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Abstract

Overview of surface material developments for fusion devices in

university linkage organization has been described. Including subjects

are surface properties investigations, surface diagonostics, coating

technologies tritium related surface problems and permeation studies.

Because surface material investigations are wide spread subjects, neces-

sities of problem definitions from plasma physics side were recognized.



•?1. Introduction

Studies of plaana wall interaction are no loj-.qe:: s;it< '..'lite pi sb1 ems

of fusion research, but a central problan of fusion plasma. This wac

aroused from the famous impurity problan of tokamak at the time of around

1974, but recently, hydrogen recycling was recognized more serious problem

for TFTR, R-project proposed from IPP Nagoya and other prebuming plasma

devices. For instance, in these devices, Ti-flashed walls are no longer

acceptable and surface modifications due to irradiation of NBI heated plaana

must be considered. Especially, the changes of hydrogen recycling behaviours

by surface modification are very important subject, because before we pro-

ceed to do experiment with D+T mixture gas with prepared fusion device,

we must perform 101*~105 times powerful discharge with Hydrogen or Deuteron

gas to establish well defined plasma operation. Only final stage of experi-

ment, we can introduce Tritium, so that hydrogen recycling phenomena which

we are confronted with are with modified surfaces.

Plasma wall interaction study is ratter different situation from the

study of bulk radiation damage, because it is already the problem of

present day tokamak. This msans that the sample test with simulated ir-

radiation by surface scientists must be verified through exprosure of

tokamak discharges, but at the mcrrent it is not always done as we expect.

One reason for this is tokamak scientists are rather conservative to apply

newly developed materials to real devises, and the other is that problems

given to surface scientist are not sufficiently well defined.

Moreover, present day tokamak with powerful neutral beam injector

is not garanteed to perform sufficientlv reproducible operation. We have

to construct tokamak not unly to obtain the best plasma parameter but to

perform with good reproducible operation to develop the wall and limiter

materials through reasonable comparation with sample and simulation test.
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In the following, activities of universities are briefly described.

§2. Sputtering

Activities of sputtering study are divided into five groups, namely

(1) data ocmpilation, (2) studies of fundamental processes, (3) coat-

ing technology, (4) sputtering yield measurement and (5) application

to coating surface to fusion devices. These are described in the follow-

ing. Item (5) is under preparation to apply Sic and Tie for JIPP-

T-II tokamak.

2-1 Data Compilation of the Ion Sputtering Yields ( K. Morita et al. of

Nagoya University )

Data collection and compilation of the ion sputtering yield as a

function of the incident energy has been continued by the sputtering

subgroup whose chairman was Dr. K. Morita of Nagoya University.

The collected data has been published as a data book of IPPJ-

of

(2)

series and derivation of semiempirical sputtering formula has de-

scribed in the reference

REFERENCES

(1) IPPJ-AM-14: June, 1980

(2) N. MATSUNAMI et al.: Radiation Effect Letters 57/1980)15

2-2 (a) Sputtering Procesces of Low-Z Materials

(b) Segregation and Selective Sputtering of Alloys

(c) Low-Z Material Coatings

( T. Yamashina, M. Mohri et al. of Hokkaido University )

These subjects will be given in separated paper by Prof. T. Yamashina.

2-3 Production of TiB2 Coating Film by Magnetron Sputtering Method and

its Characterization ( K. Kamada, K. Akaishi et al. of IPP Nagoya Uni-

versity )

-2-



This subject will be given in seperated paper by Prof. K. Kamada.

2-4 Low-Z Coating for Fusion Reactor Applications and Related Problems

( H. Suzuki and T. Iseki of Tokyo Institute of Technology )

1. Low-Z Coatings for Fusion Reactor Applications

Li the U.S.A., screening tests are extensively being carried out to

obtain the optimum combination of low-z material/graphite system, where

important factors to be evaluated are adherence of coating, thermal shock

resistance and erosion by hydrogen ions. They reported that coatings of

Tib2, Tie and B^C onto graphite exhibited favorable characters. They are

using ATJ or AFX-5Q1 grade graphite. In Japan technology of SiC coating

onto graphite, has been well established and also high density isotropic

graphites, of which thermal expansion coefficients are similar to that of

SiC, are ccnrttercially available. Since SiC is considered to be favorable

from the stand point of radiation damage and adherence to the graphite

above mentioned, we are studying fabrication of SiC/graphite system.

Silicon carbide is coated by CVD method on several kinds of graphite

including POCO, and thermal shock is loaded using electron beam of 5-10

kV, 0.1 A or pulsed laser beam of 5-10 J. Adherence is evaluated by

measurement of weight change and observation of crack formation or spalling.

To know whether spalling is occur, even if tbr appearance of the surface is

not changed, thermal conductivity measurement by Xe flash method is applied.

In future, hydrogen erosion and residual stress in coated SiC layer

will be measured.

Properties of low-z materials

Materials M.P. Crystal struc. Thermal expansion

TiB2 2980°C Hexagonal 7.5 x 10"6l/°C

TiC 3134 Cubic 7.5

Bi,C 2450 Rhotibohedral 4.5

SiC 2830 Cubic 4.5
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Properties of graphites

Grade

ATJ

AXF-5Q1

ISEM-3

NP60

T-4

Bulk

1.73

1.80

1.85

1.80
1.80

density

g/an3

Thermal expansion

2.2/3.4xlO~6l/°C
6 .9

4.6

4.5

4 . 5

Flexural

280/250

840

1050

450

oOO

strength

kg/an2

2. Joining of High Strength Ceramics

Two dense Sic sintered bodies were joined with sinterable sufcmicron

Sic powder by hot pressing at a temperature as low as 1650°C and the bond

strength of the joined specimen was ireasured by 4-point bending at high

temperatures. On the other hand two self-bonded SiC bodies which contained

about 10 wt% free Si were joined with liquid Ge at 1180°C for lo min in

vacuum. The bendinn strength of thinner interlayer specimen had a strength

as strong as about 40 kg/irm2 at 1050°C or above melting point of Ge.
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3. Pressureless Sintering of Silicon Carbide

Sinterable powder of submicron SiC,

which was made fran carbon black and SiO,

could be densified to 96% T.D. by heating

at 2100°C for lh. The speciiren had strength

of more than 70 kg/mm2 at 1700°C.

