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ABSTRACT

The influence of the surface application of active elements
(doping) on the composition, morphology, adherence and the growth rate
of oxide scales formed during exposure to high temperature has been
investigated. The active elements werebapplied as aqueous solutions of
nitrate salts which were subsequently transformed to oxide. The active
elements used were: Y, Ce, La, Hf, Ca, and Zr. The chromia forming
substrates used were type 304 and 310 stainless steels and IN 738, a
nickel base alloy. In order to determine the effect of the minor
alloying elements in s;ainless steels on the surface doping effect, Y
was applied to three alloy modifications of type 30455. The presence
or absence of Mn and Si in the alloy on the high temperature corrosion
behavior was determined. Several different doping techniques were used
to determine which technique was mést beneficial to the behavior of the
oxide barrier scale.

The application of Y, Ce and La was found to enhance the oxidation
resistance of fhe commercial stainless steels while no benefits were
" found for alloys doped with Hf, Ca and Zr. It was determined that Si
had to be present in the type 304SS for the doping process to enhance
the oxidation resistance. There was no beneficial effect on modified
304s8S containing Mn only or without Mn or Si. The yttrium doped and
undoped modified type 304SS with Si only showed more resistance to
scale spallation than any other type 304SS alloy tested, either

commercial or modified.



INTRODUCTION

The beneficial effects of éctive elements additions (doping) on
the oxidation resistance of many heat resistant alloys are well
known. 710 The major improvements that have been observed are: better
adherence of the scale to the substrate, slower rates of oxidation
(particularly for Cry04 formers), and higher Cr,05 contents in the
oxide scale. Although there is n§ generally accepted theory, some
explanations have been offered for these improvements. The oxygen
active elements may act as scale nucleation sites, reducing the
distance betweeﬁ the chromia crystal nuclet wﬁich shortens the
transienf stagevof oxidation and produces a continuous protective scale

8,9,10 The better

earlier that has a smaller oxide grain size.
adherence may be caused by 1owe; growth stresses in the scale as a
result of a slowgr oxidation rate, by easier accomodation of ﬁhe-scale
growth and resultant thermal stresses because the finer grain size
scale is more plastic, or by the active element oxide pfomoting
mechanical keying of the scale to the substrate (pegging).l0

It has been suggested that the reduction of the oxidation rate of
the doped alloys may be a result of blocking or removing of short
circuit diffusion paths (thought to be dislocations networks) for
cations.’ In the extreme case the oxide forming reaction may move from
the oxide-oxygen interface to the oxide-alloy interface, making the
slower transport process of inward oxygen diffusion rate controlling.
This change in mechanism would also decrease or even eliminate void
formation at the oxide-alloy interface which would also improve

adherence.



Up to the present, most effort has been concentrated on internal
doping, the active elements being added directly to the alloys as a
metallic or dispersed oxide. However, one of the original patents2 on
active element addition suggested direct surface additions by
appIication'of solutions of a salt of the active element on the metal
surface. Some attempts at ion implantation of the active element into
the surface region have also been carried oqt}1

External doping of chromia former alloys is an important means of
alloying because of its possible commercial advantages which include:

1. low cost

2. simplicity

3. relatively little time used in the doping process

4 no major adverse effects on the material's mechanical

properties as can occur with intérnal doping
The purpose of this work was to examine.the possibility of applyihg the
active element via the aqueous solution approach to achieve these
advantages.

The investigation was divided into two parts. The first part
investigated the effects of doping type 304SS, type 310SS and IN 738
with different active eiements. A number of different doping elements
vere tried, all having very high negative free energies of oxide
formation. Three commercial alloys were chosen with different
propensities to form complete chromia layers under conditions of Eigh
temperature air oxidation without doping. Type 304SS has a borderline

Cr content (18%) and does not form a continuous external chromia layer

without doping. The doping resulted in the formation of a continuous



chromia layer. The type 310SS with a higher Cr content (25%) is able
to form a continuous chromia layer under normal conditions and the
principal effects of the doping were postulated to bé modification of
the oxide scale morphology, its adherence and the oxidation rate. The
IN 738, a nickel base alloy requires less Cr content to form a
continuous scale than the iron base, austenitic stainless steels. Five
doping solutions, and two doping methods, were evaluated to determine
which enhanced the oxigatiOn resistance the most. The second part of
the experiment determined the role of the minor alloying eleménts Mn
and Si on the high temperature spallation resistance of yttrium doped
type 304SS.

