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Abstract. To understand the corrosion behavior of a modelL@i)4ZrO,(s) composite, a 304L stainless steel
powder has been studied under oxigen at high teatyrer Oxidation tests were performed with therraggnetry.
The jumps method by a sudden change of the temyeratas also applied to propose a kinetic modeé)4L3
powder exhibited the same behavior than alloy platethe same composition with a diffusion deteingnstep,
there is no influence of the oxygen partial press@uch a similarity was supported by SEM obsewwnatiof short
time and long time oxidized particles at 800 °Cn§ldering the first period of oxidation in the fiten hours, the
external scale was mainly based of chromium oxideosinding stainless steel particles. In this domai
mechanism is proposed and thevklue is calculated both due to the complete mdiabaw and due to the areic
rate of growth® obtained with a kinetic model specifically deveddfor spherical alloy particles. The values are in
good agreement with the literature data.
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INTRODUCTION

Ceramic matrix composites dispersed with metaligag, called M(p)-CMC(s) [1], are one of the piisimg
materials for high performance applications undene severe environment such as high temperatuiis. iEw
material design offers the possibility to combireahresistance, corrosion resistance and weataesedue to the
ceramic phase, with mechanical strength and etectrductivity provided by the metal phase.

The oxidation at 800 °C of a model M(p)-CMC(s) carsipe based on zirconia and 304L stainless stetdriabs
seem to be very complicated, a rapid mass gainre@sisoon as oxygen is introduced. After thistsperiod the
mass gain curves take a parabolic shape. To uadershis unusual behavior, we decide to study tigation of
the stainless steel powder alone.

This work based on thermogravimetry (TGA) experitsamder 20% ©80% He at 1 atm presents the oxidation
behavior at 800°C of the stainless steel powder.

EXPERIMENTAL PROCEDURES

The experiments were carried out on water-atomig@d L austenitic stainless steel powder provided by
Hoganas Belgium. The chemical composition of theyatstablished by the supplier is summarized iblg4d. Its
specific surface area measured with the BET methd@06 ni/g. Various particle size classes, from 0-50 pm
fraction up to a fraction > 100 um, have been olatdiafter sieving the steel powder.

TABLE 1. Chemical composition of 304L Stainless stl

Weight (%) Fe Cr Ni Si
base 18.1 11.3 0.85




The particle size distribution in volume, estabdidhby laser granulometry (Malvern instruments, Mester
2000) reveals one main mode particle diameter atr8qFigure 1).
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FIGURE 1. Grain size distribution of 304L stainless stemlvder.

Test Facility and Conditions

Oxidation experiments were performed in a symmetr&gmogravimetric analyzer (SETARAM TGA16 with a
thermocouple PtRh 6 % /PtRh 30 %) at 800 °C foro6ré in a flowing mixture of helium and oxygen. The
composition in oxygen was varied in the range MD-vol. %. The tests were carried out at atmosphmessure
with a total gas flow rate of 2 L’hin each furnace. Samples consist of small bedsng)of stainless steel powder
placed in an alumina crucible.

The TGA experiments consisted of three main cortsexisteps: heating to 800 °C with a rate of 30mi@/
under helium, isothermal exposure under oxygeruhelnixture at 800 °C during various periods up @ohdurs,
cooling to room temperature with a rate of 30 °@mnder oxygen helium mixture. The oxygen is introel after
seven minutes at 800 °C. The oxygen impurity iriumelwas analyzed at the outlet of the furnace byaygen
probe (Systech Instruments Série 900) with an acgunf about 1 ppm at 20°C.

RESULTS

TGA Results

A lack of reproducibility of the oxidation curve$ 804L stainless steel powder is observed whianainly due
to a difference in particle size. The mass gairvesiivs time for the as received 304L powder andHervarious
particles size classes are shown in Figure 2.1t lm& seen that a good reproducibility was obtaiwét each

particle size class of sieved powders, whereagtinges obtained with the as received 304L powdeewet so
well reproducible.



