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REACTIONS OF CHROMIUM WITH GASEOUS Nell
I AW COXYGEN ENVIROMMENT

Carl A, Btearns, Fred J. Kohl, and George C. Fryburg
National Aercnautics and Space Administration
Lewis Research Center
Cleveland, Chio Lil135

ABSTRACT

Tarpet collection techniguss and high pressure mass
spectrometric sampling have Lbeen ussd to study the rorme-
tion of wvolatile chromivm-containing species in the reac-~
tion of Cr?O {e) with 0. (g) and Wall{g). Experimeuts
were perfofméd at atmospheric pressure as a funechbion of
chromium temperature, oxygen pressure, and NaCl{g)
concentraticn. The major chromium-containing vapcr
species were found to be (NaCl)xCrog(g), with
X = 1,2, and 3, which are products Of heterogenecus
reasctions on the surfece. The kinetics indiecate first
order dependence on oxygen and sodiun chiloride pressures.

THTRODUCTION

Eguilibrium thermodynamic calculations indicats that for gas
turbine engines operating under conditions favoering hoet corrosion
attack, the engine hot-sgection enviromnent should be rich in the con-
taminent geses NaCl{g)¥ NaOH(g), and H01(g) (Ref. 1). These highly
reacbive chemical species are expected to play a significant role in
the hobt corrosion process and indeed 1t has been shown {Rer. 2-lt)
that Naﬂl(g) can compromise the so-called protective oxide scale on
certain superalloys used in turbine engines. The phenomenology of
interaction between oxidized wetal and the gaseous species NaCl(g),
WaOH(g), and HO1(g) is not well characterized and the operstive
mechanisms are not wderstood. To slucidate the kinetiecs and mechen-
isms of such interactions, we have been studying various metal cxide-
oxygen-contaminant gosg systems. The work reported here is for the
initial phases of our investigation of the Cr 0_(¢) - 0 {g) - MaCl(g)
systen, 23 2

*Throughout this paper, (c) refers to condensed state ars (g)
refers to gas.



EXPERTMENTAT

Iwo experimental techniques have been smpiuyed in the present
study. These techniques are target colletion and high pressure
sampling mass spectrometric anslysis. Schematils representations
of the apparatus used for each technigue sre shown in Figare 1. From
the figures, it can be seen that part of the apparatus is common to
both technigues, A zample of pure chromium, messaring approximately
1x1ox 0,3 cem is suspended by & platinum wire ins.de = 2.5 cm dia-
meter guartz tube in & 1% em long tube furnace. The furnace is con-
trolled through a thermocouple by a preclsion seb-point conbtroller
cotipled to a saturable core reactor power source. The sample is heated
in a low velocity (6 cm/sec) stream of flowing gas. All experiments
were performed at abtmospheric pressure., Oxypen perdial pressures
were varied by diluting the oxyeen flow with argen. Faritial pressures
of’ NaCl(g) were developed by heabting & platimwm crucible containing
#a®i{e). The ecrucible , which measured 2 cm long by 0.6 om dismeter,
is mounted on a 3 mm dismeter guartz tube containing a double bore
alumina thermocouple tube. The crucible asserbly is inside a 1.3 em
diameter imner quartz tube inside the 2.5 ew ouber guartz tube. The
inner tube extends to about one centimeter below the sample, The
immer and ouber tubes are independently fed from a common pas supply
and the flow is edjusted to give a pas veloeity theough the inner
tube approximately double that throush the ocubter tubs., Total gas
flow through the apparatus was 500 ce/min. The crucible asseubly
can be moved vertically through a slip seal and the crucible tempera-
ture is waried by changing its position vertically in the furnace,
The crueible temperature is continucusly measured with a Pt-Pg 13% Rh
thermocouple extending up inbto the crucible base. The temperature
of the chromiuwm sample was measured with & similar thermocoupls
contacting the side of the sample.

