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Imaging of strained state in metals

by ion bombardment method

Ion bombardment is known to be used extensively in visua-
lizing the surface structure of various materials (see for examp-
le, V.E. Yurasova, B.V. Spivak, and A.O. Krokhina. In: Present-Day
Electron Microscopy, A.S5. Popov Sci. Techn. Amalgamation for
Radicelectronics, Moscow, 1965, pp. 54-B9}. This is explained by

the fact that the atoms binding energy of the located at grain
boundaries and near various defects differs from that of the atoms
located on crystal faces. In case of composite materials, the in-
dividual phases and regions enriched by one of the constituent
elements of a given material are visualized. It is of interest to
find out whether irradiation by ions can visualize the deformed
Zones.

In their works, Askerov and Nasrullaev have shown that the
sputtering yield 8 of a material varies under the effect of a
mechanical lcad resulting in plastic deformation and, particular-
ly, in a decrease of grain size.

Since the grain size decrease under plastic deformation
gives rise to a great number of weakly-bound atoms (located at
crystal edges and vértlces), any change in grain size must have
a particularly strong effect un the sputtering yield § in the
range of low ion energies.

Figs 1 amd=2- show!the sputtering yield S (in relative
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units) versus Hg+ ion energy for the Cu and-Ag samples under
compression at different pressures. As the ion energy increases,
the dependence s £f(E) rises linéarly.

The role of plastic deformation, that is, the role of
grain size decrease, is clearly seen in Figs é,andei which showg
the dependence of the sputtering yield § for Cu and Ag on the
compression of the sample. The sputtering yield increases very
rapidly with pressure. Accordingly, the threshold sputtering
energy changes as a function of plastic deformation, as seen in
Fig. g. We see that, as the pressure rises, the threshold energy
decreases rapidiy and reaches low values of .- 12 ev. Obvlously,
the processes occurring in crystal depth play an ever increasing
role with rising the iﬁéident ion energy. This fact is reflected
in the dependence of the ratioc §

4 deform
{see Fig. 6). We see that the ratio s

/8

undeform ©P ion energy

) deform/sundeform
pidly with increasing the incident ion energy in the low-energy

falls ra-

range and approaches a certain constant.
$o 24 1:”!!/
Th15 dependence seems to me to be indicative of a very im-
Ly, TG A gy
portant c1rcumstance Namely, if an examined sample has a strong-

ly deformed area, the highest contrast between the deformed area
and the undeformed zone arising from sputtering the two regions
can be attained at the lowest possible ﬁncident ion energies
close to the sputterxng threshold Nasrullaev and Askerov have
demonstrated the potentlalitles of this method when studying
agchéoioqxcal samples.

As the bombarding-particle energy increases, however, other

R

processes will show themselves also, namely, the selective sput-

tering, the radiation-stimulated diffusion of defects and impuri~
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ties, the ion embedding, the ion mixing, and the creation of
stresses under ion embedding. These processes may affect the
creation of a contrast between the initially-deformed and unde-
formed zones.

The present work examines the feasibility of visualizing
the strained zones in metals by ion bombardment method at high

energies of incident particles (Ar+ ions of energies of up to

40 keV, 0.8 Mev electrons, 37 MeV protons)

Experimental techniques

Targets of different materials were prepared in order to
study the feasibility of visualizing the strained zones in me-

tals. Local strains were created mechanically on the targets.

The upper visible deformed layer having been removed, the targets

were subjected to irradiation, thereby giving rise to a contrast
between deformed and undeformed (or little deformed) zones. For
the sake of comparison, the deformed areas were also visualized
by electrochemical etching and by thermic heating in vacuo.

The targets to be studied were cylinders of 30 mm diameter
and 10 mm height. They were prepared of the materials whose main
characteristics are pFesented ;n Table 1. Bronze (Cu0.875n0.13)
was chosen as an alternative new material. In this alloy, the
diffusion effects in the plastic deformation zone are clearlyv
expressed because of very different atomic radii (dcu = 0.128 nm,
dSn = 0.158 nm),

A strained zone was created on one of the bases of a sample

s '
using a ‘standard digital mark of 2 under hydraulic pressurs. It

should be noted that in case of a faint contrast of a3 deformed
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Table 1
Material Hardnsss 5 Content Heat
HB-lo /m C, % treatment
Copper 27 - -
Duraluminum 70 - Hardened
Steel-3 131 0.14 - 0,22 -
Steel-20 163 0,17 - 0.24 -
Steel-45 229 0.42 - 0.49 -
Steel-40X 370 0.37 - 0.45 Hardened
Steel-V8 3so 0.69 - 0.73 -
Table 2
Material Ordinary number of deformed zone
1 2 3 q 5
Copper 300 500 750 1000 -
Duraluminum 300 500 750 1000 1250
Ste=1-3 600 850 1000 1300 1500
Ste=21-20 500 800 1000 1380 1500
Steel-45 500 8oo 1050 1250 1500
Steel-40X 500 8BGO0 1000 1500 -
Steel-VB 550 800 1000 1500 2000
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zone with certain mark {digit 2 in the given case), the man's
eye "completes" the missing elements of the observed pattern,
just as in aeroarcheology. In such a way, the entire deformed
zZone gets visualized clearly and any possible error due to a
random contrast fluctuation is excluded. The range of lgads for
each sample was chosen depending on the hardness of a given ma-
terial. The loads are given in Table 2 in kqg.

