.34
Nb-Si 293 7.0 2

293 0.65 2

600 7.9 41.0

600 0.72 41,

¥300-keV Ar
Nb-Si and Ni-Si are independently normalized.

13
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Fig. 2. RBS spectra of Ni-Si bilayers before and after irradiation at 373 K
with 300-keV Ar. The dose for eagh irradiation was 1.2 x 1016/cm2,
but the dose-rates were 0.71pA/cm
rate is observed.

and 79uA/cm2. No effect of dose-
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Fig. 5. Mixing efficiency as a function of lon mass in Pt-5i bilayers at
10 K. This plot shows that as the mass of the irradiation particl:
is increased and correspondingly the energy density in cascades in
increased, the effectiveness of each unit of damage energy for
inducing mixing 1s also increased. The efticiency for Kr
irradiation was arbitrarily set equal to l.0.
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"Models of Ion Mixing"

S. Matteson
Texas Instruments Incorporated
Dallas, Texas 75265

N
The phenomenon of 1on mixing has many facets which are not

as yet well, fully, and accuratcly described in theory. Two
general classes of models have been proposed: \
(1) Eguilibrium modcls which describe transpcrt
resulting from thermal oscillation of the
atoms in a high concentration of defects;
(2) Ballistic models in which the transport is
the product of the radiaivion damage itself.

v Radiation enhanced diffusion (RED) is a description of the
transport in terms of standard diffusion greatly enhanced by t By
increasecd concentration of defects (with respect to thermally
generated defect concentrations) which are necessary for dif-
fusion to occur. Radiation induced segregation is an extension
of RED which emphasizes the aradient in the defect concentra-
tion and the particular boundary conditions that accompany ion
irradiation. Both models predict a dependence on temperature
in high damage rate regimes. The models are most important at

high temperatures (> 20°). ‘ i

/(

At low temperatures ballistic processes should dominate if
they are of sufficient magnitude. Recoil mixing attempts to
analyze the transport as resulting from the direct interaction

of the 1on with the atom; the model is characterized as

19




anisotropic, predicting drifts in the centroids of Zharp i
impurity distributions. Collision cascade mixing treats the
transport as a random walk-type problem in which the atom is
displaced many times in small steps in successive collision
cascades. Neither model has guantitatively described ex:zeri-
mental observations to date with sufficient accuracy. Howeve:, .
a4 re—examination of the paramotcers cntering the model m, 11 -
duce better acgreement. For example, the range of reccoil o
very low energy atoms is not well known and is critical to
the models.

While the detailed models are inadequate, it sccms woell
justificd by experimental cvidence to usc a diffusion-like.
treatment with appropriate drift terms. These ad hoc treatrs ot
have proven very powerful in describing cbscrvations. As
cxample, the drift of a thin Sn layer between intermixin-g oo
and S1 layers 1is explained by the gradient in the "difvtusior”
: coefticient as 1t increases on going from Si1 to Co.

Careful measurement of the dependence on the various

meters 1s crucial to an accurate and gquantitative underst s b,

«f lon mixing.

|
|
[




Figure 2

Figure 3

Temperature dependence of amount of intermising of

Nk and Si layers under Si lrradiation. The high
temperature portion of the curve 1s interpreted as
a radiation enhanced diffusion. The low tempera-
ture part is approximately independent of tempera-
ture and has been interpreted as due to ballistic
phenomena. (From Matteson et al., Rad. Effects,

42, 217 (1979)).

Computer simulations illustrating ballistic procosses:
Collision cascade mixing (left) is a random walk
problem which i1s a distribution in displacement
lengtlhis, is random in direction, and has a distri-
bution in the number of displaccements as well;

rocoll mixing is illustrated on the right in which
cach atom experiences only a few recoils, ! >ften
of large magnitude. Becausc ot the much greater
vrobabillity of lower cenergy transfers most of the
recolls are oblique to the ion direction (from the
left). Recoil mixing predicts a shift of the cen-

troid of the peak with distributions which are more

lorentzian than gaussian in shape.

The theoretical kehavior of thin Ge layers in a S$i
matrix under Xe irradiation as described by the
collision cascade model. The qualitative descrijption

of nearly gaussian profiles with little shift in




the centroid as well as a depth dependence which
is correlated with the deposited cnergy density
compares well with experiment. Small shifts arc
predicted due to the gradient in the diffusion

coefficient.

Fiqure 4 Schematic of potential of intcrstitial (left)
and substitutional atom (right) in a Si crystzal.
The two atom potential is taken to be the Born-
Mayer (exponential) potential for intcrstitials
and the Lennard-Jones potential for the bound sit.
of a substitutional atom. The energy reguired to
displace an interstitial is significantly le¢ss th o
a substitutional atom. The substitutional atom
must be displaced to the second ncarest intercsti*s i
site (laboled by letter i). The small arrows
indicate increasing potential. Previous calculat;. .
have considered only displacement of substitutio: .
atoms. A significant increasec in the prediction F
the collision cascade model may result from the
inclusion of such an effect, ¢.g., in the caso of

interstitial Pt in Si.

Fiqure 5 Calculations of the redistribution of sb in sio,
during sputter depth profiling with oxygen. (The
original material was Si with a thin evaporated

layer of Sb.) The lower plot is the distribution

A




Figurce_Captions (Continucd)

at various tinc intervals illustrating the cffect
of the surface erosion. No preferential sputtering

is comprehended in the calculations.

Tigure 6 Comparison of calculated surface concentrations of
Sh and Sb seccondary ion yiclds. The aarcement is
fairly good for the assumption of a SiO2 matrix
for the rise of the distribution. The fall of the
distribution 1s ¢lowed by the artifact of Sb ion
pick up from :he side walls of the sputter crater
and preferential sputtering of Si. (Mattcson,

Appl. Surt. Ccr. o9, 335 (1981)).

Fiqure 7 The redistribution of a 1 nm Sn laver "sandwiched"
between 2 Ge and A 81 laver under 360 keV As irr-di-
aticn.  The distribution is scen to shift into the
Geo-r1-h layer,  Other specimens confirm the shift
into the Go-rich layer., This can be understood
by the collision cascade model in which the "diffusicn”

coefficient irncreases dramatically on passing from

the 21 to the Ge-vich layers.
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"Spreads and Shifts of Markers in Ion Mixing

Bruce M. Pailne
California Institute of Technclogy
Pasadena, California 31125 N

One of the simplest conceivable sample configurations {or
. . . . " . °
studving ion mixina in solids consists of a thin (¢ 10 n)
. [

impurity layer (or "marker") buried several hundroed A deep in
an otherwise uniform mediunm. 1t the mass of the Impurity i¢
substantially greater than that of the mediun, then the mixirng
of the marker can be monitoired vy bhackscattoerina spoctrorm tr o,
Such exveriments have beoen conducted for o variety o9 marker
clements buried in Si onlus morkors buried 1n AT and S10 . in
these, the mixina 1s usualily characterized o D, the vraduct
of the offective difiusion co. fficient ~nd time and "X, the
shift of the mear of the mavker distribution. I this pieosoo-
tation, we outline the general results of these eyperiments to
date, compare them with the jredictions of published models,
and finally comment briefly on present understanding of the

mechanisms of the ion-induced mixing that is observed.

.-

Below room temperature, the mixing profiles are approximate i

Gaussian for all marker elements M, in media A - denotoed A(M) -

excopt S1(Pd).  The mixing parameter varics linearly with flucnce

and 1is essentially independent of temperaturce, excopt for Si(Pid).

™

’

Also, Dt scems to scale with nuclear stopping power FD for Si(r*).

These results are consistent with the qualitative Kinchin-Pease

31




model of collisional mixing. The quantitative purecollisicnal
models of Matteson, and Sigmund and Gras-Marti are in fair aarce-
ment with the data for Si(Pt). However, the mean shifts pre-
dicted by the latter authors to result from "matrix relocation"
events are in the wrong direction. If "matrix relccation" cvonts
are taken to be suppressed somchow, then the mixing magritudos
predicted by Sigmund and Gras-Marti dare 50 times too small.

Mcrte Carlo calculations of shifts in this system by Roush 1 1.
are 1n good agreement with exveriment for both magnitude ard
dircction.

Abcve room temperaturc, mixinag profiles arc frequently non-
Caussian, and depend strongly on temperature.  No attempts ot
modeling these phenomena have been puiblished.

It has been generally accepted that the mising above roor
tempe rature 1s caused by thermally-assistod atomilo miqratiorn,

At Jower temperatures, the mixing may be purels collisionad v
it may be coilisional with some additional transvort mechanisms.
Uoidence for such additicon ]l o ccomentn oy She D Cerner st e
roqime 15 as follows:

(a) One system - Si1{(Pd) - has Dbcen observed so far which

does not have Gaussian mixing profiles and for which
the mixing 1s not independent of temperature in this
regime.

() The magnitude of the mixing varies sianificantly,

depending on whichk clement is used as the marker.

(c) Some of the T-dependent curves other than for Si(rad)




that have been measured so far arc not completely
horizontal below room temperature: there is a small

increase with increase in T.
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SUMMARY
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ORSFRVE  SPREAD OF MIXING Dt AND SHIFT oz  FOR
MARKER SPECIES M IN MATRIX A | DENOTED A(M).

