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Abstract

Roles of alloy-constituting elements on the coondiehavior of the sputter-deposited
amorphous W-Zr-(15-33)Cr alloys was studied in INRIOH solution open to air at 26
using corrosion tests and open circuit potentialasw@ements. Zirconium and chromium
metals act synergistically with tungsten in enhagdhe corrosion resistance of the sputter-
deposited amorphous W-Zr-Cr alloys containing 15a&83% chromium content so as to
show higher corrosion resistance than those ofyatlonstituting elements in 1 M NaOH
solution. The corrosion rates of the amorphous W32-33)Cr alloys containing 9-33 at %
tungsten are in the ranges of 2.0-5.0%1@m.y* after immersion for 240 h in 1 M NaOH
solution which is about two orders of magnitude doworrosion rates lower than that of
tungsten and even slightly lower than that of tlireonium metal. The simultaneous
additions of zirconium and chromium metals in WZ-33)Cr alloys are effective for
ennoblement of the open circuit potential of thegten metal.

Keywords. W-Zr-Cr alloys, corrosion resistance, immersiestt open circuit potential, 1 M
NaOH.

I ntroduction

Corrosion problems are such that they are facadll iareas. There is a challenge to
corrosionists as well as design engineers to iigetst adequate corrosion control
techniques and mechanisms through which a bettigratanding of corrosion process can
be made. In fact, the damages caused by the comrphienomena are not totally prevented.
However, it can be minimized or controlled. It ilibved that the cost of corrosion is about
3-4 % of the gross national products (GNP) of thlestindustrialized countriésMoreover,
it is assumed that about 40 % of this GNP loss lmaravoided by improving corrosion
properties of the engineering materials.

" Corresponding author
-93 -



J. Nepal Chem. Soc., vol. 25, 2010

Last three decades, the use of the sputter depos@chnique is becoming a quite
suitable method for tailoring of varieties of amaops or/and nanocrystalline corrosion—
resistant metastable alloys. Even if amorphousysillare not formed by the sputter
deposition technique, the alloys thus preparedadmays composed of nanocrystals with
very fine grains and sometimes behaves similah#o single—phase amorphous alloy. In
addition, the sputter deposition method has emeagezhe of the best techniques to prepare
chemically homogeneous amorphous or nanocrystaliimys because, the chemically
homogeneous single-phase nature of amorphous acneatalline alloys are generally
responsible for their high corrosion resistanceingvio the formation of uniform protective
passive films that are able to separate the butkefalloy from aggressive environments
One of the present authors had reported that thetespleposited amorphous or/and
nanocrystalline tungsten-based binary W=Tiw-zr*®° W-Ni'>* wW-C/*> 1 w-
Nb* 2118 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 hydimdh 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.

Tungsten, zirconium and chromium are regarded ag eféective alloying elements
for enhancing the corrosion resistance of binaryl darnary alloys in aggressive
environments. It has been reported that the camoegsistance of the sputter—deposited
amorphous or/and nanocrystalline W-Zr alloys wexrgspvated spontaneously and observed
significantly high corrosion resistance in aggressenvironments$*® The corrosion—
resistant of the sputter—deposited W-Zr alloys ighér than those of tungsten and
zirconium, and hence tungsten addition greatly roda the pitting corrosion resistance of
zirconium in 12 M HCI. On the other hand, zirconiusnone of the corrosion—resistant
elements in acidic environments, although it ssffgitting corrosion by anodic polarization
in chloride containing solutions. The alloying ofconium with aluminurff, chromiuni®
and molybdenuRi greatly improved the corrosion resistance of tiieys in acidic
solutions.

Chromium is one of the most effective alloying edants to provide a high passivating
ability for conventional steels and stainless ste@nly a small amount of chromium (8 at
%) addition was enough to cause spontaneous ptssiv& steels in 1 M HCI and they
showed significantly higher pitting corrosion réaize than stainless stééf§ A series of
the sputter—deposited chromium—metalloid alloysilstéd superior corrosion resistance
compared to chromium metal in 12 M HCIOn the other hand, it has been reported that
only small amount of tungsten addition (that ispwh9 at %) was enough to cause
spontaneous passivation of the sputter—depositeocngstalline W—Cr alloys even in 12 M
HCI and these alloys showed about five orders agnitade lower corrosion rate than the
corrosion rate of chromium metal, and about onewood magnitude lower corrosion rate
than that of tungstéf™ It has been recently reported that the simultasewlditions of 10
at % tungsten in presence of 15-17 at % chromiuniénsputter-deposited amorphous or
nanocrystalline Cr-Zr-W alloys enhanced signifitarthe pitting corrosion as well as
uniform corrosion of the zirconium metal in 12 M Héblution open to air at 8G%.
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Accordingly, it might be expected that effects dfcanium and chromium additions
enhance in the corrosion resistance of the spapesited amorphous W-Zr—(15-33)Cr
alloys in NaOH solution.