After a deformed zone was created mechanically (by succes-
sive grinding and polishing), the metal surface layer was removed
until digit 2 disappeared completely, whereupon the sample was
ion-irradiated. The irradiation gave rise to a deformed-zone
contrast, so digit 2 became visible again. The operation was re-
peated until the deformed-zone contrast,disapbééred compléLely.
Simultanecusly, the sample structure was examined at various
depths H measured from the surface layer of the sample where
the digit 2 trace stopped being visible after mechanical polish-
ing. Besides, the width of the digit was measured as a function
of H at a certain place and the maximum depth Hmax where the
contrast disappeared was found. The dependence of the mean grain
size g in a deformed zone on H was also studied. The mean grain

- Lt
size was obtained by div;ding the area of a given zeone of surface
microphotograph by number of grains in the zone,

The deformed-zone EOntrast was ossefvéa visually and with a
bi;ocular microscope. The metallographic and scanning electron
microscopes were used to measure the trace width b and to study
the structure. The depth of a removed surface layer was inferred

P
from micrometer readings after each etching step.

The samples were irradiated by arc’ lons at 4 keV (in subnor-~

-H-

mal discharge at a 1.5-2.0 mA/cm2 cdrrent density) and 40 kev

{in magnetic mass-separator at a 0.4 mA/cm2 current density). The
irradiation periods lasted unfil a deformed-zone contrast appear -
ed, namely, for 15 min in case of copper under 4 keV ion bombard-
ment and for 2-2.5 hours in case of steels under 40 keV ion bom-

bardment.

Apart from Ar' ton irradiation, the samples were irradiated
by 0.8 MeV electrons and 37 MeV protons of a 2 x 1017 pnticlakm?
dose at cdrrent densities je = 10-15 ch/cm2 and jp ~le ch/cmz.

The temperature of the samples was 150%-7200° in case of
4 kev ar* ion bombatdmeng,.was 30% in case of 40 kev Ar' ion
bombardment, and did not exceed 100° in case of irradiation by
electrons and protons.,

The effect of copper sample temperature within a 300°-700°
interval on the stféined—state zone contrast was also studied.

The samples were heated by contact in vacuo, the temperature was
measured within a Eéérégéogélé. The heating time was 30-40 min.

The feasibility of visualizing strained-state zones was stu-
died by electrochemical etching of copper and steel-20 samples.

In the steel-20 experiment, a 3% Fezso4 solution was used as
electrol§£e, a stainless steel plate was the second electrgée,
the voltage between the electrodes was B0 V, the c&rrent density
on a sample was 71 mA/cmz, and the étching time was 7 min, In the
copper experiment, orthophosphoric acid was used as electrolyte,
a lead plate was the second electrode, the voltage between the

electrodes was 8 vV, the current density on a sample was 14.3 mAﬂnF,

and the etching time was 20 min.
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Results and discussion

Visualization of a deformed zone

under ion bombardment

Ion bombardment was used to examine the microstructure,
size, shape, and contrast of a deformed zone at different depths
in samples, depending on tarjet material and on incident ion
energy. As mentioned above, all measurements were taken after
using mechanical polishing to completely remove the image of the
digit 2 mark applied at definite loads. The digit appeared to be
viélble again on the sample surface after ion etching even
when a substantial surface layer was removed by polishing. The
depth h ax .?5 fhe removed layer was defined by the target ma-
terial pigﬁéEtieé, by the load used to apply the mark, and by
the ion bombardment conditions. The maximum depth at which the
digit was still discef&abie reached sometimes 1.0-1.5 mm. The
digit 2 trace was ob;er;ablé because of the ion bombardment-made
contrast between deformed and undeformed {or little deformed)

Zones.

Changes of the sample microstructure

at various depths of a deformed zone

Such changes were traced for the steels indicated in Table 1.
In all cases, the mean grain size increased rapidly until reach-
ing a certain depth h, whereupon the grain size approached, at
a much slower rate, the value characteristic of undeformed zones
(see Fig. 6). In case of harder materials (steels 40X and V8),
the first stage is steeper and the transition to a lower rate of

i .

increasing 5. is more clearly expressed than in case of milder

—\,8_
materials {steels 20 and 3}, ]

The shape of the S(h) curves in Fig, { can be explained
as follows. The creation of a deformed zone (the application of
the digit mark) is aééoé;;niéé by pressing-out of the sample ma-
terial by the stamp, that is, takes place in the yield regton
of the material. The upper layers of a deformed zone {small h
values) are céaractériééd b} a strong deformation correéﬁonding
to the yield of a given material and by substantijial changes of
grain size. At the extreme points of the curves the grain size in-
crease rate gets very low and the grain size reaches 70-90% of
that in undeformed zone. The closest approach to the undeformed=
zone grain size is observed for harder materials and at smaller
loads. The dependences S(h) seem to reflect two regions of a
deformed zone. The first region corresponds to the yield region
of materials and the second {deeper) region corresponds to the
region of residual plastic strain. In the deeper layer, underly-
ing the layer h with changed grain size, the target zone of

elastic deformation must be located.