REULTS Spreads Shifts
L T< Tt Exgts. -
Flixing fn. G aussian except Si(Fd)
L (3) ! (1)
p-dep. ral “ ¢
F —d(P, £ FP -
D ()
T - dey. #6(T)  except Si(Pd) -
Models
Quol tative Kinchin - Peose/ﬂnﬂer;cn oK. -
Qicntitdive Matteson OK. -
stmund and Gras- Marli  SOx teo small Trouble
Feuth - X
2. T >7£ fxpﬁ
M;xrnj ‘F/‘: r‘rf‘n PN - Goussion
T- dep “ten strong -
(it her JIFS. - -
HMedels
7}rrnn///..7‘_9,st(‘d mixing - -

STATE OF UNDEKSTANDING
logDt F |, Thermally-asisted pir

COLLIANAL
& CR COLLISIONAL  PLUS 7

s /T

(1) S (PL)

(2)for (M), Z.(6eD, $i(Sn) Si(($4) Si(w) S(Pe), f‘(m)) Al S (w) S0 (P

~

(3Yer 50 (Ge) 20 (b)) SuW), Si(R), AI(h), S0, (W), S0y (PU)

40

_4




AmPNO1aBY

"Marker Experiments in Si and SiOZ"

A. Barcz and B. M. Paine
California Institute of Technology
Pasadena, Califorria 91125

To investigate the role of the chemical nature of the medium
and the impurity species in the ion mixing rrocess, we havo

measured the apparent broadening of thin rmetal markers in §in,

and compared 1t with the broadening of markers in Si. Samples

consisted of markers of thicknesses of the order of » 10 A of &
or Pt imbedded in Si, and of Pt, W, HE, Co, N1 and Ti markers

in SiOz. The Si02 matrices were vrevared by both chemical vapor
dovosition (CVD) and chemical eoxidation f silicen in a
atmoschere,.  The samples were irradiated with 300 keV Xe  ions

1t 200 K and analyzed by 2 Mev PBS (Fia. 1)Y. The efficiency of
N ~
the mivina 1s expressed as miv! the variance of the redistyrs -

hution of marker atoms due to the ion irradiation. The mixing 1s

found to be indejendeont of the method of preparation of the 516 .

Turtherrmere, the values of for Pt and W markers in S$iO

. arco
mix

2

2rual to withir experimental uncertainties while in silicon

HER AN

Yor Pt oxceeceds that for W by a factor of four. For all systens,

the waiviance increases lincarily with ion fluence (Fig. 2).  The

(1)

mixing parameter in Si0, aprears to increase mono tonicall:

with the atomic number of the marker species (Fig. 3).

in contrast, the amount of mixina reported previously in 81

exhibits sianificant quantitarive differences for elements of




similar mass. Our measurements for W and Pt markers in Si
support this observation. Note that Dt/: of Fig. 3 is Jdofined

as 1/2 Cmix Also, note that the depth of our markers 1s 600 ;
compared to v 200 ; for Ref. 1; this differerce roughly accourts
for the different values for the Pt marker data in Si.

Different officiencies for the 1on mixinag process i 51 and
Si02 can aiso be observed directly from the asymmetric redistri-
bution {(prefererntially toward silicon) of an initially thin Au
marker located at a SiOZ-Si mmterface and suriectoed te ion bomb-
ardment (Fig. 4). These results suggest that fast-diffusine atoms
(e.q., Au or Pt in Si) can cxroricence greator relocation under
ion irradiation, than loss mwobile species (eoag., W).  1n 518,

miNing 1s tess dependent on the chemical rature of the oo kor

Loecause of much lower nobilities of impurities in aenoral (.o,
¢ orre \ 18y €2) , S .
tovr Au Do /D 107) . A rreliminary model is prouosed

51" 510, ’ : :

acceording to which, in wdiditr e to romrt intoractlions 1rn

cascade (two-particle collisions), delaved and cxtoended porturba-
tions (resulting “or (xamsle from either ~xcitations by very leow

eneragy recolls oy relaxations of matris ateons tollowingt oa Mooy
displacement) may contribute sianliicantly to the ovorall re-
Jocations of marker atoms. The magnitude of the latter mech ormiss
should thus be related to the probability of thermally sctivate |

displacements (diffusion coefficient).

Permanent Address: Institute of Elcectrical Technoleay, A,

Totnikdw 46, 02-668 Warsaw, Doland.
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"Atomic Redistribution in lon Mixing of Bilayer Thin Filng®

H. H. Jorch and R. D. Werncr
Chalk River Nucloear Tlaboratorics
Atemic Energy of Canada Rescarch Co. 1.TD.
Chalk River, ontario, Canada (FEOJ=-1J0)

An urarotus used for o in-situ 1on mix‘ng and Rutherfoad
Backscattoering (RBS) analvsis Is Jdescoribed, and dats are
vroasented for thin film (o0 "limited surply") structures ¢

the Ag-81 and Au-Si simnle eut-ctic systems. We Tind conside »-

able rretorred orientation in the Ag thin films which was rot

chscerved 1n the Au films altheouth they were sisilaris pronaroea.

This texturinag 15 initially incressed by XNe 1o pombavrdment acd

then docreascs (less proefoerred orientation), Fut cven with e
-

Moo, s st o far fro o ovdem (Fiol 1)L Cautlon 1o ve o

1o kath R3S aralesis and duin e the hoave 1o permbardmont to

P miorntororotation Jhaee to fhis orientation rroblem.

Althouqgh there is noe evidence for phase torpation in the

Ay-S1 svstem (near rocom temperature), therve are lavge difforvencos

Y

1 the denree of mixing of 01 1nto Aa (Fila. 3) between 40 Koand
28N K. This sugaests thermodyvnamic forces plav a rele in hini -
ing mixinag at room temporature.,

In the Au-Si system, no ditfcrence in the mixing behavicor
of Si into Au is observed from 55 K to 280 K (Fig. 5). At 300 ¥,
however, a Aussi: metastable phase forms (Fig. 6) and after the

cntire Au layer has boon ~onverted, the mixing is inhibited.
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Growth of this metastable phasc procecds linecarly with Xe

fluence (Fig. 7), suggesting supply-limited formation kinctics.
The interplay of ballistic, cascade, and frece cnergy (thormo-
dynamic and chemical) effeccts severely complicate the cevaluatiorn

of ion mixing méchanisms.

18




Figure 1

Figure 2

Fiqure 3

Figurc 4

Figure 5

Preferred orientotion effect in cvaperated o
thin film before irradiation (compare 207 hichler
"random” level in Fig. 2) is cnhanced by 217

4 1% -2 . .
after 2.3 + 10 Xe cm 1on fluence. Furthc:
irradiation doscs start to decreasce the decrce
of oricntation (ypeak level riscs closer to "rowdoo"
heinght), bav theroe is still a 27¢ ciffereros o

lOlh Xo cm “.

With the same sample tilted to minimize the orior-
tation problem, some cffect remains (- 27), out

the mazor foeatures show interfacial mixing.

Comparisor of mixing at 40 K and rear rcom too o -

ture by measurina the mean aton fraction of &1
in the Ac-81 mixced layer.  Lines scrve only to

guide the eve. The ordinate value is determined
from the average height of the Ag spectrum in the

mixed laver (Ag veak).

Low-temperature mixing of Au thin film on Si shows
a widening concentration gradient at the interfacc
along with a rapidly increasing Si content throuch-

out the mixed Au lavyer.

Mcan atom fraction of Si in the Au-Si mixed film.
At 300 K, a Au58i2 metastable phase is formed and

appears to retard the mixing after » 5 x 10]5 Xe oom
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Figure 6 At 300 K, Si is seen to move from the sulstrate
into the Au film and stepwisc produce a Au5512
uniform phasc across the film.

Figure 7 Growth of the Au55i2 laver is shown. Fastcr
growth at the high dose rate may be due to local

neating of the sample.
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"Chemical Influecnces in Ion Irradiation-Induced Mixing"

T. Banwell and M-A. Nicolet
California Institute of Technology
Pasadcena, California 91125

A\
Ion irradiation-~induced mixing can be attributed to two

" "

principal types of processes; recoil implantation and "cascuade

mixing, bo.h of which may contribute significantly in bilavyer
mixing experiments. We have oxamined the influence cof tha
chemical reactivity of the lavers on these two mechanisms.

For this study we chosc the mixing of Ti/SiOz, CI/SiO2 and
Ni/Si02 bilavers induced bHy 290 keV Xe irradiation at irradia-
tion temperatures of 77-7530 K. The ballistic processes should
be sindlar for all three svstenms since the retals have similar
ALOM1C rasses; howover, “heir chemical rceactivities with SLO:/

aro very different.  Titanium readily reacts thermally with 510

at temperatures above 960 K, Chromium rcacts with SiOZ; howes oy

the reaction is restricted by interfacial passivation. Nickel

does not react with SioO A NI film on SiO2 will coalesce into

o
islands after only 1100 K annonling.y

The projected ranges and standa;d deviations for 290 keV Xc
in these metals are 33+2 ;q/cmz and 13%2 Lg/cmz, respectively.
Metal films of 16, 24, and 34 ;:q/cm2 were used. The unreacted

metnal was removed with hot HCI after the Xe irradiation. The

metal and Xe remaining after ctching were profiled by 2 MeV lHe

backscat tering spectrometry.
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Figure 1 shows log-log plots of the arcal density [M]

of the metal remaining after etching versus Xe fluence :Xc
for R.T. irradiation. A predominately linear relatiorship
is obscrved for the Xe fluence range considered, with
Jd loq[M]S/d log :Xe = 0.57-0.73. These results suggest that
cascade mixing is the dominant nrocess with a 10-20% contri-
bution from recoil implantation at the lowest Xe fluencce.

5
Figure 2 shows the backscattering spectra for the 24 .g/cm”
Ni samiles after R.T. Xe irradiation and ectching. The in-
“loctions in the logarithmic plots of the Ni profiles arcund
1.4 MoV indicate that two processes contribute to Ni transiore.
Reco1l implantation could produce the deep lincar tail.
Stmilw features are observed in the residual Ti profiles.
Mlgure b oshows that the mtegral of the NI occunts 1n the il
cortien of the N1l indicated is a lincar function of xo
fluence T for R.T. irrvadiaticon. A small dependence on Ni
film thickness 1s noted. hese results can alsc e attrivutod
te recoil implantation. We conclude that the lona range trars-

sort 1s predominately duce to o recoil imnlantation while coscad

mixinag dominates transport ooy the metal-=-5i0, interface.

'icure 4 shows the cffect of temperature on the mixing proc.oes.