In all experiments, the chromiuvm sampls was allowed to oxidize
for several hows before being exposed Lo reduced oxyren pressure or
VaCl{z). 1In the target collection experiments, volatile products
emanating from the quartz tube were collscted on § x 5 % 0.04 em
platimm targets mounted on a wabter cuoled -opper plate positioned
about 2 om above the mouth of the guartz tube. As shown in Figure
la, a platinmm collimator, with a 2 cm diameter opening, was located
between the collectlon target and dquartz tube. Deposits collected
on the targets, as 2 functlon of time, were completely dissolved
from the targets with water. The resultine solutions were anelyzed
for chromium and sodium by atomic abscrpbtion spectroscopy, and for
chlorine by a colorimetric method.
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For identification uf' gaseous species emsnating from the system
under study, the high pressure mass spectrometrie sampling apparatus
shown {very achematically) in Figure 1b was used. “he 0,02 em
diameter sampling orifice iz mounbed on the end of a 1.2 em long by
1.8 em diameter stainless steel tubs. The sampling ovifice protruded
inte the gquartz tube about 1 cm and was thus allowed to resrh a
temperature approaching that of the chromime sample, Hewving of the
orifice was found to be necessary bto pravent condensation and sub-
sequent clogging of the orifice.

The free-~jet expansion, four-stape sampler facilitates sampling
at atmospheric pressure and preserves the lntegrity of sampled species
which are formed into a moleculsr beam fo mass analysis by the
guadrupole mass spectromeber. The skiw- o molecular beam is modu-
lated by a slotbed rotating dirk locastea in stage 2 bzhind the skimmer.
The theory and details of the free-jet expansion sampling technique
are given in the literature (Ref. 5-8),

RESULTS ARD DISCUSSION

Tareeh Collection Frperiwents. Chromivm samples heated in the tem-
perature range from 850 to 105000, in pure oxygen, developed s
compact scale of Cr, O.(c). For all experiments, the chromimm sample
was allowed to deve%o the oxide comving for at least two hours prior
to any further experiments., No spalling was observed at temperature
in the course of the experiments and the sample was considered to be
Creos(c).

When oxygen alone was flowed over the hot oxidized chromivm,
a yellow-brown deposit wag collected on the plabinum tarpet. Based
on previous studies (Ref, 9}, this deposit was presumed to be
CxQ (c); the condensed product of the oxidative vaporization reaction:

3

L Grgog(c) +3/4 o (g) = CrOB(E} (1)

The rate of chremium ccllection (rCr in ug/hr, in this case)

was found to be independent of timel

The rate, r, ., was measured as o funcbion of the chromiuwm
sample temperature, T, , and found tr obey the reletionship shown
in the Arrhenius plot in Figare 2. “"he clrcled points are experi-
mentcal data and the line is & least sguares it of the data, Be-
cause These data were cblained rrimarily to serve ag a baselins

o
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for other parts of this sbudy, no attempt was made to extract
thermodynamic results by applying geomeizrieal, diffusion-limitation,
or gas temperature corrections to the data,

When pertial pressures of NaCl(g) were added to the oxygen
flow, the rate of chromium collection increaved significantly.
The collected depogit was still yellowish in color and readily
water soluble. The deposit was presumed to contain WaCl(e),
Cr0,(c), and some other chromium-conteining compounds. EBecause
an gnhancement was observed when NaCl{g) was present, we consldered
the oxidative vaporization reaction, equation (l), to be taking
place simultencously with other reactions, Therefcre the rate of
chromium cellection from the other reasctions, K, , was considered
to be the difference bebtween the total rate, TRéi’ and the rate fox
oxyegen alons, Ta.s l.e.:

Roy = oo ™ Top (2)

