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The effect of low energy (<1 keV) xenon (Xeþ) ion bombardment on the residual stress of

polycrystalline iron alloy (AISI 316L steel) is reported. The results take into account the influence

of the ion incident angle maintaining constant all other bombarding parameters (i.e., ion energy

and current density, temperature, and doses). The bombarded surface topography shows that ions

prompt the formation of nanometric regular patterns on the surface crystalline grains and stressing

the structure. The paper focalizes on the study of the surface residual stress state stemming from

the ion bombardment studied by means of the “sin2 w” and “Universal Plot” methods. The analysis

shows the absence of shear stress in the affected material region and the presence of compressive

in-plane residual biaxial stress (�200 MPa) expanding up to �1 lm depth for all the studied sam-

ples. Samples under oblique bombardment present higher compressive stress values in the direction

of the projected ion beam on the bombarded surface. The absolute value of the biaxial surface

stress difference (r11-r22) increases on ion impinging angles, a phenomenon associated with the

momentum transfer by the ions. The highest stress level was measured for ion impinging angles of

45� (r11¼�380 6 10 MPa and r22¼�320 6 10 MPa). The different stresses obtained in the stud-

ied samples do not affect significantly the formation of characteristic surface patterns. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4964429]

I. INTRODUCTION

Shot peening process is a procedure used to prompt

stress, defects, and plastic deformation on the surface of met-

als. This cold working process consists in bombarding the

metal sample with small steel balls, glass or hard ceramic par-

ticles. This treatment improves process involving atomic dif-

fusion species in metals such as nitriding. These effects are

due to surface chemical reaction kinetics modification by

increasing grain boundary paths obtained on the nanostruc-

tured surfaces.1 Also, low energy ion bombardment (“atomic
attrition”) is a technique applied for improving elements

incorporation such as nitrogen, carbon, and boron, by physical

surface modification. Moreover, the material surface can be

tailored by sputtering patterning, erosion, prompting defects,

roughness, and stress.2–6 Such procedures modify the surface

topography, inducing regular and peculiar patterns depending

on both material and bombardment conditions.7–9

In surface hardening processes, ion bombardment is cur-

rently used, leading to elimination of oxide barriers in met-

als, improving, for instance, nitrogen diffusion in plasma

nitriding applications. Moreover, some studies have shown

that the changes induced in materials after bombardment,

such as the presence of defects, stress, and roughness, can

act beyond surface cleaning by prompting nitrogen diffu-

sion.10–14 The physical modification induced by the ion

bombardment involves concomitant effects, such as linear

momentum transference, local heating spikes, self-diffusion,

atoms re-locations, and sputtering.9

These considerations suggest that the modifications

introduced by ion bombardment deserve special attention. In

particular, the surface topography and the strain introduced

by ion bombarding should be examined in order to gain

physical insight in nitriding, substrate preparation for wear-

resistant, and hard coatings applications. As it is well known,

ion bombardment generates compressive stress due to the

fact that heavy ions having energies �100 eV are underneath

implanted (knock-on effect).15–17 The implanted atoms

occupy smaller sites than the usual atomic volume, generat-

ing stress parallel and outwards to the sample surface. On

one hand, since the sample surface is free to expand in the

direction of its normal, the generated stress component in

this direction, r33, is relaxed. On the other hand, a parallel

expansion is not allowed by the substrate’s stiffness, generat-

ing a macroscopic biaxial stress.12,16

The effect of ion bombarding on the induced stress is

well studied in the case of thin films deposited by a variety

of techniques, such as sputtering, ion beam assisted deposi-

tion, chemical vapor deposition, and ion beam assisted evap-

oration. Regarding the importance of residual stress in

polycrystalline thin films deposition, a comprehensive paper

by Chason and Guduru was recently published.18 Chan et al.
reported the bombarding effect on the stress as function of

the dose in evaporated Pt (platinum) thin films of 15–40 nm

grown on crystalline silicon.19 They found tensile or
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compressive stress depending on the noble gas used for ion

bombarding, ion energy, as well as the preparation

conditions.