Both Ti and Cr show enhanced mixinag at 750 K while mixina is
suppressed in Ni. There is strong corrclation between theso
results and the chemistry associated with thermal annealina.,
. e e . - . : 16 -2
Figquire O shows the profiles for Ni and Ti with 10 Xe cm
irradiation at R.T. and 750 K. The interfacial reqgion is

strongly affected by temperature whercas the deep tail is not.

O
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Mickel irradiated at 750 K displays an exponential tail as in

Fig. 2 with a linear ! dependence as in Fiag. 3, although the

"X

slope is 30% less. The influence of chemistry is again scern

in the results for mixing of Ti/SiO?

induced by Xe irradiaticn

at R.T. and 750 K, shown in Fig. 6. The enhanced mixina at

750 K is eliminated by incorporating 20-30 at. £ O in
layer orior to irradiation. The extra O mav diminish
chemical driving force in the ’I‘i—SiO2 svstom.

Frem these results we conclude that chamistry has

direct =tfect on recoil imnlantation.  "Cascade" mixing

1s stronagly influenced by local chemical srcocesses.
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Backscattering Yield (150 counts/div )
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1I. Ion Mixing-Material Processes
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Temperature Effccts”

U. Shreter
California Institute of Technology
Pasadena, California 91125

\&on mixing and sputtcrina are influenced by the same
transport mechanisms during irradiation. Both prompt and
delayed processes are cxpected to affect mixing as well as
sputtering.

It is known that mixing of a Cr layver c¢cn Si is stronagly
temperature-dependent above room temperaturc. Crsig was
chosen therefore for the investigation of temperature cffects
in sputtering.

Mcasurements of sputterina vields and composition profiles
have been carried out using backscattering spectrometry fo.

I
samples of Cr512 on Si irradiated with 200 keV Xe ions. When

!
2 layer is thinner than the ion range, the sputtering

the CrsSi
yield ratio of Si to Cr increases from 3.5 for room temperaturc
irradiation to 65 at 290°C.P\For a thick sample, the correspond-
ing increase is from 2.4 tg 4.0 only. These changes arc explained
in terms of a rise in the Si surface concentration at 290°C.

The driving force for this process seems to be the establishniont

of stoichiometric CrSi, compound. Transport of Si to the surface

is by ion mixing in the thin sample and thermal diffusion through

the thick layer.
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USE OF FREE ENERGY DIAGRAMS TO INTERPRET
ION BEAM MIXING DATA

W. L. Johnson
w. M. Keck Laboratory of Engineering Materials

California Institute of Technology

'JThe interpretation of jon mixing results involves the combination
of thermodynamic and kinetic concepts. The use of thermodynamic concepts
implies that local regions in the vicinity of a cascade achieve some form
of metastable equilibrium during the relaxation period following prompt
cascade events. This implies that within these local regions, certzin
thermodynamic variables have well defined averages (e.g. temperature,
.omposition, etc.) while other variables (e.g. long range order) are
constrained to assume non-equilitrium values by the kinetic restrictions
imposed during the relaxation process following the prompt cascade events.
In order to describe the metastable thermodynamics, one can use free
energy diagrams.?"3 The diagrams describe both equilibrium and metastable
equilibrium staégs. For example, the schematic figure following describes a
simple binary eutectic alloy such as Au-Si at low temperatures. The curves
- and £- represent terminal solutions while the curve labeled Amorphous
represents an under cooled liquid alloy. The lower horizontal dashed lino
is the common tangent of the a- and 8- curves and represents the two-phase
1-3 equilibrium state between the terminal solubility limits XA and X.

B
The upper horizontal dashed line represents a two-phase metastable

73
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X\ X Xp X
A ¢ X > G

equilibrium of a-solution and amorphous alloy. Curves x- and £- recresent

single phase metastable extended solutions between compositions XA and XF.
The curve labeled amorphous represents another single phase metastable
state. The diagram provides a direct measure of the free energy differences
between the equilibrium and various metastable states. The downward
vertical arrows represent various possible steps in the relaxation behavinr
of a locally excited region in the vicinity of a cascade. The locazl

region of average composition XC relaxes from a very high energy state
downward into several possible final states. The possible final c<tatec

are in order of decreasing free energy: 1) single phase a, 2) sinqgle
phase amorphous, 3) two-phase a (composition XA) and amorphous (com-
position XD), 4) two-phase « (compositiqn XA) and 8 {composition XB).

We notice that relaxation processes lead to final states of two types.
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States (1) and (2) are compositionally homogeneous. We say that the
reaction 1 -+ 2 is polymorphic (involving no composition changes). Reac-
tions 2 » 3 and 3 + 4 involve compositional segregation. The time re-
quired for nucleation of polymorphic transformations should scale with the
number of atoms in a critical nucleus of the new phase. For crystalline
phases with large complex unit cells (e.g. o-phase, ,:-phase etc.) this
time will tend to be longer than for simpler phases (e.g. Cs-Cl1 type)
with small unit cells since critical nuclei sizes will tend to scale

with unit cell sizes. The kinetic restrictions during relaxaticn follow-
ing cascade events should thus favor polymorphic reactions into simple
byproduct phases. Compositionally segregated final states (3 and 4 above)
require Tonger nucleation and growth times than polymorphic final states
since atoms in the nuclei must not only order but differentiate composi-
tionally within the nucleus of eacn new phase. Such processes reguire
times which scale roughiy with the square of the number atoms in a
critical nucieus of the new phase, The time scaies for nucleatior of a
segregated state will thus tend *o be far larger than those for poly-
morphic reactions. we can summirize by saying that ion mixing should
most readily preoduze polymorphic final states of simple crystal structure
{or no crystal structure, 1.0, arorphous). Formation of complex
crystalline final states with larae unit cells or compositionally
segregated final states sheuld he suppressed during relaxation following
promot events in cascades. Tonother with free energy diagrams, these
"rules” should allow ore to predict the preferred final states arising
following ion mixina of binary lavers or irradiation of binary alloys.
The abnve summary is brief, a more detajiled discussion will be published

shortt /.




References on free energy diagram

1. R. A. Swalin, Thermodynamics of Solids, (John Wiley & Sons, New York,

1962) see especially Chapters 9, 10, 11.

2. A. R. Miedema, "The Heats of Formation of "lloys", Phillips Tech.
Rev., 36, 217 (1976).

3. L. Kaufman and H. Bernstein, Computer Calculations of Phase Diagrame,

(Academic Press, New York, 1970) Chapters 3 and 4.
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"Ion Mixing and Phase Diagrams"”

S. S. Lau
Univergcity of California, San Diego
.0 Jolla, California 92093

-

3. Y. Liu, M-A. Nicolet and W. I.. Johnson
California Institute of Technology
Pasadena, California 91125

interactions induced by Lon irradiation arce gencrally
considered to be non-caquilibrium processes, whereas phase
diagrams arc determined by phase equilibria.  These two
entities are seeminagly unrolated,  However, if onc assumes
that quasi-eguilibrium conditions prevail after the prompt
cvents, subsequent reactions are driven toward cguilibrium
v thermodynamical forcees.  Under thils assumption, ion-
induced roactions are o related to ecquilibrium and therefore
to vhase Jdiaarams. This relationship can be seen in the
similarity that exists 1n thin films between reactions induced
by 1on 1lrradiation and reactions induced by thermal annealing.
in the latter casce, phas. diagrams have been used to predict
the phasec sequence of stable compound formation, notably so
in cases of silicide formation.

, A

Ton-induccd mixing not only can lead to stable compound
formation, but also to metastable alloy formation. In some
metal-metal systems, terminal solubilities can be greatly
oxterded by lon mixing. In other cases, where the two con-

stiturnts of the system have different c.ystal structures,
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extension of terminal solubility from both sides of the phase-

diagram eventually becomes structurally incompatible and a
glassy (amorphous) nixture can form. The composition range
where this bifurcation is likely to occur is in the two-phase
regions of the phase diagram. These concepts arce potentially
useful guides in selecting metal pairs that form metallic
glassecs by ion mixing. 1In this report, phenomenological
correlation between stablc (and metastable) phase formation
and phase diagram is discussed in terms of recent experi-

mental data.
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BILAYER CASE

ascr_case_cery Siffcrec:

I

TABLE 1. Jlon-Induced Interactions in Trarsition Metal/S;
Systems (adopted from Ref.: B.Y.Tsaur, ir
Procecdings of the Symposiur cr Than Film Irtcréso -
and Interactions, J. E, E. Baciin ard J. M, Foos,
(The Elcctrochemical Society, Princeton, 1982), =
2, p. 20%5).
Compounds Observed Phase Pormed
Metal/Si Ions by Thermal
Composition Phase Annealing
1784 N, 2t | ri.st - Tis4
Ti/8 . LS ~ 2
T1/54 art ket farisi - Tisi
. 2 2
Xe
. *
v/si Ar ,Kr, ~V'S12 - vstz
Xe*
cr/si art,xe?, | crsi - Crsi
+ 2 2
Xe
+ *
Fe/S4 Ar ,Kr ,(~PeSi - FeSi
Xet
Co/si At xr?, faco st Co,S54¢ Co, 51
Xe*t
Ni/st Ar ke, | Ni,sd Ni,54¢ Ri 51
Xe*
wb/st art NbSi, NS4, e Wbt ,
Nb/84 51 NbSi, NbSi,t Nbsi,
Nb5813 "b5513"’ leiz
Pa/si At ke, | pagsy Pa,si Pd, 54
Xe+t
ne/s4 art kel Best - Besi
Xe*
PL/54 ar’ ket peosd Pt 54 Pe 51
Xe* 2 2 2
e
w/no/61 At Wsi,/Mmost, wSi,/Mosd
"o /64 As®,ce* Most, Mosi,
m/ss As?,ce? WS, WbSi,

el

1.
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FOR TRANSITION METAL-SI SYSTEMS, THE FIRST PHASE
FORMED IS THE SAME FOR ION MIXING AND THERMAL ANNEALING.