Depth of a deformed zone

At a given load, such depth is defined by mechanical proper—

y

ties of a given material, namely, by its hardness and plasticity

with inverse dependence between them (hardness rises with decreas-

ing plasticity and vice versa)’
F R

ness and plasticity are defined, to a great extent, by carbon
i

content and by heat treatment.

In case of steels, hard-

In maximum depth h where the deformed-zone trace is visua-
lized, depending on material hardness HB, was obtalned for steels

at the load P = 1500 kg (Fig. 7).
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An optimal combination of hardness and plasticity seems to

be necessary for obtaining the highest value of hmax' In case

of nonhardened steels (steels 3, 20, 45), the rise of hardness

. /-
ensures that deformation will be transferred the deeper depths.
In case of hardened steels (steels 40X, v8), their too high hard-

[

ness prevgnts deformation from océurring at deep depths,

Fig.g presents the hmax variations as a function load P
on the stamp for various materials. In the descending order of
hmax‘ the examined materials form the following sequence: steel 45,
steel 20, duraluminum, steel 3, copper, steel 40X, and steel V8.
The nonlinear behaviour of Hmax(P) is probably explained by
the fact that a deformed zone is created {the digit mark is app-
lied) in the yield region of materials where the deformation is

a linear function of 1oadsp

The width of deformed zone at

different depths in samples

Observing the digit 2 ingge'has shown that, as the upper
layers of a sample are removed, the imaqe contrast and the digit
size are changed. Henceforth, the digit line width will be called
the deformed-zone width. ,

Fig. F shows the énnse;ntiJe images of the digit 2 trace after
several operations of polishing and etching. It is seen that the
clear boundary of the trace disappears rather rapidly, just in
correpondence with the removal of a layer whose depth, in turn,
corresponds to the linear nehaviour of the dependence of the mean
grain size on depth (Fig., 6, the beginning of the curve}. It should

be noted that the overall view of the mark was still obééfvable
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after removing a layer of substantial depth, althonéh the grain
sizes in the deformed and undeformed zones were already the same.
The visible contrast of the digit image was used to infer
the deformed-zone width D at different depths. At small depths
(h 0.05-0.2 mm}, the bonndary between deformed and undeformed
zones was clearly seen (it was darker in the pictures}. The
depths at which the boundary was observable are different for
different materials and decreases with increasing hardness. In ?
the hardened steels, the boundary disappeared in ptast1geln$ed£;—-
tely.
At the medium and deep depths (h - 0.1-0.3 mm) , the deformed
zones differ from the undeformed zones in their célour. In all
the materials (except duraluminum) the deformed zones were of
lighter cglour compared with the undeformed zones. The general
trend of the dependence D{(h} is shown in Fig. 10 As n increa-
sed, the deformed-zone width D aisglincreased. In case of hard
materials (steels 45, 40X, and V8}, the deformed zone width reach-
ed its visible maximum rapidly and then decreased slowly with
further increasing h (the plateau in Fig. lﬁa. Only before the
;1£i£até d;;ann;an;né; of the deformed-zone contrast, did the
width D decreased rapidly. In case of milder materials (copper,
duraluminum, steels 3 and 20), the width D increased grg%ually
with rising h and, after that, decreased somewhat more rapidly.
In some cases the width D increased again at deep depths 17’9I0J
The comparlson among the results displayed in Figs £ and I%
has shown that the h region with a rapid growth of the mean

grain size, that is, the yield regions of materials, is in cor-

respondence with the region of rapid rise of D(h). However, the
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dependence D{(h} appears to be more gradual compared with the
dependence of the mean grain size (for example, in case of

steel 20). In all the éurves shown in Fig. 5 the cbserved bend
corresponds to the depth h at which the visible boundary bet-
ween the deformed and undeformed zones disappeared. The largest
gradient of strains and, hence, the greatest number of diéco;ti—
nuities, shears, etc. occur at the_deformed-zone boundary because
of the deformation iﬁho&ogéneity. At high strains (in the yield
region of materials), therefore, the deformed-zone boundary is
highly inhomogeneous aqd must get expressed more clearly under

it

ion bombardment in Qirtue of a higher sputtering ability.
3 N

From the comparison between Figs # and ;6 (for example, in
case of steel 20) it is seen that the observed deformed-zone
contrast was preserved for a longer period compared with the
period during which the difference between the deformed and un-
deformed zone grain sizes diéﬁppeared. The image contrast was
sugéégted to be due to not only the difference in the initial
(before etching) structures of the deformed and undeformed zones,
but also the radiation-stimulated diffusion of defects and im-
purities arising in the course of irradiation in the field of
mechanical strains. This effect must be expressed more clearly
in the materials where the am&ﬁ%t of impurities and defects is
sufficient for the deformed-zone contrast to be increased by
their diffusion, but is still insufficient to prevent them from
moving in the mechanical strain field to the distances where

the deformed-zone contrast can occur. In our case, the copper

sample satisfies these requirements.

