et Taylor & Francis
Taylor & Francis Group

Corrosion
Engineering,

ELICECE  Corrosion Engineering, Science and Technology

hnology

The International Journal of Corrosion Processes and Corrosion Control

ISSN: 1478-422X (Print) 1743-2782 (Online) Journal homepage: http://www.tandfonline.com/loi/ycst20

Effect of Pt, Pd, Au and Ag on oxidation behaviour
of FesAl intermetallic

G. Salinas, J. G. Gonzalez-Rodriguez, J. Porcayo-Calderon, V. M. Salinas-Bravo
& G. Lara-Rodriguez

To cite this article: G. Salinas, J. G. Gonzalez-Rodriguez, J. Porcayo-Calderon, V. M. Salinas-
Bravo & G. Lara-Rodriguez (2016) Effect of Pt, Pd, Au and Ag on oxidation behaviour of

FesAl intermetallic, Corrosion Engineering, Science and Technology, 51:3, 179-186, DOI:
10.1179/1743278215Y.0000000045

To link to this article: http://dx.doi.org/10.1179/1743278215Y.0000000045

ﬁ Published online: 18 May 2016.

N
CJ/ Submit your article to this journal &

||I| Article views: 68

A
& View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=ycst20

(Download by: [UNAM Ciudad Universitaria] Date: 22 May 2017, At: 10:57 )



http://www.tandfonline.com/action/journalInformation?journalCode=ycst20
http://www.tandfonline.com/loi/ycst20
http://www.tandfonline.com/action/showCitFormats?doi=10.1179/1743278215Y.0000000045
http://dx.doi.org/10.1179/1743278215Y.0000000045
http://www.tandfonline.com/action/authorSubmission?journalCode=ycst20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ycst20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1179/1743278215Y.0000000045
http://www.tandfonline.com/doi/mlt/10.1179/1743278215Y.0000000045
http://crossmark.crossref.org/dialog/?doi=10.1179/1743278215Y.0000000045&domain=pdf&date_stamp=2016-05-18
http://crossmark.crossref.org/dialog/?doi=10.1179/1743278215Y.0000000045&domain=pdf&date_stamp=2016-05-18

Effect of Pt, Pd, Au and Ag on oxidation
behaviour of FesAl intermetallic

G.Salinas', ). G. Gonzalez-Rodriguez*?, J. Porcayo-Calderon’, V. M. Salinas-Bravo®
and G. Lara-Rodriguez?

A study on the effect of the addition of 1 at-% noble elements such as Pt, Pd, Ag and Au on the
oxidation resistance of FesAl intermetallic alloy has been carried out at 900, 1000 and 1100°C
during 100 h. For comparison, the same tests were performed on a Ni-base alloy type Inconel
600. At all the tested temperatures, parabolic growth rate was observed for the different alloys.
The effect of the different noble elements was not unique at the different tested temperature.
Thus, at 900°C, addition of Ag increased the mass gain, whereas Pd decreased it; at 1000°C,
however, the opposite was true. At 1100°C, the mass gain was decreased by adding Pt, but Pd
was very detrimental. In most of the cases, the scales were predominantly formed by Al,O5 with
minor amounts of Fe-Os. Scale spallation was found when the noble elements were randomly
distributed on the surface, but when they were finely distributed, the scale did not spall. In all

cases, the mass gain for FezAl alloy was lower than Inconel 600 type alloy.