IM =  THERMAL ANNEALING
NOW, 1S THERE A CORRELATION BETWEEN THERMALLY INDUCED PHASE
AND PHASE DIAGRAMS?
YES. VIA THE WALSER AND BENE RULE.
THE WALSER AND BENE RULE STATES:

"THE FIRST PHASE FORMED IS THE
HIGHEST CONGRUENTLY MELTING
COMPOUND NEAR THE LOWEST EUTECTIC

COMPOSITION,”
EXAMPLE: PT2$I IS THE FIRST PHASE FORMED IN PT-SI SYSTEM,

NIZSI IS THE FIRST PHASE FORMED IN NiI-SI SYSTEM,

.". FOR COMPOUND FORMING TRANSITION

METAL-S1 SYSTEMS

(BILAYER - UNLIMITED SUPPLY)

[M <=  THERMAL ANNEALING -~ PHASE DIAGRAM

T_ CORRELATES T

NEED METAL-METAL EXPERIMENTAL RESULTS TO CONFIRM THIS CORRELATION!

B2
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STRUCTURAL DIFFERENCE RULE: To MAKE METALLIC GLASS
IN BINARY SYSTEM

(1) DEPENDS ONLY ON CRYSTAL STRUCTURES OF A & B
(11) NOT ON ELECTRONEGATIVITY
(111) NOT ON ATOMIC SIZE

L
O
.
d
£
| E
@ B
A % of B B
(EQQ) B.C.C.
or
HCP
V‘\oos
— Y
~ o} pee 4100
(8]
~ : Amor _J g
€ 5 + [Amor 50
02 "a |a +:: ;' B’ﬁ 5
"g MX : °
® 2 ' 20 €
8

Multilayered A+B

o

A % of B B

-

sometime amorphous phase
dissociates upon relatively high
dose irradiation.

'MX s of hcp. structure but is
different from the HC.P
84 metal A in size.
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SUMMARY l

1) GENERALLY SPEAKING, IF PHASE DIAGRAMS SHOW IMMISCIBILITY

- DIFFICULT TO MIX BY IONS (I,E. CuU-W)

2) BILAYER =~ UNLIMITED SuppPLY

FOR METAL-SI SYSTEMS, [M <= PHASE DIAGRAM
VIA
WALSER AND BENE RULE
NEED METAL-METAL DATA

3) MULTILAYERS - LIMITED SuPPLY
METALLIC GLASS =~ CHOSE BINARY SYSTEMS WITH

DIFFERENT CRYSTAL STRUCTURES.

GENERALLY SPEAKING - PREFER TWO PHASE REGIONS.

4q) THIN MARKERS - BALLISTIC EFFECT EXPERIMENTS

COMPOUND FORMATION, THEREFORE PHASE DIAGRAM,

PLAYS A ROLE IN THE SPREAD OF THE MARKERS.
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"Ion-Induced Reactions in Thin Film Structures of
Al and Near-Noble Metals"

M. Nastasi, L. S. Hung and J. W. Mayer
Department of Materials Science and Engineering
Cornell University
Ithaca, New York 14853

~

Thin film Pd/Al, Ni/Al and Pt/Al interdigitated sanmislee,
cither thermally reacted to form intermetallic ccompounds

(Fig. 1) or left in theilr unreacted state, were irradiated
014

15 . 2
0 Xe ions/cm“,

with Xc ions to doses of 2 ~ 1 to 2 x 1
'

Only crystalline compounds of the simplest structure, c?z

could be identified by electron diffraction (Fig. 2). Compounds
of a morce complex structure than CP2 decompose upon irradiation
into an amorphous mixture and clemental constituen:s. Table 1
nresents a summary of the results found in all three metal/al
systems(l).

whcthd/Al, Ni/Al and Pt/Al bilayers arce Zon reacted, RBS
studies show the cvolution of steps in the backscattered signals
{Fig. 3). Electron diffraction studies of the mixed samples i
do not confirm the presence of the compound suggestcd by RBS.
Instead it is found that the only crystalline phases formed by
1on recaction are of the cP, structure type (Fig. 4). In the

Pd/Al system, the broadening of Pd diffraction lines (Fia. 3},

as a result of mixing, indicates an enhancement of the Al

solubility above that found thermally. 1In situ TEM thermal
|
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studies were carried out to

formed through thermal reactions

lists the results of this work.

determine the first crystal phase

(Fig. 6). Table 2, below,

The fact that fair agreemcent

exists between the first ion induced composition, determined by

! RBS, and the first thermally formed compound, suggests th..t

% chemicel driving forces arce

Trocess. But,

possible from a nucleation

and indicates the reactions

BULAYER THIRAAL

the obscrvation

point of

in operation during the mixing

that the ion induced compositic:.s

do not correspond to crystalline phases identificd by diffractiom
indicates that the high guench rate, non-equilibrium character

of the cascade presents limitations on what phases are kinctically

view. Figure 7 presents

the equilibrium phase diagrams for the metal/Al systems studicd

observed in the bilayered structuras.

NOBDAM RCOACTICNS

FIRST Twcewar | RSt o v | FIRST oN MxED
SySTEN PHASE TEN) 0 COVMPIT TION (FED CRYZTALLING ERASE (T80
Pt/ Al Pty Aly Plag &lgo ' a
Ni/Al NoAI5 N|25 ’.“3'5 Ny AL
Pe/Al PaAl, Pdgy Alay PaAl
Rofovence
i. L. 5. Hung, M. Nastasi, J. Gyulai, and J. W. Mayer, Appl. Phys.

rett. 42 (April, 1983).
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Interdigitated Samples, Thermal and Ion Reactions

System Thermal Reactions Ion Beam Recctions
Compounds Structure 500 KeV Xe, 2x 10" /cm?
Pd/Al PdAlx a +Al
Pd, Alg hFy PdAI(H) + a
PdAI(H) cP> PdAI(H)
Pd2A| OPIZ a +Pd
Al NiAly 0P a Al
Nij Aly hPs NiAl+ a
NiAl cP> NiAl
Pt/ Al |
PtAl, cFip
PtoAl 3 hPg .
Pt, Al
Pt Al 1Ps

Remarks ¢, h, 0o aond t refer to cubic, hexagonal,
orthorhombic and tetragonal. F and P refer to all
face-centered and primitive. Numbers refer to
the number of atoms in the unit cell.

Tatle 1. Interdigitnted samrle recults for the Fi/AL, NiJAY and ToUAl
cystems. Thes» results indicatr that only the comrour:-, TaAL mnd NIAL,
with the simplest structure, ot (i.e, cesium chloride!,survive o

I
irraiintion while compoundz wi*h a more complex structure desnw intos

nrmorphoeus and elemental material,

a8

;
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THICKNESS — 2

S SUBSTRATE - NaCl or S10; )
1800

1500

1000

TEMPERATURE (°C)

ATOMIC PER CENT Pd Pd
|

PdA‘3 pdzAl3 PdAl (H)

Fig. 1. Flectren 2i7fructic pr*terns from multivle layered Pd/Al
samples annealed nt 250°C for 1 hr. showing the formaticn of single
rhase allovs indiznted Yo the phaee dinprem. The top part of the

figure reprecorts schemntically the ctructure of the sample.
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ANNEAL 350°C, | hour

PdAl; Pd, Alg PdAI(H)

] | |

xe IMPLANT 500 keV, 2x10'"cm

PdAI (H)
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e e
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Fir. 2. RBS spectra from an ion rezcted Pd/Al bilayer. Step evolution
in the spectra resulted from mixing by 1x10%° Xe ions/cm2 at 600 Xev.
Ctep highs indicate the formation of m mixed layer with an approximate

composition of Pd AL ..
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Pd/Al BILAYER, 600 keV Xe

18 2
2x 10'%/¢m?2 6x10'S/cm
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Fig. 4. Electron diffracticn patterns of 600 KeV Xe reacted bilayers.
Piffra-~tion rings from samples implanted with 2x1015 Xe ions/cm2 indicate
the presence of Fd, Al and the compound PAAl. At a higher dose, 6xlOlS/cm2,
complete attenuation of the elemental P4 signal is observed along with

an enhancement in the PaAl signal.
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Al Pd 600 Ke\' Xe

PdAl « Pd/Al Solid Soln

(-]
0., Lattice Parameter (A)

Al 4.049
Pd 3.890
PdAl 3.049
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Al Al
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Pd/Al, As Deposited

Fig. 5. Diffrnction patierns fronm both as deposited and ion mixed
F3d/Al bilayers. Afier mixing the diffraction lines become broader

indicating the it~orporation Al into the P4 lattice beyond the
equlibrium solia solubility.
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THERMAL MHISTORY, Pd/Al BILAYER

200°C
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Fig. €. P4/Al bilayer thermal history. (a) Electron diffraction

patterns cbtained from in situ TEM thermal studies on Pd/Al bilayers.

{(b) Pd/Al phase diagram along with a thermal history curve showing

the phase sequence found from the in situ thermal TEM studies. The

first compound found to form thermally was PdAlh.
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"Ion-Beam Induced Changes in Alloy Compnsition'

L. E. Rehn and H. Wiedersich
Materials Science & Technology Division
Argonne National Laboratory

Argonne, Tllinois 60439

In general, point defect fluxes transport alloying comionerts
in proportions which differ from the bulk alloy concentratinon,
Hence, even in initially homogeneous alloys, the locil concer-
tration will be altered in any region which experiences

influx or outflow of defccts. Because large numbors of roint

defects are introduced by ecach implanted ion, preferential trars-

AP001g59

port of certain alloying components by persistent defect luxcs
gencerated during ion bombardment can be highly efficient in

modifving near-surface ajloy compositiens. This neoneuilibrium,
radition-induced segreaatiorn (R1S) adds o further dearoe of

compzloxity to the lon-implantation process. In a more ;ositive
veln, however, the established oxistence of strona RIS o« 7f
should allow certain materials medifications to boe achieve.d oo

cfficiently, and make possil:le additional types o1 modificaticns
(1)

Considerable progress has occurreé over the last few years

which otherwise would not be feasible

in our basic understanding of RiS. A strong corre lation has

Lonrnowztanliished betwoorn i 53190 €6 the lattico minmatod, o0
alloying components and the direction of scqregation. To a

grecat oxtent, eclements which decrease the lattice parameter pos,

alloying arc observed to move in the same direction as the dofect
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flux, while alloying components which expand the lattice arc
found to move in the oppositc direction. The size-cffect
correlation lends strong support to the idea that profereortainl
transport by interstitial fluxes gener2lly dominates the scare-
gation process.