Microstructure of sintered SiC

4. Radiation Damage of Boron Carbide

By post-irradiation

annealing, B^C pellet

showed a sharp increase

in a dimensional change

at about 700°C with a

large amount of He re-

lease. Microstructural

change of irradiated

single crystal of

{001) {100)

Micrograph of thin section by TEM

were observed with a transmission electron microscope.

2-5 Sputtering Yields of Carbon Coatings for Helium and Hydrogen Measured

by a Quartz Oscillator Method ( A. Kinbara et al. of Tokyo University )

A quartz oscillator method is used to determine the dependence of sput-

tering yields on ion energy ( 60 eV - 2000 eV ) and target temperature ( 100

°C ~ 250 °C ). In the present report, thin coatings formed oi a quartz os-

cillator are sputtered by energetic ion beams, and mass change of the coat-

ings is detected in the resonance frequency of the quartz crystal oscillator.

Quartz crystals are AT-cut type with a fundamental frequency of 6 MHz. They

have a sensitivity of 10 e g/Hz and are set in a temperature-controlled oven
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from 100 °C to 250 °C at an accuracy of 0.01 °C. Sputtering yields of carbon

coatings for helium and hydrogen are measured by this method. Obtained val-

ues are a little larger than the data of bulk targets, reported so far, in an

ion energy range fron 60 eV ~ 2000 eV. And also, these yields increase mono-

tonically with the increase of the target temperature from 100 °C to 250 °C.

It is demonstrated that the quartz oscillator method is useful to measure

sputtering yields of low-Z material coatings for light ions.

§3. Recycling

At the moment recycling studies are focussed upon (1) studies of

foundamental processes, (2) evaluation of effective surface area by

surface roughness measurement by BET and other methods, (3) incoming

flux measurement, and (4) evaluation of T-inventory.

3-1 Behaviour of Hydrogen Implanted in First Wall Materials and Hydro-

gen Reemission under Ion Bombardment ( T. Tanabe and S. Imoto of Osaka

University )

It is one of the most important problems to estimate an inventory

and/or recycling of tritium at first wall material of CTR(Controlled

Thermonuclear Reactor). In order to clarify hydrogen behaviour in the

first wall we have constructed a new apparatus for measurements of (1)

diffusion and permeation, (2) re-emission and (3) thermal desorption of

hydrogen isotopes implanted into ;netals. In the present paper the pre-

liminary results of measurements of diffusion coefficient and permeation

rate of implanted hydrogen under ion bombardment are reported.

1. Experimental

Figure 1 shows the apparatus for measurements of permeation rate and

diffusion coefficient of hydrogen under ion bombardment. An analyzed
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(a) Entire System

J

deuetriura ion beam accelerated to

20 keV are injected to a specimen

and deuterium Which canes out to

the other side by permeation is

analyzed by a quadrupole mass

analyzer(Q-mass). Maximum flux

of the beam is about 9 x 10 1 8

D /anz sec(1.4 &/xt\2) and the

residual gas pressure during

implantation is about 8 x 10 5

Pa at the inlet side and 1 x

10~7 Pa at the outlet side.

The diffusion coefficient

was determined by making least

square fitting of permeation

rate to the theoretical relation

derived from Frick's law for two cases. The first was obtained from the

increasing curve due to permeation of implanted deuterium at the outlet

side inmediately after beam-on(injection curve) and the second from the

decreasing curve due to evolution of implanted deuterium at the outlet

side shortly after beam-off(evolution curve). Details of analysis have

been represented elsewhere.

2. Results and Discussion

Figure 2 shows the change of permeation rate with time under ion

bombardment for Ni at various temperatures. When the beam was turned on

(t=0), permeation rate of deuteriun is increased to a maximum value,

however, below 500 °C the permeation rate decreased for further irradiation.

The decreased permeation rate at nearly steady state is smaller than the

(b) Details of * « * « « holder
for Measurements
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Fig.3 Diffusion coefficient of
deuterium for Ni determined
from injection, evolution and
gaseous charging(Ref. 2)

maximum value by factor of one or two. Such decrease in the permeation

rate of Ni has never been observed in ordinary hydrogen permeation measure-

ment with gaseous charging method.

The diffusion coefficients obtained from the injection curve for

a virgin surface are in good agreement with those obtained from gaseous

charging method(see Fig. 3) . However, the diffusion coefficients ob-

tained from the evolution curve after nearly establishing the steady

state are much smaller than those from the injection curve below 500 °C.

This suggests a strong effect of some radiation damage induced by ion

implantation to the diffusion and permeation of deuterium in Ni.

Since permeation rate is represented by the product of the diffusion

coefficient of the bulk and the surface concentration at the inlet side,

the decrease in the permeation rate can be attributed to the decrease

in diffusion coefficient and/or in surface concentration. Under the

bombardment of ei.ergetic deuterium ions various types of irradiation

defects such as vacancy, dislocation, interstitials and so on are pro-
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duced near the projected range, and they are inferred tc contribute to

the decrease in permeation rate in following two ways. The first is

increased of re-emission rate of implanted deuterium from the in-

jected side. With increasing fluence, vacancies produced by irradiat-

ion at near surface region will lead to the formation of micro-pores

or micro cracks piling up to the surface. Implanted deuterium is then

easy to diffuse out from the surface of the inlet side, resulting the

decrease of deuterium concentration at near-surface region. The second is

trapping of deuterium by defects which have diffused into the deeper

region than the projected range.

The second seems likely the case, because the diffusion coefficient

obtained from the evolution which are considered to be influenced by

radiation damages(see rig. 3) are remarkably smaller than those from the

inject5-on to a virgin surface. Above 600 °C due to annealing of radiat-

ion damages, diffusion of deuterium is no more affected and permeation

rate is not decreased. This also seems to suggest the less effect of

re-emision rate from the injected side to permeation rate.