The best doping solution and method determined in the first part

of the investigation was used in the second part to study their effects

on four different type 3OASS.compositions.

EXPERIMENTAL PROCEDURE

The nominal compositions of the commercial alloys used in the
investigation are listed in Table (la). Coupon specimens, 15mm x l0mm
x 2mm, were final polished on a 600 grit SiC paper, ultrasonically
cleaned in ethanol and dried.

A number of pure and commercial 304SS samples were doped using the
various methods described in Table 2 to determine which method to
;elect for the balance of the experiments. The dopants used are listed
in Table 1B. Of the five doping methods, see Table 2, the 'wet' and
'wet + dry' had the poorest results while the 'hot,' 'dry' and 'spray’
methods all gave acceptable results. The 'hot' method was chosen as

the best method because it was felt that the deposition of yttrium on a



hot surface would be more uniform than allowing the aqueous salt
solution to stand for a long while in air at room temperature while it
dried. Even so, the hot doping method produced some non-uniformities
in YNO3 depositions, see Figure 1. The spray method was not chosen
primarily because it proved unwieldly using the simple equipment
available. It was foqnd that the addition of HNO5 to the 10% YNO,
solution to achieve a pH=2 was crucial to attaining any consistently
positive results.

The doped specimens wefe oxidation tested in air either
isothermally at 1000°C for 50 hr or by thermally cycling.them fof 20 hr
cycles at 1000°C, cooling to room temperature between each cycle. The
oxidized specimené were examined using standard metallographic
techniques and the scanning electron microscope (SEM) and scanning
Auger microscope (SAM). The oxides that did not spall were stripped
off by dipping the specimens in a 10% bromine-methanol solution so that
the scale could be isolated from the substrate for analysis.

The modified type 304SS specimens were prepared by melting a 500g
ingot of the desired composition in a vacuum induction furnace, rolling
the ingot into a sheet approximately 3mm thick, and cutting 10 x 15mm
coupons from the sheet. All coupons were ground to 120 grit and

ultrasonically cleaned in ethyl alcohol for 15 minutes.



The modified alloy compositions and the abbreviations used to

identif§ them are:

1.  comm (commercial) Fe-18Cr-8Ni-2Mn-1Si

2. +S1i Fe-18Cr-8Ni-1Si

3. +Mn Fe~18Cr-8Ni-2Mn

4, pure - Fe-18Cr-8Ni
RESULTS

1. DOPED COMMERCIAL ALLOYS

Isothermal Oxidation (50hr at 1000°C)

The samples after oxidation are shown in Figure 2. Y, Ce and La
doping prevented spalling of the oxide scale. The oxides on the Zr, Hf
and Ca doped samples spalled off to about the same degree as occurred
on the undoped type 304SS samples. The adherent scale formed on the Y;
Ce and La doped specimens had a dark green-gray color typical of Cr203.
The scale which spalled off from the undoped, and the Zr, Hf and Ca
doped specimens had a dark blue color on the outer surface and was
brown_oﬁ the under surface, indicating a graded composition.

Cross sections of the Y; Ce and La doped specimens and the undoped
304SS were prepared and studied in the SEM. In Figure 3 é cross-
section of ﬁhe undoped scale in an area where it remained adherent is
shown. This scale is thick (25pm) and appears to be a spinel
(FeCr204). In Figure 4 the cross section of the Y doped scale is
shown, This scale is about 1/5th the thickness of the scale on the
undoped specimen and 1is Cr203. Iron could be detected in the scale
using the energy dispersive x-ray analysis system (EDAX) attached to

the SEM.