Very detailed and systematic studics of RIS have been jor-
formed on Ni-Si alloys. Rate constants for the growth of
radiation-induced Ni3Si surface coatings were measured and
used to determine the dosc, dosce-rate and temperature depcndences

of RIS(2’3).

Relatively simple models account guantitatively
for the observed effects in terms of point-defect propertics

and irradiation parameters. The good quantitative agreement
between the models and the experimental results provides -

basis for extracting information about more gencral aspects
ion bombardment at elevated temperatures from the measurcd
growth-rate constants. For example, most radiation-induced
microstructural modifications (such as the coating growth) arc
driven by thosc defects that cscape the parent cascade and can
migratc long distances before annihilation. The RIS results
show that when normalized to the same deposited damage energy,
heavy ion bombardment is much less (< 5%) efficient than light-
ion bombardment at producing long-range migrating defects. Thus
light-ion bombardments appear advantageous for ion-beam modifi-
cations which require long-range defect migration, e.g. modifi-
cations by RIS or alloying by radiation-enhanced diffusion. This
increased efficicncy for production of migrating point defects

can be contrasted with the observation discussed by R. S. Averback
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at this workshop that heavy-ion bombardment is more efficient
for mixing metal-silicide interfaces.

The mean square average diffusion distance for both
vacancies and interstitials can be very large at elevated
temperatures (> um's in 1ls at 500°C). Consequently, defects
which escape the implanted region at elevated temperature can
produce compositional and microstructural changes to depths
which are much larger than the ion range. A particularly
dramatic cxample of this occurs during ion sputtering of Cu-Ni
alloys, wherec significant changes in composition are produced
to depths which are three orders of magnitude greater than the
implanted layer. Because of the large defect mobilities, and
the fact that diffusion prucesses must compote with the rate
of surface recession, the effects of defect production (ballistic
mixing), radiation-cnhanced diffusion and RIS become scparatod
spatially during ion sputtering at elevated tcemperatures, and

thus can be studied simultaneously in the same alloy(4).
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( Ton-Beam Induced Changes

in Alloy Composit:‘on
(Role of defect fluxes)

Homogeneous

Alloy —— Demixes
(200-600%)

Nonequilibrium Effects:

like jon-beam mixing, they offer \
higher efficiency, gréater’ flexibility

but may produce unwanted effects}

a. can be quite large
b. can be understood in simple terms

Talk — 2 parts
I. Radiation-Induced Segregation-Ni(Si)
I. Sputtering of Cu-Ni Alloys

H. Wiedersich, R. S. Averback, P R. Okamoto
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+ _Production of Migrating Defects
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"High Energy Heavy Ion Induced Enhanced Adhesion”

Marcus H. Mendenhall
California Institute of Technology
Pasadena, California 91125

+

DESCRIPTION
5Interfaces borbarded with ions in the electronic stoprping

regime (E >~ 100 keV/amu) can be bonded together guite strongily.

Metal-metal, metal-semiconductor, metal-dielectric and dielectric-

dielectric combinations have been successfully bonded.

/\\

ADVANTAGES OVER LOW ENERGY TECHNIQUES
1) The technique is universal: All tested combinaticons

of materials show enhanced adhesion including difficult

systems such as Ag on §i.

2) Very low beam dose required on many systems: For Au

on Ta, 20 MeV Cl rcauires only 2 x 1013/cm2 ions.

For Au on PTFE, 1 x 1013/cm2 of 1 MeV protons 1is
sufficient.

3) Low damage to conductive materials - High energy heavy
ion beams do not significantly sputter or disrupt metals.
This allows thin optical films, for example, to be
vrocessaed without m=ior chances in cptical projertios,

4) Long Beam Range - Beam particles are implanted about

10 um into the target, allowing fairly thick films to

be bonded.
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5) Very shallow mixing depth: No mixing has been seen
at the 2 nm level on bonded systems. Any mixing
occurring is expoected to have much shorter range
than this since ions in the electronic stopping
power regime do not producec many high cnergy recoil

particles.

DISADVANTAGE OVER LOW ENERGY TECHNIQUES
1) High energy ion beams require very large accelerators
which are expensive and produce hich radiation levels,

requiring substantial shieclding.
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Table 1
Material Combinations Tested
for
High Encgy Heavy lon Induced
Enhanced Adhesion

Table 1 lists the various substrate, filim and beam combinalions we have tested
for cnhanced adhesion. In the dose column, numbers preceded by ® or € have been
measured using movable slits to define the beam shape, so the actual dose is not well
known. Numbers preceded by < have been tested at the dose shiown, and show adhe-
sion, bul lower doses have not been tried so the threshold may be much lower.
Numbers without any prefix represent values measured as deseribed in 843 ond
should be reliable to V2. All numbers represent the dose required to pass the "Seelch

Tape" test.
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Dose

Substrate Film Beam (#/cm?) Comments

Au  20MeVC(l  ®bx:0M Residual adhesion 1s very good
Unirradiated samples often pass
tape test.

31, n-t 100-
ype 10 D-em Ag 20 Mev (1 =2x.0!° Very low residual adhesicn except
when sample not rinsed in methancl
after H¥ dip Then, residual adhe-
sion is ncar the tape threshold.

Au 107 MeVKr 6%:0% .

Au  B7VeVAr 28x:0 .

Au  27VeVar 2x:0" .

Au 20VeVOl  2ox:o"M

Au 72NeV Ol 4 bhxioP

Au  32WVevil  9x:0b

Au 12 VeV F 7.0

Ta

Au 37VeVF T 3xoh

Au  35MeVO ixion *

Au *NeVie fix 0"

Au 1MV H 3x:018 Peak adhesion is very weak Very lit-
tle material is left after the tapc
test, but there seems to be a real
threshold for nope wvs. what little
remains

. - Ag 20 NMcV Ol gIxtOM
* Herkeley runs, histed doses wdjusted dovn frem measured value by
N tebrna 27 MoV Ar pemt ot hine woth U7 datal
111
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Table 1
(cont’'d)
. Dose
Substrate Film Beam (4/cm?) Comments
Au 107 MeVKr 15x10% .
Au 20 MeV Cl Hx .01
Fused Si0 Au 12 MeV F >5%;0'0 No adhesion observed with 12 VeV F
used otz beam.
Au 27 MeV Ar  23x10'
Ag 20 MeV Cl <2xi0'
InP p-type .00 Q-em  Au 20 MeVCl  <bxio™
GaAs. heavily doped  Au 20 NeVCl gix10M
W Au 20 VeV Gl <ixi0M
" Au  1VMcVH 23x Q'3
Icﬂon@ by e by +
Polvtot rafluoroethylene Higher doses bhurn substrate
T - Au 1 VMeVile g x oM
Topaz Au 20 VeV () 5% Q18
ALSI0:{01, 1)z
Pd  20VMevCl  <ix:0'
Al04
Ag 20 MV L w0
Alumina/Sthica/ Cu 20 VeV Ol <3x108°
Vagnesta
Glass-Ceramic
Ferrite Au 20 VeV Cl My 0i®
1-Carbon Az 20%ev (L %ix:0' These films scem to decompose

{Sce §2.1.4)

under irracdiation  The adhesion was
at best weak, and where the metal
peeled, the T-carben had turned dark
brown undcrneath. 1 suspect that
the films were reverling to graphite
(as diamond is wont to do)
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Figure 18
Expanded View of Ag Edge
on
Backscattering Spectrum
from
Multilayer Ag/Si Target
(sec §4.1.2)

This spectrum is an expansion and comparison of the high edge of
the silver peak from an irradiated and unirradiated part of the target
The curve plotted with the symbol + is from the irradiated arca. The
curve plotted with the symbol * is froin the unirradiated arca. The +
curve is not raw dala; it has been translated along the x-axis by 1.7 chan-
nels to the right and interpolated back to integral channel numbers Lo
remove the effects of the slight carbon buildup on the target. Note how
well Lhe edges agree; there is no visible evidence for any broadening that

might be caused by mixing.
The + curve is 3-Mar-1983 run 7, inlerpolated
The * curve is 3-Mar-1983 run 10




Dose (x10##13/CM»#2)

Fig. 21 Beam Dose vs. dE/dx for Au on Ta
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Figure 21
Plot of Beam Dose Required to Pass Tape Test
us.
dl/ dz for the lon Beam
on Au on Ta Targets
(see §4.3)

This plot shows the dependence of beam dose required to preduce
suTicien! adhesion to pass the "Scoteh Tape” test on the energy loss of

the b The points plotted are

1 20 MeV Q1

3 7.2 MeV Cl
3 3.2 MeV C1
4 12 MeV

5 37 MeVE

8 1 MeV H{

7 1 MeV He

A 107 MeV Kr *
B 35 MeV O
C 27 MeV Ar *
D 87 MeV Ar *

and the line plotted is Dose = 4.2x10"(d T/ dx) 1% The point for pro-
tons has substantial uncertainties, since the peak adhesion for protons
was very weak. However, the rest of the points should be rcliatle to
+'hin V2. {

All points marked * above were run on the LBL 88" Cyclotron. As is
described in §4.3, they have been adjusted downwards by a factor of 2 =0
that the 27 MeV Ar point lies on the curve from data obtained ot Caltech
If the adjustment is omitted, the slope of the curve docs not charge
significantly (since all the 1.BL points are internally consistent with Ulas

siope), but the multiplier for the doses increases by 1977 \\




TYT. Surtace Mool ioation-lon inplantation and Mixing

"Ton Mixaing ot Cr Layors on Steel:

Effect of Impurities During Ion Mixing"

K. 5. Grabowskl and R. J. Colton
Naval Research Laboratory
Yashinaton, D. C. 20375

wW. ¥, Chan ant C. R, Clayton
ttate University of New York
stony Brook, New York 11974

W\

\,
Ton bombardment minder rovmel vacuum conditions is commonly

krown to deposit carbon on the target surface. It has becon

vod that ouch ofdoacra during ion mixirg of Cr layeoers

Ly SN

S
@
-
st

hearing steols may oncouwrage pilting corresion of an ion mixed
e vt - : ; o~ t -
surtace. Xe “was cound Lo Incorsorate O, el Cr o was found Lo
v -4
troron nidina of Cr films deyosited on AT

199100d

52100 steol '

A

To help idewe 0 obh source of these contaminants and define

e

implartation conditiczrs suflicicont to eliminate them - . 2rime
work was undortakoen using 4 UHV target chamber, a controlled
partial pressuve of 7700, and variced ior beam currents differing
by about an order oi magnitude.