Keywords: Intermetallic, Oxidation, Noble elements

Introduction

As candidates to be used in high temperature regimes, iron
aluminides such as FeAl and Fe;Al have received a lot of
attention in the last few years.' This is because they posses
high creep resistance, low cost, high specific strength, low
density, as well as high temperature oxidation and sulphi-
dation resistance.’ > Additionally, they have a notable high
resistance to molten glasses,’ carburising gas mixtures’ and
chlorine containing vapours.®’ This good resistance of iron
aluminides is due to the formation of a dense, adherent o-
Al O3 layer preceded by the formation of iron oxides and
meta stables y-, 8- and 0-Al,O3, which grow faster and are
more voluminous than o-AlLOs.!%!3 However, there are
barriers that limit the wide usage of binary alloys at room
temperatures, which are their low ductility.'*'> A great deal
of research work has been directed towards improving these
properties, e.g. by adding alloying elements and by devel-
oping suitable thermomechanical treatments and forming
techniques. One potential way to overcome these problems
is the addition of alloying elements to the binary alloys.
However, these additional chemical elements will affect the
alloy oxidation resistance. For instance, Xu and Gao'®
studied the effect of Zr and Y on the cyclic oxidation re-
sistance of FeAl alloy at 1000-1200°C and found that their
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additions, between 0.1 and 0.9 at-%, greatly increased the
oxide spallation resistance. Janda et al.'” studied the effect
of microalloying with Zr, Nb, C and B (0.5 at-%) on the
oxidation behaviour of Fe;Al and FeAl alloys at 750, 900
and 1050°C. Generally, as expected, an outstanding oxi-
dation resistance of all investigated alloys was observed due
to the formation of Al,O; scales with a very slow growth
rate. However, in contrast to binary iron aluminides in the
same composition range, the mass gain with time increased
with increasing aluminium content. Novak ez al.'® studied
the effect of Si on the oxidation behaviour of Fe-Al-Si
alloys at 800°C in air. The Si content was between 5 and
30 wt-%. Tested alloys exhibited excellent oxidation resist-
ance, which increased with silicon content up to 20 wt-%.
It is very well known that noble elements such as Ag,
Au and Pt can form cathodic sites when added as
alloying elements to engineering structural materials, but
there is very little information regarding their effects on
the corrosion performance of engineering materials in
molten salts. Regarding the low temperature corrosion,
the effect of noble elements when added to stainless
steels in sulphuric acid, Peled and Itzhak'® found that
additions of Ag improve the corrosion resistance and
remains as inclusions, whereas additions of up to 2 wt-%
were sufficient to preserve the passive state, but higher
contents result in a high tendency for breakdown of the
passive layer due to very high cathodic activity when Ag,
Au, Pd and Pt were added.”® With respect to the molten
salt corrosion, Janz et al.>'*? evaluated the corrosion of
gold—palladium, nickel, platinum, silver, gold and
347 type stainless steel in molten alkali carbonates at
600-900°C, finding little or negligible corrosion of noble
elements, whereas 347 type stainless steel was found
highly resistant to attack. Some other researchers have
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Table 1 Apparent parabolic rate constant k; for different FezAl intermetaliic and Inconel 600alloys

kps g%/cm™* s7"

Alloy 900°C 1000°C 1100°C

Fe3Al 3.57 E-14 1.86 E-13 279 E-13
Fe3Al + 1Au 3.77 E-14 7.68 E-14 5.08 E-13
Fe3Al + 1Ag 482 E-12 449 E-14 288 E-13
Fe3Al + 1Pt 349 E-13 351 E-12 2.80 E-13
Fe3Al + 1Pd 1.13E-14 249 E-12 1.58 E-12
In 600 221 E-14 7.37 E-13 8.22 E-13

4 SEM images of oxidised surface of Fe;Al-Ag at 900°C showing a top view and b cross-section, together with X-ray mappings
of cAl, dO, e Fe and fAg
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5 SEM images of oxidised surface of Fe;Al-Pd at 900°C showing a top view and b cross-section, together with X-ray mappings

of cAl, dO, e Fe and fPd

studied the effect of noble elements in the oxidation
behaviour® or sulphidation performance of structural
materials such as Ni-Cr alloys**2° but not on iron
intermetallics. Thus, the aim of the present work is to
study the effect of noble elements in the oxidation
behaviour of Fe;Al intermetallic in oxygen.

Experimental

Materials tested in this work include Fes Al with addition of
1 at-% Ag, Au, Pd or Pt. Intermetallic alloys with a nominal
composition of Fe + 24Al 4+ 1M, where M = Ag, Au, Pd

Corrosion Engineering, Science and Technology 2016 voL 51

and Pt, were melted in an induction furnace using quartz
crucibles under an argon atmosphere. All elements were
99.9% of purity. Specimens measuring 10 mm
length X 5 mm height X 3 mm thick were prepared by
grinding them to 1200 grade emery paper. Weight gain
experiments were performed in pure oxygen at 900, 1000
and 1100°C in a thermobalance controlled via a desktop
computer during 100 h. For comparison, the same tests
under the same experimental conditions were performed
using an Inconel 600 alloy containing Ni-8.26 wt-% Fe—
17.20 Cr-0.49 Si. After oxidation tests, one of each speci-
men was mounted in bakellite in cross-section and polished

NO 3
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6 SEM images of oxidised surface of Fe;Al at 1000°C showing a top view and b cross-section, together with X-ray mappings of

cFe,dAland e O

to analyse the subsurface attack using a scanning electron
microscopy (SEM) aided with energy dispersive spec-
troscopy to carry out microchemical analysis.

