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ABSTKACT

For the successful operation of plasma devices and future fusion reactors

it is necessary to control plasma impurity release and surface erosion. Ef-

fective methods to obtain such controls include the application of protective

coatings to, and the use of clad materials for, certain first wall com-

ponents. Major features of the development programs for coatings and claddings

for fusion applications will be described together with an outline of the testing

program. A discussion of seme pertinent test results will be included.

1. Introduction

The control of plasma impurity release and erosion of surfaces is necessary

to obtain high plasma temperatures and densities for sufficiently long confine-

ment times. For example, the release of plasma contaminants with high atomic

number Z from first wall components of fusion devices under radiations from

plasmas and neutral beam injectors can cause undesirable plasma power losses

due to electromagnetic radiation. For sufficiently high impurity concen-

trations the ignition of fusion reactions can become impossible. For this

reason, several control techniques involving both active and passive control

methods are being developed and tested. ' For example, active control methods

include gettering, cryopumping, discharge cleaning, and reductions of plasma

edge temperatures, while passive control methods include selection of materials

with low to medium atomic number, Z, and good thermal, electrical, mechanical

and surface properties, surface modifications such as coatings and claddings.' ,

and special design features of first wall components, such as liners. , tiles ,

armor plates, fixed litniters, jnd noneycomb surface structures
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This paper outlines those passive control methods which deal with pro-

tective coatings and claddings of first wall components, since such composite

materials appear to offer a better promise to meet the comple" control require-

ments than any single material. Different first wall components (e.g., movable

or fixed limiters, armor plates, apertures) require different types of coatings

and claddings due to differences in the plasma-neutral beam radiation environ-

ments to which they are exposed. For example, in support of the improvement

program of the Tokamak Fusion Test Reactor (TFTR) at Princeton University, two

different types of claddings are under development to meet specific require-
9

ments. One type is being developed for armor plates to protect the first

wall against a single fault condition (e.g., caused by plasma disruption)
2

which could result in a single radiation pulse of high power deposition {y 8 kw/cm )

for a pulse length of probably less than 0.1 sec. Another type is being devel-

oped for fixed and movable limiters, which will be exposed to repeated radiation

pulses (1.5 sec. pulse length, 300 sec. pulse repetition period) with power
2 2

densities of about 1 kW/cm and 2-4 kW/cm , respectively, under normal operating
conditions.

Major features of the coatings and claddings program will be described

below. This description will include discussions of the major requirements

: coatings and claddings; the choices of materials, the bonding techniques,

the characterization of the bonded materials, and the test program.

2. Key Considerations for the Development of Coatings and Clad Materials
for Fusion Applications

Major elements of this work related to the existing coating and cladding

program in support of the U.S. fusion program are being conducted at Sandia

National Laboratories, Albuquerque " , Princeton's Plasma Physics Laboratory ' ,
9 10

and Argonne National Laboratory ' . The coatings program is directed towards

the fabrication and testing of low-S coatings for the protection of first wall

components (e.g., fixed limiters) which will be exxx>sed to plasma and neutral

beam radiations with low (£ 1 kW/cm ) and medium power (<v 4 kW/cm ) deposition

, densities. The claddings program is directed towards the development of low- to

medium-Z clad materials for the protection of such first wall and neutral beam

injector components as armor plates, movable limitcrs, apertures, calorimeters.
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and ion beam dumps (for neutral beam injectors) against medium- and high-power

(<£'8 kW/cm deposition densities. It should be pointed out that it may be possible

to develop coating-substrate systems which could also withstand high power depo-

sition densities without vaporization of and damage to the coating.

NEUTRAL BEAM
INJECTOR

Figure 1. Schematic Diagram of a
Beam Driven Toroidal
Plasma Device, [taken
from ref. 9, with per-
mission from publisher]

NEUTRAL SEAM
INJECTOR

FIXED
LIWI1CH

I WALL ARMOR

NEUTRAL BEAM
INJECTOR

CHARGE EXCHANGE
CELL

HIGH CURRENT
rOH SOURCE
l - l MW)

Figure 1 illustrates schematically the interaction of plasma and neutral

beam injector radiations with some of the components mentioned above. Different

components will be exposed to significantly different types of radiation (e.g.,

particle radiations (plasma fuel particles, neutral beam projectiles, fusion

reaction products) and electromagnetic radiations (line and recombination radi-

ation, synchrotron radiation, bremsstrahlung)] at different levels of power

density. In view of these different radiation environments for different first

wall components the following major considerations are guiding the coatings and

claddings development programs: (a) coated and clad materials must be able to
2

withstand power densities ranging from *v> 1 to 1'. 8 kW/cm for specified pulse

lengths. (b) Coated and clad materials must be able to tolerate and survive

exposures to different types of radiations (e.g., electromagnetic radiations,

electrons, ions, atoms, neutrons), in many cases at power densities within the

range specified in item (a)• (c) Coated and clad materials must exhibit good

adhesion, adequate heat shock resistance,, acceptable thermal cycling fatigue

life, low outgassing rates and vapor pressure at operating temperature, low sput-

tering yields, and acceptable hydrogen isotope recycling characteristics.



(d) Coated and clad materials should preferably be of low to medium atomic

number. (e) Effective and inexpensive fabrication processes should be used for

the coatings (e.g., chemical vapor deposition, plasma enhanced chemical vapor de-

position, plasma spraying) and the claddings (e.g., hot pressing, explosion

bonding).