.
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Size of visualized deformed zone at

different energies of sputtering particles

The size of visualized deformed zone was characterized by
two parameters, namely, by the maximum depth hmax of visualiji-
zation and by the visible trace width D. The two parameters
were compared at the bombarding Ar+ ion energies of 4 and 40 kev
for copper and steel 20. These materials differ in homogeneities
and in impurity contents and, at the same time, are succeptible
to plastic deformation, thereby facilitating observation of a

strained region.

The effect of the bombarding Ar+ ion energy

on the maximum visualization depth of a

deformed zone
SELoImed zone

Our studies have shown that the rise of the bombarding Ar+

ion energy from 4 to 40 key leads to increasing the maximum vi-

sualization depth hpax

steel 20 (see—Fiy. ¥1). In case of steel 20, hmax varied from

40% at P = 600 kg to 10% at P = 100 kg. In case of copper, h

of the deformed zones in copper and

max
increased by a factor of 5 throughout the range of P from 340 to

750 kg.

The increase in the maximum visualization depth hmax of a
strained region with the bombarding ion energy may be due to the
radiation-stimulated diffusion of defects and impurities. As the
energy E of incident ions increases, the number of the irradia-
tion-produced defects also increases. The defects migrate when
affected by local strains and are absorbed by sinks, namely, by

dislocations, pores, grain boundaries, etc, Accordingly, the
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impurity diffusion is facilitated. By itself, the diffusion of
defects and impurities can change the deformed-zone contrast
and result in a change of sputtering yield which, in turn, en-
hances the contrast and makes it sufficient for being observed
at deep depths. A stronger dependence hmax(E) in case of cop-
per, compared with steel 20, may be explained by more favourite

(compared with the case of steels) conditions of the diffusion

of impurities and defects to great distances, as mentioned above.

The effect of the bombarding art ion energy

on _the visible deformed-zone width

As in case of measuring the hmax value, an increase in the
incident ion energy resulted in an increased visible deformed=
zone width D for copper and steel 20. In case of steel 20, the
increase in D and in hmax was insignificant and the [ (h) form
did not vary. In case of copper, the dependence D(h) was of a
complicated form (Fig.{é). At the depth near hl, where the dif-
ference in the grain size between deformed and undeformed zones
disappeared, the dependence D(h) when the incident Ar* ion ener-
9Y increased up to 40 keV was similar to the dependence at E =
= 4 keV. Whereas, however, the deformed-zone contrast near hl
disappeared at E = 4, it was presented with increasing h at
E = 40 keV and the visible deformed-zone width increased sharply.

Fig. fﬁ shows a series of the dependences D(h) for copper
obtained at different locads P for 40 kev incident ar® ions,

As the load P increases, the minimum of the curves goes down-

wards and shifts towards higher values of h,.

The shape of the D(h} curves for copper under 40 keV Ar'

~14-

ion bombardment may be explained using the scheme presented in
Fig. 14. The double shading shows region 1 corresponding to
vield and plastic deformation. Regions 2 and 3 correspond to
elastic deformation. The defects and impurities located in re-
gion 3, but close to regions 1 and 2, will diffuse, first of all,
towards region 1 because of the largest gradient of mechanical
strains observed in this direction. This circumstance can account
for the narrowing of the deformed zone. As the load P rises, the
deformation region shifts to deeper layer of a sample. So, as P
rises, the boundary of a much defected layer shifts to higher va-
lues of h, in correspondence to the shift of the curve minimum
in Fig. 13 also to higher values of h. The narrowing of the vi-
sualized deformed zone near hl from 0.45 mm at ® = 310 kg to
6.28 mm at P = 750 kg seems to be due to the fact that the lower
boundary of the plastic-~deformed layer descends to a deep depth
{(from 0.25 to 0.5 mm) where the target material is obviocusly more

difficult to undergo plastic deformation.