REFERENCES

(1) N. SAITOH et al.: Technol. Repts. Osaka University, 30(1980)No.l564

(2) T. TANABE et al.: Technol. Repts. Osaka Univ., 27(1977)No.1374
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3-2 Permeation Studies of First Wall Candidate Materials ( M. Yamawaki

of University of Tokyo )

Activities of our group are focussed upon the permeation studies

especially to clarify the mechanism of hydrogen permeation and the data

compilation. As the initial phase of experiment, permeation rate of Ni

and Hastelloy for various temperature has been measured, but after we

recognized the strong influence of surface condition upon permeation

phenomena, permeation study with various surface conditions are main

concern. The experiments with Nb and V which are surface active materials

are being undergone.

3-3 Measurement of Desorption Cross-section ( K. Kamada et al. of IPP

Nagoya University )

This subject will be given in seperated paper by Prof. K. Kamada.

3-4 Interaction of Atomic Hydrogen with Low-Z Material Surfaces

( Y. Tuzi et al. of University of Tokyo )

Present purposes of this investigation are a) measurement of stick-

ing probability of atonic hydrogen on TiC, SiC, and etc., b) analysis of

desorption mechanism of hydrogen adsorbed on the sample surfaces by angle-

resolved thermal desorption technique with quadrupole mass spectraneter

(QMS), c) study on the absorbed states of hydrogen by electron energy

loss spectroscopy with cylindrical mirror analyzer(CMA), and d) discussion

of the results from the stand point of plasma wall interaction.

Experimental apparatus is as shown in Fig. 1.

Pumping system is 480 1/s sputter ion pump and 4000 1/s Ti getter

pump with ultimate pressure of less than 10 10Torr after 250 °C bake out

procedure.

Sample heating is perfoned through Joule heating by AC current.

Problems to be solved are as follows: a) Precise evaluation of the
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impingement rate of hydrogen atcms on the sample surface, and b) Measure-

ment of the pimping speed of the system during the thermal desorption

experiment.

Surface dissociation type source is combined with snail ionization

gauge ( Fig. 2 ). Hydrogen molecules dissociated on the surface of in-

candescent tungsten ribbon. The ionization gauge measures the hydrogen

pressure in the container and the impingement rate of hydrogen molecules

on the tungsten ribbon is estimated.

Gas is introduced directly in the bell jar through variable leak

valve A, and the gauge is calibrated against the nudetype Bayard-Alpert

ionization gauge can be absolutely calibrated by the cryopump system it

necessary { Fig. 3 ).

Measurement of total conductance, C, of openings on the source con-

tainer are achieved by following procedure: the value of C can be obtained

by measuring the rate, Q, of gas inflow through the variable leak valve B,

and the pressures inside, Pi, and outside, Po, of the source container

as

C = Q/(Pi - Po).

Measurement of pumping speed just before the thermal desorption ex-

periment:

The pimping speed of the system, S, can be measured in-situ as

S'= C(Pi - Po),

when gas is introduced through B while Q is kept constant. The informations

obtained by the thermal desorption experiment will be improved by using

the above value of S.

As the next stage of this investigation, construction of high intensity

atomic hydrogen source, namely high-frequency-discharge type atomic hydrogen

source is planned. The measurement and handling of atomic hydrogen will
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be reexamined by using this source, and the dynamical process of the inter-

action of atomic hydrogen with wall material surfaces will be studied.

CAS Fig. 2.

Fig. 1.
Fig. 3.

3-5 Photo-induced-desorption(PID) from the Surface ( N. Itoh of Nagoya

University )

In the recycling of hydrogen, the photo-induced desorption is con-

sidered to play a part. The data of the quantum yield of PID as a funct

ion of photon energy is important not only to understand the effect of

the possible photon field in a fusion reactor but also to understand

the mechanism of the electron- and ion-induced desorption. In our la-

boratory, we are going to monitor the impurity coverage by reflection

spectroscopy and measure the change in the reflectivity induced by bom-

bardment with light from a tunable dye laser and mono-energetic electron

beam. Following systems will be studied: hydrogen and carbon-dioxide

on titanium, nickel, tungsten and molybdennti.
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3-6 Research Projects on Plasna Wall Interaction at Tritium Research

Center ( K. Watanabe of Toyama University )

Research building at Tritium Research Center, Toyama University and

its equipments are under construction and will be completed by next

March. The Center plans several research projects concerning on develop-

ment of thermonuclear fusion devices. They are 1) tritium recovery and

storage, 2) material development for tritium permeation, 3) investigat-

ion on reliable methods for area monitoring and 4) plasma wall inter-

actions with use of tritium.

1. Adsorption, reccmbination and desorption processes of hydrogen atoms

(H.D.T) on the surfaces of graphite and its compounds

Purpose: to determine rate of erosion of the low-z compounds with

atomic hydrogens and to elucidate the isotopic effects and

mechanisms of erosion reactions

1) Kinetics of adsorption, recombination Mass Analyzed Flash

and desorption processes Desorption Spectroscopy

2) Detection of adsorbed species SIMS, XPS, (IR)

2. Changes in surface composition and bonding states of the constituents

of the low-z compounds with hydrogen atoms or ions

Purpose: to investigate the changes in surface composition and bonding

states of the constituents of the low-z compounds with hydrogen

atoms or ions

1) Surface cannposition XPS, SIMS

2) Bonding state XPS. (IR)

3. Dissolution, diffusion and permeation of hydrogens in/through the

low-z compounds

Purpose: to develops suitable low-z compounds to minimize hydrogen

inventory and permeation
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1) Detection of hydrogen in the low-z compounds and quantification by

SIMS

2) Establishing a method of hydrogen depth profiling by SIMS

3) Changes in the depth profiles with high temperature annealing

4) Permeation measurement of hydrogen through the low-z compounds

4. Tritium contamination of secondary electron multipliers

Purpose: to investigate how to minimize the contamination of secon-

dary electron multipliers by tritium and to decontaminate

3-7 (a) Surface Roughness Factor Measurements

(b) Hydrogen Implantation, Re-emission and Permeation

( T. Yamashina et al. of Hokkaido University )

These subjects will be given in separated paper by Prof. T.