In Figure 5 the cross section of the Ce doped scale is shown.
This scale is thicker than that of the Y doped scale but is still much
thinner than that of the undoped type 304SS. The scale consisted
primarily of Cry03 but some isolated areas rich in iron oxide were
detected in the scale. |

The Y, Ce and La doping of the type 304SS surface resulted in the
formation of more adherent, Cr rich, oxide scales. The spalled scales
of the Hf, Zr and Ca doped specimens were not aﬁélyzed in the SEM.
However, their color and appearance was so similar to the spalled scale
of the undoped type 304SS that their structure and composition can be
expected to be of the same type as that observed in Figure 3 on the
undoped alloy, a graded iron chromate.

The unspalled scale on the yttrium doped specimen was stripped off
with a 10% bromine-methanol solution and analyzed in the SEM +EDAX.
The spalled pieces of the undoped scale were also studied. The outer
surface of the doped scale was composed primarily of chromia containing
a small amount of manganese and was in small dia (<3pm) crystallites
that are highly convoluted, see Figure 6. On the under surface of the
scale, webs of Si02 were observed in addition to the Cr203, see Figure
7.

The spalled pieces of oxide (Figure 8) from the undoped alléy\were
almost pure iron oxide in the high protrusions on the outer surface
with some Mn (probabiy in the form of MnFe204) in the continuous oxide
scale between the‘protrusions. The under surface of the scales was Cr
rich with quite high amounts of iron (probably Cry04 + FeCr204),

noticeable amounts of Si (Si0,) in a web configuration apparently



conforming to the base metal grain boundaries, and some Ni (Nin204%
Precise compound compositions and structures, however, were not
identified. There was no indication of oxide pegs in the doped scale
to account for the adherence as occurs in some alloys with internally

added active elements.

Cycling Oxidation (20hr at 1000°C - per cycle)
Table 3 summarizes the results of the thermal oxidation tests.
The yttrium doped surface underwent the most thermal cycles before

spalling began to occur.

2. YTTRIUM DOPED ALLOYS - ISOTHERMAL OXIDATION

Type 304SS Alloy

The most pronounced effect of surface active element doping with Y
was observed on the type 304SS alloy. The doping affected the
adherence, the thickness, the composition and the morphology of the
oxide scale formed. The doped scale did not undergo any spallation
after seven cycles (20 hr at 1000°C each cycle) while the scale on the
undoped alloy spalled on the first cycle. The average thickness of the
scale on the doped alloy was about SPm (Figure 4)'and for the undoﬁed
alloy, 25pm, in areas where part of the scale remained attached to the
alloy surface (Figure 3). Some of the spalled pieces from the undoped

alloy were even thicker. The results are presented in Table 4.

Type 310 Alloy

The oxide scale formed on the Y doped sample was thinner than the

scale on the undoped specimen, Figure 9. As shown in Figure 10 the
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outer surface of the scale is composed of tightly packed, convoluted
crystallites similar to those seem on the outer surface of the Y doped
type 304SS scale, Figure 6. On the undoped type 310SS the Cr,04
crystallites are non-uniform in size and shape, see Figure 1l1. No
noticeable differences could be detected in the adherence and the
chemical composition of the oxide scale formed on the Y doped and the

undoped 310SS specimens. The results are summarized in Table 5.

IN 738 Alloy

Some differences were found between the yttrium doped and the
undoped IN 738 alloy specimens. The scale thickness was 7 - 9pm on the
Y doped sample and 10 - 12pm on the undoped samples and the morpholog&
of the internal oxidation layer differed,see Figure 12. The darker
areas of internal oxidation are rich in Al. They are longer and more
continuoﬁs in the undoped sample. The external layer is almost pure
Cry0; with some Ti in it.

The outer surface of the scale on the yttrium doped specimen has a
slightly finer crystalline structure than that on the undoped specimen.
Some non-uniform growth can be seen on the undoped sample,Figure 13.
The very thin translucent film areas that can be seen on the doped
sample are rich in Y and are the remains of the external Y doping
solution. It can be seen that the general nature of the morphology of
both scales is similar. The oxidation test results are summarized in

Table 6.