13, . . . + L
C incorporation following Cr mixing of

SIMS analyses for

Cr films on AISI-M5G steel have been performed. They indicated
. : + .

that 1 relative 1mingerent rate of gas molecules to Cr ions of

Quproximane s o v 1 T necessary to prevent the incorporaticn

N C from e v a1 implantation.,
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Fig. 6. Fluence dependence of oxyzen recoil implantation
and oxygen enhanced xenon collection in silicon.

from K. Wittmaack and P. Blank,

Ion Implantation in Semiconductors,

Boulder (1976), p. 363.




(NI JWIL ONIHILINGS
174

- W3/ YHOEA L

(SLINN "8HY) LHOITH JV3d-0L-MV3id HIONY

(1401 4.0L x p ~ d) SV2 0D;, 40 IONISIHJ NI
(A8 08L LY W3/, 0L x §) 'L HLIM QILINVIdINI
73318 $0€ 40 311404d H1d3A 43IOoNV




20
SOLUTION: 00! M Buffered NaCl

15F pH: 6.0
w o1 Cr Metal
Q
(7]
§ -
g cr—=300R cri
QR st
=
~J
<
= Xe~300 A cri
P
-
s or
Q

-5 ' '

r,/Ummp/cmfed 52100
s
=10 1 1 ]
/ 10 10° 10° 10°

CURRENT DENSITY (pA/cm?)

Fig. 10 Anodic polarization curves of intermix 52100 bearing steel in

0.01 “ NaCl solution buffered at piH=h with cathodic pretreatment

120




S RE TR R NS A U A S U Tl B i e g arryord nudep aatny S O

(5 VW ) 450 sivveoVve SNIgALLdS

——

ge oc S o] S ~
' L

13 of ~
dm: T ey s e T v

‘r-:.Jz-,!l)lia!J; —a
8 4 8~ o \O\.b...o 0 <o
: g %

o o . \
" . :.b ~.u4
/< oL - o '/ \
/ n \u ~
\ Q '
\ \. o\ﬂ
\

9o dg-e 3

°
N 4

"
0 e 94 a

/’ AN
!
X

401 )

> ‘ o
3 N :
! | N ' U
i /df » '
T s R« - .
M e © . Uy
iy x -
vy \.r..!l.u!.:.ﬂ. ; o
. &t : t 2>
L IPN] { i { i »
S R TN S S ~o ! J . oo 7
[ gt . _ ; D -t :
// ! ! ! g* | !
! ’ v ! ' { - H
/ \ b . w‘ N — » A ﬂ
L i S N ¥
- ' X i N )

e
T, T

/ ! :
’ A I A :
° \ - { M i .
'
\ ’ i * :
‘ \ i by 4
\ 4 .ls:rl“ )
SONPSRCIET S Y I eM AL (S w o !
R VANV RV R, PN 3 I
Y TYR Y] ] ) . ~
COICGIIZYO0 S = —_—

o
-

6 8 y, 9 G T
(Y0IX) H1IdI (




r—

00126 Y3TM XJwidluy an uy o ‘g 1) ‘94 3o @13j01d yadap 128ny

(20s-VW) ¥3I1INVYEYI INIYILLINDS

Y

R 9

r g

-8

sen = * N

A% 0S1 L1332

AL T 00125442Y 00 £~ 4
6 8 Z 9 S b K] 2 I

(Y,0IX)H1d 30

TYN9IS d-d S3V

122




, ) . N TUMOYS CdE sapdwes S-e0

r:m (o-2dH TAHG H03 ..U.L Fooeo b dad pdun 43 UL su0LIngLaysip
nyp I ISR | - ¢ . ’ . )

yydap u: pue 3. UGt e on ,._:m.a SHlS buirocyioy

=
-
12°

Lnﬂ 3 2 g s R

S N L RO AVE R

Loo3% Ll 0y - sy a) uu Qy

il
't

Gul 6'h
(.01 (09

¢°'G- ¢ LG
RSN VAT R £
i ‘ “
SR £ SRR U BRSPS ST

NV SR




QQtv)
\

0

Q00
! )

VIR

g 09
\

4

-2
.Un. </1\
&
dﬁ_ - lﬁ :
— .
) ﬁ N
]
| %4
\\ L b
/
/
h&l -— o \\ lm
]
ARMNO

k1N

124




125




ooyt

oo\
1

49

Qo9
Q1

126




ADP001662

"Mechanical Properties and Microstructure of Fe Alloys

Implanted With Ti and C"

e
».\_\\ . .'/. s
d D. M. Follstaedt Cet
Sandia National Laboratories* {4gf
Albuguerque, New Mexico 87185 e
c
\\
¥ Iron-based alloys implanted with 11 and C arec of increasineg

interest because of their favorable surface properties(1_3).

Similar improved surface properties are found for alloys into
which only Ti was deliberateiy implanted, but which also acquizrcd
C at the surface during the lmplantation(%-6). Most notable of
these vroperties are reduced friction cocfficients and wear depths
relative to values for the unimplanted surface. Friction is
tvpically reduced hy 7500 and wear by up to - 90% in unlubricat.
pin-on-disc tests when the discs are implanted. Moreover, thes:
results are obtained on a wide range of steels (Knoop hardnesscs
from 180 to 789) with both hard and soft pin materials (440C and
304 stainless steels, respectively). Tests at other laboratorics
on 52100 bearing steel show reduced wear and reduced friction

. . . (30 7y
during lubricated testing as wel{¢\’ .

It is of further interest to compare the mechanical test
results with Ti and C i1mplantations to those with N implantation,
which 1s more commonly used. Studies of the latter treatment
demonatrate reduced wear on mild steels, but results are mixed
on 304 s*ainless steel and transformation-~-hardened steels. For

(3,7)

instance, Type 52100 shows no reduction in wear . Furthermor.

’
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N implantation in most instances does not reduce friction(3'7’8).

Thus surfaces alloyed with Ti and C appear very promising
for reducing wear, because of their applicability to marny steels,
and also for reducing friction. While these c¢ffects have been
demonstrated on ion-implanted surfaces, alloys with the same
properties might be obtainable by other methods, such as sputter
or vapor deposition or ion beam mixing of deposited lavers. The
deposited layers offer the potential for thicker surface alloys,
which could extend the bencficial effects tc greater wear depths.

Recent transmission elcctron microscopic (TEM) examinations
of f.c.c. 304 implanted with Ti and C show that the surface alloyvs
. (9) 4
1s amorphous . Furthermore, wecar tracks on discs produced by
light pin loads and showing rcduced wear were ohserved to have a
nearly continucus amorphous laver across the track(lo). Wear
tracks due to heavier pin loads do not show recduced wear; no
amorphous layer and greatlyv reducced Ti contents were found in
these tracks. We have also run pin-on-disc tests with devitrified
394 (Ti1,C); these tests showed no reduction in friction, thus
demonstrating that the amorphous phase is required tor this
propcrty(g). Thus all evidence to date indicates that roduced
friction and wear are the direct result of the amorphous irhase

5 5
with Ti and C. The observed amorphization of bh.c.c. Fe()’h)

(9)

’

f.c.c. 304 and b.c.t. (martensite) 52100(4) sugaests that a

similar amorphous layer is formed on all the stecels.

This work was porformed at Sandia National Laboratories and
supported by the U.S. Department of Encr | under contract
#DE-AC04-76DP00789.

128




"

References

6.

L. E. Pope, F. G. Yost, D. M. Follstaedt, J. A. Knapy, and

S. T. Picraux, in Wear of Materials, 1983, (ASME, 1983).

F. G. Yost, I.. . Pope, D. M. Follstacdt, J. A. Knapp, and

S. T. Picraux, in Metastable Materials Formation by lon

Implantation, S. T. Picraux and W. J. Choyke, Eds., (Nurth-

Holland, New York, 1982), p. 261.
C. A. Carosclla, I. L. Singer, R. C. Bowers, and C. R.

Gossett, in Wear of Matcerials, 1983, (ASME,1983), p. 103.

I. I.. Singer, C. A. Carosclla, and J. R. Reed, J. Nucl.
Inst. and Meth. 182/183, 923 (1981).
J. A. Knanp, D, M. Follstaedt, and S. 7. Picraux, in

Ton Implantation Metalluragy, C. M. Preece and J. K. Hirvonre:no,

Eds., (The Metallurgical Soc. of AIME, Warrendale, PA, 1987),
p. 152,

D. M. Follstaedt, J. A. Knawvp, and S. T. Picraux, App:. Phus.
Lett., 37, 380 (1980}).

T. E. Fischer, M. J. Luton, J. M. Williams, C. W. Whitc, and
B. R. Appleton, presented at the ASME/ASLE Lubrication
Conference in Washington, D.C., October 5-7, 1982.