Visualization of a deformed zone under irradiation

by high-energy particles (0.8 MeV electrons and

37 MeV protons)

Strained state of materials under high-energy electron and
proton irradiation was visualized with a view to elucidating the
role of the radiation-stimulated diffusion in creating a deformed=
zone contrast. Samples of stainless steel 1 x 18HI9T with the
digit 2 layer removed completely were irradiated by 0.8 MeV

17

electrons of a 2 x 10 particle/cm2 dose and by 37 MeV protons

of the same dose.
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The electron_irradiation gave rise to a very faint contrast
between deformed and undeformed zones (which was much weaker than
in case of ion bombardment). A Varian Auger-spectrometer at a

10710

mm Hg was used to analyze the composition of sample surface
after electron irradiation. A continuous carbon layer was observ-
ed on the surface without ion purification. After the purifica-
tion by 2.5 kev art ions, the Auger analysis revealed an increasg-
ed carbon content in deformed zone (compared with underformed
zone) at depths of about 50, 250, and 500 %.

The 0.8 MeV electrons penetrate through the entire depth of
the sample {(~.8 mm). They cannot give rise to a Sputtering pro-
cess because at such energies the energy loss, with the momentum
turned to the irradiated surface, proves to be too high, so the
eénergy transferred to the surface atoms is to be insufficient
to induce their sputtering. However, when moving through the
sample, the 0.8 MeV electrons produce various defects., The thre-
shold electron energy for producing the Frenkel pairs is Ethr =
= (M/me)Ed, where M  is atomic mass, Ed = 25 eV isg energy to
displace an atom from a lattice site; m, is electron mass,

5

M/me,\ 107, that is, 0.6 MeV. Therefore, the 0.8 Mev

Ethr'J
electrons produce a very small number of the Frenkel pairs in
iron and copper, but are capable of displacing the atoms of
light impurities (for example, carbon) from lattice sites to
interstitials where they are more movable and can diffuse. The
diffusion flux gets directed in the bresence of a strain gradi-
ent, thereby giving rise to an excess or a deficit of impurities

in the maximum deformation zone. Motions of atoms in interstiti-

als were observed by M. Kiritan et al. (1975) in some metals

~16~

under electron irradiation at, however, higher electron ener-
gies (1-2 Mev). Probably, carbon forms complexes with vacancies
in the same manner as helium and deutertium. This problem was
studied by M,I. Baskes and w.p,. Wilson in 1976 and by V.D. ali-
mov, A.E, Gorodetsky, and A.p. Zakharov in 1984, Such complexes
are notable for their high mobility which enhances the diffusion
of impuritijes.

In the absence of electron irradiation, the carbon diffusion
in the mechanical strain field would be insignificant. To verify
this, the XPS-spectrum of carbon was obtained for an identical
sample not irradiated by electrons. The XPS-analysis was chosen
because it makes it possible to obtain a signal to which a much
greater target layer contributes, compared with the Auger ana-
lysis. No increase was observed in the carbon content on undeform-
ed zone not irradiated by electrons.

The Ergtgn_i;rgdiagign; In the specimen irradiated by the
37 MeV protons Penetrating, like electrons, through the entire
sample depth, the deformed-zone contrast increased sharply com-
Pared with the electron irradiation and got sufficient for being
ohserved visually.

The Sputtering process jis very insignificant under bombard-
ment by protons of the like energies. However, the number of the
pProduced defects jsg substantially (by several orders) higher
compared with the 0.8 Mev electron irradiation, Therefore, the
enhanced image contrast under the proton bombardment must be
attributed, first of all, to the strong radiation-stimulated

pProcesses of the diffusion of defects and impurities.



-17- -18-

Visualization of a deformed zone

tigh rate that the necessary microscopic examination and photo-
by heating in vacuo

graphing cannot be carried out in most instances.

Since the samples were heated under ion bombardment, it was Table 3
of interest to study the sample temperature effect on the cont-

The maximum viswalization depths of
rast of deformed zone image. With this purpose, a copper sample

deformed zones for electrochemical
pPrepared in the conventional way with a digit 2 trace was heat-

o and ion etchings
ed in vacuc at 300-700 without any preliminary irradiation. At

temperatures above 3000. a deformed-zone contrast occurred, but

Material Load, P Electrochem. Ion irradiation, mm
it was much weaker than in case of jon bombardment. When visua-
kg stching, mm E=4 keV E = 40 keV
lizing the deformed-zone contrast, the value of hmax was small-
. .89

er than in case of jon bombardment. A contrast between deformed Copper 500 0.17 0.21

. .74
and undeformed zones arose brobably from thermodiffusion of Steel 3 1000 0.35 0.68 o

defects and impurities. The copper sample did not show any notice-

able evaporation at the above mentioned temperatures.

Visualization of a deformed zone

by electrochemical etching

The electrochemical etching carried out for the sake of
comparison has shown that a deformed-zone contrast gets visua-
lized only at the depths where the difference in the grain sizes
between deformed and undeformed zones is stj)]] substantial.

Table 3 presents the relative data bearing on the visualization
of deformed zone by electrochemical and ion etchings.