2.1 Power Densities and Power Pulse Characteristics

One important consideration in the development of coatings and claddings

deals with the length, the repetition rate, and the deposition densities of

power pulses to which different components are exposed. For example, under

the anticipated normal, improved Tokamak Fusion Test Reactor (TFTR) operations,

a fixed limiter (e.g., inner bumper limiter) would be exposed to power densities
2

of about 1 kW/cm for a pulse length of 1.5 sec and a pulse repetition period of
2

300 sec, and a wall armor plate to about 2 to 4 kW/cm . Under single fault

conditions, however, the power densities on such armor plates could increase
2

to ̂  8 kW/cm for a pulse length which will be determined by the time it tanes

to shut off (or deflect) the beam from the neutral beam injector. Movable

limiters could be exposed to even higher power densities if they were moved

(in extreme cases) to the center of the plasma where they could intercept, in

addition, an appreciable fraction of the injected neutral beam. From these

considerations it is clear that for different components, materials need to be
2 2

developed which can withstand low << 1 kW/cm ) to medium (1 to 4 kW/cm ), or
2

high (4 to 'v- f> kW/cm ) power deposition densities for repetitive or single
pulses, respectively.

2.2 Types of Radiation

Another important consideration in the coatings and claddings development

programs deals with the type of radiations to which different components will

be exposed. For example, th" armor plates will be exposed not only to the plasma

radiations but also to that fraction of the neutral beam, which ".shines through"

the plasma. On the assumption that 10% of the injected 120-keV neutral deuterium

beam is being transmitted through the TFTR plasma, J. Cecchi has provided an

estimate for the deuterium flux which can strike the armor plates. For the three
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120-keV deuterium beam components present, D, D , D , he estimates the following
16 —2 —1 15 —2 —1 15 —2 —1

fluxes, 1.16 x 10 cm sec , 2.93 x 10 cm sec , and 1.67 x 10 cm sec ,

respectively. A fixed limiter, in turn, is likely to be exposed only to e fraction

(possibly up to 50%) of such high deuterium fluxes. It is important to realize

that different types of plasma and neutral beam radiations striking first wall

component surfaces can release plasma impurities with different concentrations,

compositions, and angular and energy distributions, and cause in addition, surface

erosion, as has been discussed in more detail elsewhere (for some relevant ref-

erences see 1, 3, .15-17).

3. Specific Considerations for the Development and Testing of Coated Materials

The development of coated materials for fusion applications requires con-

sideration of such specific steps as (1) the choice of materials for the coating-

substrate systems to be used, (2) the use of effective and inexpensive coating

processes, (3) the characterization of the coatings produced, and (4) the tests

required to determine the performance of coatings in plasma and neutral beam

injector type radiation environments. A brief summary of the recent progress

made for each of these steps will be given belov?. For more detailed information

the reader is referred to references 5—8, 18-25.

3.IJ. Selection of Materials for Coating-Substrate Systems

For the development of coatings with materials which have low to medium

atomic number, Z, it is necessary to determine if one material has considerably

. better properties for fusion applications than others in order to decide if the

choice of the coating materials should control the development. If one material

does not stand out clearly, then other important factors will have to decide the

development, such as the availability of low-cost processing techniques, com-

patibility with candidate substrate materials, the potential for scaling-up the

process to large-size devices, etc. While several elemental materials and certain

compound materials are under study, no prime candidate material can be selected at

this time. The following materials are under study as coatings for the fusion

program, Be, B, C, B4C, TiB2, TiC, VBe12, VB2, M ^ , and MoB [see refs. 5, 8,

18-27].
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The selection of materials for substrates is guided for the near-term

by 'the choices which have already been made for the first wall components of

plasma devices in operation or under construction. At the present some of

these choices are:

(1) first wall: 304 LN stainless steel (e.g., TFTR) , Inconel 625,
(e.g., JET),

(2) limiters: graphite {e.g., POCO graphite) stainless steel, OFHC
copper, clad OFHC copper,

(3) armor plates: V clad OFHC copper, graphite.

For the long term the choice of materials for substrates will be guided by

the needs for the Engineering Test Facility type of fusion reactors (ETF).

3.2 Coating Processes

Several deposition techniques are being used for the development of coatings

for fusion applications. [For summaries see refs. 8 and 18]. These include
27

chemical vapor deposition for carbon coatings on steel , or TiB coatings on
19

POCO graphite , plasma spraying of TiB or Tic, or Be coatings on copper or

stainless steel substrates ' , sputter deposition of Sic coatings on copper,

and vacuum evaporation of carbon or beryllium coatings on 304 stainless steel sub-

si rates.

The most suitable coating prpcess will be selected after the prime candidate

coating has been identified. Sucft a coating process should be of low-cost and

suitable for application to large size components.

3.3 Characterization of Coatings

The characterization of the coatings and of the coating substrate interface

is essential to establish those coating characteristics which give the best re-

sponse to the anticipated fusion radiation environment. In addition, it allows

one to check the reproducibility of the coating process.

A list of some of the important coating charateristics which need to be

determined, together with some of the techniques used for such determinations

(given in parentheses) is given in the following;
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(1) The coating thickness (atom density) [SEM, profilometer, microbalance],

(2) The coating growth morphology (e.g., columnar growth) and microstructure,
[SEM, TEM, x-ray diffractometer],

(3) The surface morphology, [SEM],

(4) The porosity [mercury porosimetry, BET desorption spectrometry],

(5) The formation of eutectics at the coating-substrate interface, [metal-
lography, SEMX],

(6) The amount and the type of gaseous impurities trapped in the coatings
during the coating process, [mass spectrometry],

(7) The non gaseous impurity content of the coatings, [scanning Auger
spectrometry, SEMX],

(8) The adhesion of the coating to the substrate [adhesive tape and scratch
tests].

