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Abstract. Many hypotheses have been published in the literature to explain the beneficial effect of reactive
elem ents on the oxidation behaviour of alloys. Although this effect has been known for more than 50 years, the
mechanisms involved are not yet very well understood. In order to minimize the influence of impurities in the
alloys, in our approach pure metals are used to produce alloys which guarantee well defined starting conditions
for two-stage-oxidation experiments. SNMS was chosen to investigate transport phenomena and the growth
mechanisms of oxide scale. Sulphur and yttrivm yield significant differences in oxide scale composition and
microstructure during oxidation at 1200°C.

1. INTRODUCTION

The temperatures at which metals are required to operate within oxidizing environments have increased and
with these higher temperatures has come a change from the use of chromia-forming alloys to those which
form an alumina scak. The great advantage of alumina as a 'bamier’ between alloy and oxidizing atmosphere is
its low defect concentration and therefore its slow growth rate. Depending on the substrate, alumina tends to
spall on cooling and oxide adherence can be very poor. Low level constituents such as sulphur and yttium
influence this behaviour very strongly.

Corrosion studies on Fe20CrS5Al alloys (used e.g. for furnace resistors) have already been carried out by
many authors, e.g. [1-5]. This sort of alloy develops a protctive scak of ALO, during oxidation and
consequently should have good oxidation resistance at high temperatures.

In studying oxidation mechanisms, oxygen tracer isotopes are commonly used by means of two-stage-
oxidation experiments, where oxidation in O, is followed by oxidation in *0,. SNMS (Secondary Neutral
Mass Spectrometry) is used to examine the depth distribution of the two oxygen isotopes and the other
constiuentelements in the oxide scak.

2. EXPERIMENTAL

Four alloys produced by high purity melting were investigated. The preparation of these alloys was made in
two steps. At first the metals were purified by chemical and electrochemical processes. Nevertheless for each
pure metal, a great number of elements of the periodic tabke were found :

- Fe : X impurities < 50 ppm, 76 elements analyzed
- Cr: Z impurities < 30 ppm, 73 elements analyzed
- A1:99,998 %.
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The second step was melting and alloying. Care was taken in the preparation of alloys and subsequent
samples in order to (i) obtain good homogeneity of composition, especially when impurities were added and
(i) prevent pollntion during heat treament, forming and machining : the introduction of sulphur and yttdum
involved the drilling of a holein the base ingot, closure of this hole with a pure metal plug and melting of the
ingot by induction in a silver cold crucible'.

With this procedure four alloys with the following low level constituents were prepared :

Material A :  no additions

Material B:  sulphur

Material C:  yttrium

Material D :  sulphur + yttrium.
Tabk 1 shows details.

Material Fe Cr Al C Y S
A bal | 202 50 | <10#]| -- <5#
B bal | 199 | 498 | <10# | -- 45 #
C bal | 19.7 50 | <10# ] 0093 | <5#
D bal | 20.0 | 4.85 | <10# | 0.080 15 #

values in wt.%, # = ppm
Tab. 1: Chemical composition of the four alloys under investigation

In order to investigate the development of protective alumina scales and matier transport in the growing oxide
layers, two-stage oxidation experiments were performed under different conditions (see Tabk 2).

Before the oxidation experimaents were started, all samples were ground, polished and cleaned in a vapour
degreasing column?, After this pretreatment the samples were put into a high vacuum apparatus (p < 2¥10°
mbar) and then transferred under vacuum into the hot furnace. After one minute, thermal equilibrium was
reached and dried laboratory air could be letin. After the first oxidation step, the system was evacuated quickly
(after 20 s of pumping : p < 1*10° mbar; after 1 min of pumping : p < 5*10° mbar) and *O, was let in. After
the second oxidation stage, the gas was pumped back into the storage botiie and simultaneously the specimens
were moved out of the furnace, so that the cooling took place under vacoum conditions. The times used for
each step of the two-stage-oxidation experiments are listed below (Table 2).

total time first oxidation step second oxidation step
15 min dry air, p = 940 mbar, t, = 10 min *0,, p= 200 mbar, t,= 5 min
60 min dry air, p = 940 mbar, t;, = 40 min ®0,, p= 200 mbar, t, = 20 min

300 min dry air,p = 940 mbar,t, = 240 min | **0,, p= 200 mbar, t, = 60 min

Tab. 2 : Two-stage-oxidation experiments (T = 1200°C)

SNMS was chosen as the analytical method because of its good depth resolution and the possibility of
quantifying the data obtained. Nevertheless, a problem with the interpretaion of SNMS data is the
transformation of intensity vs. sputter time profiles to concentration vs. depth profiles.