0.035 850
0.03 e - 800
0-50 pm

0.025 - - 750
............. [S)
........... 304L °
0024 = LT - 700 £
................... -
g ................................... F 50-75 um g
...................... g
0015 1) e e Fos100um | 650 2
e ]' F>100 pm =

0.01 600

0.005 - - 550

0 ‘ —_———— 1 500

0 5000 10000 15000 20000 25000
time (s)

FIGURE 2. Mass gain (%) versus time of as received ancedi®04L stainless steel powders oxidized at 800 °C
(20% in volume of @in helium).

The powder with the finest particles class (0-50 ghows greatest mass gain than the as receivedgopwhile
the largest one (>100 um) shows least mass gaaciitves of the intermediate particle-size clags@s’5 um and
75-100 um) fall between those extreme curves. €peoducibility of the oxidation curves of the peleisize class
(75-100 pm) is the best one, so this 304L stairde=s powder fraction has been used for the kirsttidy.

The first part of the mass gain curves correspomdse heating under helium up to the introductiblexygen at
the beginning of the plateau at 800 °C. The smaltsnchange during the first period is due to oxyaces in
helium (50 ppm).

Figure 3 illustrates the mass gain curves versus fjunder isobaric and isothermal conditions) fampgles
oxidized at different temperatures under 20 % ifun® of Q. As expected, the mass gain increases with the
temperature increase.
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FIGURE 3. Mass gain (%) versus time of 75-100 um class0di_Ftainless steel powder oxidized under 20 % in
volume of Qat 750 °C, 775 °C, 800 °C and 825 °C.



Figure 4 illustrates the mass gain curves versug fjunder isobaric and isothermal conditions) famgles
oxidized at 800 °C under 10 %, 20 % and 40 % imn@ of Q. The curves are superimposed; it means that there
no influence of oxygen partial pressure on the tiin@ehavior of 304L stainless steel powder.
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FIGURE 4. Mass gain (%) versus time of 75-100um class dL.3ainless steel powder oxidized at 800 °C under
10 % (black dotted line), 20 % (black continuou=}i 40 % (red fine dotted line) in volume of O

Characterization of 304L Stainless Steel Powder

Figure5-a and b show individual metal alloyed et of stainless steel powder. A native@rlayer around
the particles can be observed. During water-ataioizahe powder is oxidized [2, 3].

b) COMPO 150KV X4,000

FIGURE 5. SEM observations of starting 304L stainless gteelder

Figures 6-a and b show SEM observations of the powsidized during respectively 6 hours and 20 kotihe
particles exhibit an external £; layer growth surrounding the metallic particleheTscale begins to loose
adherence after 20 hours of oxidation. EDX anal{Bigure 7) shows that the outermost layer is casedoof an
iron rich mixed oxide phase.
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FIGURE 6. SEM observations of 304L stainless steel powdétized at 800 °C after 6 h (a) and 20 h (b)

Fe,

COMPO 15.0kV  X3,000 um™ WD7.2mm

FIGURE 7. EDX analysis of 304L stainless steel powder eddiat 800 °C after 20 h

DISCUSSION

The oxidation of 304L stainless steel powder shawsarabolic like behavior with an external,@y layer
growth. According to literature data concerning thédation of 304L foils [4, 5, 6], the oxide grdwshould be
controlled by the diffusion of cations. Assumingttithe CsO; layer remains very thin compared to the particle
radii, a parabolic law could account for the expemtal mass gain curves. Due to the existence dfitia native
oxide layer, the complete parabolic law (equatigrhds been applied to the experimental data,thes mam is
normalized by the surface area of the powder (Ri@)i{7]. The fitted value of kp is equal to 2.5%1@7 cm* s in
agreement with the literature data fos@y growth (at 800°C: kp = 8x18 g?.cm®.s?) [8].
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FIGURE 8. Oxidation of 304L stainless steel powder at 80Q &xperimental curve and complete

parabolic law.