Results and discussion

The dependence of the squared mass gain during the
oxidation of FesAl alloys at 900, 1000 and 1100°C is
shown in Figs. 1-3 respectively. It can be seen that these
figures show a parabolic rate law at the different testing
temperatures, with a fast mass gain at the beginning of
the experiments during ~ 20 h, which is attributed to the
fast growth of v-, - and 0-Al,0O; metastable phases,
which grow faster and are more voluminous than a-

Al,O3, although they were not detected in this work but
have been reported in the literature.'®!* It can also be
seen that the mass gain increased with the temperature,
without any evidence of spallation, since the curves did
not have any mass loss, indicating the good adherence of
the formed scales. The effect of the different alloying
elements was not very clear at the different testing
temperatures. Thus, at 900°C, practically all the alloying
elements except Pd increased the growth rate, being the
alloy with the addition of Ag the one that showed the
highest mass gain, whereas the lowest oxidation rate was
obtained when Pd was added. Ni-base superalloy,
Inconel 600, showed a very similar mass gain to that
shown by the base, unalloyed Fe;Al intermetallic alloy.

Corrosion Engineering, Science and Technology 2016 voL 51 NO 3
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Parabolic rate constants, kj were obtained from the
parabolic rate law

(Am/A)* = kyt M

where Am/A is the mass gain per unit area (mg/cm?) and
listed in Table 1 confirmed this behaviour: the highest &,
value was for the alloy containing Ag, whereas the
lowest k,, value was for the alloy containing Pd, very
similar to that value obtained for Inconel 600 and Fes.
Al alloys.

On the other hand, at 1000°C (Fig. 2), the highest
mass gain was for the alloy containing Ag, whereas the
second highest was for the alloy containing Pd.

The opposite behaviour was observed at 900°C.
The addition of Au slightly decreased the mass gain of
Fes;Al intermetallic, which showed a mass gain much
lower than that for Inconel 600. The values for k;, shown
in Table 1 indicated this behaviour, with the highest &,
value for the alloy containing Ag, similar to its mass
gain, whereas the highest value was obtained for the
alloys containing Au and Ag. Finally, at 1100°C (Fig. 3),
the addition of all the alloying elements, except Pt,
increased the mass gain of base, unalloyed Fe;Al inter-
metallic alloy, obtaining the highest mass gain, for more
than two orders of magnitude, with the alloy containing
Pd. The lowest mass gain was for the base, unalloyed
Fe;Al alloy and the one containing Pt, showing virtually
the same mass gain values. Generally speaking, Table 1
shows an increase in the k,, value as the temperature
increases, which is related with the accelerated diffusion
of the oxide forming components with increasing the
temperature.

Scale formed on Fe;Al 4+ Ag intermetallic alloy at
900°C (Fig. 4) consisted of a double, 150 pm thick layer,
with an Al,O; layer on top of an inner Fe,Oj; as it has
been reported in the literature.'®??” It can be seen in
Fig. 4 that the oxide layer has been cracked, probably
during cooling, precisely along the places where
Ag particles can be seen in the sites where the scale has
been cracked. The oxide had a flat shape and not nee-
dles, characteristic of the fast growing, voluminous,

porous, non-protective 0-Al,O3;, which grows at tem-
peratures <900°C, whereas the flat shaped corresponds
to the slow growing, protective a-Al,Os,'7 which is
stable at temperatures higher than 900°C. It has been
reported that both Al,O; and Fe,O; are formed by the
outward diffusion of Al and Fe ions. In the a-Al,Os3,
the diffusion is solely grain boundary and volume
diffusion, much slower than in 6-Al,O3, which is a faster
surface diffusion.”