As a first step, relative sensitivity factors referring to aluminium are calculated from the SNMS data. This is
easily possible for the metals (Cr, Fe) without any additional standard becanse the chemical composition of the

! The prepamtion of these specimens was carried out by the Ecole des Mines, St. Etienne, France.
2 For details the authors should be contacted.



C7-383

substrate material is well known®. The greater problem is to determine this factor for oxygen. Therefore
samples with a 'thick’ dense aluminium oxide scak are sputtered. Assuming that the scak is stoichiometric
ALO,, therelative sensitivity factor for oxygen then also can be calculated. The sensitivity factors so calcalated
are in good accordance with values in the literature. With this information the mass specrometric intensity
(measured in counts per second) can be transformed into atomic concentration (Ac < 2 at%).

The nextstep is to transform the sputter time axis into a depth axis. If one takes into account the change of the
sputter yield and the change of the material density as a function of sputter time or depth, respectively, and if
the craer depth is known (using a mechanical profilometer) this nonlinear transformation can be carried
out[6].

In this context, spedal attention has to be paid to the depth resolution obtained by sputter techniques.

Surface roughness of the oxide scake depends on the substrate material, on oxidation period, on oxidation
atmosphere and on temperatre. It is important 10 examine the surface topography after oxidation because it
limits the depth resolution of SNMS. Under the same oxidation conditions the least roughness is observed for
the two alloys containing no yttium (materials A and B). Such behaviour can be exphined by different
microstructures of the substrate (see Fig. 1). The yttium-bearing afloys (magrials C and D) contin the
reactive element in intermetallic particles whose size is in the range of a few um (see Fig. 2). Silicon
enrichmentin the dark particles of material C is a result of the polishing procedure. In the magunification shown
in Fig. 3 the surface roughness prior to oxidation would show up as a horizontal line,

Fig. 1 : SEM (material A) Fig. 2 : SEM (materal C)
Material A Material C
Al | Si| O Fe | Y chemical composition, wi% Al Si Cr Fe Y
50| - 20,2 | bal - average composition (producer) 50 = 19,7 | bal 0,1
48 100) 208 | 744100 matix by EDX 48101 ]|206}|744| O,1
topographical defects dark partides (EDX) 12| 453 13,01 40,5| 00
- - - - - bright particles (EDX) 701 00 | 11,7 66,6 | 14,7

Tab. 3 : EDX analysis of material A and C

It can be observed that theroughness increases with increasing oxidation time. In Fig. 3 the scale roughness
of two alloys (matrials A and C) is compared after 15 min, 60 min and 300 min oxidation time at 1200°C. As

3 The concentration of yttrium and sulphur is beneath the detection limit of the SNMS equipment used(VG-SIMS/SNMS-
Lab, Ecole des Mines de Nancy).
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3 The concentration of yttriun and sulphur is beneath the detection limit of the SNMS equipment used(VG-SIMS/SNMS-
Lab, Ecole des Mines de Nancy).
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Fig. 4: SNMS data of the alloys A and C
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can be seen from the figure, the scak roughness of material A after 15 min is less than that of material C. It
rises slowly (t, = 60 min) butshows a dramatic value after 300 min oxidation time. In contrast, the roughness
of material C changes only slightly with increasing oxidation time.

This behaviour is also reflected in the SNMS profiles. Fig. 4 shows SNMS profiles of the same alloys as
those shown in Fig. 3. The link between the results of the roughness measurements and the SNMS
measurements can be seen clearly in Fig. 4 : in spectrum number 3, the effect of the occurrence of chromium
and iron ‘on top of the surface’ can be understood if one takes into account the strongly corrugated morphology
of the oxide surface after 300 min oxidation time. The surface area analyzed is in all cases 600 pm*600 pm,
which clearly covers the chamcteristic distance between tworidges or valkys, respectively. Therefore, the scak
appears to be thinner than the scak after 60 min oxidation time. As a conclusion it mustbe said that, in addition
to the SNMS data, quantitative information on surface roughness is important if the sitvation is not to be
misjudged.

3. RESULTS

The predominant diffusion mechanism across the oxide scake depends on the substrate composition in the
range of a-ALO, formation. From Fig. 4 it is evident that the alloys without yttdum show predominant
outward aluminium diffusion whereas the yttrium-bearing alloys exhibit simultaneous aluminium outward and
oxygen inward diffusion. This means that the reactive element effect can be partially interpreted as an effect
influencing the oxide growth mechanism.

Sulphur and the readtive element yttium yield significant differences of oxide scale composition and
microstructure during oxidation at 1200°C. Obviously, yttrium reduces the concentration of chromium and
iron in the oxide scale. Sulphur itself leads to surprisingly high chromium and iron concentrations in the oxide
scakes. The alloy with the higher sulphur concentration shows oxide scake spallation after 5 h at 1200°C.
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