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Abstract

The synergistic effect of the simultaneous additiohtungsten and zirconium in the
sputter-deposited amorphous or nanocrystalline Z2-21)Cr-W alloys is studied in 0.5 M
NaCl solution open to air at 26 using corrosion tests and open circuit potential
measurements. Corrosion rates of the sputter-degubir-(12-21)Cr-W alloys containing
10-80 at % tungsten (that is, 0.95-1.85 ¥ 10m.y") are more than one order of magnitude
lower than that of the sputter-deposited tungsted even lower than those of zirconium as
well as chromium in 0.5 M NaCl solution. The adutitiof 8-73 at % zirconium content in
the sputter-deposited binary W-(12-21)Cr alloysnse¢o be more effective to improve the
corrosion-resistant properties of the sputter-defgak ternary Zr-Cr-W alloys containing
12-21 at % chromium in 0.5 M NacCl solution. Thetsgrudeposited Zr-(17-21)Cr-W alloys
containing an adequate amounts of zirconium médtalved the more stable passivity and
showed higher corrosion resistance than those lofyaonstituting elements in 0.5 M NaCl
solution open to air at 2&.

Keywords: Zr-(12-21)Cr-W alloys, sputter deposition, conas test, open circuit potential,
0.5 M NaCl.

I ntroduction

The chemically homogeneous single—phase naturenofgnous alloys is generally
responsible for their high corrosion resistancengwb the formation of uniform protective
passive films those are able to separate bulkloysfrom aggressive environments. From
the corrosion point of view, they can be consideaechomogeneous alloys. Accordingly,
the sputter—deposited alloys consisting of eitineor@hous and nanocrystalline single-phase
solid solutions are chemically homogeneous, andcédneare interesting in the view of
corrosion resistance. Last two decades, the ustheofsputter deposition technique is
becoming a quite suitable method for tailoring odrieties of amorphous or/and
nanocrystalline corrosion—-resistant metastableysll&ven if amorphous alloys are not
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formed by the sputter deposition technique, theyalthus prepared are always composed of
nanocrystals with very fine grains and sometimebales similar to the single—phase
amorphous alloy.

One of the present authors (JB) had reported tieatsputter-deposited amorphous
or/and nanocrystalline tungsten-based binary W2Ti—-zr"®", W=N{*°, W—CF"*%13 wW-—
Nb* "1+ W-T&"*" W-Mo*'® and ternary W-Cr-Ni"*° as well as Cr-Zr-W alloys were
spontaneously passivated showing significantly éigtorrosion resistance than those of
alloy—constituting elements in concentrated hydiadh acid solutions. The significant
improvement of the corrosion—-resistant is attriduteo the formation of double
oxyhydroxide passive films containing both tungsterd alloy—constituting metal cations
which are more resistance and stable for both #wempl and localized corrosion in
comparison with the oxyhydroxides of tungsten diaaconstituting elements.

Zirconium, chromium and tungsten are regarded ag e@fective alloying elements
for enhancing the corrosion resistance of alloyadgressive environments. Zirconium is
one of the corrosion—resistant elements in acididrenments, although it suffers pitting
corrosion by anodic polarization in chloride contag solutions. The alloying of zirconium
with aluminun®®, chromiuni® and molybdenuff greatly improved the corrosion resistance
of the alloys in acidic solutions. Similarly, it iaeen reported that the corrosion resistance
of the sputter—deposited amorphous or/and nanadiipst W-Zr alloys were passivated
spontaneously and observed significantly high om resistance in aggressive
environment$:®’ The corrosion—resistant of the sputter—depositedZMalloys is higher
than those of tungsten and zirconium, and hencgstan addition greatly enhanced the
pitting corrosion resistance of zirconium in 12 NCHOnN the other hand, chromium is one
of the most effective alloying elements to provédeigh passivating ability for conventional
steels and stainless steels. Only a small amoucitiroimium (8 at %) addition was enough
to cause spontaneous passivation of steels in ICMaHd they showed significantly higher
pitting corrosion resistance than stainless stééfsA series of the sputter—deposited
chromium—metalloid alloys exhibited superior comosresistance compared to chromium
metal in 12 M HCF’ On the other hand, it has been reported that smigll amount of
tungsten addition (that is, about 9 at %) was ehdaogcause spontaneous passivation of the
sputter—deposited nanocrystalline W—Cr alloys ewet2 M HCI and these alloys showed
about five orders of magnitude lower corrosion rdi@n the corrosion rate of chromium
metal, and about one order of magnitude lower s@rorate than that of tungstéh:

It has been recently reported that the simultanealdgitions of 10 at % tungsten in
presence of 15-17 at % chromium in the sputter-siggeb amorphous or nanocrystalline Cr-
Zr-W alloys enhanced significantly the pitting azsion as well as uniform corrosion of the
zirconium metal in 12 M HCI solution open to air3C*. It is noteworthy for mentioning
here that both zirconiuthand chromiurf? metals are very corrodible in acidic or very
alkaline (>13 pH) solutions. However, both zircaniand chromium metals do not corrode
in neutral 0.5 M NaCl solution, mostly due to th@rhation of zirconium oxidéd and
chromium hydroxide/oxidé§ respectively. On the other hand, tungsten metabdes in
solution having pH 4 or high for example in 0.5 M NaCl solution. Accordingly might
be expected that effects of zirconium, chromium &mpsten additions enhance in the
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corrosion resistance of the sputter—deposited amomigpor nanocrystalline Zr—(12-21)Cr-W
alloys in 0.5 M NaCl solution.