(9) The microhardness [hardness tester].

The scanning electron micrographs shown in figures 2 and 3 illustrate, for

example, the difference in the surface morphology of TiB? coatings on graphite

substrates which had been deposited by a chei ical vapor deposition process or by

plasma spraying, respectively.

CVD TiB2 ( As Deposited ) C V D T i B 2 (Polished)

Figure 2: Scanning electron micrographs of two types
of surfaces of chemically vapor deposited
TiB2 coatings on POCO graphite prior to
irradiation. On the left the "as deposited"
surface, on the right the polished surface.



PIASMA SPRAYED TiBjON COPPER

SraKwraS
SCANNING ELECTRON MICROGRAPH Tl Ko X RAY SPECTRUM

Figure 3: Scanning electron micrograph and
Ti-Ka x-ray spectrum of a surface
of plasma sprayed TiBp on copper.

3.4 Performance Tests of Coatings in Plasma- and Ne.vrtral Beam-Injoctor-Type
Radiation Environments

The performance of coatings needs to be tested under plasma, simulated

plasma, and particle accelerator irradiations in order to select the most

suitable coating which will yield a minimum of plasma impurity release and of

..urface erosion for an acceptably long operating period. A brief description of

some selected tests and significant test results will be given in the following.

3.4.1 Thermal Shock and Thermal Cycling Tests

Thermal shock tests of coated materials (supplied by D. Mattox, SNLA)

were performed by Ulrickson 28 using electron beams with a beam area on target

-of i 1 cm , For a 0.5 second pulse length he observed power density deposition
2

limits of 4.0 kW/cm for a ̂  20pm thick TiC coating on POCO graphite, and 2.5
2

kW/cm for a ̂  30ym thick TiB coating of POCO graphite. For a 1.5 sec pulse
z 2

length these values were reduced for these two coated materials to 2.45 kW/cm and
2

1.45 k/cm , respectively. The observed limits in the power density deposition
were set by the melting of the coatings.

Thermal cycling fatigue tests of these coatings were also performed

with electron beam irradiations [28, 29]. For example, the TiC coated POCO

graphite sample survived 5000 pulses, each pulse depositing a power density of
2

1 kW/cm for a 1.5 sec pulse length. The sample surfaces just showed discolor-

ation 28_
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It should be pointed out that Tic coated POCO graphite has been success-

fully used as a limiter in Princeton's Poloidal Divertor Experiment (PDX)
2

For the highest plasma povzer density deposition of 0.5 kW/cm for a 0.5 sec

pulse length no measurable increase in the Ti and C plasma contamination could

be observed.

3.4.2 Surface Erosion Tests

The surface damage and erosion of chemically vapor deposited TiB

coatings {y 20\im thick) on Kovar substrates under deuteron and helium ion irradi-
31 32

ations for energies varying from 5 to 120 keV have been studied ' . For
a polished TiB coating surface irradiated at ambient temperature with deuterons

18 2

for a dose of 3.1 x 10 ions/cm , the following surface erosion yields (units:

atom/ion) were determined for the indicated deuteron energies (5 ± 2) 10 [at

40 keV], (1.6 ± 0.4) lo"1 [at 60 keV], and (5 ± 2) lo"1 [at 100 keV]. Mattox
33 ~2

et al. determined, for example, an erosion yield of 1 x 10 for 1 keV
-2

hydrogen irradiations of TiB_ coatings, and for Tic coatings a value of 0.9 x 10
3.4.3 Total Sputtering Yields

The total sputtering yield for both polished and unpolished surfaces

of chemically vapor deposited TiB coatings on POCO graphite were determined for
+ 4 +

mass analyzed D and He ion irradiations with energies ranging from 3 to 15
34

keV . Table 1 summarizes the experimentally determined total sputtering yield

values. The table includes also those values which have been calculated with the

use of the semiempirical formula by Smith . The major parameters used in

these calculations are listed in the footnotes to Table 1.

One notices that the yield values for the rough TiB surfaces ("as

received state") are about 50 to 60% larger than those for the smoother, polished

surfaces. This result suggests that for this type of rough surface the enhance-

ment in sputtering (e.g., resulting from angles of incidence other than normal

for a large fraction of ions) is on balance larger than the possible reduction

(e.g., due to redeposition of sputtered particles). The agreement between the

calculated values and those determined for the polished surfaces for He irradi-

ations is good, while for the D irradiations the measured values are consistently
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• TABLE 1 . TOTAL SPUTTERING YIELDS/ (ATOM/ION) [ 3 " . ]

PROJECTILE

D+

PROJECTILE
INCIDENT
ENERGY
(KEV)

3

5

10

15

3

5

1 0 •

15

EXPERIMENTAL TOTAL YIELD VALUES

"AS RECEIVED" TiB?

(1.2 i 0.1) 10"2

(0.81 ± 0.08) ,10"2

' (0.57 + 0.05) 10~2

• 10 M i 0.01) ]0"2

(1.1 ± 0.1) 10"1

(0.76 + 0.07) 10"1

(0.55 + 0.05) 10"1

(0.42 + O.O'l) 10"1

POLISHED TiB9

(0.72 ± 0.07) 10"2

(0.52 ± 0.05) 10~2

(0.35 ± 0.03) 10"2

(0.27 ± 0.03) 10'2

(0.63 ± 0.03) 10"1

(0.52 ± 0.05) in"1

(0.33 ± 0,0!!) 10"1

(0.25 ± 0.03) 10"1

CALCULATED
YIELD VALUES"1"

TiS?