We remark also that the studies of stress dealing with

growing film process are not, in general, taking into account

the projectile incident angle. Indeed, the effect of the projec-

tile incident angle on the substrate is important since ion bom-

barding is currently employed in the preparation of substrates

in coating technological applications. Therefore, in this paper

we are explicitly investigating the influence of the ion incident

angle on the material residual stress. Specifically, the effects

of Xeþ bombardment on the surface and in depth residual

stress prompted in AISI 316L stainless steel are reported as a

function of the ion-impinging angle at constant ion energy and

dose. Both absolute values and depth profile of stress compo-

nents are discussed considering the transferred momentum as

a function of the ion incident angle.

II. EXPERIMENTAL

A. Sample preparation

Rectangular samples (20� 10 mm, 2 mm thick) of aus-

tenitic stainless steel AISI 316L (nominal composition C:

<0.08, Si: <0.5 P: 0.05, S: 0.03, Mn: 1.6, Mo: 2.1, Ni: 12.0,

Cr: 17.0, and Fe: balanced in wt. %) were mirror polished

(roughness <1.5 nm). The polishing process followed a stan-

dard sequential routine using diamond disc grinding and pol-

ishing diamond pastes of 9, 3, and 1 lm sizes. Afterward, the

samples are bombarded by xenon ions (Xeþ) in a high vac-

uum chamber (background pressure <10�5 Pa) containing

ion sources (Kaufman-type, 3 cm diameter beam). The work-

ing pressure during Xeþ bombardment was 1.4� 10�1 Pa.

More details of the apparatus are reported elsewhere.20 The

substrates were bombarded during 30 min, at room tempera-

ture. The nominal ion current density was fixed at �1.4 mA/

cm2 and the corresponding dose was 1.6� 1019 ions/cm2.

Nominal ion beam energies were fixed at 1 keV for all

experiments. Five impinging ion bombardment angles m
were selected for the study (m¼ 0�, 15�, 30�, 45�, and 60�),
where � is defined as the angle relative to the normal to the

sample surface (Figure 1). Calculations using the program

TRIM21 show that the stopping distance of the ions in these

conditions is �1.1–1.8 nm. Figure 1 shows both the step

(measured with a profilometer) produced by the bombarding

erosion and sputtering rate for the studied impinging angles.

Each step value present in Figure 1 corresponds to the aver-

age value of five measurements. The error bars correspond

to the calculated standard deviation. We note that experi-

ments reported correspond to samples that have lost the

memory of the possible effects introduced by the polishing

preparation procedure since around 1 lm of material have

been removed during the treatment (Figure 1). 1 lm is just

the last size of the polishing diamond paste used in the sam-

ple preparation.

The morphology of the surface of the irradiated samples

was analyzed by scanning electron microscopy FEG-SEM

(Quanta 650FEG) at the Brazilian Nanotechnology National

Laboratory – LNNano, Campinas, SP, Brazil.

B. X-ray diffraction and residual stress analysis

In order to study the residual stress prompted by the

ion bombarding treatment, the samples were characterized

by X-ray diffraction measurements. The measurements

were performed in the symmetric w-mode (i.e., by tilting

the sample around an axis in the diffraction plane) for four

equally spaced azimuth angles u, where u ¼ 0� is the angle

coinciding with the direction of the ion bombardment pro-

jection on the sample surface. The selected diffraction line

for X-ray stress analysis (XSA) was the reflection 311 of

austenite at 2h¼ 90.4�, which is a good compromise

between sufficient intensity and the magnitude of the Bragg

angle. The latter should be large enough in order to detect

without difficulty the strain induced diffraction line shifts given

by the expression D2h ¼ �2e tan h; where e is the lattice

strain.22 The parameters used in the experiments are summa-

rized in Table I. The X-ray measurements were carried out at

the Helmholtz-Zentrum Berlin f€ur Materialien und Energie,

Berlin, Germany.

The individual diffraction lines were evaluated by least

squares fitting of the data using a pseudo-Voigt function. The

data were corrected for factors such as absorption and Lorentz-

and polarization factor (LPA correction). The Diffraction

Elastic Constants (DEC) S1 and 1
2

S2 required for the evalua-

tion of the residual stresses and stress depth profiles are

obtained by the Eshelby–Kr€oner model using single crystal

FIG. 1. Step generated after ion bombarding the studied samples (left axis).

The calculated sputtering rate as a function of the ion-impinging angle is

indicated (right axis). A schematic representation of the ion beam bombard-

ing set up is also shown.

