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Abstract: Tungsten films were deposited on stainless steel Charpy specimens by magnetron sputtering followed by

electron beam heat treatment. Charpy impact tests and scanning electron microscopy were used to investigate the

ductile-brittle transition behavior of the specimens.

With decreasing test temperature the fracture mode was

transformed from ductile to brittle for both kinds of specimens with and without W films. The data of the crack ini-

tiation energy, crack propagation energy, impact absorbing energy, fracture time and deflection as well as the

fracture morphologies at test temperature of — 70 C show that W films can improve the impact toughness of stain-

less steel.
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1 INTRODUCTION

Low-Z materials like carbide are being consid-
ered a plasma facing material for fusion reac
tors " *'. Apart from those above, high-Z tungsten
has a higher energy threshold for physical sputte-
ring, it does not form hydrides, and it has the
highest melting point among all metals, the lowest
vapor pressure, good thermal conductivity and
high temperature strength. These features make it
useful as a coating for the plasmefacing wall in a
fusion reactor. Nevertheless there remain several
problems to be solved before its application as a
plasma facing material, for example, its brittle na-
ture, difficult machining, erosion and plasma con-
tamination, significant re-crystallization with grain
growth at a high temperature operation, and un-
retention and hydrogen

certainty in tritium

effects' "™

High-Z refractory metals are usually produced
by powder metallurgy. W is very brittle below a
ductile-brittle transition temperature ( DBTT )
which is usually near or slightly above room tem-
perature( RT), hence, machining is very difficult
at RT. Due to the lack of ductility the utilization of
tungsten as a structural material does not seem
easy nor reliable'” . Improvement of the brittle na-
ture of W by alloying is in progress. An alternative
is to deposit W as thin layer on some structure ma-
terials.

Based on the above, W coatings on the fusion
reactor wall materials are being developed. There
are many methods for W film preparation, such as
chemical vapor deposition, plasma spray, deposi
and laser beams' ® .
However, the thermal expansion coefficient of W

tion with ion, electron,
is so small that matching of the thermal expansion
coefficient of W and substrate materials is diffi
cult. Consequently, efforts have been made to find
some suitable coating methods and their technolo-
gies to avoid this phenomenon. It has been found
that W films with columnar grain structure have
good resistance to cracking on stainless steel, and
it has also been found that the improvement in the
degree of mismatch in thermal coefficients between
W and substrate materials can be achieved by using
a suitable transition layer between the film and the
substrate. In this paper, we report the ductile
brittle transition behavior of stainless steel speci-
men, on which W film is deposited, in order to
study the effect of W film on the impact toughness
of stainless steel.

2 EXPERIMENTAL

Standard Charpy V notched substrates were
made of martensitic type stainless steel for instru-
mented impact test. The composition of the stain-

less steel was: Cr 12% ~ 14%, C 0.08% ~ 0. 15%,

and Fe balance, the substrates were heat-treated
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with oil quenching at 1000~ 1050 C followed tem-
pering at 700 = 790 C, and then polished, de
greased in benzene using ultrasonic cleaning,
rinsed in deionized water and finally dried. W
films on substrates were prepared by DC magne-
tron sputtering, followed by 30 keV Ar" ion bom-
bardment in the multifunction deposition sys-

/. The chamber had a base pressure of 6 X

tem
10" * Pa but the pressure increased to 0. 1 Pa during
DC magnetron sputtering deposition due to argon
feeding the discharge. The film of about 12 nm
thickness was deposited by DC magnetron sputte-
ring, then was bombarded by 30 keV Ar" ion
beam. The density of the deposited W films is
usually smaller than that of bulk tungsten based on
the TRIM-92 code calculation.

continued to get the second layer with the same

Deposition was

thickness on the surface of first layer, and fol-
lowed by Ar" bombardment with the same condi
tion as the former. Such a process was repeated
until the thickness of W films was about 200 nm.
Each process of Ar" ion beam bombardment was
with a dose of (0.6 = 1) x 10" ion/cm®. After
that, electron beam with a power density of about
5% 10° W/ em?® was used for heating these samples,
and this step was repeated until the W films were
about 3 Hm thick. The vacuum during the Ar" ion
bombardment or electron beam heating was about
(5-6) x 10" Pa.

Instrumented Charpy impact tests were
performed on a Tinius Olson machine equipped
with an automatic specimen positioning and a data
collection system. The striker was instrumented
with strain gauges and an optical sensor was
installed on the pendulum mass for displacement
measurement. The transfer time from the furnace
to impact was measured equal to 1. 85s. Then se-
ries of tests with instrumented specimens were per-
formed at losses after 1.85s. Usually, specimens
were brought to a bath and maintained for half an
hour before testing. The bath tem- perature was
controlled, where low temperature was obtained
by liquid-nitrogen. The temperature uncertainty
was E£1 C. The micrographs of the fracture sur-
faces of specimens were obtained with an AMRAY
1845 type scanning electron microscope.

