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Abstract

Surface roughening of polycrystalline stainless steel mirrors due to hydrogen bombardment was studied as a

function of ion fluence and energy (1–4.3 · 1024 H/m2, 300–1500 eV/H). A strong micro-relief (100 nm scale) on single
grains and a strong variation of the erosion depth between different grains were observed by scanning electron

microscopy (SEM). A broad variation of the in-grain micro-relief was found to be independent of impact energy. The

sputtering yield (Y) depends on the grain orientation, varying by a factor of about 2 for all impact energies. The

correlation between surface morphology and orientation of the single grains was investigated using electron back-

scattering diffraction (EBSD). Grains with nearly (1 1 1) surface orientation do not show any significant in-grain micro-

relief, although they have nearly the highest Y. For other orientations close to low indexed surfaces, e.g., (3 1 1), no

correlation was found between Y and roughness.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Plasma behaviour during fusion reactor operation

requires a variety of diagnostics; for examples, see [1].

Among these are many optical methods which are suc-

cessfully used in current fusion plasma experiments. In a

fusion reactor environment all optical methods must be

based on reflective – not refractive – optics, requiring the

use of mirrors. The mirror surface has to withstand the

sometimes harsh conditions, e.g., bombardment by
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charge exchange (CX) neutrals of a broad energy distri-

bution, neutrons and high X-ray doses [2]. It is inevitable

that the optical properties of the mirror will degrade

under these conditions. A number of studies dealing

with the topic of specifying these conditions and de-

termining the degradations of the mirrors are available,

e.g., [3].

In studies of the influence of the particle impact with

various energies, rough surface morphologies were ob-

served [4–8]. The surface roughness leads to changes in

the optical properties of the mirror [7,8]. The objective

of the present study is to investigate the correlation be-

tween grain orientation and erosion morphology.

Should a particular grain orientation be more resistant

to ion bombardment with respect to degradation of opti-

cal properties, single crystal mirrors with the desirable
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surface orientation could be recommended for reactor

use.
2. Experimental

2.1. Sample material, erosion treatment and optical

characterisation

The specimen used in the study was cut from a sheet

of polycrystalline austenitic stainless steel (4Cr16Ni11-

Mo3Ti – similar to SS316) to a size of 22 · 22· 3 mm3. It
was then mechanically polished to a high optical quality.

The hydrogen ion irradiation of the specimen was

performed at the University of Toronto, using a mass-

separated Hþ
3 ion beam. The ion accelerator system is

similar to the one described in [9]. To restrict the spatial

flux variation of the ion beam within a factor of 2, a

mask with a 3-mm diameter aperture was mounted di-

rectly onto the specimen.

In order to investigate the dependence of the creation

of surface morphology of the mirror on ion impact energy

and fluence, nine different Hþ
3 irradiations (with normal

incidence) at room temperature were performed. The nine

cases include the combination of three different ion

energies (300, 650 and 1500 eV/H) and three different ion

fluences (1.1, 2.2–2.9, and 4.3· 1024 H/m2); see Table 1.
The characterisation of the optical properties in the

sputtering spots was performed by ellipsometry and

reflectance measurements, which were reported in [7]

and compared to non-exposed surface parts of the

specimen. (More optical characterisation was performed

on similarly prepared specimens [8].)

2.2. Surface morphology and crystal orientation studies by

EBSD

The irradiated specimen studied here was previously

analyzed for surface features and spectral reflectance
Table 1

Erosion conditions and properties of the erosion spots

Spot no. Energy

(eV)

Sputtering

yield [10]

Fluence

(1024 H/m2)

#3 300 0.007 1.1

#2 2.2

#1 4.3

#6 650 0.013 1.1

#5 2.2

#4 4.3

#9 1500 0.015 1.1

#8 2.9

#7 4.3
using scanning electron microscopy (SEM) and ellipso-

metry, respectively [7]. In the present study, higher

magnifications were performed with SEM (Philips XL30

ESEM) to focus on some of the details of the surface

morphology. Furthermore, the grain, i.e., crystallite,

orientation was studied by electron back scattering dif-

fraction (EBSD; HKL Technology) using the electron

beam in the SEM apparatus.

A brief description of the EBSD technique with its

limitation is given here. More detailed information can

be found elsewhere, e.g., [11,12].

The diffuse back-scattered electrons are partly dif-

fracted on the crystal lattice. Therefore, a very small

modulation of the spatial distribution of the back-scat-

tered electrons occurs. This spatial distribution is pro-

duced by an electron beam with a large incident angle to

the surface normal (60–80�) and is made visible on a
fluorescent screen which is recorded by a CCD camera.

