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8.6. THE INFLUENCE OF NIOBIUM ON THE OXIDATION OF ALL-AUSTENITE STAINLESS STEELS
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[BSTRACT

The influence of niobium content
(0.5-2.0wt%) on the oxidation behavior of
Fe-15%Cr-15%Ni austenitic stainless steel
has been studied by isothermal and cyclic
oxidation tests in air at different tempe-
ratures in the range 800-1200"C. The iso-
thermal oxidation rate, the scaling index
and the cumulative oxide loss decreased
with increasing niobium content. X-ray
diffraction and fluorescence analysis of
deteched oxide scales revealed that the
niobium in the alloy matrix facilitated
the vormation of Cr203 near the metal-
metal oxide boundary, which decreased
further oxidation. S.E.M./EDAX observations
revealed that external Fe203 mﬁrpho]ogy
changed from being nodular to needlelike

with 2% increase in niobium content.

INTRCODUCT ION

Niobium stabilized stainless steels
have been used in both normal and high
temperature service environments. The
niobium in these steels is usually present

in the form of carbides, and it can also

accentuate the formation of S-ferrite, def-
ormation induced martensites and the pre-
cipitation of Laves ohase Fe?Nb. The infl-
uence of niobium on the oxidation behavior
of stainless steels is as yet not clear.
Mangone et al [1] reported that the addit-

don of 2% niobium reduced oxidation resis-
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tance of cast stainless steels. On the
other hand, Truman and Pirt [2] reported
that the addition of 0.77% niobium to
18%Cr-10%Ni stainless steels did not cause
any significant changes in the high temp-
erature oxidation behavior, Recently
Suzuki and Kawabata [3] found that auste-
nitic stainless steels with small quanti-
ties of niobium showed improved resistance
to cyclic oxidation behavior in air bet-
ween 800 and 1200°C. In all these investi-
qations as well as in others [4.,5], where
in the oxidation behavior of niohium stab-
ilized austenitic stainless steels of the
300 series have been studied, the nicbium
is generally present as carbides. It is
well known that the high temperature
oxidation behavior of stainless steels is
influenced by the nature of the matrix,
(ferritic or austenitic) [6], alloyina or




Ctramp elements, intermetallic phases, and
precipitates present in the steel.[7,8]
Also,since the nicbium added to the stain-
less steels could he present 1n the form
of one or more phases, in this investiga-
tion, the influence of niobium addition
and not that of the phases precipitated
by niobium addition on the oxidation beha-
vior of austenitic stainless steels has
been studied. To do this,a base matrix

consisting of Fe-16%Cr-15%Ni was selected

and 0.5%, 1% and 2% niobium added. A low
carbon content and a high sclubilization
temperature helped maintain almost all the
niobium dissolved in the matrix.

EXPERIMENTAL

The alloys containing the different
“niobium contents{and as shown in Table I)
were produced by vacuum melting from high
purity starting materials. As mentioned
earlier, the carbon level was maintained
Jow to minimize niobium consumption. The

. Table I. Chem%ca} analysis of alloys.
ELEMENT ALLOY
A B C D

C 0.040| 0.038| 0.029] 0.033
Si 0.79 0.62 0.66 0.71
Mn D559 0.39 0 51 0.47
P 0.01 0.01 0.01 0.01
5 0.02 0.02 0.02 0.02
Er 14.2 14.3 14.9 4.1
th 14.6 14,6 18,9 14.8
Nb - 0.44 0.94 1.90

alloys were subsequently forged, heat-
treated and machined Lo give specimens

(a) 5mn in diameter and 1mm thick for

oxidation wicasurements in the thermodgravi-
metric analyzer and (b) 15mm in diameter

and 3mm high for the cyclic oxidation tests,

Thermoaravimetric analysis

Both constant rate heating tests up
to 1000 € and isothermal oxidation tests
at 800°and 900°C were carried out with a
Dupont thermoaravimelric analyzer, The
weight gain was continuously plotted as a
function of temperature and/or time for

the four alloys.

Cyclic oxidation tests

A S50mm diameter alumina Lube test
' chamber was used in conjunction with a
horizontal furnace to carry out the cyclic
oxidation tests. The specimens were posi-
tioned within the tube in open alumina
boats after the test temnerature was stab-
ilized. Each cycle was for six hours, after
which the specimens were removed from the
test chamber, cooled in a c¢losed container

. to permit the collection of any oxide

scale that might have spalled, weiched to-
oether with any spalled nxide, scrubbed
~with a stiff steel brush to remove any
loosely adhering oxide and reweiched to
give the startina weicht for the next
cycle, The whole procedure was reneated
six times. The scalina index was consider-
ed to be the total nain in weiaht per unit -
area after six cvcles. The tests were
carried out in quadruplicate with each of
the alloys at 800°C,900°C,1000°C,110C°C
and 1200°C. The difference in the weichts
of the specimen, before and after brushina
were also recorded for each cycle to pro-
vide a measure of the quantity of scale

shed.
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X-ray analyses

X¥-ray fluorescence analyses were
performed on spalled oxide ‘specimens ,both
on the metal/metal oxide interface side
and oﬁ the metal oxide/air interface side
in a spectrometer with a rhodium target
anc a LiF(200) crystal analyzer. X-ray
diffraction analysis of the spalled oxide
from the different alloys oxidized at
1200°C for 3 hours was performed with a
Rigako-Denki x=ray diffractometer using

(chromium Kee x-rays ‘and a vanadium filter.