The present research work is aimed to clarify tifiects of tungsten, zirconium and
chromium additions on the corrosion behavior of #ptter-deposited Zr-(12-21)Cr-W
alloys in 0.5 M NaCl solution open to air at’@5using corrosion tests and open circuit
potential measurements.

Experimental M ethods

The sputter-deposited ternary Zr—(12-21)Craldys containing 10-80 at% tungsten
were characterized as single-phase solid solutiohsamorphous or nanocrystalline
structures having apparent grain size ranges fram 10 nm as shown ifiable 1%, The
compositions of the sputter-deposited Zr—(12-21YCralloys hereafter are all denoted in
atomic percentage (at %).

Table 1: Structure and apparent grain size of the sputtepositedZr—(12-21)Cr-W

alloys™.
Name of Alloy Structure Apparent Grain Size
(nm)

Zirconium nanocrystalline 24.0
Zr-17Cr-10W amorphous 1.4
Zr-21Cr-38W amorphous 1.0
Zr-18Cr-57W amorphous 1.2
Zr—-12Cr-80W nanocrystalline 10.4
Zr-42Cr-19W amorphous 0.9
Tungsten nanocrystalline 20.0
Chromium nanocrystalline 40.0

Prior to the corrosion tests and electrochemicadguements, the sputter-deposited
Zr—(12-21)Cr-W alloy specimens were mechanicalljshed with a silicon carbide paper
up to grit number 1500 in cyclohexane, degreaseddeyone and dried in air. The average
corrosion rate of the alloys was estimated fromvileegght loss after immersion for 240 h in
0.5 M NaCl solution open to air at Za The time dependence of the corrosion rate of the
Zr—(12-21)Cr—Walloys was also estimated at various time intervEige corrosion rate of
the individual alloy was estimated by using equatib) as given beloff>*

Corrosion Rate (mmy 1) = Awx8760x10 1)
dxAxt

where, Aw is weight loss of the alloy specimen in gram;sddensity of the alloy
specimen in gm/ci A is area of the alloy specimen in Grand; t is time of immersion in
hour.
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The open circuit potential of the sputter-deposit&d(12—21)Cr—Walloys was
measured after immersion for 72 hours in 0.5 M Na@ltion open to air at 26. A
platinum mesh and saturated calomel electrode wesexl as counter and reference
electrodes, respectively. All the potentials givienthis paper are relative to saturated
calomel electrode (SCE).

Results and Discussion

Figure 1shows the changes in corrosion rates of the spdgfeosited Zr-(12-21)Cr-
W alloys after immersion for 240 hours in 0.5 M Naglution open to air at 26.
Corrosion rates of the sputter-deposited Zr-42GM19N-(12-42)Cr? alloys including
sputter-deposited tungsten, chromium and zirconnatals are also shown for comparison.
The Corrosion rates of the Zr-Cr-W alloys containit-42 at % chromium are more than
one order of magnitude lower than those of thetepdieposited tungsten and even lower
than that of zirconium. The corrosion rates ofZh€12-21)Cr-W alloys (that is, 0.95-1.85
10° mm.y") show lower corrosion rates than those of binamyaerystalline W-(12-21)&7
alloys in 0.5 M NaCl solution. However, the cormsirates of the ternary Zr-(12-21)Cr-W
alloys show almost same corrosion rate that obtheter-deposited binary W-42€alloy.
It is meaningful for mentioning here that the csrom rates of all the examined ternary Zr-
(12-21)Cr-W alloys were almost same corrosion rafafe sputter-deposited binary W-Zr
alloys in 0.5 M NaCl solutiofi. These results revealed that the addition of &¥73%6
zirconium in the sputter-deposited binary W-(12&1alloys seems to be more effective to
improve the corrosion-resistant properties of tmeCEW alloys than that of the sputter-
deposited binary W-Cr alloys containing more thdna2 % chromium in neutral 0.5 M
NaCl solution open to air at 5.