( 1.1) !0"2

(0.72) 10"2

(O.'i2) 10"2

(0.28) 10"2

(0,65) 20"1

(0.5]) 10"1

(0.30) 10"1

(0.21) 10"] •

FOR Ti!E CALCULATIONS THE VALUES FOR THE MAJOR PARAMETERS USED WERE: SURFACE BINDiMG EKERGY
V o - 1 .2 E V ; EFFECTIVE CHARGE Z £ F F ( T i B 2 ) = 1 0 . 7 , AND i \ F F ( T i B 2 > = 2 5 . 2 .

+ ECUAT10N ( 7 ) IN REF. 35 WAS USED FOR THESE CALCULATIONS.

lower than the semicmpirical calculations predicted. I t is of interest to

note that the yield values for these coatings are significantly lower than

those for an uncoated surface of 304 LN stainless steel (the vacuum vessel

•material for the Tokamak Fusion Test Reactor at Princeton). For example, for

5 keV D+ irradiations, the yield values, S, are SfTiD,,) = (0.52 + O.O5) 10

atoms/ion, while S(304 LN st steel) = (1.8 ± O.I) 10*2 atoms/ion-

3.4.4 Outgassinq Rates

Total outgassing rates have been determined for chemically vapor

deposited TiB and TiC coatings (20 ym thick) on POCO graphite for three tem-

peratures: room temperature, 1OO"C, and 25O°C [36). Table 2 summarizes the

results.
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Table 2: Outgassing results for TiC and HB2 coated graphite at room tempera-
ture, 100°C. and 250°C given in units of torr -£/sec -cm2. The sec-
ond entry at 100°C and 250°C for each sample corresponds to a repeat
run after the sample had cooled to room temperature.

Sample

TiC/graphite

TiB?/graphite

R.T,

9.8 x

3,0 x

(25°C)

ID"10

io-9

100

6,6 x
2,0 x

7.9 x
3.3 x

°C

10'8

10 9

250

2.0 x
3.9 x

6.6 x
1.3 x

°C

10"7

10~6

A mass analysis of the released gas species revealed that for both

types of coatings-substrate systems the three most dominant mass peaks were in

decreasing order: mas number 2, 28, and IB, for all three sample temperatures

studied.

4. Specific Considerations for the Development and Testing of Clad Materials

For the development of claddings in support of the improvement program for

the Tokamak Fusion Test Reactor (TFTR) at Princeton University, several specific

requirements had to be considered:

(1) Clad materials should be developed for the protection of a first wall

("wall armor plates") against a single fault condition of a plasma-neutral

beam system resulting in a single radiation pulse of high power deposition
2 — — — — —

p\» 8 kW/cm ) for a pulse length of probably less than 0.1 sec (actual pulse

length not yet established). Furthermore, no active cooling should be sup-

plied to the armor plate to avoid coolant pipes penetrating the first wall.

Such plates could be mounted on backing plates in the form of tiles as

shown in preliminary designs for toroidal limiters ' 37.

(2) Clad materials should be developed for fixed and movable limiters,

which will be exposed to repeated radiation pulses (1.0 sec pulse length,

300 sec pulse repetition period - recently, the desired pulse length was

increased to 1.5 sec) with power densities of 1 to 4 kW/cm under normal

operating conditions. Again, no active cooling should be supplied to the

limitors.
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(3) Clad materials must exhibit good adhesion, adequate heat shock re-

• sistance, acceptable thermal cycling fatigue life, low outgassing rates

and vapor pressures at operating temperature, low sputtering yields, and

low surface erosion yields.

To point (1); In order to meet the first requirement the choices for the

type of cladding materials and of their thicknesses were made on the basis of

heat transfer calculations. Figure 4 illustrates the type of result obtained

from heat transfer calculations performed for a certain type of clad material

(0.05 cm V on 1.27 cm thick OFHC Cu) exposed to a given power density (1.1 kw/cm2)

for a certain pulse length (1.5 sec) and a pulse repetition period of 300 sec [37]

The design parameters for the claddings (e.g., type of material, thickness) are

then chosen such that the peak temperatures for (1) the surface of the refractory

metal facing the plasma (front face - Fig. 4), and (2) the interface of the re-

fractory metal and copper, stay below the melting temperatures for these materials.

For the protection against single fault conditions, however, it is less important

I i hiii I 11 If fill I Mllj
0.05 CH THICK'V OS 1.27 CK
OFHC Co PLATE
ASStlPTIOHS:

SCRAPE-OFF THICKNESS:
X - 0 . 5 C\
PULSE REP. RATE: J30 SEC
RADIATION COOl l i f t ONLY

J

101-1 10,-J 10" 10r l 1 10 100
TINE (IICONDS)

Figure 4: Calculated temperature rise of an explosion clad
plate caused by the deposited power density of 1.1
kW/cmz for a 105 sec pulse length and a 300 sec
pulse repetition period [373
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that the front face of the refractory metal does not melt than that the copper

at the interface does not melt. To meet the specific requirements listed above

under (1), the following design choices were made initially 3 : A thick re-

fractory metal cladding (e.g., Ti, V, ̂  3 rail thick) was chosen for a i» 1.3 cm

thick OFHC copper plate as a heat sink.