TABLE I. Experimental parameters for the X-ray residual stress study.

X-ray line

CuKa (without Kb-filter)

40 kV/45 mA (long fine focus)

Optical elements Primary beam:

polycapillar – semilens

diffracted beam: 0.4� soller slit

þ(001) LiF – monochromator

Studied reflection Austenite 311

2h-range 89� to 92.5�

Step width D2h 0.05�

Counting time 15 s/step

w-range 0� to 89.5�

Calibration Au-powder
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elastic constants for austenitic stainless steel.23,24 The calcu-

lated values are S1¼�1.77� 10�6 MPa�1 and 1
2

S2

¼ 7:11� 10�6 MPa�1. For the purpose of comparison, consid-

ering an isotropic material, the DECs are given by S1 ¼ ��=E
and 1

2
S2 ¼ 1þ tð Þ=E, where E and � are the Young’s modulus

and the Poisson ratio, respectively.25 Substituting S1 and S2 by

the values calculated by the Eshelby–Kr€oner’s model in the

expressions of the DECs for isotropic materials, the module of

Young and the Poisson ratio are E¼ 186 GPa and n¼ 0.3,

respectively, i.e., values compatible with the studied material.

As remarked above, residual stresses were calculated by

applying two techniques. First, by means of the conventional

sin2 w-method22,26 the in-plane residual stress components

r11 and r22 (direction 1 matches the direction of the ion

beam projection on the bombarded samples) as well as the

out-of-plane shear stresses components r13 and r23 were

analyzed. Furthermore, by analyzing the lattice spacing d311
w�

in the strain-free direction w* of the biaxial residual stress

state, which is defined by w� ¼ sin�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2Shkl

1 = 1
2

Shkl
2

q
, the

near surface residual stress state was shown to be biaxial,

i.e., the assumption r33¼ 0 is valid within the small range

irradiated by the X-ray beam. Indeed, this is in agreement

with the physical expected result that the free sample surface

is allowed to relax. The value w� ¼ 44:9� is obtained by

using the diffraction elastic constants S1 and S2 given above.

Second, by analyzing the same set of X-ray measurements

by the so-called Universal Plot Method (UPM),27,28 the

depth profile of the stresses r11 and r22 components was

evaluated (see the Appendix). Briefly, by performing X-ray

diffraction in the w-mode (i.e., by tilting the sample around

an axis in the diffraction plane), the X-ray diffraction bring

information from a depth s¼ sin h cos w/2l, where l denotes

the linear X-ray absorption coefficient of the sample.27 Due

to the exponential attenuation of the X-rays in the material,

for any physical quantity f(z) (e.g., strain), the X-ray diffrac-

tion yields weighted averages with respect to the depth

s¼ sin h cos w/2l below the surface. In other words, the

averaged value (mean value) of any depth-physical property

f(z) can be calculated by: hf sð Þi¼
Ð1

0
f zð Þe�z

s dz=
Ð1

0
e�

z
s dz

where s could be thought as an attenuation characteristic

depth-length and the brackets stand to indicate an averaged

value of the physical magnitude f(z) weighted by the expo-

nential ez=s. Mathematically, this equation represents the

“Laplace transform” of f(z) to the s space, normalized by the

integral
Ð1

0
e�

z
sdz of the weight function. Afterward, f(z) can

be obtained from the inverse Laplace transform L, i.e.,

f(z) ¼ L(hf(s)i).22,28 Following this procedure, the stress dis-

tributions r11(s) and r22(s) curves are obtained (Equations

(A6a) and (A6b), Appendix). For the real space profiles,

we used an exponentially damped first order polynomial func-

tion to describe the depth distribution of the biaxial tensor

stress components riiðzÞ ¼ ða0 þ a1zÞe�a2z ði ¼ 1; 2Þ.22

The corresponding expression in the Laplace space (s)

is given by riiðsÞ ¼ a0=ða2s þ 1Þ þ a1s=ða2s þ 1Þ2 ði
¼ 1; 2Þ. Here z is the coordinate perpendicular to the sam-

ple’s surface, with z ¼ 0 at the surface and a0, a1, and a2 are

adjustable parameters.