However, a much more detailed kinetic analysislmnndertaken considering the kinetics of solid+gastions
with powders. Solid gas reaction kinetic modeliadpased on the assumption of the rate determinépgvehich can
be validated using thel' S, test based on the jumps method [9, 10]. Such thodeconsists of a sudden jump in a
thermodynamic variable (temperature or pressu@h fan initial value to a final one and uses thésaof the
kinetic rates measured after/before this jump.

When the reaction is controlled by diffusion ordyinterfacial step, the kinetic rate expressedb#dt (whereo
is the fractional conversion), is given by:

82 = (TP 0.5, (1) (2)

dt

where® (T,Pi,...) is the areic rate of growth (mo’rs®), and $(t) is the space function fnmol ™) related to the
extent of the reaction area where the rate-deténgstep takes place, which depends on the timeoaritle history
of the solid. The jumps method was applied in ests by a sudden change of the temperature fipm7B0 °C to
T,= 800 °C at various mass gains. Figure 9 illusgréite ratio of the kinetic rates (R) after/befdre jump versus
mass gain. The® S, test is validated if the ratio of values does depend of the mass gain at which the jumps
are done. Figure 9 shows that we can consider twvoaths, in the first domain until 9 hours the rattake a
constant value around 1,45 +0,05, in the secondadfoafter 12 hours of treatment the ratios are etststant, the
value is higher around 2 + 0,01. Th@"S;, " test is validated in both separate domains.alcheof these areas the
oxidation rate of 304L powder (75-100 pum) can beodegposed into a product functions according to Eqne.
There is thus in both cases a step of the growtthamdsm of the oxide which controls the speed efrégmaction.
However, after a certain oxidation time (from l2ut®), a different rate-determining step and / adifferent
mechanism should be considered. Based on thetliterand SEM/EDX observations of 304L powder oxdiz
after 6 and 20 hours, we can assume that, at firi, the diffusion of Ct*ions which determines the rate of
reaction. Then from a certain thickness of chromaxidle, it is the diffusion of & which limits the rate, the outer
oxide layer becoming rich in iron.
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FIGURE 9. Oxidation of 304L stainless steel powder : r&ifor jumps changes from 780 to 800 °C (20 %.0

Assuming an Arrhenius behavior for the dependeric® avith temperature, the activation energy calculated
from the first domain ratio is about 177 kJ/mol @his rather a similar to that of Cri4Cxs reaction (158 kJ/mol)
[11]. For the second domain, the apparent actimatizergy is about 322 kJ/mol. Consequently thidrigapparent
activation energy should correspond to the groviitine mixed oxide rich in iron.

Kinetic model:

In the first domain (short oxidation time), theedaw can be obtained using the assumption thatdtes
determining step corresponds to the externgD{oxide layer growth around the stainless steel movpérticles,
considered as spherical (Figure 10). The oxidaisooontrolled by the diffusion of Cr cations thrduthe oxide
layer.

FIGURE 10. Scheme illustrating the oxide layer (thicknessatdui I, . ry) around a spherical stainless steel powder

particle with a g initial radius

The rate law is given by:
da

E ]lf:r"n_ﬂl 3

where s is the initial surface of a stainless gpaélicle, g is the initial mole number of Cr in the 304L stass steel
and ¢, the diffusion flow in mol.if.s, is given by:



Jer = DeAC| —2— (@)

ry(re—Tg)

where I, is the diffusion coefficient of Cr in fis?, AC is the difference in the Cr concentration at tsithes of the
diffusion layer.