To point (2); To meet the requirements listed under (2), the following

design choices were made initially: A refractory metal was clad as a thin

sheet (e.g., Ti, V - ̂  0.05 cm thick) to a ^ 1.3 cm thick OFHC copper plate as

heat sink. More recently, other refractory metals such as VdOl Ti) and V(20ro Ti)

alloys were also used in thin sheet form at; claddings for ̂ 1.3 cm thick OFHC

copper plates.

4.1 Production of Explosion Clad Materials for Test Purposes

The production of clad samples for testing purposes involves several

major steps, such as the selection and preparation of the materials to-be clad,

the cladding process, the edge trimming of the clad samples, and finally, the

surface treatment of the clad samples. A brief description of these steps will

be given below.

4.1.1 Selection of Material

For the "thin" refractory metal claddings (*v> 0.05 en thick), materials

such as Ti (CP, grade 2) [39], V (99.8%) [40], V (10* Ti), and V (20% Ti) alloy

[41] were chosen, with a ductility (elongation) of bettor than 20%. The elemental

.materials chosen are not only those refractory metals which have the lowest

atomic numbers [Ti (Z = 22), V (Z = 23)], but also those which promise to have
35

low physical sputtering yields (based on theoretical predictions and experi-

mental data f) low outgassing rates at operating temperature, and low surface
43

erosion yields due to blistering " under hydrogen isotope particle irradiations.

For the "thicker" refractory metal claddings fv» 3 mm thick), V was the prime

choice, since Ti undergoes a phase transformation at 883°C. However, due to the

relatively high price of V, it was decided to build up the required thickness of

the refractory metal cladding by bonding to the 0.05 cm thick V plate a Mo (99.951)

[44] or Nb (99.85%) plate approximately 0.25 cm thick . It should be pointed
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out that the bonding of the V plate to the Mo or Nb plate occurrs simultaneously

with the bonding of those refractory metal plates to the OFIIC copper plate re-

sulting in a three-laminar cladding. The difference in the cost of explosion

cladding a two-laminar (e.g., V/Cu) or a three-laminar system {e.g., V/Nb/Cu)

is small compared to the difference in cost for the amount of V needed as com-

pared to the same amount of Ho or Nb. The Mo and Nb plates had a ductility of

^ 15% elongation. Finally, for the thicker hent sink plate, OFHC copper f̂  1.27
46

cm thick) was chosen . For the cladding process it was necessary to insure

that the plates to be clad were flat and free of surface debris.

4.1.2 The Cladding Process

To bond the refractory metal plate(s) to the OFHC copper plate an ex-
47

plosion bonding process was used for the following reasons: (1) This process

produces high-strength metallurgical bonds between similar and dissimilar metals.

The strength of the bond zone is generally equal to or greater than either of

the two materials being joined. (2) Alloys can be bonded without disturbing the

effect of cold work, disrersions, and precipitation hardening. (3) The formation

of brittle intermetallic compounds at the bond zone can be reduced or practically

eliminated. (4) Bonding can be achieved quickly and cost-effectively over very

large areas limited only by the size of the plates to be clad and the explosion

that can be tolerated. During the explosion cladding processes, bonding is ac-

complished when the high pressure developed by a chemical explosive is used to

impinge metal surfaces at a characteristic velocity (sometimes this velocity

• is of the same order of magnitude as the bulk sound velocity of the materials

to be joined) and collision angle (collision angles range typically from 2° to

17°). High pressure is developed in the vicinity of the collision point and

distributed in a way that the colliding surfaces can flow hydrodynamically and

a jet of liquid metal is expelled from the apex of the angled collision at a

velocity which exceeds the collision zone velocity. The hydrodynamic flow

between the colliding surfaces and the resulting jet helps to remove or break up

bond-inhibiting surface films, leaving behind film-free surfaces pressed into

atomic contact and thus constituting a good metallurgical bond. A more detailed

description of important parameters governing the explosion bonding process can

be found in reference [48] (and the references cited therein).
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4.1.3 Edge Trimming of Clad Samples

All clad materials produced in this program had good metallurgical

bonds over almost the entire jrint area, with the exception of the edge reqions,

which showed areas of discontinuous bond and needed to be trimmed.

4.1.4 Surface Treatment of Clad Samples

It was necessary to flatten approximately one-third of the clad plates

(vith the use of an Arbor press) before a uniform surface treatment could he

applied. The flat clad platen were ground and then polished with Emery to a

mill finish #4. This finish is the same as the one for the surface of the TFTR

vacuum vessel made out of 30-1 LN stainless steel. The surfaces of the test

samples were decreased before they received any further specific surface treat-

ment (e.g., etching, electropolishing) required by a particular test. Both

the euge trimming of the plates and the machining of the plate surface? were
49

conducted at ANI

4.2 Characterization of the Pond Interface

The bonded zone region of the clad plates were examined with the aid of

;M;ical metallography and scanning electron microscopy w±«_h x-ray energy

analysis (SEHX). A brief description of some of the pertinent results are

discussed below.