The data of Table 3 demonstrate the advantages of ion irra-
diation when Visualizing strained zonesg in metals. It should be
noted that a strained-state 2Zone visualized by ion irradiaticn
is preserved for a long time, whereas inp case of electronchemical

etching a deformed-zone image disappears in Oopen air at a such
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The role of the diffusion process in, and its
contribution to, the development of deformed=

zone contrast

A number of studies in last few Years have shown the ability
of ion bombardment to make visible the areas of high plastic de-
formation in various materials exposed to the bombardment by ion
beams of threshold or kev eénergies. It was suggested
that the preferential sputtering and atom segregation of deformed
surface layers are responsible for the formation of the contrast
for this visualization.

The aim of the present research was to establish the role and
the contribution of both contaminant and implanted atom diffusion

in the formation of the pattern contrast.

Experimental techniqgues

Copper and steel (ST 20) samples were used as target materi-
als since they (a) differ significantly in properties, {b} are
easily deformed and processed, (c) have already been studied and
some results on imaging of the surface areas under strain were
available for comparison . Bronze (Cuo_87Sn0_13) samples
were chosen as an alternative new material for which no data on
such imaging were known. In this alloy the diffusion effects in
the plastic deformation zone are expected to be substantial due to

the quite different atomic radii (0.128 nm for Cu and O.i58 nm for

Sn atoms)

:

Fig. 185 shows the shapes of the samples and the places where

loads were applied, as well as the areas whence information was

_20_
readout. The deformed surface zones were created by using a stan-
dard digital mark of 1. The mark was formed under different loads
which ranged from 350 to 1000 kg, depending on the hardness of a
given material. The marks were applied on only cubic samples. The
horseshoe-shaped samples were compressed until plastic deformation
cccurred. Following the marking, the sample thickness was measured
in the vicinity of the mark, whereupon the depth of a groove made
by marking was found. Then the upper layers of each sample were
removed, in some cases until the mark disappeared completely.

The final stage was to polish the surface with an optical po-
lishing paste and to subject the sample to ion etching using the
ILU-2 and VUP-2K mass separators or the Ardenne ion source. The
ar? energy was varied from 4 keVv to 40 keV, the current density
was 0.35-0.56 ch/cmz, the etching time was 0.5-3 hours. The Ne+
energy was 20 keV, the current density was 0.8 ch/cmz, the ir-
radiation time was 0.3-3 hours.

The samples with the applied digit mark were irradiated from
above, on the plane where the strain occurred, and from its late~-
ral side, on the plane perpendicular to the mark. The horseshoe=
shaped samples were irradiated in the zone of the strongest strain
(the shaded area in Fig. 15}).

The study of the structure of irradiated surface regions and
the X-ray microanalysis were both carried out in a combined
XEM/XMA (Camebax) machine which allowed us to follow the profile
distribution of various elements in the deformation zone. The
distributions were measured by using either electron probe scan-
ning within a short distance span {(up to 250 um) or automatic tab-

le shift over 3000 m for a static probe. TIn the microanalysis
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chamber the sample was oriented in such a way that the possible
roughnesses in the deformation Zone were aligned perpendicalar to
the electron probe scanning line and to the Plane through the
sample and the spectrometers. The profile distributions we-e mea-
sured by using small angle exit to the spectrometer in order to
minimize the sensitivity to the surface roughness. Such precauti-
ons enables us to avoid the errors related to the surface rough-
ness which can be due, for instance, to preferential Sputtering
effects - The microanalysis of the copper and steel sanples
was carried out simultaneously at two levels, gic {447 nm) and

K Ar (419 nm)}. The X~ray emission was detected by using crystals
of ODRb for the carbon and PET for the argon lines. For the ana-
lysis of bronze alloy samples the K Cu (15.4 nm) and E(Sn (36 nm)
lines were used, detectors being LiF and PET c¢rystals respectively.
The accelerating voltage for the analysis was 15 kV and the probe
current was 10_7 A. The exit angle of the X-ray radiation in the
machine used was 45°.

The guantitative analysis of ... impurity concentratiom and
its change in the diffusion ¢one was performed ysing standard tech-
niques incorporated in g 'ZAF' computer programme distributed by
'Tracor'. The computer code is based on the assumption that the
relationship C = K°kz'ka'kP is valid, where ¢ ig the comcent-
ration of the analysed element, K ig the ratio of the X-ray
intensities measured in the microanalysis and corrected for the
dead time and the background, kz is the correction due to th=
atomic number, kA is the adsorption correction, kF is the co--
rection factor for the flucrescence due to the characteristic

K-ray emission.
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Experimental results

In order to elucidate the reasons for formation of the cop-
trast in the case where grain sizes of deformed and undeformed
surface regions do not differ significantly, experiments on ir-
radiation of steel samples by 40 kev ar’ ions were carried out.
The digit mark was made by using a load of 1000 kg. In these con-
ditions the depth of the mark groove was evaluated to be 0.36 mm
which amounted to 2/3 of the maximum depth where the deformation
of the material can still be observed, It should be pointed out
that in this case carbon was the only impurity element which could
easily diffuse in the strain fields as a result of quite different
atomic radii for carbon (dc * 0.077 nm) and other substrate ele-
ment (dFe = 0,126 nm} .