III. RESULTS AND DISCUSSION

A. Surface morphology of bombarded samples

Figure 2 shows the morphology of Xeþ bombarded AISI

316L samples. In the images, the axis “1” indicates the pro-

jection of ion beam direction on the sample surface

employed during the bombarding experiments. In all cases,

the ion bombardment evidenced the crystalline grains of the

material and promoted the formation of peculiar patterns

within those grains (ripples, grooves, dunes, terraces, and

mounds).14 This behavior suggests a surface accommodation

mechanism that depends on the crystalline orientation of

individual grains, as expected in the Ehrlich–Schwoebel
instability model for metals.4,5,7 Roughly speaking, accord-

ing to the model, the regular pattern stems essentially from

two mechanisms inducing surface instability. First, the sput-

tering yields dependence on the surface local curvature.

Second, the surface energy barriers hinder adatoms to diffuse

over step edges.8

The crystalline material structure is also important in the

process. The non-directional bonds character in metals facili-

tates the accommodation of atoms and the ripples tend to fol-

low the material crystalline orientation. Besides these general

characteristics of the surface morphology, the presence

of mounds aligned with the ion beam direction observed for

t ¼ 60� (Figure 2(e)) suggests that in some cases the

FIG. 2. SEM images of AISI 316L studied samples bombarded with Xeþ

using different ion impinging angles: (a) 0� (perpendicular bombardment);

(b) 15�; (c) 30�; (d) 45�; and (e) 60� at 1 keV fixed energy. Indicated direc-
tion 1 (arrow) corresponds to the projection of the ion beam direction on the

substrate.
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formation of patterns is probably also related to ion momen-

tum transfer.

B. Residual stress analyzed by the sin2w-method

The d311
uw vs sin2w diagrams obtained for the studied

samples (reference pristine and bombarded samples, respec-

tively) are shown in Figure 3. Here d311
uw is the standard

nomenclature indicating the interplanar distance associated

with the 311 direction (u and w were defined in Section

II B). The negative slope observed for all d311
uw vs. sin2 w dis-

tributions and the absence of w-splitting indicate a compres-

sive in-plane residual stress state and negligible shear

stresses r13 and r23. It is remarked that the pristine studied

samples have compressive stress probably due to the polish-

ing procedure29 or the roll-forming manufacturing stainless

steel sheet process. As observed in the plots, the d311
uw vs.

sin2w diagrams obtained for the reference sample as well as

for the perpendicularly bombarded one are nearly indepen-

dent of the measured azimuthal angles u. However, the plots

for the bombarded samples under oblique ion incidence

exhibit a larger negative slope for u¼ 0� and u¼ 180� as

compared with those curves obtained at u¼ 90� and

u¼ 270� azimuthal angles, respectively. Consequently,

higher compressive stresses are present for the r11 and r22

component of the stress tensor. Finally, the plots for all sam-

ples show a non-linear behavior for the largest w values,

indicating residual stress gradients.

Table II shows the absolute values of the in-plane residual

stress components r11 and r22 obtained by the sin2 w-method.

In the last column, the calculated lattice parameter values in

the strain-free direction, aw�
311, are listed. They were obtained

from the regression lines fitted to the sin2 w plots shown in

Figure 3 in the strain-free direction of the biaxial stress state,

w�;311 ¼ 44:9�. Since all calculated aw�
311 values are very

similar and close to the strain-free lattice parameter of austen-

itic steel, it can be concluded that the out-of-plane normal

stress component r33 can be neglected. The small uncertain-

ties obtained for the individual stress values result from the

almost linear sin2 w-data in Figure 3 and good fit by the

regression line.

Figure 4 summarizes the dependence of the compressive

stress as a function of the ion-impinging angle for the stress

tensor components r11 and r22. In this figure, we can see that

the compressive stress presents a maximum for an ion imping-

ing angle of �45�. It is worthy to call the attention that the

shape of the curve displayed in Figure 4 resembles the sputter

yield dependence on ion impinging angle, i.e., the sputtering

yield displays a maximum around 45� (Figure 1). This obser-

vation suggests that the compressive stress is related with the

sputter yield, i.e., with the mechanism of ion-substrate interac-

tion that depends on the mass and energy of the incident pro-

jectile. If it is so, the maximum compressive stress is due,

might be, to the maximum of energy transfer from the incom-

ing ions to the substrate at �45�.30

Moreover, according with the classical Sigmund’s the-

ory,4 the sputtering Yield is given by Y(E, h)¼K FD(E, �,

x¼ 0), where K is a constant material dependent, FD is a

function depending on �nz, the axis perpendicular to the plane

y-x contained on the assumed flat sample surface, � is the

ion incident angle measured relative to the normal �n, and E

is the energy of the initial impinging ion. The average energy

deposited in a slab of volume dV¼ x y dz is given by FD(E,

FIG. 3. d311
uw vs. sin2 w plots for the reference and bombarded samples, at dif-

ferent measured azimuthal angles u. The points correspond to the experi-

mental information and the lines are linear regressions.