Scanning clectron microscopy

‘ The surface topography and struature
of detached oxides as well as oxides, in-
situ were examined using conventwona1 op-
tical microscopes and a Cambridge Stereo-
scan coupled to an energy diépersive

analyzer,

.
RESULTS

Isothermal oxidation

Figure 1. shows the weight gain

of temserature for

curves as 2 fumEtion
alloys A,B,C and D. It can be seen that

with increasing temnerature, the weight

gain increases gradually at first and lat-

er on at an increased rate. The slope can
be seen to change at around 500-600°C and
may be attributed to increased mobility
of the caotion -pecies within the oxide as
well as to a change in the composition of
the oxide 9],

During isothermal oxidation, the
different alloys gained weight rapidly
up to about 60-80 minutes, after which the
rate of weiaht qain decreased as shown in
figure 2. No breakawav oxidation was ohser-

e,

ved and the oxide Tayer was dark and pro-
tective. The curves in fiqure 2. reveal
that all the allovs exhibit

201i¢ behavior with time.

& near para-
The overall
oxtent of oxidation in 400 minu‘es
increases with temperature and at either
Lenperature, decreases with incréasing
siobium content., \
Lvaelic oxidation |

Progressive weight gain VETrSus numb-
er of cycles 7s shown in flgure 3. The
weiaht main at 800°C was very low and the
oxide Toss from spontaneous spai]ipg with-
in the furnace at 1200°C too high to
permit these data to be shown in figure 3.
The weight gain or'sca1ing index iﬁcréése§
with temperature ard decreases with in-
creasing niobium content. A critical temp-
erature is observed below which the oxide
formed is protéctive and is not shed as
scale. Above this critical temperature,
oxidation rate was high and scale shedding
substantial as well as rouahly proportio-
nal to weiaht gain. The trangition from
Tow weight gain values to high weiaht qain
values for the four alloys is quite'sharp
as can be observed from fiaure 4. Thef 

temperature at which the slope changes |

can be seen to increase wwth the n10b1um
content of the stainless st°o1

The plots of cumulative weinht loss!

versus the number of cycles are shown in
figure 5{a-d).

lated from the detached scale and that

The weiaght Toss was calcu-

removed by brushing the specimens between

successive cycles. Sirnce scale was Jost
during or after coolina, the plots are

It can be ohserved
that at 800°C the weight Joss is quite

Tow. At 900°C, the oxide loss commences

shown in stepwise form.
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Oxide analyses

Qualitative x-ray diffraction analy-
ses of the oxides showed that the oxide
formedon niobium free alloy A was almost
only Fe203 with some Fe304. The oxide for-
med on alloy B was also found to be mostly
iron oxides, butlthe quantity of Fe304

was higher than that found in the oxide on
alloy A. The oxide on a]ﬂoy C was once

des but with some Cr?03.:The oxide on all-

the presence of

The results of x-ray fluorescence

Table II. X-ray fluoroscence results expressed as counts per second.

oy D that contained 2% niobium revealed
Fe203 and a considerable
quantity of Cr203. None of the oxide spec-
imens showed the presence of nickel or

‘niobium oxides in detectable quantities.

analyses of oxide scales stripped from
the different oxidized alloys are given as
number of counts per second for the four

been taken into account in the qualitative

interpretation of the data given in

table II. it can be seen that the oxides

are primarily those of iron and contain

metal oxide side of the detached scale

al

again predominantly a mixture of iron oxi-

loy.

progressively higher concentrations of

with increasing niobium content in the

scanning electron microscopy

oxides formed at 1200°C for 3 hours on the

chromium as well as niobium on the metal/

Scanning electran microscopy' of the

four alloys revealed that the morphology

of the outer surface of the nkide_is

quite different from that on the metal/

metal oxide interface side. The morphology

on the metal/metal oxide interface side,

shown in figure 6. was not found to differ |

much with increasing niobium content. The

INTERFACE | ELEMENT ALLOY
A B C )
Fe 10081.3 6547 .6 4032.8 1839.0
Metal/ Cr 269.67 585,75 456, 85 2013.42
Metal oxide Ni 511.67 380.08 60.05 * 9.9
Nb i 58.7 149.5 284.2
Fe 1M111.5° 8011.0 5191,0 5813.0
Metal oxide/ Cr 19.9 22.78 54.6 560.02
Air Ni 12.8 11.18 - 9.25
Nb . - 36.4 184,95

Dita obtained using a rhodium target and a LiF(200) crystal analyzer.