Yamashina.

3-8 Detection of Atonic Hydrogen Beam by Silicon ( S. Usami of

Yokohama National University )

The surface research group at Nurunberg is successfully conducting

their atonic beam experiments with a needle-like ZnO crystal as a beam

detection. Howsver, since the limited supply of the crystalline zinc

oxide, substitutive materials are needed, then the commercially available

silicon wafer was attempted to use as a detector for neutral atomic beams.

The n-type Si(250 ohm-cm) was cut in the rectangular form of 4x10*

0.36 mm, and the conductivity change induced by irradiation with atomic

beams was examined after cleaning by the ohmic heating.

The surface conductance variation at present is only a few ijmho/ ,

however, it is reproducible after several runs, promising to detect atomic

beams quantitatively.

§4. Surface Modification
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Surface modifications by tokamak discliarges with powerful NBI inject-

ion is a very important problem for next stage tokamak. Preliminary

investigations along this direction are in progress.

4-1 Growth of Lenticular Bubble and Blistering ( K. Katnada et al. of

IPP Nagoya University )

This subject will be given in separated paper by Prof. K. Kamada.

4-2 Surface Characterization of Stainless Steels ( T. Yatnashina of

Hokkaido University )

§5. Conclusion

Most of the researches at universities are sample and simulation

tests for plasma wall interactions, because surface scientists can

contribute only through this way of studies. But these investigations

must be discussed with reference to the real surface situations of

tokamak wall and limiter. These processes ioust be done through plasma

modelling and conparation to irradiated first wall and limiter by

tokamak discharges, but unhappily such interactions seem to be rather

difficult because we do not have yet sufficient number of tokamaks

which can be used as material research. Moreover, as I stated before,

operation with reproducible plaana parameters is not established yet,

either. Fran this point of view, international collaborations in this

field, namely to use the tokatnak as irradiation source, are very im-

portant. Japanese and American tokamaks must be considered in this

frame work of collaboration. Perhaps TEA international co-operation

of TEXTOR is considered in the same way.

Besides these problems, surface material characterizations and

surface diagonostics identifications are very important to achieve

fruitful US-Japan international collaborations.
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Studies of Plasma Surface Interaction at Vacuum Science Laboratory,

Department of Nuclear Engineering, Hokkaido University

{ presented by T. Yamashina )

2-2 (a) Sputtering processes of Low-Z Materials

Energetic deutron and proton react with surface of low-z materials

to produce gaseous impurities into plasma. We are applying secondary ion

mass spectroscopy(SIMS and IMA) to study interactions of low-z materials

such as C, TiC, SiC, B^C, TiN, Si3Ni, and so on with D
+, H + and He + ions.

It has been found that the amount of chemical sputtering products and the

energy distribution of sputtered ions were strongly influenced by the

target temperature.

(b) Segregation and Selective Sputtering of Alloys

Surface characteristics of alloys such as surface composition, sput-

tering yield, reactivity and so on are modified by energetic ion bombard-

ment and heat treatment. Surface analysis techniques such as AES, XPS,

SIMS and ISS are utilized to elucidate the mechanisms of these phenomena for

Au-Ag, Cu-Ni and Ti-Mo alloy systems during argon ion bcmbardment and heat

cycle. The mechanism of the variation of depth profile was analyzed in

terms of preferential sputtering, enhanced diffusion and thermodynamic

segregation.

(c) Low-Z Material Coatings

Practical importance of low-z materials in CTR is to form coating films

on its structual components. Low-z coatings such as TiC, C, TiN and SiC

have been prepared on stainless steel, molybdenum and carbon substrates by

means of r.f. sputtering and electron beam evoporation. These coating

films have been evaluated systematically using various surface analysis

techniques. Paricular interest is to study interdiffusion between coated

films and substrate materials since coherence of the coated films is con-
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sidered to be strongly influenced by the properties of the interface.

Substrate ^Tiperature during deposition of the film and pretreatment of

the substrate were found to play very important role to prepare adhesive

coating films.

3-7 (a) Surface Poughness Factor(SRF, Measurements

Rate of degassing frcm vacuum chamber wall and surface reactions

strongly depend on the real surface area in atonic scale. As surface

treatment such as discharge cleaning, ion bombardment, electropolish-

ing and so on can easily change surface area of materials, SRF measurement

can provide very important imformation to gaseous impurity production in

CTR and other vacuum devices. We have both internal and international co-

operation programs with the laboratories given in the following table.

laboratories

ANL (USA)
M. Kaminsky

CEKN(Switzerland)
G. Mathewson

KEK (Japan)
H. Ishimaru

Univ. Zurich
(Switzerland)

S. Veprek

materials

316 SS
TiB2,TiC

304&316 SS

aluminum

carbon

surface treatment

ion irradiation
mechanical polishing

r.f. sputtering
electropolishing
discharge cleaning

discharge cleaning
mechanical polishing

hydrogen plasma

ccmparison with other
experimental method

erosion yield
SEM observation

out gas
SEM observation

out gas
SEM observation

chemical reaction
SEM observation

In addition to those listed above sane other laboratories have proposed

co-operation programs to us in this measurement. We are also proposing

the SRF system to be installed in the TEXTOR machine.

(b) Hydrogen Implantation, Re-emission and Permeation

Recently study of hydrogen isotope recycling has been considered to be

important, since in the next CTR device such as TFTR D-T burning reaction
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is supposed to be tested. Thermal desporption technique has been applied

to simulate this study. Deuterium ions or atans are implanted into various

candidate first wall materials and then are heated using a thermal program

controller. During implantation and thermal desorption ambient gases

are analyzed by a quadrupole mass spectrometer. One of the results has

shown that titanium carbide and titanium nitride have much less amount of

trapped hydrogen and larger activation energy of hydrogen re-emission in

canparison to pure titanium metal.