The main objective of this research work is toityathe roles of tungsten, zirconium
and chromium additions on the corrosion behaviathefsputter-deposited amorphous W-
Zr—Cr alloys in 1 M NaOH solution open to air at°@5using corrosion tests and
electrochemical measurements.

Experimental M ethods

The sputter-deposited ternary W—-Zr—(15-33)Cr alloystaining 9-33 at % tungsten
and 35-64 at % zirconium were characterized adesipigase solid solution of amorphous
structure having apparent grain size ranges fr@®# t 1.22 nifi. The compositions of the
sputter-deposited ternary W—-Zr—Cr alloys hereadterall denoted in atomic percentage (at
%).

Prior to the corrosion tests and electrochemicaksueements, the sputter-deposited
W-Zr—(15-33)Cr 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 fromvilegght loss after immersion for 240 h in
1 M NaOH solution open to air at @5 The weight loss for each alloy specimen was
estimated two times or more and the average comosite was calculated as described
elsewher&®. The time dependence of the corrosion rate oiWk&r—(15-33)Cr alloys was
also estimated at various time intervals.

The open circuit potential of the sputter-deposéewrphous W-2Zr—(15-33)Cr alloys
was measured after immersion for 72 hours in 1 MDNasolution open to air at 25. 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 gpdgjgosited amorphous
W-Zr—(15-33)Cr alloys after immersion for 240 hoird M NaOH solution open to air at
25°C. Corrosion rates of the sputter-deposited binAty12,32)CF' and W-Z/* alloys
including sputter-deposited tungsten, chromium aindonium metals are also shown for
comparison. All the examined sputter-deposited B/§38)Zr-(15-33)Cr alloys containing
9-33 at % tungsten show higher corrosion resistahes those of alloy-constituting
elements (that is, tungsten, chromium and zircohiewen for 240 h in an aggressive 1 M
NaOH solution open to air at Z5. The corrosion rates of the sputter-deposited /13-
33)Cr alloys containing 35-64 at % zirconium arewthtwo orders of magnitude lower than
that of sputter-deposited tungsten and even sligbtver than that of the sputter-deposited
zirconium metal in 1 M NaOH solution.
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In particular, the corrosion rates of the amorphd:$8Zr-33Cr and W-50Zr-20Cr
alloys containing comparatively low amount of tulegsare lowest among all the examined
alloys in this work. On the other hand, the cowosiates of the W-Zr-Cr alloys containing
30-33 at % chromium are generally decreased withe@sing the zirconium content and
these corrosion rates are almost same as tha¢ aptltter-deposited binary W-xZr alloys in
1 M NaOH solution. However, the corrosion rateshef W-Zr-Cr alloys containing 15 at %
chromium are slightly higher corrosion rates thhose of the W-Zr-Cr alloys containing
30-33 at % chromium. These results clearly revetidatiabout 32 at % chromium addition
to ternary W-Zr-Cr alloys is more effective to enba the corrosion resistance properties of
the alloys than only 15 at % chromium additidrhis is mainly due to high corrosion
resistance of chromium metal than that of tungstenM NaOH.
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Figure 1: Changes in corrosion rates of the sputter-degasamorphous W-Zr-(15-33)Cr
alloys including sputter-deposited binary W2tand W-Z?* alloys as well as tungsten,
chromium and zirconium metals after immersion #0 & in 1 M NaOH solution
open to air at 2%C, as a function of alloy zirconium content.