With image processing (e.g., background subtraction),

the diffraction ‘line’ pattern (Kikuchi pattern [11]) is

extracted and compared with calculated ones. The lattice

parameters of the investigated crystal phases are neces-

sary for the calculation (here: fcc lattice with 0.365 nm

lattice constant) and the geometrical set-up has to be

calibrated on a crystal with known orientation, e.g.,

using the cleaved edge of Si(1 0 0) wafer. The diffraction

pattern is fixed with the lattice. An orientation change,

i.e., rotation of the crystallite, causes a defined change in

the pattern. In the analysis, the lattice for the calculated

pattern is rotated until the best fit with the observed

pattern is reached. (If the fit is bad, the data point is

specially marked.) So, the full orientation matrix is

known, and could be expressed, for example, in Euler

angles with respect to the calibrated specimen co-ordi-

nate system.

For orientation microscopy the electron beam is

scanned – as is done for SEM images. The EBSD pat-

tern are obtained at each scan position and an analysis,

as described above, is performed. Therefore, an orien-
Calculated average

erosion depth (lm)
Maximum

observed step

height (lm)

Visibility of

erosion

morphology

0.10 – Very weak

0.19 – Weak

0.38 0.25 Good

0.18 – Very weak

0.36 – Good

0.71 0.2 Good

0.21 – Good

0.55 – Good

0.82 0.5 Good
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tation mapping with good signal to noise ratio for each

pattern requires measurements over several hours. The

relative error of the orientation in a mapping is usually

about 1�. Due to the uncertainty introduced by the
calibration of the geometry, the total error of the ori-

entation is about 2� [11,12].
The lateral resolution of EBSD orientation mapping

depends on the size of the interaction volume of the

primary electron beam with the specimen. This volume

is mainly defined by the primary electron energy, impact

angle (specimen tilting), and specimen material. (Tilting

of 75� and an electron energy of 20 keV were used in this
study.) Due to the strong tilting (�60–80� from the
surface normal) the lateral resolution perpendicular to

the tilt axis is about 3 times worse than it is for the

parallel direction, but it is still smaller than 1 lm, see in
[11,12]. The effective resolution in the images is even

better [11,12]. The small modulation of the spatial dis-

tribution of the back-scattered electrons is produced

only in the last nanometers near the surface of the

crystal, because the diffracted electrons can only survive

a few nm before they lose their direction due to other

scatter events. Therefore, a distorted surface, e.g., by

polishing, destroys the pattern. The strong tilting is

mainly necessary to increase the modulation above the

detection limit [11].
Fig. 1. Typical erosion morphology in high magnification SEM

of a specimen irradiated with a fluence of 4.3 · 1024 H/m2 with
ion impact energies of: (a) 300 eV/H (#1) and (b) 1500 eV/H

(#7).

Fig. 2. SEM image of spot #7 after irradiation by 1500 eV/H to

a fluence of 4.3 · 1024 H/m2. The spot boundary is visible in the
top of the image.
3. Results

Figs. 1 and 2 show typical erosion morphologies for

Hþ
3 irradiation at 300 and 1500 eV/H after an ion fluence

of 4.3 · 1024 H/m2 (#1, #7). In both images of Fig. 1 only
a few grains are visible. The individual grains are nearly

always separated by steps. These stepped relief features

result from the different erosion rates of the differently

orientated grains [4,5,13]. Some grains still have smooth

surfaces, while other surfaces are strongly roughened

(in-grain micro-relief). Such roughening has been al-

ready previously reported [4–8]. (Furthermore, ion

etching, i.e., ion impact, is a standard preparation

technique in metallography to visualise the grain struc-

ture of polycrystalline materials, see e.g., [14].) Even

from the small number of grains observed in Fig. 1, but

also from the images of Figs. 2 and 3(a) with lower

magnification, it can be concluded that the formation of

a smooth or rough surface is not correlated with a low

or high sputtering yield of an individual grain.

By analysing large numbers of grains in tilted and

untilted SEM geometry, the maximum observed step

height is determined for three erosion spots, see Table 1.