Results of the X-ray structure analysis of deformed surface
regions are presented in Figure 12. Enhanced intensities of the
X~-ray peaks corresponding to carhon were found in the deformed
zones and on thelir boundaries with the undeformed parts of the
surface.

The distribution of carbon and argon in the deformation zo-
nes was studied also on copper samples. In this case the wafer
was marked with a digit by using a load of 540 kg. The cross=sec-
tion of the sample was irradiated by 40 keV argon ions in the
ILU~-2 mass separator.

Argon is known to move quite easily in the deformed region

- This is mainly due to the fact that it is not chemically
active and therefore no chemical compounds are formed.

In Fig. i% we have illustrated the carbon and argon distribu-

N
tions along the line shown in Fig. 17(b). The spectra indicate



-23-

that the most heavily deformed region (numbered 1 in Fig. 17(b))
is depleted of argon. On the contrary, 1in the regions of small
elastic deformation and outside the deformation zone a considerab-
le amount of argon was found. The carbon spectra (Fig. 18) of
heavily deformed areas indicate that the flow deformation zone of
the material is also enriched with carbon.

Fig. lé shows the carbon distribution spectra of a copper
sample fellowing a polishing out of the upper layers of thickness
0.31 mm and thermal annealing in vacuum at 650°C for 1 h. The
distribution profile of the carbon line indicates enhanced con-
tent of this element in the boundary between the deformed and
undeformed material.

The carbon and argon impurities amounted to only a fraction
of 1% and, therefore, their redistribution in the deformation
zone was difficult to follow. Bronze, containing 87% Cu and 13% Sn,
seemed to be a more convenient alloy for studying the impurity
redistribution resulting from the radiation-enhanced diffusion
in the deformation zone.

The bronze samples were marked by using loads of 350 kg and
700 kg. The enhanced diffusion of the tin in the strain field
was studied on these samples after the top layers of .25 nm
were removed (the reference level being the bottom of the groove} .
Diffusion of the tin from the flow deformation zone was clearly
observed. The extension of the diffusion area at this depth was
as large as 200,um (Fig. 20). The tin content in the zone of
plastic deformation was 2-131% higher than in the original mate-
rial. As seen in Fig. 20, the behaviour of copper distributions

in the flow and plastic deformation zones is just the opposite
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to that of the tin distribution.

The irradiation of bronze samples by 40 keVv art ions in the
ILU-2 mass separator for 30 min resulted in the visual appearance
of the digital mark on the target surface. The contour of the
mark was protruding above the base sample surface by up to 0.5 jm.
During the irradiation the fon stimulated segregation occur-
red as a result of preferential sputtering of tin and the enrich-
ment of the surface with copper atoms (Fig. 21). In the tin-diffu-
sion zones the concentration of this element after the trradiation
was reduced to values corresponding to the undeformed surface of
the sample (Fig. 25; due to a more intensive sputtering of tin.

To elucidate the role of the strain sign, we irradiated
the horseshoe-shaped samples of the above discussed materials
with 20 kev Art ana Net ions. The horseshoe side surface was
analyzed at the point of the maximum curvature {Fig. iéi before
and after the deformation occurrence and with and without irra-
diation in both cases. From Fig. 25 it is seen that the Ar con-
tent proved to be increased in the compression zone and to be
decreased in the tensile strain zone compared with nondeformed
region (near the median line of the sample) . Deviations from
this pattern were observed at the edges of the sample,

The behaviour of the Ar and Ne ion distributions in the
horseshoe-shaped samples is the same. The implanted-ion and
carbon distribution profiles are presented in Figs %g and 14.

All the distributions were readout at small and medium
irradiation doses. An increase of irradiation time up to 90 min
results in a levelling of the Ar and Ne distribution profiles,
so their concentrations in the compression zone and outside the

deformation zone get equal.



_25_
Discussion
We studied the impurity distribution on the deformed parts
cf the metal surface exposed to ion irradiation. In the copper
and steel substrates, easily diffusing impurities are carbon and

argon and their redistribution was followed.

The enhancement of the carbon contents in the deformed regions

of the copper and steel samples (Figs 16-18) in comparison to that
of undeformed areas can be associated with the highest strain gra-
dient on the boundary between deformed and undeformed areas after
the mechanical treatment. As a result of shifts and discontinui-
ties in the boundary region the highest inhomogeneity appears.
Due to the considerable size reduction of the microstructure

there appear additional defect traps such as grain boundaries.
They make the diffusion of the impurity atoms in the deformed re-
gions easier. Meanwhile, the radiation enhanced diffusion itself
contributes to the modification of impurity concentration in the
deformed regions.

Analysis of the copper sample cross-sections indicated that
the most deformed surface regions (i.e. flow and plastic defor-
mation zones) are depleted of argon but enriched with carbon.