4-2 Surface Characterization of Stainless Steels

Various types of stainless steel are widely used as a structural

material of vacuum chambers. However, character of the surface is very

ccmplicated and delicate so that the systematical study based upon

vacuum science has not been carried out until recently. Using various

surface analysis techniques we have been characterizing the surfaces

with different surface treatments such as annealing, ion bombarding,

discharge cleaning and oxidation.

PUBLICATIONS (1979-1980)

1. SiC coatings for first-wall candidate materials by r.f. sputtering,

Thin Solid Films 63_(1979)237.

2. Changes in the roughness factors of 304 stainless steel, pyrolytic

carbon and silicon carbide, J. Nucl. Mater. 855,86(1979)1080.

3. AES-SIMS(IMA) study of physical and chemical sputtering processes of

low-z materials by energetic ions, J. Nucl. Mater. 85S86(1979)1185.

4. Preparation of molybdenum films by means of hydrogen reactive sputtering,

Shinku 2£(1979)56.

5. Design and construction of high sensitive UHV-microbalance with ion gun

and its application to absolute measurement of sputtering yield,

Shinku 22(1979)228.
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6. An auger electron spectrscopy-secondary ion mass spectrometry study

of layers of Cu-Ni and Ag-Au alloys. Thin Solid Films 63(1979)263.

7. A study of the growth process of altered layer during ion-bombardment

on clean surfaces of Cu-Ni alloys, Bull. Fac. Eng. Hokkaido Ifriiv. 94_

(1979)105.

8. Oxide layers on GaAs prepared by thermal, anodic and plasma oxidation:

in-depth profiles and annealing effect, Thin Solid Films 56(1979)63.

9. An AES study of electron impact decomposition of adsorbed Co, C2H2 and
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APPENDIX I

Preparation and characterization of TiC coating on molybdenum

presented by T. Obata, Y. Hirohata, M. Mohri and T. Yamashina, Department

of Nuclear Engineering, Hokkaido University, Sapporo, Japan

and K. Yabe, Government Industrial Development Laboratory,

Hokkaido, Sapporo, Japan

TiC is considered to be a premising material for the first wall coat-

ing of the present day tokamak devices. Vfe have prepared TiC coating

films on to graphite, molybdenum and stainless steel substrates by

neans of electron beam evaporation (EBE) and reactive r.f. sputtering.

In Fig.l we sutmiarize the preparation conditions of low-z coatings which

we are dealing with in our laboratory. In this report we mainly describe

about TiC coatings prepared by the EBE method on molybdenum substrate and

their depth profile measured with XPS. Fig.2 shows illustration of

procedure of TiC coating films onto molybdenum used for the depth

profile measurement. Firstly, carbon is evaporated by the electron
o

beam with a thickness of about 1000 A onto mechanically polished molybdenum

substrate which is heated at 700 °C, and secondly titanium is evaporated on

top of this carbon layer at roan temperature. Thirdly, the specimen with

this sandwich structure is annealed at different temperatures for five

minutes. Typical examples of depth profile mannealied at 700 °C and 1000

°C are shown in Fig.3 and Fig.4, respectively- XPS measurements revealed

that evaporated titanium onto carbon reacts to form TiC with almost stoichio-

metric composition at both annealing temperatures. However, depth profile

below TiC layer shows very defferent character. Carbon layer with graphite

form still remains and its interface with the molybdenum substrate is sharp

for the 700 °C annealing sample. On the other hand, no graphite layer is

observed but Mo2C layer is formed for the 1000 °C annealing sample. Inter-
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diffusion between TiC and VID2C is not found. This suggests that once Tic

coating film is formed on molybdenum even such hinh temperature as 1000 °C

molybdenum diffuses not very easily to the surface layer. This in quite

favorable physical property of TiC coating film for the first wall, since

high-z molybdenum stays in bulk surface. Adhesion on TiC film prepared

with this procedure is eacellent probably because the sandwich structure

of TiC-iyfc>2C-Mo is formed, in comparison to direct TiC coatings onto

molybdenum.
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PREPARATION OF LOW"2 COATINGS

Method Electron Beam Evaporation Reactive r. f. Sputtering

Schematic
Diagram
of
Apparatus

Vacujn Chomtxr

Vocuum Sytltm

Coating
Materials

C , Ti , TiC SiC, TiC , TiN

Substrates Graphite , Mo Graphite , Mo , 304 SS

Reactive
Gas

C2H2, CH4 , N2

Substrate
Temp. 500 r^j 1000 °C Room Temp, r^ 1000 °C

Characterization
of Coatings XPS , AES, SIMS, SEM , RBS



Fig. 2

Procedure of TiC Coating onto Molybdenum

IOOOAI
Mo Mo

500 Aj V

Mo

Mechanical Carbon Coating Titanium Coating
Polishing ( Qf 7 0 0 o C ) ( a t 4 0 o C )

(0.3/im alumina)

heating
700 °C
5 min.

heating
1000 °C
5 min.
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Fig. 3
Depth Profile of TiC Cooted Molybdenum by XPS

( heated at 700 °C for 5 min.)
100

C

100 200 300
Sputtering Time ( min.)

400

Fig. 4.

Depth Profile of TiC Coated Molybdenum by XPS
(heated at 1000°C for 5 min.)

100

80

100 200 300
Sputtering Time {min.)