4.2,1 Optical Metallography

Two metallographic samples were cut from each of the clad plates so

that the bonded zones could be examined (after polishing and etching) in two

planes at right angles to each other. One of these planes is parallel to the

long edge plane of the rectangular clad plate (which is also parallel to the

direction of the explosive wave propagation). A metallographic view of this

plane is called the longitudinal view. The view of the other plane, at right

angles to this one, is called the transverse view. As an example, Figure 5

gives a longitudinal view of the bond interface zones of a three laminar clad-

ding of V/Nb/Cu. This figure reveals two important features: (1) At the Nb/Cu

interface the wavy interface with the associated crest formations (the latter
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features are reminiscent of Helmholtz instabilities). These features support

the,model for the existence of a fluid (melt) bond zone for a short period

during the time of the propagation of the collision zone along the long axis

of the plate. The existence of this wavy interface contributes to the high

strength of the bond due to the increase in the bond surface area. (2) A

r~ Vanorfium

Niobium

Li. J 60« '

Niobium

OFHC Copper

Figure 5: Optical Metallograph Photomicrographs of
the Longitudinal View of the Bond Zones
V/Nb and Nb/Cu of an Explosion Clad Three
Laminar System (0.05 cm V on 0.31 cm Nb
.on 1.27 cm OFHC Cu)

' solidified melt layer which was generally very thin (£ 2ym), with no detectable

major brittle ir.termetallic compound formation. This feature also contributes

to the high strength of the bond.

Qualitatively, similar pictures have been obtained for the V/Cu, Nb/Cu,

and Mo/Cu bond interfaces. Only one type of the clad materials, the V/Mo/Cu

samples, had a serious defect. Optical metallographic examination of the

V/Mo and Mo/Cu interfaces showed good bond interfaces. However, structural

delaminations could be observed in the Mo, occurring in the grain boundaries

parallel to the heavily-textured, elongated grains. For this reason the further

development of V/Mo/Cu claddings was stopped. Those metallographic examinations

were conducted by D. Walker and E. Keppler 50
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4.2.2 SEMX-Analyses

An examination of the bond interfaces at higher magnifications {e.g.,

5KX, .10KX) with scanning electron microscopy and x-ray energy spectromctry

(SEMX) confirmed the metallographic observation that the solidified melt layer

in the bond zone was generally very thin (<£ 2nm).

4.3 Testing of Clad Materials

The clad samples are being tested for their cladding adhesion character-

istics, certain mechanical and thermal properties, surface properties under

electron and/or ion beam and/or plasma irradiations, and their hydrogen isotope

recycling characteristics (e.g., backscattering, implantation-reemission). A

brief description of some selected, important test results will be given in

the following.

4 '. 3.1 Shear Strength of Bonds of Clad Materials

tensile tests were conducted at room temperature on flat samples of

clad materials (e.g., V/Cu, V/Nb/Cu, Ti/Cu) to determine the shear strength

of the bond. Test specimen were prepared by machining the refractory laminate

rind the copper to certain thicknesses and by cutting two parallel notches on

opposite faces of the specimen. A typical specimen is shown in Figure 6. The

depth of the notches was sufficient to reach the bond surface on both sides of

the specimen, as indicated schematically in the footnote to Table 3. The shear

stress, S, at the bond surface, was calculated from the maximum load, P, and

the expression S = P/A , where A is the area of the bond surface between the

notches. All tests were conducted by T. Kassner and 0. K. Chopra, ANL, with

an Instron tensile testing machine at constant crosshead speed of 4 mm/min.

The tests revealed the encouraging result that, at the shear stress values listed

in the last column of Table 3, the bond surfaces did not fail but the laminates

fractured. Therefore, the actual bond strength of the clad materials will be at

least equal to or larger than the shear stress values listed. These tests are

currently being extended to elevated specimen temperatures.
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Figure 6: A'machined sample of cladded material
(originally 0.05 cm V on 2.5 mm Nb on
7.27 cm thick OFHC copper) for tensile
shear tests to determine the strenqth
of the Nb/Cu bond.

MATERIAL

V/Cu

TABLE 3. TESTS OF SMEAR Sfag'iGTi OF EOilDS OF CLAPPED riAir.3[1LS' [ g ]

TEMP.
(°)

238 (25)

CROSS SCCTIOHAL AREA,

LAM 1 HATE

(V OR V/KB).AI

5.3

COPPER, A2

39.3

Bn;iD AREA

Si?, A3

22.6

MAX!HUM
LOAD,KG

'153

SHEAR STRESS I
BOND

KPt, ir.Si)

29S.7 (23.S)

V/iJb/Cu

Ti/Cu

293 (25) 65.9 7 0 . : 'I6.8 956 200.3 (29)
Nb IIUKD TO CII

298 (25) 8.9 117.7
l_

23.1 '171 200.0 (29)

TESTS WERE CONDUCTED BY T. KASSNER AND 0. K, CHOPRA, ANL

BOND INTERFACE • •• ]

o

I ! : 1
A Ul ; : 1J A,

• LAMINATE
CU SIDE VIEW

TOP VIEW
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Outqassing Characteristics of Clad Materials

Measurements were conducted to determine (1) the outgassing rates

of the clad materials and ̂f 304 LN stainless steel {for comparison) and (2)

the gas species released from such materials for three different temperature

(R.T., 100°C, 250°C). All samples were ultrasonically cleaned in three dif-

ferent solvents [(a) Branson ultrasonic metal cleaner, (b) acetone, and (c)

propanol] before insertion into an ultrahigh vacuum chamber. The sensitivity

of the vacuum system for the measurement of outgassing rates was determined

by the use of standard CO and 0 ? leaks attached to the system. The results of
-5

this sensitivity chock indicated that a gas load of 1.1 x 10 torr-liters/sec
* Ft

resulted in a pressure increase of 6.5 x 10 torr. This result is consistent

within ̂  10% of the specified pumping speed of the system. The outgassing rates

at elevated temperatures were determined within "\> 25 minutes after the sample

temperature had stabilized. For more details about the experimental method see

ref. [51]. The gas species released were determined mass spectrometrically.