TABLE II. In-plane components of the residual stress tensor obtained for all

the studied samples. The last column contains the calculated lattice parame-

ters in the strain-free direction of the biaxial stress state, aw�
311.

Incident angle r11 (MPa) r22 (MPa) aw�
311 (nm)

Reference �277 6 15 �259 6 13 0.35937

0� �231 6 9 �203 6 11 0.35935

15� �248 6 7 �192 6 8 0.35933

30� �259 6 7 �244 6 6 0.35933

45� �380 6 10 �320 6 10 0.35935

60� �237 6 6 �165 6 8 0.35938

FIG. 4. Absolute stress values obtained by the sin2 w - method as a function

of the ion impinging angle for the stress components r11 and r22.
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�, z�n) dz. Focusing only on the angular dependence, Y is

given by Y (E,�,z¼ 0)� (cos �)�f, where 0< f< 2.4

Experimentally, the sputtering yield Y first increases mono-

tonically on � as given by the (cos �)�f dependence.

Afterward, Y decreases, defining a maximum which depends

on the material and the fact that the surface is not perfectly

flat.4 Moreover, this maximum depends also on smoothening

mechanism, such as surface atoms diffusion and relocation

by momentum transference.8 In fact, Figure 1 resembles this

behavior, with a maximum around � � 45�. Figure 4, also,

shows the same peculiar effect at � � 45� which is associ-

ated with the sputtering yield behavior.

Figure 5 shows the difference between the absolute val-

ues of biaxial stress tensor components r11 � r22 as a func-

tion of ion impinging angle. These results show that the

samples exposed to tilted bombardment present higher com-

pressive stress in the direction of the projected ion beam on

the sample surface. Moreover, the difference between r11

and r22 increases on ion impinging angles for the studied

oblique incidence range. This difference is probable due to

the effect of momentum transferred to the sample atoms in

the direction of the incoming xenon ions. Therefore, the

knock-on implantation phenomenon causes higher compres-

sive stress mainly along this direction.16

C. Residual stresses gradients

As evidenced in Section III B, the d311
uw vs. sin2w plots

are not linear suggesting the existence of in depth stress gra-

dients perpendicular to the sample surface. Therefore, in

order to determine the depth distribution of the components

of the stress tensor, the same sets of X-ray diffraction data

were analyzed applying the formalism outlined in Section

II B (see more detail in the Appendix). For this purpose, we

assumed an exponentially damped first order polynomial

function to describe the distributions of r11 and r22 (see

Section II B). Figure 6 shows the in-plane biaxial stress com-

ponents r11 and r22 depth profiles. The plots show that the

surface is under compressive stress between ��200 MPa

and ��400 MPa, relaxing on increasing depth z. We noted

the strong scattering of the discrete Laplace stress data in

those s-regions corresponding to the vicinity of the strain-

free direction w* (see square gray regions, Figure 6) as well

as at small w-angles (near to the surface, Figure 6). We

should remark that this data dispersion stems from the stress

evaluation formalism applied within the framework of the

universal plot method (Appendix). From the Equations

(A5a) and (A5b) is obtained that both the numerator and the

denominator become very small in the aforementioned w-

regions, leading to disperse data results. Therefore, the corre-

sponding stress values have larger uncertainties and, conse-

quently, are responsible for the larger experimental error

obtained by the least squares fit procedure.

Comparing the graphs on Figure 6, we can see that the

in-depth stress profile depends on the ion-impinging angle.

Near to the surface (�0.5 lm depth), one can see that stress

distributions for bombarded samples (excepting 45�) are less

compressive than the one measured for pristine samples. The

origin of this effect is uncertain because two different phe-

nomena must be taken into account. First, thermal spikes due

to the ion impact reduce stress by providing sufficient energy

to the neighbor’s atoms that eventually merge to the surface.