400 -520
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APPENDIX II

Surface roughness factor measurements and SEM observation of He irradiat-

ed 316 stainless steel

presented by S. Maeda, M. Mohri and Y. Yamashina, Department of Nuclear

Engineering, Hokkaido University, Sapporo, Japan

and M. Kaminsky, Argonne National Laboratory, Argonne,

Illinois, USA

Surface erosion due to bombardment of energetic particle from plasma

is considered as one of the criteria in the selection of first vail materi-

als. However, conventional method of erosJon yield determination such as

SEM observation for blistering formation is very laborious and gives poor

quantitative information. We proposed a new method of the surface rough-

ness factor (SHF) measurement and have succeeded to apply it to various

surfaces. ' ' This technique is based upon modified BETT method using
4) 5)Xe adsorption and the details are given elsewhere. This report describes

about recent results obtained from irradiated 316 stainless steel and about

the relation with surface erosion yield.

Sample Preparation

Samples were prepared in Arganne National Laboratory using a 200 kV

ion accelerator.

Sample 316 Stainless Steel

Preparation

(1) Mechanical Polishing and Electropdishing
(2) Irradiation with 100keV He+Ions

(a) 0.2 C/cm2 at Room Temperature
(b) 0.2 C/cm2 at around 250°C
(c) 0.5 C/cm2 at Room Temperature
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Geometrical Illustration of Irradiated Area

Dimensions = 13 x 6 x 0.4 mm3

Fig. 1

Unirradiated
Area

.Irradiated
Area

Results and Discussion

Fig. 2 to Fig. 4 stow SEM photographs of 316 stainless steel surfaces

irradiated at different conditions. Blister formation and exfoliation are

observed on the surface irradiated to a dose of 0.2 C/crr.2 at room temper-

atures as shown in Fig. 2. SRF of this surface is 7.8 which is about four

tiroes larger than that of unirradiated area. Fig. 3 shows the surface ir-

radiated with the same ion dose as Fig. 2 but at 250 °C. Number of blisters

and exfoliated layers largely increased. SRF in this case is observed as

13.2. As the He ion dose is increased to 0.5 C/an2 at room temperature,

the size of blister diameter and nunber of exfoliated layers increased and

SRF of this surface also increased to 14.7. The relation between ion dose

and SRF is given in Fig. 5. In Fig. 6 we roughly estimated maximum and

minimum erosion yield from SIM photographs assuming two extreme models

shown in the figure. SEM photographs ware taken at the various position

of the irradiated area and from different angle of the speciman with various

magnification to obtain average blister diameter and density, and number of

exfoliated layers and their skin thickness. The result shows cJinost linear

relationship with SRF and suggests that the SRF measurement will be more

convenient and more quantitative for evaluation of surface erosion yield.
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PWI Activities in IPP, Nagoya university

( presented by K. Kamada )

2-3 Production of Tib2 Coating Film by Magnetron Sputtering Method and

its Characterization

by Y. Hori, Z. Kabeya, K. Akaishi, K. Kamada and A. Miyahara, IPP,

and I. Yoshizawa and R. Urao, Ibaragi University

We adopted TiB2 as one of the candidate low-z coating materials for

first^wall of fusion reactor. TiB2 was coated on several kinds of sub-

strates such as Mo, Ti coated Mo, Al coated Mo, Cu and Pooo graphite.

Mo substrates were prepared by electro-polishing, or some of them were

subsequently coated by deposition of Al and Ti films. During the coating

process the substrate temperature was kept at about 200°C. For this coat-

ing experiment a cylindrical magnetron sputter souce was used. The magne-

tron was normally operated with the TiB2 cathode at ground, the anode at

1.2 kV, and the axial magnetic field of 500 G. The operating Ar gas pres-

sure in the magnetron was fixed at 8 * 10~2 Pa. The deposition rate of TiB2

was about 6 x 10~2 ym/hr, and the TiB2 films obtained were 5 ̂  6 p in

thickness. Using AES and X-ray diffraction method for the composition

analysis, it was confirmed that the coated films had the same composition

with the Tii>2 used as a cathode of magnetron. SEM was used to observe

the TiB2 film surfaces. In the case of TiB2/Mo, there were some randan

defects in the apparently smooth, coated surface. In the case of TiB2/ Al/

Mo, many modules were observed but there was no defect in the coated sur-

face. In the case of TiB2/Poco graphite, coated TiB2 covered the granular

surface of the Poco graphite, but it seans that the bonding between the

layer the substrate is rather weak.

Lattice constants of the coated TiB2 layers were measures by X-ray

diffraction method, and found that the spacing of the atonic planes lying
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parallel to the surface is smaller in comparison with the value of the

bulk materials as cited in ASTM card, irrespective of the substrate mater-

ials (Fig.3). It means that strong lateral tensile stress is present in the

coated laver.

3-3 Measurement of Desorption Cross-section

by A Sagara, K. Akaishi, K. Kamada and A Miyahara, IPP

Removal of contaminated atomic layers by particle bombardment is an

important problem in plasma machines. We have measured the ion induced

desorption cross sections of chemisorbed gases, such as Co and O2 on Mo,

Ti and Ni surfaces, using low energy noble gas ion scattering spectro-

meter (ISS) , which is more sensitive especially for detection of the top-

most atoms of the sample surfaces than other methods such as AES or RBS.

At this moment, the desorption mechanism, by comparison between our ex-

perimental results with the theory due to Winters and Sigmund.

Our conclusions are as follows. (1) For the gases tightly bonded

to the substrates, the ion energy dependence of the desorption cross-

sections cannot be interpreted by their theoretical models. In this

case the experimantal values are nearly equal to the sputtering cross

sections of the substrates themselves. For weakly bonded ions, on the

other hand, their theoretical model seems to be adequate with regard to

both of the energy dependence and magnitude of the desorption cross-

section. (2) It can be presumed that the strength of bonding is classi-

fied by the ratio between the heat of adsorption and the sublimation

energy of the substrates, the latter of which is one of the important

parameters in sputtering of the substrates. (Fig. 1,2)
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4-1 Growth of Lenticular Bubble and Blistering

by K. Kamada and Y. Higashida, IPP

The formation of blister under high energy ion bombardments is believed

to be preceded by lateral extension of a lenticular bubble in the sub-surface

layer of the implanted materials. In previous papers, present authors dis-

cussed the extension irechanism on the basis of brittle fracture of the ir-

radiated pyrolytic graphite, and metals as well. However, these discussions

gave, unfortunately, so high internal pressures to satisfy the Griffith's

criterion for crack extension, that the internal pressure estimated frcm

the theory of blister formation can never achieve such a high pressure.