The value of B was found to be a function of the concen-
tration of NaCl(g),”%xygen pregsure, and chromium sample tempersg-
ture. For convenience, we have chosen tc exprese the sodium
chloride concentration as an effective pressure B c in tore.
Pyacy Ve calewlated from vapor pressure date (2e12°10) by talking
iNES account that NaCl{e) vaporizes mainly as both the monomer and
dimer. The equation used is

—_ e
o1 = 2 Pie1, T Praca (3)
where Pya o1 and Pyacy Y€ the wvapor pressures of the dimer and
monomer 2 & respec%lvely. {The trimer and higher polymers of
WaCl(gz), which are present in low concentrations in the equili-
brium vapor over NaCl (Ref. 11), were ignored.) B is nct
the absolute partial pressure of sodium chloride gas In the appara-
tus; P o1 is merely proportional to the concentration of sedium
chlorigg Zas. When the platinum crucible containing the NaCl(e)
was at 826°C (the highest temperature used in our experiments),
Eﬁ 1 Vas caleculated to be 0.85 torr. We have estimated from target
coigection data teken under these condtions that the sctual con-
centration of =scdium chioride gas is approximetely 27 pom «Lizh is
ebout a factor of B0 less than the saburated equilibriwm value.



The wariation ot RC with Pﬁac y &t & constant chromium sample
temperatwre of 10207C and one atmos%here oxygen pressure, is shown
in Figure 3. The range of PN shown in this figure is for plat-
inum crucible temperatures in&%%e range from 550 to 826°C. Two
poiote must be emphasized with regard to the results given in
Figure 3¢ (1) in all cases, the salt temperature was sufficiently
below that of the chromlum sample to assure thabt no condensation
of NaCl oceurred on the sample and (2) the fact that an increased
rate was cbtained in the presence of NaCl{g) indicates that the
rate is net limited by the vaporization rate of Cr0_(g); i.e.,

the inereased rate of chromiwm deposition is not thé result of gae
phase reactions.

The functional dependence of RnT on chrowlum sample tempera~
ture is presented in Figure 4 for cénstant values of Biacy ond Fp .
In Figure 5, the variation of TRG- with oxyzen pressurealg 2
shovm for consbant values of T - nd T Al Heré the total chrom-
ium rate is plotbed because one” cannot merely substract o flor
{he Cr0, since r, also is a funcbion of oxygen pressure ~~ {Ref., 9).
The par%ial pressﬁres of oxymen were obtained experimentally by
diluting the oxyszen flow with argon. Uncalibrated rotometers ware
used end this probably asccounts for the scatter in the data. The
results are however sufficiently aceurate to indleate that TRCr
is linearly dependent on Pb .

2

High Pressure Sampling Mass Spechrometer Experiments. Attempts
to mass spectrometrically identify the vaporizing species Cro_(g),
in the case where only oxyesn was flowed over the oxidized chrom-
ium sample, have been unsuccessful. In this case, no vapor species
enengbing from the apparatus have been detected, except of courss
oxygen. At the highest temperatures available with the present
apparatus the concentration of the Cr0_.(g) species was estimated
from target collection data to he abou% 0.03 ppm, which appears to
be Just below the detection sensitivity of our sampling system.

For the cesze where NaCl(g) is added to the oxygen flowing over
the oxidized chromium, numerous vapor specizs emanating from the
appaeratus have been detected. Tests were performed with a chrom-
iwn sample bvemperature of 1020°C, an oxygzen pressurs of one abtmos-
phere and scdium chloride concentrations in the range Pﬁ&C =
AU oto 1.0 torr. The ions observed, their relative intensl%ies,
and the probable parent molecular species vaporizing are presented
in Teble I, In addition to the lons containing sodiun and chlovine,
a number containing chromium bave also besn obzerved. The vapor-
izing chromiuwm-containing species are seen to be mainly complexes of

en




NaCl and Cr0,. Many complex melecules conbaining only metal

and helogen é‘toms have been reported previously (Ref. 11-13). We
believe that the (Naﬁl)xCrO {3 = 1,2, or 3) molec les reported
herein sre the first o"bse:rvéa examples of alkslil halide-metal
exide type vapor complexes, The only specles containing just Na,
Cr, and O observed is Ne Cr,0, and this is a relatively minor con-
stituent of the vapor, ﬁgam"it must be emphasized thet the iden-
tified species are not likely the product of gas phase rezctions
because if they were, the rate controlling ste, would be the
volabilizution of Cr0., and there would be no enhancement in rate
with NaCl(g) added. Each species reported in Wable I was found

to vanish when the WaCil{g) was removed.