Table 4 lists some representative results for the outgassing rates

of V/Cu and V/Kb/Cu claddings and for 304 LN stainless steel. In addition, the

table lists some of the most abundant gas species released in comparison to the

gas species H_ which was the most abundant. The observed outgassing rates for

TABLE 4. OUTGASSING RATES S£C
10RR UTF.R]

FOR 3O'l LH STAINLESS S1EEL AND SELECTED ClADDIH&S'[s]

SAMI'LL

304 1.11 ST.
STEEL, FINISH
# 1 , DEGREASED

V. 0 .05 CM/
OPIIC
Cu 1.27 CM

V.0.G5 CM/
KB ( 0 . 3 C M ) OK

OFIIC Cu 1 . 2 7 C M I

ROOM TEMP.

9.1 x 10"

2.6 x 10-9

Ti (0 .05CM)/
OFHC
Cu (1.27 CM)

1.2 x 10,-9

6.7 x

100"C

1.2 x 10,-8

2.3 x 10,-8

9.0 x 10"8

6.9 x 10,-9

250'C

9.5 x 10,-8

1.6 x 10,-6

1.1 x 10"6

6.8 x 10"8

D0K1MAKT PEAKS IN MASS b-PiCTRA
GIVEN AS PERCENTAGE OF MASS 2 PEAK
HFIMiT: MASS 2 PEAK HE lr.:!T = 100"

ROOM I I . H I 1 .

28 (23.2)

11 (5.3)
16 (1.7)

28 (6.5)
1 (3)

11 (2.2)

28

16

(12)
(3)
(3)

28 (19)
18 (8)
17 (G)

250*

28 (3.6)

1 (1.1)
18 (1.3)

1 (11)
28 (1.3)
16 (3.8)

1 (5.6)
28 Cl.0)
16 (2.3)

28
18
17

(1)
(3)

* ncAsuutn IIY i<Ror. j . CRAIG, J R . , UNIV IRSITY or NLMJASKA-OMAIIA I 5] 1
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the cladding at R.T. and 100°C would be acceptable for plasma device operation.

A reduction of the outgassing rates, particularly those at 250°C, could be

achieved after longer outgassing periods at the same temperature or for

elevated temperatures.

4,3.3 Splatter Yiolds for the Surfaces of Clad Materials Under Deuteron
and Helium Ion Impact

Measurements of the sputter yields for Ti and V were conducted with
+ 4 +

mass analyzed D and He ion irradiations for the energy range from 1 to 60

keV under high vacuum conditions of ^ 1.8 x 10 torr. The Ti and V surfaces

were optically polished and degreased in ultrasonic baths of trichlorethylene,

acetone, distilled water, and methanol, before insertion into the ultrahigh-

vacuum chamber. The materials which were sputtered from the irradiated cladding

surfaces were deposited on thin aluminum collector foils which had an equiva-

lent thickness of about 50 pg/cm'. The thickness and the chemical composition

of the sputter deposit was determined by three independent techniques, (1)

Rutherford backsc^ttering (RBS), (2) peak-tc-peak amjjlitudc measurement using

Auger electron spectroscopy (AES), and (3) sputter depth profiling with AES.

The thickness values determined from these three techniques agree within 10%.

•m the measured deposit thickness one can calculate the total number o,f atoms

which has been sputtered from the irradiated target spot (for more details see

[52, 53]).

Preliminary sputtering yield data for Ti and V are given in Table 5
+ 4 +

for D and He ion eneryies of 1, 5, and 10 keV. Preliminary total sputter
+ 4 +

yield values of 304 LN steel for D and He ion energies of 5 and 10 keV are
54

included for comparison . One can readily notice the encouraging result

that the sputtering yields for Ti and V under deuteron bombardment, are more than

300% lower than those for 304 LN stainless steel for the two energies compared

here. From the point of view of permissible plasma impurity concentration tne

gain is even larger, due to the difference in the atomic numbers of Ti or V and

the "average atomic number" for 304 stainless steel. For the helium ion irradi-

ations, the yield data for Ti and V are also significantly smaller than those

for 304 LN stainless steel. Finally, it should be pointed out that it is possible
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TABLE5. EXPERIMENTALLY DETERMINED TOTAL SPUTTERING YIELDS, (ATOM/ION)

TARGET
MATERIAL

T,

V

304 LN
ST. STEEL

INCIDENT
ION

n+

n+

4 H E+

n+

(1.
(0.

(1.
(0.

] +

70
0 ±

60

1

0.1) 10"2

± 0.08) 10"1

0.1) 10'2

± 0.08) 10'1

ION ENERGY
5

(0.50 ± 0

(0.53 ± 0

(0.49 ± 0

(0.45 + 0

(.1.8 ± 0

(1.2 ± 0

, KEV

.05) 10~2

.05) 10"!

.05) 10'2

.05) 10"!

.1) 10'2

.1) 10"!

10

(0.31 + 0.03)

(0.34 ± 0.04)

(0.30 ± 0.03)

(0.33 ± 0.03)

(1.1 ± 0.1)

(0.70 ± 0.05)

]0"2

io~i

10'2

10'!

lO"2

IO-I

• RUTHERFORD BACKSCATTERIMG ANALYSIS OF SPUTTER DEPOSITS WAS USED TO DETERMINE THESE
YIELD VALUES.