The calculated average erosion depth, based on irradi-

ation fluence and sputtering yield [10], is also given in

Table 1. By studying the image of scratches in tilted and

untilted geometry, the erosion depth close to the spot

boundary of spot #7 could be determined to be



Fig. 3. (a) SEM image and (b) grain orientation mapping

determined from EBSD for 1500 eV/H irradiation to a fluence

of 1.1· 1024 H/m2 (#9). The image area of (a) is included in the
middle of (b); dotted rectangle. The grey scale of (b) is defined

as the angle between surface normal and the Æ111æ direction.
Black represents the angle 0�, i.e., grains in black have the
(1 1 1) orientation (white: unsolved EBSD pattern). Other low

index surfaces are also labelled. The angles after the orientation

numbers represent the average derivation from a particular

surface. For the orientation mapping a lateral step width of 0.5

lm was used.

1518 M. Balden et al. / Journal of Nuclear Materials 329–333 (2004) 1515–1519
�0.7 lm. This value is in reasonable agreement with the
calculated averaged erosion depth.

By investigating the spot boundaries (e.g., Fig. 2) it is

also possible to estimate the thickness of the distorted

surface layer which was created during the sample pol-

ishing procedure. This layer appears as a misty region
along the spot boundary, where the grain boundaries

vanish (Fig. 2, upper part). The quality of the EBSD

‘line’ pattern is used as the criterion, where still the

distorted layer is present and where not. From the lat-

eral position of suitable EBSD pattern and by studying

scratches across the spot boundary in tiled and untilted

geometry, the thickness of the distorted layer is esti-

mated to be 0.1–0.2 lm. This thickness is consistent with
the calculated average erosion depth corresponding to

the appearance of visible erosion morphology (Table 1).

Keeping the distorted layer in mind and comparing

the average erosion depth with the maximum observed

step height, it could be concluded that sputtering

yields for different individual grains change by a factor

of about 2 for all energies. Such a spread in the sput-

tering yield is well known for several fcc metals, like Cu,

Ag, and Ni [13,15]. Usually the spread varies with im-

pact energy. For example, the ratio of the sputtering

yield of Cu(1 1 1) to Cu(1 1 0) bombarded with Ar ions

reaches a maximum at about 5 keV (Y1 1 1 � 3 ·Y11 0)
[13].

In examining the in-grain micro-relief – ranging from

‘crater-like depressions’ to ‘packed fine fibre-like’ fea-

tures – no correlation is evident with the impacting H

ion energy. The creation of such mirco-relief is investi-

gated for decades (e.g., [4–6]) and in recent studies

nanostructuring was emphasised (e.g., [16]). Also several

theoretical approaches describe this micro-roughening

[17,18]. Nevertheless, more than half of all observed

grains have ‘smooth’ surfaces, i.e., no structure with size

above 50 nm (see Fig. 1).

Fig. 3(b) shows an EBSD orientation mapping. The

grey scale is defined as the angle between the surface

normal and the Æ1 1 1æ direction of the crystal lattice.
Grains with a (1 1 1) surface appear black. Other low

index surfaces are also labelled. The angles after the

orientation numbers represent the average derivation

from this particular surface. By comparing the erosion

morphology with the grain orientation (Fig. 3(a) and

(b)), it is evident that the (1 1 1) surface stays smooth

during the erosion. On the other hand, the (1 1 1) ori-

entated grains do not have the lowest sputtering yield; in

fact they appear to have the highest one [13] (see the

edges of the (1 1 1) grain at the right border of Fig. 3).

Similar observations are noted for all surface areas

analyzed. Studies with Mo mirrors, exposed to a deu-

terium plasma, also show that the densest face – the

(1 1 0) orientation for bcc lattice structure – have the

highest smoothness [19], and the highest sputtering yield

[13].

For other orientations close to low indexed surfaces

no relation to the in-grain mirco relief and to the sput-

tering yield is found. As an example the (3 1 1) grain

marked with A in Fig. 3(b) is smooth, while another

(3 1 1) grain (not in the area of Fig. 3) has an in-grain

mirco relief comparable to that of grain B.
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4. Conclusion

Surface analysis of stainless steel subsequent to Hþ
3

irradiation shows that the erosion yield of individual

grains (with different orientation) varies by a factor of

about 2 for all energies. This produces large erosion

depth variations and the typical stepped micro-relief

structure. While more than half of the grains have

smooth surfaces, the others contain a broad variety of

in-grain micro-relief ranging from ‘crater-like depres-

sions’ to ‘packed fine fibre-like’ features.

Grains with (1 1 1) surface orientation do not show

significant in-grain micro-relief, although they do not

have the lowest sputtering erosion yield. Small varia-

tions of the angle (several degrees) between the ion im-

pact direction and low indexed planes, e.g., (3 1 1), lead

to strong changes in the erosion yield and to the creation

of different in-grain micro-relief features.
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