Knowing that the fractional conversiamepresents the ratio between the experimental otatagned from TGA
and the theoretic mass necessary for total oxidaifochromium in the stainless steel (18 wt. %}he fractional
conversion can be written by:

3 3
S — L1p%) (5)

_ NCra0g _ 2 {:

o= 2L
=3

T .
5 g g .'anx

where gis the mole number of Cr in the sample of powdemats m

and 03 is the mole number of gb; formed, o« is the molar volume of GDs. From equation (5)Ican be
expressed by:

with ry the mean radius equal to 43 micr@essideringhe T-304Lstainless steglowder (75-10Qm) particlesas
spherical

Thus the rate law can be written as:

S.Hg."-?m i 121‘3
da 4.m.ry (1+ 8. ¥ ﬂ)

0
3 nﬂ.vm .

. 8
dt ng [(l—'—m%ﬁ_n)lm_l] (8)

In this expressiony the fractional conversion igatio of the experimental mass change relative to the mass
variation theoretically needed to oxidize the chitom in the alloy. The value of can be calculated from the
experimental mass changen versus time according to equation 9:

Am Am
g = = 3 (9)
ﬂmth ;'MD .
with Mo, the oxygen molecular weight.

Figure 11 represents the fits between the kinetta ¢ai/dt) and the theoretical rate law consideripgf@ction
(cf. equation 2 and 8)
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FIGURE 11. Oxidation of 304L stainless steel powder : experital data (dotted curves) and theoretical rats la
(solid curves).

Only the kinetic data corresponding to the firstdation domain between 0 and 9 hours give a sttdigh
whose the slope ofuddt = @ S, give the value of ® at each temperature. The model is thus foundowdg
agreement with experimental data.

Table 2 shows the values®ffor temperatures between 750 and 825 ° C.

TABLE 2. ® values at different temperatures

Temperature (°C) ® (mol.m?.s?) x10%?
750 0,76
775 0,85
800 1,59
825 2,13

Based on these data, and plottingdinas a function of 1/T (Figure 12), a straight liseobtained with an
acceptable coefficient of correlation showing thadepends on the temperature according to the Aiukdaw.
The apparent activation energy obtained is equaB&kJ / mol. This value is significantly loweraththat of the
value previously calculated from the ratio of theekic rates in the short time period (cf. Figujetfut nevertheless,
the two methods of calculation give values of apptactivation energy close to 158 kJ / mol, whdolrespond to
the system Cr/GOs.
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Relation betwee® and k

@ et k, are temperature dependent and they represent tesmbtained for the same diffusion controllingpst
but in different geometries (spheres and platepeirely). In a planar geometry, the fractionahwersiono is
given by:

&1
a = T .Am (10)

The kinetic rate is given by:

do _ l_ﬁi
T=0Sa=0.2.0 (1)

where } is a lenght equal to unity (1m), X is the thickees$ the oxide layer expressed by Equation 12:

2Vmg; Am
3Mp, = (12)

The relationship between Bnd® is established from the combination of Equationahdl of the derivative of
Equation 1,

1,3%Mp, "

k, =—"d (13)

AV My

At 800 °C, based on the value ®f k, is equal to 2x1% g”.cm™.s™. This value is in good agreement with the
value found using theomplete parabolic lawk, = 2.5x10" ¢*.cm®.s" and with literature data confirming the

similar behavior between 304L plates and powder.



CONCLUSION

This study has put in evidence a conventioxaation of the 304L stainless steel powder withagabolic like
behavior. The fitted kvalue calculated with a complete parabolic lawvith ® the areic rate of growils similar to
literature data. A GO; external layer has been observed after short dixidation test. When the oxidation time is
increase a mixed iron rich external scale is alseoved. The diffusion of cations is the rate deieing step of the
external oxide layer growing. A detailed modelinigdtic analysis has been done based on the jumgieod®e The
rate law has been writen considering sphericahkgisé steel powder particle. The model is in gagetement with
the experimental data. We can therefore concludettie 304L powder has the same behavior than pletes of
the same composition.

This study will help us to understand the unusuaation behavior of a model composite elaboratéti ®04L
stainless steel particles inserted in an yttriuabitized zirconia matrix which seems to play a basele in the early
stage of the composite oxidation process.
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