Ma,

main elements Fe,Cr.Ni and Nb on both
sides of the oxide in Table II. The pene-
tration of the. x-rays into the oxides has

morphology of the outeq surface of thel

oxide was on the other hand found to

1ol

change with the niobium content of the
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stee1 as chown fn f1gures 7a - d. The
oxides on alloys A and | B w1th 0 and 0,5%

- niobium were found to he rounded and nod-
Ul Tike,
| rounded.

with that on alloy B being less
The oxides on alloys € and D with
1% and 2% niobium however were sharp Tike

éta]agmites and randomly oriented. Enerqgy

dispersive x-ray analysis of the oxide
stalagmites as well as nodules revealed
that iron was the major element with tra-

ces of chromium.

DISCU STONS

When Lhe all-austenite alloys ABLC
and 0 containing 0,0.5%,1% and 2% niohium
Care fiealed in air to high Lemperatures,
fhr;igf paa oyl f e DAY illl Lhes air Lo

| ratures and time intervals

form oxides, The isolhermal oxide growth

curves are

‘studied, These

near parabq]ic'for the tempe-

it

results are in aareement with those report- =4
ed in reference [10].The! quantity and

nature of the oxide 1ayer formed on the

four alloys vary with the alloy ccmposi-}ﬁ
tion and the temperature. Theioxidétidn W
rate changes at a critical temperaturé:and‘
is high but uniform beyond this temperatuﬁe.
Upon cooling,the thermal stresses which !
arise in the oxidized specimens due to|i| i
differences in the thermal coeff1c1ents of L]
expansion of the metal and the oxide, and i
by the thprma] shock cond1t1on, cause par- !
tial or cbmp]ete spalling of the protect-
ive layer, The extent of spallation aTso i
varies with a]!oy composition, scale th1ck-
ness and scale composition, Upon 1ncr@as-
ing the niobium content of the steels,

both the extent of 1sotherma} oxidation
and the scaling index (or cumulative oxide
loss) decrease markedly at the different:fw |
temperatures. These observations differ ; ' e
from those reported by othérs[i,Z].‘Thé;‘ :
differences in the influenc® of niobium

on oxidation behavior of 5ta1n1e%s isteels i

may be due to (a) the add1t10n of 1nsuff1~

cient_niobium, (h) the presence of ferrites . ]
in the matrix and (c) the'p#eseﬁcé of i
niobium solely as discrete carbide parti-
cles, in the stainless steels of the other
investigators,

The oxides formed on the different
203, but the

quantity of Fe.0, and Cr,0, in the oxide
: 34 A

alloys consist primarily of Fe

increase with increasing niobium content
of the alloy.

EHM]@ findings of predomi-
Iu;ﬂh

nanl formal o and The alwence of

NiO in Lhe oxides formed on all-austenite
Fe-14%Cr-14%Ni stainless steels oxidized
in air at 900°C for 50 hours have been



reported [10], The amount of Cr203 in the
oxide increases with increasing niobium
and forms preferentially near the metal/
metal oxide boundary, and probably blocks
further continued outward diffusion of
iron ions, and thereby further oxidation.
The overall influence of niobium

on the extent of oxidation of austenitic
stainless ateels for the time spans and
the nurber of cycles studied is considered
-to be marked. It icduces oxidation rate
and scaling index at high temperatures as
well as raises the breakdown temperature,
if the niobium is in solid solution and
not as ferrites or discrete carbide parti-
cles. The role bf:niobium in reducing
oxidation is indirect, by facilitating the
at the metal/ metal
oxide interface boundary and effectively

formation of Cr203
blocking the diffusion of iron ions.

CONCLUSIONS

1. The alloys A,B,C and D with 0,0.5, 1.0
and 2.0 wt% niobium exhibited near para-
bolic behavior during isothermal oxidation

steel, the composition oﬁigha oxide chan- -
ges from being a mixture OF‘FaéOB and
Fe304 on alloy A to beipa a wmixture of

Fe203 and Cr,0

204 0n alloys C and D.

4. Scanning electron microscopy and energy
dispersive analyses of detached oxides

revealed that the morpholoay of the outer
Fe,0

273
and nodulelike on niobium free alloy A

surface changed from being rounded

to being sharp and stalagmitelike on
alloy D with 2% niobium. This effect could
be attributed to the suppression of_oxide‘

‘grain growth in the Tatter alon;_due

at 800°C and 900°C. The overall extent of
oxidation at either temperature decreased

with increasing niobium content.

2. The scaling index of the four alloys
determined from cyclic oxidation tests
“increased with increasing temperature and
~decreased with increasing niobium content.

' The scale breakdown temperature shifted to

around 920°C for alloy D.

i ; ;

3. X-ray diffraction and flucroscence ana-
lyses of detached oxides revealed that
with increasing niobium content in the

i6i4

primarily tojthe blocking effect of the
inner Cr,0, at the metal/ metal oxide
boundary,

5. The overall influence of niobium on
oxidation of austenitic stainless steels
is considered to be indirect. Niobium
facilitates the formation of Cr203 near|
the metal/ metal oxide interface and thus

gimpaftg a greater degree of protection |

to the steel from further oxidation.
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