Second, the ion bombardment removal of the topmost

FIG. 5. Difference between stress tensor components r11 and r22 as a func-

tion of the impinging angle. Blue line marks where the difference is zero

(equal components) and the circle point shows the difference value for the

reference sample. The dashed line is a guide for the eyes.

FIG. 6. Results obtained from the “Universal Plot Method” for the reference

and bombarded samples at different impinging angles. The plots show dis-

crete Laplace values r11(s) - r22(s) (squares and circles, respectively) as

well as the correspondent fitting functions (dashed lines). Real space profiles

r11(z) - r22(z) (solid lines) were obtained by Laplace transform from r11(s)

- r22(s). The gray areas mark regions of strong scattering of the discrete

Laplace stress data in the space s, corresponding to the strain-free direction.

Here, s is an X-ray attenuation characteristic depth-length.27 See text for fur-

ther details.
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stressed atomic layers modifies the original surface, prevent-

ing any valuable comparison (Figure 1), i.e., the coordinate

of the sample surface z¼ 0 of the reference sample does

not coincide with those of the treated samples. However,

Figure 5 shows a marked biaxial stress asymmetry of the

bombarded samples on the ion impinging angle, virtually

absent in the reference sample (Figure 5), i.e., the observed

results are due exclusively to the ion bombarding treatment.

In bulk (depths beyond 1 lm), tilted bombardment

induced compressive stress for all samples, a phenomenon

ascribed to the knock-on process.16 Indeed, as mentioned

above, the ion momentum transfer to the substrate depends

on the bombarding angle and thus the induced underneath

biaxial stress (Figure 4). We note, also, that in spite of the

different residual stress values found after bombardment, the

main features of the surface patterns as a function of ion inci-

dence angle are maintained (see Figure 2). However, more

work is necessary in order to understand the effect of both

the residual stress as well as of the angle of ion bombarding

on the patterns formation.

Finally, it is interesting to compare our results with those

obtained by other researchers. Dahmen et al.31 studied the

influence of the ion bombarding on the stress of Cu foils by

measuring the samples curvature as a function of the dose.

The technique used by these researchers is based in the curva-

ture prompted in the sample by the ion bombarding. As

remarked by the authors, this technique provides an average

stress of the affected region by the ions since there is no dis-

crimination on depth and strain asymmetries. With the pur-

poses of comparison, one can estimate the average value of

the stress obtained in our experiments. Let us assume

t� 10 nm, the region considered by Dahmen et al. in the stress

calculation affected by the ion bombarding. Also, taking at

the surface the stress value ��300 MPa in our samples, we

can obtain the “stress thickness” given by the Stoney32 equa-

tion hsi¼
Ð t

0
rdx� hrit��300 MPa� 10 nm ¼�3 N/m,

where it was assumed that the stress is approximately constant

in the thin slab of thickness t. Although there is not a straight-

forward comparison with our results, this estimation is of the

order of the value obtained by the cited authors bombarding

Cu with 800 eV Arþ ions. Similar results were also reported

by Chan et al.33

IV. CONCLUSIONS

This work reports the influence of Xeþ ion bombarding

angle on the residual stress of polycrystalline iron alloy

(AISI 316L stainless steel) samples. Results obtained from

X-ray diffraction measurements applying the sin2 w-method

showed that all the studied samples display in-plane biaxial

compressive stress, with higher values along the direction of

the projected ion beam on the bombarded surface. Moreover,

the difference (r11 � r22) of the stress tensor biaxial compo-

nents increases on ion impinging angles, phenomenon asso-

ciated with the knock-on implantation, i.e., higher

momentum transference along the direction of the projected

ion beam on the sample surface. The analysis of the X-ray

measurements shows that the process of ion bombarding

does not prompt shear stress. The in-depth state of stress of

the pristine samples shows higher biaxial compressive

stresses near to the surface than the bombarded ones. This is

probably due to the polishing procedure or the roll-forming

manufacturing stainless steel sheet process. The origin of

these findings is probably due to the following causes: (1)

thermal spikes prompted by the ions bombarding, and (2)

sputtering of the topmost atomic material layers. The former

reduces the stress by augmenting the mobility of implanted

ion neighbor’s atoms that eventually will move enough dis-

tance as to reach the surface, relaxing the material. The latter

one is due to the ion erosion of the topmost material layers

originally more stressed.