It has been shown that for Ni-base superalloys, the
formation of Ta rich particles at the metal/scale interface
leads to spallation of the scales.”>* One mechanism that
leads to spallation is that Ag rich particles at the sample
surface are undercut by the growing scale, which cracks

at the particle/oxide interface during cooling.*® On the
other hand, for the alloy containing Pd (Fig. 5), the
oxide scale was much thinner, only 10 pm thick, formed
mainly by flat shaped a-Al,O5; and Fe,Os, without evi-
dence of spalling or 0-Al,O3, since no needles shaped
whiskers were found, may be due to the fact that Pd
particles were finely distributed along the surface alloy,
avoiding to be undercut by the slow growing oxide, as
indicated by Fig. 1, which indicates that this alloy

Corrosion Engineering, Science and Technology 2016 voL 51

avoiding to be undercut by the slow growing oxide, as
indicated by Fig. 1, which indicates that this alloy
showed the lowest oxide growth rate. Additionally, Pint
et al. showed that the presence of so called reactive el-
ements like Zr or Y inhibits the outward diffusion of
aluminium through the oxide scale and promotes the
inward diffusion of oxygen, which thereby reduces the
oxidation rate in NiAl and FeAl alloys.? This effect is
attributed to the segregation of the reactive elements to
grain boundaries in the oxide scale.”” A similar role
could be attributed to Pd in this case.

At 1000°C (Fig. 6), base Fe;Al intermetallic, one of
the alloys that exhibited a low mass gain, had a thin
scale, ~10 pum thick, partially convoluted, which is made
mainly of Al,O5; on top, and underneath of it iron oxide,
probably Fe,Os. It can be seen that the Al,O3 layer has
been cracked, probably during cooling, because the mass
gain plots (Fig. 2) did not show any evidence of scale
spalling. As has been described for binary Fe-AlI*' and
Fe-28A1-5 Cr,> the iron oxide may have been formed in
the initial stages of the oxidation. Unlike this, alloy
containing Pt, which exhibited the highest mass gain
value, exhibited a 100 pm thick, adherent oxide layer,
but this time the Fe,O; layer was on top of the Al,O;
scale, without evidence of Pt particles undercut by the
growing oxide. These fast growing, no protective Fe,O;
and Al,O; scales led to a parabolic growth of the scale
during the test as it has been reported in other studies on
the oxidation of Fe—Al alloys.'%'328:2

Finally, at 1100°C, none of the alloys exhibited pro-
tective scales, as can be seen in Fig. 7. For instance,
unalloyed base Fe;Al alloy (Fig. 7a) exhibited only
Al,O3 underneath an Fe,O3 scale, with only a few
cracks, which allowed it to have been one of the two
alloys, together with the one containing Pt, with the
lowest oxide growth rate, even lower than the Ni-base
superalloy Inconel 600. On the other hand, the alloy
containing Au, one of the alloys with the highest oxide
growth rate, exhibited a convoluted, cracked Al,O;
layer, together with an Fe,Oj3 layer. For the alloy with
the highest oxide growth rate, the alloy containing Pd
(Fig. 7¢) again, a convoluted, cracked Al,Os, together
with minor amounts of Fe,Os; oxides, was found. In
addition to this, some Pd particles were found, which
caused the cracking of the scale, since, as explained
above, these particles are undercut by the growing scale
that cracks at the particle/oxide interface during cool-
ing.’® Similar to this, alloy containing Ag or Pt
exhibited a convoluted, cracked, Al,O5 oxide with minor
amounts of Fe,O;, with Ag or Pt particles respectively
(Fig. 7d and e).

Conclusions

The effect of the addition of Pt, Pd, Ag and Au on the
oxidation resistance of Fe;Al intermetallic alloy at 900,
1000 and 1100°C during 100 h has been studied. It was
found that at all the tested temperatures, parabolic
growth rate was observed for the different alloys.
However, the different elements had a different effect at
the different testing temperatures. Thus, at 900°C, ad-
dition of Ag increased the mass gain but decreased it at
1000°C. The addition of Pd decreased the mass gain at
900°C but increased it at 1000°C. At 1100°C, the mass
gain was decreased by adding Pt, but Pd was very det-
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8 SEM images of oxidised surfaces of a Fe;Al, b FezAl-Au, c Fe;Al-Pd, d Fe;Al-Ag and e Fe;Al-Pt alloys at 1100°C

rimental. Scales were predominantly formed by Al,O3
with minor amounts of Fe;O3;. When the noble elements
were randomly distributed on the surface, scale spalla-
tion was found, but when they were finely distributed,
the scale did not spall.
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