In this short note, it is given another estimation of the critical pres-

sure necessary to extend the lenticular bubble in its lateral dimension, on

the basis of the mechanism of "hole growth" ductile fracture. The result

also gives a criterion which discriminate between blistering and flaking, as

a natural consequence of the theory.

Most investigators on fracture mechanism believe that "ductile" crack

extension in materials proceeds by:(a) the fracture of hard paticles in the

ductile materials, either by cleavage or by seperation at the particle-inatrix

interface, (b) the growth of the voids produced by these failures, and (c) the

coalescence of voids and their joining with the main crack front.

However, it is a popular thing that high energy He ion bombardment pro-

duces large number of bubbles with density of about 1019 bubbles/cm3 in the

sub-surface layer of the target, and sometimes it makes even very regular

lattice, in the dose range which just precedes the critical dose for blister

formation. If a small lenticular bubble is readily formed among the small

spherical bubbles, the step (a) of the ductile crack extension mentioned

above is not necessary. The mechanism of nucleation of this small lenticular

bubble is not fully understood at present, we may envisage it as the enforced

- 32 -



coalescence of dislocations ananated from the surface of highly pressurized

spherical bubbles, which are estimated to have the internal pressure of 10"*

atm or more depending on their radius. When this lenticular bubble grew

in its lateral dimension and achieved a size which satisfy a criterion

imposed by physical and geometrical parameters such as internal pressure,

mechanical yield stress and depth from a free surface, blister will appear.

This point was critically discussed in a previous paper.

It is presumed that the process of the lateral spreading of the lenticul-

ar bubble wauld be the same with the mechanism of the ductile crack ex-

tension through the void growth and coalescence with the crack tip. Following

Rice and Johnson, we adopt the idea that some critical fracture strain must

be achieved at a material point initially at distance X from the bubble

tip, where, in the present case, X should be identified as a mean spacing

of the highly pressurized spherical bubbles responsible for ductile fracture.

Further, we identify the coalscence of the spherical bubble, growing in size

in the strong stress fields of the lenticular bubble, as fracture, which is

presumed to occure when the crack tip opening displacement achieves a magnitude

similar to X .
o

After some mathematical manipulations, we obtain for the internal pres-

sure P, necessary for the ductile fracture

Pd _ 2 -2 . Xo TTECOS LeXp(" ~i W

where a is mechanical yield stress, a is radius of the lenticular bubble,

h is depth of the bubble from a free surface, E is Young's modulus, and

K (h/a) is the stress intensity factor calculated in the previous paper.

(Fig. 4)
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APPENDIX III

Studies on plasma-wall interaction

presented by N. Itoh, Department of Crystalline Materials Science,

Faculty of Engineering, Nagoya University, Nayoya Japan

Introduction

In this note, summary is given on the works on plasma-wall interaction

' 2ing carried out or going to be carried out at my laboratory in collaborat-

ion with Drs K. Morita, N. Matsunami, T. Nakayama and K. Tanimura and

Messrs. H. Nakamura, T. Owaki and M. Hayashibara. Even though our main

interest has been the photo-chemical process in solids, the radiation

damage of solids and the application of ion beams on defect studies, gradual

shift is going to be made towards surface studies, emphasizing the plasma-

wall interaction.

Since the first wall of the nuclear fusion reactors is subjected to

heavy irradiation of ions, neutrons and photons, it is important to study

the change in the solid-surfaces due to irradiation. In the process of

developing the fusion reactors, one should anticipate all possible phenomena

which may occur in the first wall materials under intense irradiation. Some

of the elementary physical processes involved in these complicated phenomena,

such as sputtering and blistering have been studied to scr.e extent. Our

intention is to study in detail the elementary physical processes relevant

to the plasma-wall interaction but have not been yet understood.

In section II we show briefly research subjects on plasma-wall inter-

action going to be studied in our laboratory. Experimental apparatus going

to be used are a 2 MeV van de Graaff accelerator, a 200 keV ion source, and

a UHV chamber, a T.KKn spectrometer and an Auger spectrometer. A brief de-

scription of the experimental data obtained so far using the 2 MeV van de

Graaff is given in section III.
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Outline of Research Plan

(1) Compositional change of alloys by sputtering

It is anticipated that the preferential sputtering of alloyes induces

the gradual canpositional change of the first wall materials, and hence

their properties. In order to understand what factors are playing a part

in such compositional changes, we have undertaken to study the over all

compositional change in thin alloy films induced by Ar bombardments.

The dependence of the rate of the compositional change on the alloy compo-

sition is also studied. Even though nickel-based alloys have been studied

so far, the studies will be extended to iron-, titanium- and molybdenum-

based alloys.

(2) Effect of irradiation on the surface corrosion

Besides the compositional change induced by ion bombardments, possi-

bility of radiation-enhanced chemecal reaction of the surface with ambiet

gas has been pointed out. Even though the reaction with hydrogen is most

important, the reactions with other gases such as O2, N2 and Co 2 are also

studied in order to clarify the mechanism of reaction. Iron, titanium, nickel

and molybdenum placed in the environment of corroding gas are bombarded with

200 keV He and self-ions. The amount of gas atoms incorporated in metals

by the corrosion is measured with the RBS and Auger techniques. The light

emitted by ion bombardments is also measured in order to make clear the

molecule formation at the surface. This work will be started in April, 1981.

Experimental Results on the Ion-induced Canpositional Change

(by H. Nakamura, K. lYtorita and N. Itoh)

Thin self-supporting nickel-gold alloy films were prepared by the follow-

ing method. Nichel metal was evaporated on collodion, on which gold of about

1/10 as much as nickel was evaporated. Then after the collodion was removed

the film was heated to 500°C to form alloys. The composition of the alloys
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was determined by the RBS technique. The rapid deposition of gold,

probably due to the grain boundary diffusion, on the opposite surface was

observed. The composition of gold in nickel in the bulk increased gradual-

ly. The RBS spectra of the asprepared specimens, as well as after

5 keV Ar bombardments at various doses at 500°C are shown in Fig. 1.