" DATA IN PREPARATION FOR PUBLICATION BY KAfllNSKY, ET AL. (54)

to compare for one helium ion energy the yield data for Ti and V in Table 5 with

those reported by Roth et a l . [55], These authors report for Ti (1 keV: S - 6.5
-2 -2

- 6.9 x 10 atom/ion) and for V (1 keV: S - 6.1 x 10 atom/ion) values which

agree well with ours. For lack of available data from other authors for sputter

yields for Ti and V for deuterons over this energy range, no comparison is pos-

r-ible. Work is in progress to complete the determination of sputtering yields
+ 4 +

j or Ti and V under D and He ion irradiations over the broader energy range
1 - 6 0 keV.

4. 3. A Heat Shock Resistance and Thermal Cycling Fatigue of Clad Samples

Heat shock tests of a three-laminar clad sample of 0.05 cm thick V

.clad to i> 0.32 cm thick Mo, which in turn was clad to ̂ 1.3 cm thick OFHC copper,

were conducted by M. Ulrickson (PPPL) [30] with electron beam irradiations for
2 2

power densities ranging up to 8 kW/cm on a target area of 1 cm for a pulse
length of ̂ 0.7 sec (a pulse length longer than required). The sample survived

2

the power density of ̂ 8 kW/cm [30], a very encouraging result. Another three-

laminar sample, 0.05 cm thick V clad to 'V 0.32 cm thick Nb, which in turn was

clad to ̂ 1.3 cm thick OFHC copper plate, also survived an electron beam pulse
2

with a pulse length of 0.7 sec and a power density of ̂ 8 kW/cm . This latter

type of sample can be more readily produced in the form of large plates by

explosion c1 adding than the first type due to the delamination problem in the
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Mo plate described earlier. Tests of heat shock resistance and of thermal cycling

fatigue were also performed for those clad materials which were developed to

withstand repeated radiation pulses (1.0 sec pulse length, 300 sec pulse repe-
2

tition period) with power densities of ̂  1 kW/cm for fixed limiter applications,

and 2 to A kW/cm for movable limiter applications, under expected normal operat-

ing conditions. Again, very encouraging results were obtained. For example,

a two-laminar clad sample of 0.05 thick V clad to ̂  1.3 cm thick OFHC copper

was exposed by M. Ulrickson (PPPL) [30] to electron beam power densities ranging
2 2

from ̂  1 kw to 5 kW/cm on a 1 cm target area for a pulse length of 1 sec. Only
2

at 5.0 kW/cm did the sample fa^l due to the melting of the clad. The same
type of sample was subjected to thermal fatigue tests for 1000 electron beam

2
pulses at a power density of 3.5 kW/cm , a pulse length of 0.5 sec and a pulse

repetition period of 300 sec. The sample showed only a small amount of surface

cracking after the test, similar to the small amount of cracking observed in

pure copper. A heat shock test of 0.05 cm thick Ti clad to 1.3 cm thick OFHC

copper showed a failure of the sample at a power density of 3.5 kW/cm due ::o

melting of the clad. Thermal fatigue tests of this type of sample for 1000

electron beam pulses for a pulse length of 0.5 sec and a power deposition of
p

3.0 kW/cm' revealed severe surface damage after the test (probably caused in

•. rge part by the Ti phase transformation at ^ 883°C). The use of Ti/Cu clad

samples should therefore be restricted to those applications where the tempera-

ture of the cladding can be kept W'QII below this temperature for the Ti phase

transformation. More details about the heat shock and thermal fatigue tests of

claddings, which were conducted by M. Ulrickson,, can be found in ref. 30.

5. Future Directions

The coatings work described in this paper has been directed mainly towards

the development of low- to medium-Z coatings for first wall components (e.g.,

fixed or movable limiters). In the near future these studies will be supple-

mented by a program directed towards an important new goal, the development of

techniques which will allow the in-situ deposition of low-2 coatings in plasma

devices and future fusion reactors. The success of such a program should help

achieve a better control of plasma impurity and surface erosion for desirably
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long operating periods by depositing in-situ low-Z coatings as often as needed

without being forced to disassemble major first wall components from a plasma

device or a fusion reactor for a recoating treatment. This should help to

minimize the shut down periods of such devices for first wall maintenance pur-

poses and permit the reconditioning of first wall component surfaces at reason-

able costs.

56
A program has been recently proposed to develop in-situ low-Z coatings

(e.g., horon) on such substrates as 304 LN stainless steel and POCO graphite.

This wox* will include the exploration of glow discharge-assisted or plasma-

assisted chemical vapor deposition of low-Z coatings (e.g., boron).

The claddings development program will continue in order to meet somo of

the recently changed design goals. For example, for the TFTR program the de-

sirable pulse length has been increased to 1.5 sec. This will require the de-

velopment of claddings which exceed the performance of those described here.

Furthermore, it appears desirable to provide low-Z surface layers on the clad-

dings, xn one approach the successful boridi-ng of a V surface of a V/Cu

clad material has been demonstrated. Other approaches (e.g., coatings) will

be tested.

The studies described in this paper have demonstrated that the use of

coatings and clad materials for certain first wall components will provide a

needed design flexibility for a more effective control of pDasma impurity re-

lease and surface erosion in order to achieve che ultimate goal of power pro-

duction by controlled thermunuclear fusion reactions.
w
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