Finally, we note that the effect of the ion bombarding

extends a depth deeper than the ion penetration, estimated in

�1–1.8 nm, phenomenon due to knock-on effect. Although

without quantitative information, we note that the different

stresses observed in the bombarded samples seem to not

affect significantly the formation of patterns, i.e., the main

characteristic of the surface morphology after bombardment

(patterns confined within the crystalline grains) remains sim-

ilar for all the studied cases. This observation suggests that

the ripples formation is mainly an atomic property of the

metallic bonding character of the studied material.
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APPENDIX: THE “UNIVERSAL PLOT METHOD” (UPM)

By performing the X-ray diffraction in the w-mode (i.e.,

by tilting the sample around an axis in the diffraction plane),

the X-ray diffraction information comes from a depth

s¼ sin h cos w/2l, where l denotes the linear X-ray absorp-

tion coefficient.22,27 Due to the exponential attenuation of

the X-rays in the material, for any physical quantity f(z)

(e.g., stress or strain), the X-ray diffraction yields weighted
averages of hf(z)i with respect to the depth s below the sur-

face. In other words, the averaged value (mean value) of any

depth-physical property f(z) can be calculated by

f sð Þ 	 hf sð Þi ¼
ð1

0

f zð Þ e�z
s dz

�ð1
0

e�
z
s dz; (A1)

where s is an attenuation characteristic depth-length and the

brackets stand to indicate an averaged value of the physical

magnitude f(z) weighted by the exponential ez/s.

Mathematically, this equation represents the “Laplace trans-
form” of f(z) to the s space normalized by the integralÐ1

0
e�

z
s dz. Afterward, f(z) can be obtained from the inverse

Laplace transform L, i.e., f(z)¼L (hf(s)i). Particularly, in

terms of the lattice strains and residual stresses, the expres-

sions for these quantities as a function of s are22,28
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ehkl
uwðsÞ ¼

ð
ehkl
uwðzÞ e�z=sdz

�ð
e�z=sdz; (A2a)

rijðsÞ ¼
ð
rijðzÞ e�z=sdz

�ð
e�z=sdz; (A2b)

where rijðzÞ and ehkl
uwðzÞ are obtained from the inverse

Laplace transform of the rijðsÞ and ehkl
uwðsÞ profiles.

For a biaxial state of stress, the fundamental equation

takes the following depth-dependent form:

ehkl
uwðsÞ ¼ Fhkl

11 ðu;wÞ r11ðsÞ þ Fhkl
22 ðu;wÞr22ðsÞ; (A3)

where Fhkl
ij are the so-called stress factors which are given by

the equations

Fhkl
11 u;wð Þ ¼ 1

2
Shkl

2 cos2u sin2 wþ Shkl
1 ; (A4a)

Fhkl
22 u;wð Þ ¼ 1

2
Shkl

2 sin2u sin2 wþ Shkl
1 ; (A4b)

where S1 and S2/2 are diffraction elastics constants.22

Equation (A3) can be solved for the unknown depth profiles

r11ðsÞ and r22ðsÞ. Writing

fþ sð Þ ¼ ehkl
0w sð Þ þ ehkl

90w sð Þ
h i� 1

2
Shkl

2 sin2 wþ 2Shkl
1

� �
;

(A5a)

f� sð Þ ¼ ehkl
0w sð Þ � ehkl

90w sð Þ
h i� 1

2
Shkl

2 sin2 w

� �
; (A5b)

yields the in-plane stress in the s space, exclusively depend-

ing on the experimental raw

r11 sð Þ ¼ 1

2
fþ sð Þ þ f� sð Þ
� �

; (A6a)

r22 sð Þ ¼ 1

2
fþ sð Þ � f� sð Þ
� �

: (A6b)

In order to get the actual stress depth profile in the real or

z-space, r11ðzÞ and r22ðzÞ, the experimentally obtained

Laplace stress distribution r11ðsÞ and r22ðsÞ given by

Equation (A6) is usually fitted by polynomial or exponential

functions.22 Afterwards, the stress depth profiles r11ðzÞ and

r22ðzÞ are obtained from the Laplace transform of the fitted

functions by means of Equation (A2).
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