3 RESULTS AND DISCUSSION

Fig. 1 shows a schematic curve of impacting
load( L) vs displacement ( A).
means change of specimen in size during impact

Here displacement

process. Ei, shown in Fig. 1, is the crack initiation
energy which includes elastic crack initiation ener-
gy and plastic crack initiation energy. After that,
crack starts growth. E,, shown in Fig. 1, repre
sents the crack propagation energy, which includes

stable crack growth energy and un-stable crack
growth energy.

~

Fig. 1

impacting load vs displacement

Schematic curve of

Fig. 2 shows the curves of crack initiation en-
ergy Ei at different test temperatures. It can be
seen that the curves for the two kinds of samples
are similar, but the energy is greater for the sam-
ple with W films. Both curves show that E; is the
lowest at about — 120 ‘C, then increases with tem-
perature to a peak value between — 60 C and - 50
‘C. Usually, the magnitude of E; indicates the dif-
ficulty of crack initiation. This suggests W film on
the surface of stainless steel might effectively im-
pede crack initiation.
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Fig.2 Curves of crack initiation energy E;
vs test temperature for stainless steel substrate
with and without W film

Fig. 3 shows the curves of crack propagation
energy F, at different test temperature. The E, vs
temperature trends are similar for the two speci
men types, but, E, is always larger for the speci-
mens with W films. This suggests that crack prop-
agation is also more difficult for stainless steel with

deposited W film.
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Fig. 3 Curves of crack propagation energy E,
vs test temperature for stainless steel substrate
with and without W film

An impact absorbing energy E: consists of
crack initiation energy E; and crack propagation en-
ergy E,, i.e. Ei= Ei+ E,. The E: value is always
larger for the samples with W films, suggesting
that deposition of W film on stainless steel can ef-
fectively improve the impact toughness of stainless
steel.

Fig. 4 shows the deflection D, curves at differ-
ent test temperatures. Deflection D, is defined as
the total displacement of the specimen under load
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Fig. 4 Deflection D vs test temperature

for stainless steel substrate with and
without W film

Table 1 Characteristic parameters

at some temperature by a Charpy impact test.
Usually, the larger the deflection, the better the
impact toughness. Again there is not much differ-
ence in Dy at — 140 == 22 C, but D« becomes lar-
ger for the specimen with W film at - 70 == 20 C.
This suggests that the toughness of specimen with
W film is better than that of stainless steel sub-
strates.

The ductile-brittle transition temperature T
was determined by fitting the following equation to
each data set:

E = A+ Btanh{(T- To)/C]
where (A + B) is the upper shelf energy, (A -
B) is the lower shelf energy, B/C is the slope of
E(T), T is temperature, To is the ductile-brittle
transition temperature ( DBTT), and tanh[ (T -
To)/C] is the hyperbolic tangent function. A sche-
matic curve of the hyperbolic tangent adjustment is
shown in Fig. 5. Table 1 gives the corresponding
fit parameters for each data set. The result shows
that the ductile brittle transition temperature T'o is

— 74 C for the specimen with W film, while - 66

C for the stainless steel.
éB/C

E/J

+B

Fig. 5 Schematic curve of
hyperbolic tangent adjustment

Fig. 6 shows the fracture surfaces at — 70 C
for stainless steel substrates with and without W
films by SEM. The fracture surfaces indicate char-
acteristic dimple fracture in a net-like distribution.
The difference between the both specimens is that
the dimples for the specimens with W film are lar-
ger and deeper than those for substrate. The larger
and deeper the dimples, the better the toughness
of specimens. This observation confirms that W

of hyperbolic tangent adjustment

M aterial Al B/] c/ C To/ C
Substrate 216.1%5.5 52.5%6.4 31.3%5.5 - 65.614.5
Sample with W film 278.7%6.2 83.018.3 32.2%5.8 - 74.3%5.2
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Fig. 6 Fracture morphologies of
stainless steel substrate with(a) and

without(b) W film at — 70 C

film on stainless steel can improve impact tough-
ness of stainless steel.

4 CONCLUSIONS

1) The variations with temperature of crack
initiation energy Ei and propagation energy E,, im-
pact absorbing energy E., fracture time and deflec-
tion D, are similar for both types of specimens, but
the values are systematically greater for specimens
with W films, suggesting the films improve impact
toughness.

2) Estimation of DBTT show that T is about

— 74 C for the specimen with W film, while about
— 66 C for the stainless steel substrate.

3) Larger and deeper dimples can be found in
the specimens with W films compared with those in
substrate. This further confirms that W films can
effectively improve the impact toughness of stain-
less steel.
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