F. G. Yost, S. T. Picraux, D. M. Follstaedt, L. E. Popec, and
J. A. Knapp, Proc. Conf. on Mctallurgical Coatings, April 1&-
22, 1983, san Dieqgo, CA; to appear in THIN SOLID FILMS.

D. M. nllstacdt, L. £. Pope, J. A. Knapp, S. T. Picraux,

and F. G. Yost, Proc. Conf. on Metallurgical Coatings, Aprail
18-22, 1983, san Dicgo, CA.; to appear in THIN SOLID FILMS.
D. M. Follstacdt, Fo G Yost, L. E. Pope, J. A. Knapp, and

5. T. Picraux, submitted to Appl. Phys. Lett.
129




ABOLVHORY | TWNOILVN 3901Y AV(/ANVAWO) ONTYIINTONT LY HINVISTY NOXX] 4

a31ona3y
A1815s04  (39NVHINN
GERTIERN 206 ~
430na3y 205 ~
208 ~
208 ~
208 ~
VERDTEN .d17S
AT1v3¥9  -)J]1S. ON
m<um CVEN
SS3} HoNny 205-Ch
205 ~ 209 ~
205 ~ 205 >
150 > 206 ~
206 3 15¢
206 ~ 20¢ ~
VAN NOIiDIWd
32003y 030N

ABOLVEOEYY HOBY3S3Y WAVY
$3id0LVHOEY] IVNOILVY VIONYS &+

(A3¥ 00T-005) gaivoruan -
Nzu\_h Nﬁoﬂx: INVIIAGVXIY -
Q31Vo148NING -
, L | ¥3ANIAY-NO-TTvg 0012
T (A0S YIONITA
| /1L 01T -NO-TTvg .aupau_am:w 00TZS
i ] SI1D1LUVJ ONOWVI(] h0g
(3 2'1v G1-¢ A8 ¥V3IM 3AISVHEY 0012s
‘11 31V GZ)
(A3 06T) 2S1(-NO-1Tvg “3NVIIAVX3Y 00T2S
MI/IL 01X8"h
WL I 251Q-NO-TIVg G3LYOINENTINY 00125
WN O/ & B3AO |
ﬁ m " m i i (SN1d hOg OV J0HE)| g u_zowmﬁm
Momx omm _
wz ) 1oIxe _ 9510-Np-N1g Hd S-ST
ASY 06-08T 03 hog
L AR 1Y 1HENTING 5
JON3INTS SNOILIONDD 1S31 13318

S1331S GILNYIdWT D NV 1)

1130

o




V- -.Mn-va

WEAR AND FRICTION SUMMARY

N IMPLANTATION

- OFTEN REDUCED SLIDING WEAR (BUT NOT 52100)
- USUALLY NO REDUCTION IN FRICTION

T1 + C IMPLANTATION

- UNLUBRICATED REDUCED WEAR IN WIDE RANGE OF STEELS
(KNOOP HARDNESSES 180 - 789)

- UNLUBRICATED REDUCED WEAR WITH BOTH HARD (4400
AND SOFT PINS (304)

- REDUCED ABRASIVE WEAR

- REDUCED LUBRICATED WEAR (52100)

- REDUCED UNLUBRICATED FRICTION (ALL STEELS)

~ REDUCED FRICTION IN HEXADECANE

T1 + C SURFACE ALLOYS LOOK PROMISING, BUT

- T1 IS RELATIVELY MORE DIFFICULT TN IMPLANT
THAN N

- THIN IMPLANTED LAYERS (~ 0.1 wm); Tr DIFFUSION |
INWARD NOT EXPECTED.

@ [ON BEAM MIXING MIGHT BE USEFUL IN PRODUCING THICKER
LAYERS WITH LOW [ON FLUENCES OF READILY IMPLANTED
SPECIES.
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Pigure 1. a) Bchamtic cross section of the microstructure observed by TEM in

304(T4,C). D) Bright field TPM micrograph showing amorphous layer (light area)

amd thicker (darker) area which includes the crystalline mibwtrate. c) Et spactnm

SCHEMATIC OF 304 8.9.
MPLANTED WITH T1 AND C

&Y FLECTROPOLIBHED
SURFACE

20488
SUBBTNATE (ree)

POLISH
RESISTANT
BARTENSITE

. T amonenous 308 T
Lol Lo Mo soaunc) T

bk bkt o ik

Ctdtoe

{22107 Ti/em?, 19090 hov
RPLANTED SURPACE
1: 2 10'7 Crom?, 30 nov

from the amorphous layer. d) Dark field TEM micrograph in which boe particies

in the substrate are illuminated.
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THERMAL EVOLUTION OF AMORPHOUS

304 S.S. IMPLANTED WITH Ti AND C

2x107 Ti/cm?
(180—90 keV)
2x10'? C/cm?
(30 keV)

15 minute

anneals

h‘l «
s f=- 10O A

550°C

600 C 650°C
Fiure 2. Biectroe .07 +irnpatterns and dark field micrographs showing ti.»
thermal e~ 1ot i of asver¢ on 3+.71,C). Pictures were taken near the end ot

1/4 hir. amnealag ar oo oy hacher tenpoerature.
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t1emm ar ]
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0.0
]

20 30 40 80 [ ]
NORMAL LOAD (gw)

Fig. 3 Coefficient of friction values
plotted versus pin load for 304 stainless
steel. (Measured by L. E. Pope.)
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Fig. 4 Maximum wear depths after 1000
cycles plotted versus pin load for 304
stainless steel. (Measured by F. C. Yost.)
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MICROSTRUCTURE OF WEAR TRACKS IN
304 S.S. IMPLANTED WITH Ti AND C

23.6 gm Pin Load, Wear Depth < 0.15 ym
440C Pin SEM [ r——y -

Unlubricated

Ltk

\

C

304 Disc
Implanted With TEM
2 X 10'7 Ti/cm?,
180-90 keV
and
2 X 10'7 C/cm?,
30 keV
(~20 at % Ti and C)

®WEAR TRACK P

IS A NEARLY
CONTINUOUS
AMORPHOUS
LAYER

a) SEM and b) TFEM micropraphs from the same srea of the wear track
made with a 440C pin and 23.6 g load. ¢) and d) Electron diffrac-
tion patterns from the areas indicated in b).
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"High Dosc Ion Implantation Ard

Corrosion Behavior of Ferrous Metals"

B. D. Sartwell* and N. S. Wheeler
Burecau of Mines, 4900 LaSalle Road
Avondale, Md. 20782

G. K. Hubler and E. McCafferty
Naval Rescarch lLaboratory
Washinaton, D. C. 20375

C. R. Clavyton
State University of New York
Stony Brook, New York 11794
\

There are two possib’s iproaches to o plying ion implan-

tation to the modification ~¢f *the corrosion behavior of metals

and allovs. The {irst 21 oach 1s to use icn implantat.. t- I
: !

produce metastable or amorphous corrosior-resistant surfac

alloys that are inaccessibi. vy conventieonal metalluraical

techniques, and to aprly them to specific applications whore
corrosion is a severe problem. Sccondly, and of a more funda-
mental nature, ion implantation can be used to introduce con-
trolled amounts of various clements into the surface of a metal

as part of a research effort to identify the mechanisms responsi-
ble for certain forms of general and localized corrosion. The
technique of alloying to produce more corrosion resistant matcrials
is widely used and the choice of a particular alloying element is

usually based on the fact that it will cnhance the formation of a

passive film or will reduce the rate of the various cathodic pro-

cesses that occur on the metal's surface. It is also possible to

A
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reduce the over.il -orrosion rate by introducing an element that
displavs raprid cathodic minet 1o s, but it is essential chat the
original material passivate in the c¢orresive ervironment that is
being considered.

Aueous corrosion proceeds through an clectrochemical mech-
anism and the:e are ovarious types of electrochemical technigucs
used to evaluite the corrosion resistance of alloys. Linea:
polarivation e Trf ] rogron extrapolation have been uscd to
cvarluate biroary Foe-rnoand Fo-T1r surtace allovs fovied by 1on

Ty

imnlantation. The 1rstantancous corrosion rate of the Fe-Pb
alloys o) X HJFD, wad auprodimately 3 to 4 times Jower thorn
that of pure 1ren. The roosoeon for this 1s o decrease in the
hyvdrogen exchanae current density caused by the presence of the
lead, which se o - e, tor Lhe hydrogen cvolution redction.
The corvaocion rate of the =T alioys was approximately twe

times Wisher choe thot o iven,. Augey analvsis of the Fe-7T1

alloy boefore oot the acid solution indicated that TicC

was in the reagron about 4.0 to 34 nm from the surface. SEM

analysts fodllowin: *bhe olectrochemical tests revealed the presoncoe.

of syuare flat-tottormed pits, a morphology which is usually
associrated with inclusion ctch pits. Thus, it is proposed that
the suuare (1ts may have beon tormed as TiC precipitates werc
ctched Trom b =amylo surtvace.

he tmodlart ataaon ot sayconium into iron reduces the
corrooyon raty booan ovder of magnitude by enhancing the rate

.-

of passivatien anooogN H2304 solution. The corrosion rate is

still considerai ) hrogher, however, than that observed for an
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amorphous Fegozrlo coating c¢ven though the near-surface concen-
; tration of Zr in the implanted sample was estimated to be 20 to

30 atomic percent.

The implantation of Ti into 52100 stecel results in the
formation of an amorphous Ti-Fe¢-C surface, which provides

modest improvements in corrosion resistance in 1 N i 50, and

2
0.1 N NaCl. The anodic current density in both solutions is
about 10% that of unimplanted 52100 steel, up to an anodic over-
potential of about B00 mv. Pitting, which 1s initiated at low
~verpotentials, leads to undermining of the implanted laver and
its eventual peeling off at higher potentials. Detailed optical
and surface analytical studies show that the pitting initiates

at surface flaws, which are most likely surface carbides or coxide

inclusions.  Galvanic action between free Ti bencath the pittod

et et

amorvhous film and Fe in the bulk steel thus leads to undermining

‘I the morvhous layer.