The passivation of the alloys generally occursugiothe active dissolution of alloys
at the initial periods of immersion in a corrosamvironment. The high chemical reactivity
of the alloys leads to the rapid accumulation dieameficial species in the passive films
formed on the alloys. This accounts for the highrasion resistance of the alloys.
Therefore, it is important to identify the roleinfmersion time for rational understanding of
the corrosion behavior of the alloyEgure 2shows the changes in the corrosion rates of the
Zr-(12-21)Cr-W alloys including zirconium and chriem metals in 0.5 M NaCl solution,
as a function of immersion time. In general, ther@sion rates of all the examined Zr-(12-
21)Cr-W alloys are significantly high at initial peds of immersion (that is, about 2-8 h).
The corrosion rates of the sputter-deposited Z¥ACrlloys as well as zirconium and
chromium metals are decreased with immersion tiithe72 h and the corrosion rate
becomes steady after immersion for 72-240 h inMISaCl solution. Accordingly, initially
fast dissolution of the Zr-(12-21)Cr-W alloys rdsuin fast passivation by forming more
protective passive films on the surface of the @grnZr-Cr-W alloys in 0.5 M NacCl
solution. Consequently, the average corrosion maited the examine sputter-deposited Zr-
(12-21)Cr-W alloys are lower than those of theyallonstituting elements as shownFiy.

1 also.
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Figure 1: Changes in corrosion rates of the sputter-depasternary Zr-(12-21)Cr-W
alloys including zirconium, chromium and tungstestats after immersion for 240 h in 0.5
M NaCl solution open to air at 26, as a function of alloy tungsten content. Theasion

rates of the binary W-(12-42)Cr alloys are alsowhdor comparisoff.
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Figure 2: Changes in corrosion rates of the sputter-deasir-(12-21)Cr-W alloys
including zirconium and chromium in 0.5 M NaCl g open to air at 2%C,
as a function of immersion time.
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Open circuit potential measurement of the alloyss vearried out for a better
understanding of the corrosion behavior of the tepwteposited amorphous or
nanocrystalline Zr-(12-21)Cr-W alloys for aboutf@urs in 0.5 M NacCl solutiorkigures 3
shows the changes in open circuit potentials of Zing12-21)Cr-W alloys including
zirconium and chromium metals in 0.5 M NaCl solnt@pen to air at 2%, as a function of
immersion time. The open circuit potentials of #fle examined sputter-deposited
amorphous Zr-(17-21)Cr-W alloys are shifted towanasre noble (or positive) direction
with immersion time and attained a stationary vabfeabout-30 mV (SCE) after
immersion for about 24-72 hours. The open circateptial of the nanocrystalline Zr-12Cr-
80W alloy decreased slightly towards the more negatirection with immersion time up
to 2 h and then slightly increased towards the endpbsitive) direction and attained a
stationary value of aboutl90 mV (SCE) after immersion for 24-72 h in 0.5 M@
solution. The ennoblement of the open circuit ptidds of the amorphous Zr-17Cr-10W,
Zr-21Cr-38W and Zr-18Cr-57W alloys are clearly abvsd as compared to those of the
nanocrystalline Zr-12Cr-80W alloy and tungsten rmédawever, the open circuit potentials
of the all the examined ternary Zr-(12-21) Cr-Wowllare located between those of
zirconium and tungsten metals, and are mostly émtaery close to that of zirconium as
well as chromium metals after immersion for abot#72 hours. These results revealed that
the sputter-deposited Zr-(12-21)Cr-W alloys coritegran adequate amounts of chromium
and zirconium metals show the more stable passivity show higher corrosion resistance
than those of alloy-constituting elements (thattimgsten, chromium and zirconium) in
neutral 0.5 M NacCl solution open to air a@5These facts coincide with the change in the
corrosion rates of the Zr-(12-21)Cr-W alloys aswghan Figs 1and?2 also.
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Figure 3: Changes in open circuit potential for the spuitieposited Zr-(12-21)Cr-W alloys

including zirconium, chromium and tungsten metal6.6 M NaCl solution open to air
at 25'C, as a function of immersion time.
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Conclusions

The roles of zirconium, chromium and tungsten nsefal enhancing the corrosion
resistance of the sputter-deposited ternary Zr2IZr-W alloys containing 10-80 at%
tungsten was studied in 0.5 M NaCl solution opeaitcat 25C using corrosion tests and
open circuit potential measurements. The followéogclusions are drawn from the present
research work:

1. Zirconium and chromium metals act synergisticalighviungsten in enhancing the
corrosion resistance of the sputter-deposited anoar or nanocrystalline Zr-(12-
21)Cr-W alloys so as to show higher corrosion tasise than the corrosion
resistance of the alloy-constituting elements 51M.NaCl solution.

2. The corrosion rates of all the examined ternary12-21)Cr-W alloys are in the
range of 0.95-1.85 x 10mm.y* which is lower than those of the sputter-deposited
binary nanocrystalline W-(12-21)Cr alloys in 0.5NMCI solution.

3. The sputter-deposited Zr-(17-21)Cr-W alloys contgnan adequate amounts of
zirconium metal showed the more stable passivity simowed higher corrosion
resistance than those of alloy-constituting eles@n0.5 M NaCl solution at 26,
open to air.
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