On the contrary, the elastic deformation zone and undeformed
parts the sample surface are enriched with argon and depleted of
carbon. In this case the carhbon behaves as in other deformed ma-
terials, i.e. diffuses into the mechanical strain zones.

Since the argon is able to move easily along the defects,
it can either go deep in the bulk or to be released back into
the vacuum, in both cases leaving depleted surface layers,

The most deformed tep layers of the samples were enriched
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with carbon. This behaviouar of carbon atoms again makes clear
its role in the formation of the visual contrast of the deform-
ed surfaces.

In the thermal imaging of the strain zones of copper samp-
les the main role in the formation of the contrast between de-
formed and undeformed regions can be attributed to the thermal
diffusion of defects in the zones of highest deformation {Fig. 19}.

The most prominent effect of the diffusion Processes was
found in the bronze samples. Since the tin concentration was
much higher in comparison to that of carbon and argon, even small
changes in this concentration could be detected easily., Figs
and show schematically how the surface topography and the
corresponding tin and copper concentrations in the Qiffusjion
zones changed after polishing and ion beam irradiation of the
samples.

The imaging of the deformation zone in the case of bronze
samples could be due to the difference in the sputtering coef-
ficients. Indeed, th:: tinp sputtering coefficient is higher than
that of copper targets so that the modifjed surface concentra-
tions of these atoms in the deformed regions result in a smaller
sputtering rate in comparison to the rest of the surface. As a
consequence, after the irradiation the deformed areas seemed to
Protrude above the other surface parts.

The increased irradiation doses (up to ~ 1019 ion/cmz) was
noted to result in the identical contents of the implanted noble
gas in the deformed and undeformed zones. The decreased doses
(to A,lola ion/cmz) resulted in different implanted noble gas

contents in the zones. This effect is probably due to high com-
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pressive strains in case of high doses resulting in a levelling
of the strain values and sign in the surface layer.

In conclusion, the radiation enhanced diffusion of the con-
taminant and implanted impurity atoms contributes to the forma-
tion of the contrast of the deformed surface regions by chang-
ing the surface topography due to modified sputtering rates of
the deformed and undeformed areas and different atomic concent-

rations at the surface.
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Figs 1 and 2. Sputtering yield s (in relative units) versus
+
Hg' ion energy for cu and Ag specimens under compression

at different pressures,

Figs 3 and 4. Sputtering yield § for Cu and Ag as a function
of the compression of the sample. TIon energy are E =

= 30 and 40 ev.

Fig. 5. Variations of threshold Sputtering energy as a function

of plastic deformation.

Table 1. In the table, the materials are Presented in the ascend-
ing order of hardness which is determined in case of
steels by carbon content and by heat treatment (hardened

or nonhardened) .
Table 2. The loads on various materijals.

Fig. 6. Changes in the mean grain size o of a deformed zZone

versus the depth h of removed layer.

Fig. 7. The max :aum visualization depth hmax of a deformed zone
where the contrast disappears versus hardness HB of

steels under load P = 1500 kg.

Fig. 8. The maximum depth hmax where the deformed-zone contrast

disappears versusg applied load P for different materials,

Fig. 9. Picture of the trace of digit 2 obtained with successive

polishing and jion etching for steel-20.

Fig.1l0. variations of the width D of a deformed-zone trace with

the depth h of removed layer.
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Fig.ll. The maximum depth hmax where the deformed-zone contrast Fig.20. Copper and tin distributions on bronze surface across
disappears versus toad P at different energies of inci- the deformation zone after polishing the sample.
dent ions. Fig.2l. Auger electron spectra of a bronze surface before polish-
Fig.l2, Variations of the deformed-zone trace width with the re- int (1) and following irradiation by 40 keV Ar' ions (2).
moved layer depth at different energies of incident Ar' Fig.22. Copper and tin distributions on bronze surface across de-

tons for Cu. formation zone after the irradiation by 40 keVv art ions.

Fig.13. The same as in Fig. 12 for different loads. Fig.23. The Ar' ion distribution in horseshoe-shaped samples.

Fig.1l4. Pattern of a deformed zone for Cu. Fig.24. The Ne, Ar, and Xe distributions.

Table 3. The maximum depth at which a deformed zone is visualized

in case of electrochemical and ion etchings.

Fig.15 (a, b, c). The shapes of samples and the locations where

the load and the irradiation were applied,

Fig.l6. Carbon distribution on a deformed steel surface irradiated

by 40 kev Ar* ions.

Fig.17{a). Depth distributions of argon and carbon atoms in a

copper cross-section irradiated by 40 keV art ions,

Fig.17(b}. Schematics of the cross-section used for depth distri-
butions in Fig. 17(a): 1 - deformed reqgion; 2 - undeformed

area; 3 ~ probe guiding line in the X-ray microanalysis.

Fig.18. Carbon distribution in the deformation zone, cross-section

of a copper sample was used.

Fig.19. Carbon distribution on the copper surface across the
deformation zone. The sample was annealed for one hour at

T = §50°C.
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