It has been suggested by several investipators (Refs. b(a),
14-17) that when NaCl{g) reacts with Cr 03(0) seales, volatile
chromium compounds are formed with sodi%m chromate remaining on the
gurface., The wolatile compounds suggested were Cr Clg, CxClL,,
end UrClg (Refs. 4, 14, 16-19). Other investigatorg speculate that
sodium cFromate may be formed and vaporized (Refs. ."Lh, 15). In
cur investiration, we have made an exhaustive search for the
species Cr0sCLy{ g}, CrCls(e), CI‘C%(Q), and Ne,Cro;(g) bub these
were not detected. We have made Knudsen cell studies of the
vaporization ol Ha Orﬂu(dﬁmvacuum and establiszhed that this com-
pound vaporizes wi%h the speeies Na,CrO {(g) seine at least 50%
of the vapor product. We have alsoc with the present apparatus
put Na,.Cr0, (¢) in the platinum crucible in place of Nall{e) (with
the chfomitin sample ramoved from the apparabus) and readily de-
tected Na, Cr0,(g). Based on our findings in the present study,
we are leg to conclude thalt sodium chromate iz not formed in the
reaction between Cr. 0 (c), G (g), and NaCl( g), The main reactiocn
responsible for the™transport of chromivm is

Cr203(c) + 2/2 ngg) + ®Wall{g) = (Naﬂl)xCrOB(g) + CrOB(g) (4)
where x = 1,2, and 3.
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TABLE I

MASS SPECTRUM OF VAEORS OVER THE Cr 0 0 (ec) ~ 0,(g) - NaCL(g)
SYSTEM. RXEERIMENTAL, CONDITIONSZARE GIVEN-IN THE TEXT,

Igga Relative Intensiﬁyﬁ Probable Parent Molecule®
W 0.8 a1
02+ 1. éox10t o,
o+
Nall 1,00 Wall
G
Wa, C1 0,57 (Wac1),,

& + -5 ]
HaCxO,” 5,2%10 NaC1er0
m33012 6. 08108 (Vac1),
waC10103 5,510 7 NaC1Cx0,

Na, 01Cr03 i, BX10°2 (MaC1),0r0,
o+
e, CL, 1.0%1073 (WaC1),,
NaBClgﬁr03 2.0X10"° (¥aC1) Cx0,
Na20r207+ i, ox10™3 N, Cx,0,
+ -3

c 0

Na3 r207 1.0X10 N301mm2Cr2 7

In all cases, icns were identified by thelr m/e valuer, isotopic
abundance distrihbution, and behavior wien either NaCl(g}
CrEOS(c) wag removed from the system.

bRelatiVE ion intensities can be converted to correct ratios ol
partial pressures only if relisble values are aveilable for the
relative ionization and fragmentation cross sections, mulbiplier
gaing, quadrupole masgs filter trensmission, and Mach-number
focusing factors for each species. AL present, most of these
aguantities are wnknown for the complex molecular speeies,

CParent malecular species were agsipned on the basis of the
familiarity with the mass spectrum-nmolecular composition rela-
tioship for cther inorganic helide molecule systems. It is

well established (Fef. 11) that halogen-containing molecules frag-
ment ugon electron impact lonization to yield molecular ions

with the lose of a halogen atom: i.e.,

e, 01 {g) + e _4>m¢ ¢l +cL + ze”
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