In general, it is important to identify the role @hmersion time for rational
understanding of the corrosion behavior of theyall&-igure 2shows the changes in the
corrosion rates of the amorphous W-Zr-(15-33)Gryallincluding zirconium and chromium
metals in 1 M NaOH solution, as a function of imgien time. In general, the corrosion
rates of all the examined W-Zr-(15-33)Cr alloysagsl as zirconium and chromium metals
are generally high at initial periods of immersidor example, about 2-8 h). The corrosion
rate is decreased with immersion time till 48 h aftdr that the corrosion rates of the alloys
become nearly steady. Accordingly, initially fasissblution of the sputter-deposited

- 96 -



J. Nepal Chem. Soc., vol. 25, 2010

amorphous W-Zr-(15-33)Cr alloys results in fastgpation by forming more protective
passive films formed on the ternary alloys in 1 MQH solution open to air at 5.
Consequently, the average corrosion rates of allettamine sputter-deposited W-Zr-(15-
33)Cr alloys are lower than those of the alloy-¢ibatsng elements as shown lig. 1
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Figure 2: Changes in corrosion rates of the sputter-degasitv-Zr-(15-33)Cr alloys
including chromium and zirconium in 1 M NaOH sadatiopen to air at 2%,
as a function of immersion time.

Figures 3shows the changes in open circuit potentials ofth&r-(15-33)Cr alloys
including zirconium and chromium metals in 1 M Na®bélution open to air at 26, as a
function of immersion time. The open circuit potalst of the zirconium and chromium are
about —970 and —760 mV (SCE), respectively, aftenérsion for 2 seconds and gradually
increased with immersion time up to about —75 ah80-mV (SCE) for zirconium and
chromium, respectively, after immersion for 2 hlil NaOH solution. However, the open
circuit potential of the sputter-deposited tungstrowed a steady state open circuit
potential of about900 mV (SCE) after immersion for 10-120 minutesLiM NaOH. On
the other hand, the open circuit potentials of spatter-deposited amorphous W-Zr-(15-
32)Cr alloys are shifted towards more noble (ontp@) direction with immersion time and
attained a stationary open circuit potential valuehe ranges of aboutc0 to-150 mV
(SCE) after immersion for about 24-72 hours in INIOH solution. The ennoblement of
the open circuit potentials of the W-Zr-(15-32)Uogs are clearly observed as compared to
that of tungsten metal. Therefore, the open cirpoientials of all the examined sputter-
deposited amorphous W-Zr-(15-32)Cr alloy are logdtetween those of zirconium and
tungsten metals and are mostly located very clogkat of zirconium as well as chromium
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metals after immersion for about 1-72 hours. Thessults revealed that the sputter-
deposited W-Zr-(15-32)Cr alloys show more stablkespdty and higher corrosion resistance
with simultaneous additions of alloy-constitutinigraents (that is, tungsten, zirconium and
chromium) in alkaline 1 M NaOH solution. These faeiso coincide with the average
corrosion rates of the W-Zr-(15-32)Cr alloys aswshdn Figs 1and2.
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Figure 3: Changes in open circuit potential for amorphousZ¥™(15-32)Cr alloys
including chromium, zirconium and tungsten metals M NaOH solution

Conclusions

open to air at 2%C, as a function of immersion time.

The roles of tungsten, zirconium and chromium nsetaf enhancing the corrosion
resistance of the sputter-deposited amorphous \\Z32)Cr alloys was studied in 1 M
NaOH solution open to air at Z5 using corrosion tests and open circuit potential
measurements. The following conclusions are drawm the present research work:

1. The simultaneous additions of tungsten, zirconiund @hromium metals are
effective in enhancing the corrosion resistancéhefternary amorphous W-Zr-Cr
alloys so as to show higher corrosion resistanare those of the alloy-constituting
elements in 1 M NaOH solution. The corrosion raiésll the examined sputter-
deposited W-Zr-(15-33)Cr alloys are more than tidtingsten and even about one
order of magnitude lower than those of zirconiunwa#i as chromium metals after
immersion for 240 h in alkaline 1 M NaOH solutiar2&°C.
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2. The simultaneous addition of zirconium and chromiuetals in the ternary W-Zr-
(15-33)Cr alloys are effective for ennoblement lué bpen circuit potential of the
tungsten metal in 1 M NaOH solution so as to gshiétopen circuit potentials of the
ternary alloys towards the more positive ( nobldirgction with increasing total
amounts of zirconium and chromium in the alloys.

Acknowledgements

Authors are thankful to the Head of Central Departtmof Chemistry, Tribhuvan
University, Kirtipur, Kathmandu, Nepal for providjrthe research facilities to conduct this
research work.

References

1. H. H. Uhlig and R. W. RevigCorrosion and Corrosion Control; an Introduction to
Corrosion Science and Engineerirgf edition, 1991, pp. 411.

2. K. Hashimoto, inRapidly Solidified Alloys; Processes, Structurespperties,
Applications(eds. Howard H. Liebermann), Marcel Dekker Inc.wNeéork, 1993.
p. 591.