Clearly the deposited gold is ranoved within a short Ar bombardment.

After the deposited layer is removed, the fractional concentration of

Au decreases until it reaches a value of 2 %. This value agrees with the

equilibrium concentration of gold in nickel. At room temperature such

overall compositional change was not detected. Thus this experimental re-

sult indicates that the compositional change is induced throughout the speci-

men if the alloy canposition is deviated from the equilibrium concentrat-

ion.

It is known that the Gibbsian segregation of gold occurs on the

surface of nickel-gold alloys. We consider that the observed results are

explained as follows. The ion bombardment of the alloy will renove pre-

ferentially the gold layers formed on the surface by segregation, which

would promote further segregation inducing the diffusion of gold towards

the surface. Thus if the diffusion constant is sufficiently large, the

overall compositional change will result.

Similar experiments were performed in other systems. In gold-rich

gold-nickel alloys, the result was.qualitatively the same as that for

nickel-rich nickel-gold alloy. Similar behaviors was also observed for

nickel-carbon alloys. In this case the content of carbon in a nickel film

was reduced until the overall content of carbon becomes below a certain

value of about 0 %. Below this concentration the carbon content in the

film was found to start to increase again.
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According to the experimental results described above, the overall

compositional change of alloys is induced by ion bombardment on a surface

at higher temperatures. No overall compositional change was found to occur,

for oxygen, which apparently has a small diffusion constant in nickel.

Further experimental studies in other systems are going to be made and tried

to be explained in terms of relevant quantities, such as the diffusion co-

efficient, the segregation energy and the equilibrium concentration.

x \03 '

ii i

£ s

3 *
at

2

I

0

BEFORE SPUTTER ( b ) AFTER 5RJTTEH
500°C
QS rrdn.

500 °C
15 min.

( d )
500 °C
10 min.

300 400 500 300 ACO

CHANNEL NUMBER

SO0

Fig. 1. Sputtering of a self-supporting Ni-Au thin film induced by keV Ar +

at 500°C, studied through the Rutherford backscattering of 2 *feV He+.

(a) is the backscattering spectrum from the Ni-Au thin film as prepared.
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and (b), (c) and (d) are those after Ar bombardments for 0.5, 1.5 and 10

min. The abscissa is the channel number of the multi-channel pulse height

analyzer and the high and low energy peaks represent Au and Ni, respectively.

Obviously the thickness as well as the composition changes are induced by

Ar bombardments.
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APPENDIX IV

Studies of plasma-wall interaction at nuclear Material division. Depart-

ment of Nuclear Engineering, Osaka University

Hydrogen Absorption Behavior of Neutron Irradiated Titanium

(by M. Miyake, Y. Higashiguchi, Y. Hirooka, H. Shinmura and T. Sano)

[SYNOPSIS]

In order to study influence of the fast neutron(14 MsV) irradiation

on the interactions between hydrogen isotopes and the fusion reactor

materials, the hydrogen absorption behavior of the neutron irradiated

(Fluence: 6 x 10Z0n/cm2, E>lMeV) titanium has been preliminarily investi-

gated in the temperature range of 450 to 620°C

The hydrogen absorption experiments were carried out using a constant

volume system so that the amount of the hydrogen absorbed by the specimen

was determined by the changed of the hydrogen pressure in the system.

The hydrogen absorption behavior thus measured was analyzed by the kinetic

theory which had been established in our previous works.

It was found from the kinetic analysis that the absorption rate

constant for the irradiated titanium was significantly larger than for

the unixradiated specimen(Fig. 1, 2) whereas the activation energy values

obtained for the hydrogen absorption process were comparable(Fig. 3).

The hydrogen solubility in the irradiated titanium recognized to tend to

be slightly larger than in the unirradiated specimen under identical ex-

ternal hydrogen pressure in the system (Fig. 4).

*The Oarai Branch, The Research Institue for Iron, Steel and Other Metals,

Tohoku University
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Helium Ion Irradiation Onto Chemically Deposited Molybdenum

(by M. Miyake, Y. Hirooka, T. Imoto and T. Sano)

[SYNOPSIS]

Chemical vapor deposition of molybdenum on graphite by the carbonyl

process was previously studied with the main objective of analyzing the

relation between the deposition conditions and the charateristics of the

coatings obtained. In this investigation, helium ion(40 keV) irradiation

tests were carried out for the coatings with various surface conditions

characterized by the corresponding deposition conditions.

The helium irradiation was made upto a fluence in the range of 1019

ions/cm2, which was several orders above the critical dose for blister

formation on sheet molybdenum. The relation between the surface properties

of the coatings prepared and the damage behavior due to the irradiation was

intensively studied mainly with SM observation.

It was found that the as-deposited molybdenum did not show any marked

evidence of blister formation whereas the polished coatings and the sheet

molybdenum surface showed significant damage due to blistering or flaking

(Fig. 1). The irradiated surfaces of the polished coatings indicated that

the blisters were formed mainly inside of the surface grain boundaries, on

which blister formation may be prevented. As a consequence, the blister

diameter measured was found to depend on the surface grain diameter of the

polished coatings (Fig. 2). For the molybdenum carbide surface (Mo2C) formed

by the post-deposition annealing of the deposits, the surface damage due to

blistering on the as-formed carbide surface was found to be significantly

suppressed compared with the polished carbide(Fig. 3).
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Fig .1 Comparison of He* ion induced blistering

behavior on bulk Mo with CVD Mo.
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Fig.2 Effect of size of the columnar grain of the

coatings on He* blister diameter.



Annealed surface Fracture

As annealed Polished
He* ion irradiated surface

Fig.3 He ion induced blistering on Mo2C
obtained by annealing the deposits
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