The effect of the 1mplantation of varicus ions on the pit-
ting corrosion resistance of 52100 steel in a 0.01M NaCl soluticn
has been investigated. Molybdenum implantation provided very
Little improvements; however, a combination of both chromium

and molvbdenum significantly increased the breakdown potential

for initiation of pitting corrosion. Finally, tantalum implantation
proved to be the most effective in protectinag the surface of the
F oy

D

100 from pitting corrosion.

*
Prosont Add@ess:  Naval Pescarch Laboratory, Code 6675, Washinaton,

D.C. 20375
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TABLE 1. - Corrosion rates, expressed in mils/vear, in 0,1 N H.SO

for several different metals and 1on-implanted allovs

using two dirfferent rest methods, Tafel extrapolation

and three-point linear polarization

Test Fe Fe-Pb Pb Fe-Ti Ti
metl.od
Tafel
extrapolation.. 50%2 12#2 0.42+0.19 96+22 0.69+0.04
Linear
polarization... 32+a 16*10 (i) 5547 0.9820.52

1could not measure corrosion rate due to cathodic Tafel slope being

indeterminate.

L 4_______..__———-—-—-—————“
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POTENTIAL (mV)

OCV ~-

—1000

13
—4
.
i
[
.

140

1N H,SO,

| | l |
LOG I

Tdealized potentiodynamic polarization scan (current ve, voliase

.

characteristic) for o ferrous alloy in 1IN HzJD. &t rocm tempera:.r.,

- N 4 . .
The dached line inlicates an improvement in tie passivity of the
surface and therefore improved corrocion recictanie.
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Idealized potenticdynaric pelarize*ion scans (curren® vz,
vol*age characterictic) fer a ferrouc alloy in a tuff
pH € colution at room temperature. The upper set of
demenstrate the effect of adding C17 icns to the coluti-n,

Ep definec the pitting potential where a sharp incretoo in
current results when pits form on the surface. Tio lower oot
of curves demonctrate the desired resu’t of ion irplentati-n
i.e., force the pitting potential toward higher valurcs,
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CURRENT (pA/cm?)

PIGURE 9 . Potentiodynamic eanodic polarization data produced in buffer solution of pHb containipg
0.01M NaCl for 52100 steel, and for 52100 steel implanted with molybdenus (3.5 x 1016

3

2

10

1onn/cm2 . chromjum (2 x 101 fons/cn? at 150 keV), chromium plus molybdenum

(2 x 1017 Cr/cn® at 150 keV, 3.5 x 1016 Mo/em? at 100 keV), and tantalum (1 x 1017
1ona/cm2 at 150 keV), The curves indicate that tantalum was most effective in
protecting the asurface frorm pittine corrosion.,
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"Ion Beam-Enhanced Deposition and

., Ionized Cluster Beam Deposition”

i J. K. Hirvonen
Zymet, Inc.
Danvers, Massachusetts 01923

ION BEAM-ENHANCED DEPOSITION

‘

(SEE, PRANEVICIUS, WEISSMANTAL, CoLLIGON, CUOMO, OTHERS?)

1. MAJOR FEATURES. ‘
- TRANSCENDS ADVANTAGES OF 6ONVENTIONAL COATING
PROCESSES AND ION IMPLANTATION
- ALREADY DEMONSTRATED:
“DIAMONT-LIKE" CARBON (I1-C) QUASI-AMORPHOUS
CUBIC BORON NITRiDE
+ H-uSq
- ADVANTAGES:
NO LIMIT TO COATING THICKNESS
*  CONTROLLABLE STOICHIOMETRY
SUPERIOR ADHESION
+ HIGH-DENSITY COATINGS
Low-TEMPERATURE PROCESS

2. APPLICATION TO WEAR- AND CORROSION-RESISTANT COATINGS.
EXAMPLES:
T, HF, S1 + N ——— TIN, HFN, Si3N,
PVD + TONS —— ENHANCED COATINGS




3.

THE ION BEAM:
+ PROVIDES CHEMICAL DOPING , AND
PROMOTES NUCLEATION AND KINETICS OF FILM
GROWTH TO HIGH-TEMPERATURE REGIME WHILE
SUBSTRATE REMAINS AT LOW TEMPERATURE
VARIABLES TO BE STUDIED.
OPTIMUM FLUXES OF IONS AND DEPOSITED ATOMS
CHARACTERIZATION OF MICROSTRUCTURE

EFFECT OF 1ON SPECIES AND ENERGY ON
THIN-FILM STRUCTURE (100 EV - 10 KeV)

MECHANICAL INTEGRITY OF COATING

B. IONIZED CUSTER BEAM DEPOSTION,\\

(SEe, T. TakAaGi, 19TH UNIVERSITY CONFERENCE ON CERAMIC
Scrence, NovemBer 8-10, 1982, JANE S. McKImmoN
CENTER, NORTH CAROLINA STATE UNIVERSITY, NORTH
CAROLINA)

MAJOR FEATURES.

- ABILITY TC ADJUST AVERAGE ENERGY PER DEPOSITION
ATOM OVER 0.01 - 100 EV RANGE

- EFFECTIVE CONVERSION OF CLUSTER KINETIC ENERGY TO
ADATOM SURFACE ENERGY DUE TO SNOWBALL EFFECT

- INHERENT CLEANSING ACTION BY SPUTTERING AND MICRO-
SCALE HEATING

~ ENHANCED REACTIVE PROCESSES DUE TO IONIC CHARGE
PRESENCE
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2. TECHNICAL PROSPECTS, i
- BULK MATERIAL PROPERTIES
- CONTROL OF MORPHOLOGY
- SELECTION OF GROWTH STRUCTURE ]

- HIGH TEMPERATURE EQUIVALENT PROCESSES AT LOW
TEMPERATURE

- PROCESS CLEANLINESS

- EFFICIENT REACTIVE FORMATION
- CONVENIENT DOPING

- QUANTITATIVE PARAMETERS

- AUTOMATION )

S

- CLOSED-LOOP CONTROL

- MATERIAL USE EFFICIENCY

- CURRENTLY R8D APPLICATIONS
- SCALE UP CAPABILITY

- VERSATILITY

Figure 1 lon beam~enhanced decposition.
Figure 2 Ionized cluster beam deposition.
Figure 3 Cluster impact phcnomena.
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ADP001665

"Ion Beam Mixing Resecarch At Westinghousc”

R. Kossowsky and R. R. Jensen
Research and Development Center
Westinghouse
Pittsburgh, Pennsylvania 15235

The program on ion implantation and ion beam mixing has
concentrated on three areas of major applications: improvement
of wear properties, specifically cemented carbide tools; oxidaticn
resistance for gas turbine applications; and bonding of metal to
ceranmics.

The first slide lists the major specics we have been expori-
menting with ("Recoil Implantation Areas").

To allow a routine of recoil implantation, the pertinrent
varameters should be known. Our simole minded view of roecoil 15
shown in the next two vu-graphs ("Coating - Substrate” and
"Soiution"). We assume a modificd diffusional mixing where a
balance has to be obtained among the various processes, i.c¢. -
rate of surface recession by sputtering (V) and the forward motion
of the mixed ion by an effective diffusivity, D, and is defined
as the sputtering cfficiency, + is the dose and .. - the atomic
volume. The "Solution" page shows that the problem is reduced

J——

to solution in terms of one parameter - av D , where W is the

VW
thickness of the deposited film.

The next three graphs ("kecoil Implantation Concentration

Profiles" for Cr, Mo, Cr) show typical calculated recoil profiles
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for Cr recoiled with three different gases, with the parameter «
decreasing, respectively from 0.58 to 0.28. This demonstrates
that the best mixing of Cr is to be obtained with N gas.

The last set of slides ("Metal-Glass Bonding", "Au on 5102 -
evaporation, sputter deposited, and flat faced pins glued oa
implanted and unimplanted Au films") show a progression of an
experimental program to bornd Au to glass. The glass is siagnifi-
cantly weakened by the process of recoil.

The last slide ("Recoil Implantation of Carbon ...") shows
an expected result re-incorporation of carbon into the matrix
of steel during N immlantation due to ambient residual carbon

on the surface.
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RECOIL IMPLANTATION AREAS

Species Implanted Substrate
B Steel
Y Ni-Cr-Al alloys
Cr Cu
Ti WC
Cr WC
Hf WC
Ni $10
i SizN,
Au $10,
- S




COATING SUBSTRATE
1
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METAL- GLASS BONDING

METAL

GLASS
/—\/"—\/

RECO] L\L IMPLANTATION

MIXED
METAL /'ZONE

T 7T 777 7777777
GLASS

/\/\/
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Au on $10,

Experiment:
-500 A Au evaporated onto $10,

-Ar™ {on implonted to 1 x 1016 fons/cm
a* 100 keV

2

Results:

-Unimplanted Au film easily removed by single
adhesive tape test

-After implantation, Au film adherent, unaffected
by multiple tape tests

-Au film sputtered nonuniformly during implantation
due to poor initial adherence of fiim
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Au on 8102

Experiment:
-500 A Au sputter deposited on S10,
-8102 precleaned in-situ by sputter etching

-Ar* ion implanted to 1 X 1016 1ons/cm2
100 keV

at

Results:
Both implanted and unimplanted Au films stronaly
adherent. Impossible to remove elther film with
any type of tape,
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Au on 8102

Experiment:

-Flat faced pins glued on implanted and unimplanted
sputtered Au films,

-Pins pulled in tension to test adherence of films

Results
Failure Stress
(Average of five tests)
Unimplanted Implanted
814 = 142 psi 308 + 88 psi
Glue failure Glass fracture

In both cases, film not removed from 8102.
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RECOIL IMPLANTATION OF CARBON
INTO 204sS BY N?
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