3. J. Bhattarai, E. Akiyama, A. Kawashima, K. Asami & HashimotoCorros. Sci.,
1995,37, 2071.

4. J. Bhattarai, Tailoring of Corrosion-Resistant Tungsten Alloys Byputtering,
Doctoral Thesis, Department of Materials Scien@gulRty of Engineering, Tohoku
University, Japan. 1998, pp. 229.

5. K. Hashimoto, J. Bhattarai, X. Y. Li, P. Y. Park, H. Kim, E. Akiyama, H.

Habazaki, A. Kawashima, K. Asami and K. ShimamunaProc. of the Special

Symposium on Passivity and its Breakddqets P. M. Natishan, H. S. Isaacs, M.

Janik-Czachor, V. A. Macagno, P. Marcus and M. Sddje Electrochemical

Society Inc., Pennington, USA, 1998, pp. 369.

J. BhattaraiJ. Nepal Chem. SqQ000,19, 32.

J. BhattaraiNepal J. Sci. Technl2002 4, 37.

J. Bhattarai, E. Akiyama, H. Habazaki, A. Kawashim& Asami and K.

HashimotoCorros. Sci.[1997,39, 353.

9. J. Bhattarai, A. Kawashima, K. Asami and K. Hashimnan Proc. 3¢ National
Conference on Science and Technol&@thmandu, Nepal, 19990¢l. 1, pp. 389.
10.J. Bhattarai, Corrosion Behavior of Sputter-deposited Tungsteseballoys.
Research Reports, Institute for Materials ResedtstR), Tohoku University,

Sendai, Japan, 1995, pp. 43+IV.

11. J. BhattaraiJ. Nepal Chem. SqQ001,20, 24.

12.J. Bhattarai, E. Akiyama, H. Habazaki, A. Kawashim& Asami and K.
HashimotoCorros. Sci.;1998,40, 155.

13. J. Bhattarai and K. Hashimot®ribhuvan University J.1998,21(2), 1-16.

14. J. BhattaraiJ. Nepal Chem. Sq2001,19, 1.

15. J. Bhattarai). Insti. Sci. Techngl2002,12, 125.

© N

- 99 -



J. Nepal Chem. Soc., vol. 25, 2010

16.J. Bhattarai, E. Akiyama, H. Habazaki, A. Kawashim& Asami and K.
HashimotoCorros. Sci.1998,40, 19.

17.J. Bhattarai, E. Akiyama, H. Habazaki, A. Kawashim& Asami and K.
HashimotoCorros. Sci.[1998,40, 1897.

18. H. Jha and J. Bhattardi, Alloys & Compound<008,456, 474.

19.J. Bhattarai, E. Akiyama, H. Habazaki, A. Kawashim& Asami and K.
HashimotoCorros. Sci.]1998,40, 757.

20. J. Bhattarai,J. Nepal Chem. Sq2006,21, 19.

21. J. BhattaraiScientific World 2009,7(7), 24.

22.J. Bhattarailrans. Mater. Res. Soc. Jap&®10,35, in press.

23.J. Bhattarai, inProc. 13" Middle East Corros. Conf.-201@ahrain Soc. Eng.,
Bahrain, 14-17 February 2010. Abstract NO7-CR-01, paper in press.

24. H. Yoshioka, H. Habazaki, A. Kawashima, K. Asamddf. Hashimoto,Corros.
Sci.,1992,33, 425.

25.J. H. Kim, E. Akiyama, H. Habazaki, A. Kawashima, Asami and K. Hashimoto,
Corros. Sci.1993,34, 1817.

26. P. Y. Park, E. Akiyama, H. Habazaki, A. KawashitdaAsami and K. Hashimoto,
Corros. Sci.1995,37, 307.

27. K. Hashimoto and K. Asam@orros. Sci,. 1979,19, 251.

28. M. Naka, K. Hashimoto, A. Inoue and T. MasumaloNon-Cryst. Solidsl979,
31, 347.

29. T. P. Moffat, R. M. Latanision and R. R. R&lectrochimic Actal1995,40, 1723.

30. B. R. Aryal and J. Bhattaral, Nepal Chem. Sq2010,25, 69.

31. M. Basnet and J. Bhattardi, Nepal Chem. Sq2010,25, 60.

32. P. Shrestha and J. BhattathiNepal Chem. SqQ010,25, 36.

- 100 -