Active Element Distribution in the Scale

Some analysis of surface composition distribution was done using



the scanning Auger microscope (SAM) to define the location of the
dopant element yttrium during the various stages of nitrate
‘decompositioﬁ and oxidation of type 3045S. After the decomposition
stages (1/2 hr at 500°C) yttrium could be readily detected in the
surface film, see Figure 14. No nitrogen was detected and it may be
assumed that the decomposition stage was complete. The thin film
(8008) was mostly Y,0; with some chromium and iron oxide formed near
the scale-metal interface. After a short oxidation period at high
temperature (15 min at 1000°C), the yttrium could barely be detected,
see Figu;e 15. A high Cr content in the scale indicates Cr,03. Some
manganese oxide was found on the top of the scalé. The 1000°C
temperature probably promoted an initial preferential oxidation of Cr
and Mn because of their higher diffusion rates. However, the absence
of iron oxide even after longer oxidation times cannot be solely
explained by this enhanced diffusion. Iron oxides were observed on the
undoped type 304SS after long oxidation times, The presence of yttrium

could be affecting the formation of iron oxide.

3. DOPED EXPERIMENTAL ALLOYS

The test series carried out to determine the role of minor
alloying elements in commercial type 304SS on the surface doping
behavior of the alloy involved only manganese and silicon contents.
The qualitative results of the thermal tests run on the modified alioys
are summarized in Tables 7, 8 and 9. These tables show that the
yttrium doped alloys without Si (+Mn and pure) had no increased
corrosion resistance with respect to undoped type 36488. These samples

rarely remained in the non-spalled condition for even an hour at

10
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1000°C, Figure 16. The spalled scale from these samples was primarily
Fe,0; as determined by x-ray diffraction. A cross sectional view and
x-ray maps of the +Mn (no Si) modified type 304SS sample showing the
lack of a chromia scale after spallation can be seen in Figure 17.

The commercial type 304SS yttrium doped samplés containing both Si
and Mn and used as a control in these tﬁermal tests behaved
approximately as reported in section 1 above. The adhered scale color
was green-gray and was composed of Cr,03, Fej0,, and Y,03. The
samples' average number of cycles to spalling was eight 20 hour, 1000°C
cycles.

The yttrium doped +Si 304SS (no Mn) showed increased spallation
resistance compared to the commercial type 3045S. Samples were cycled
twenty times to 1000°C and heated isothermally at 1000°C for 42 days
with no signs of spallation. The scale color changed from light green
at the beginning of the tests to a darker green towardé the end. Scale
compostition consisted of Cr203, Y203, and YCr03 as determined by x-ray
diffraction. Cross section pictures and x-ray maps of this type of
sample in Figure 18 show a protective chromia scale.

The undoped +Si 304SS (no Mn) showed increased resistance to
spallation compared to the commefcial type 3048S. Samples completed
twenty 20 hour cycles to 1000°C with no spallation. The scale was
battleship grey in color and was composed of Cr,03 as determined by x-
ray diffraction. Figure 19 shows the superior spalling resistance of
doped +Si 304SS (no Mn) as compared to doped comm. 304SS (Si+Mn).
Undoped and doped +Si 304SS (no Mn) had equal resistance to spallation

within the limits of the experiments.

11



DISCUSSION

1. Method of Applying the Doping Element

Several details of the doping method were determined to be
critical to the success of the process. The overall variables in the
process that were investigated are present in Table 2. In this
section, some of the important process details are highlighted.

The purpose of he;ting the samples before dipping them into the
active element nitrate solution is to form a thin oxide scale that
would improve the wetting properties of the surface and thus produce
more uniform distribution of the nitrate. The application technique
~seems to influence the protectivity of the doped scale. When the "hot"
doping technique specimens were tested the change from a greeniﬁh to a
reddish color éppeared on the surface after the fourth thermal cycle,
(20 hr at 1000° per cycle), indicating iron diffusion outward. When
the sample was painted or dipped after first being‘allowed to cool from
the thin oxide formation step, the iron diffusion color change occurred
earlier, after the second thermal cycle. The reason for better barrier
performance in the first case may be in the better incorporation of the
doping salts into the initial thin oxide scale.

The salt decomposition heating stage (1/2 hr at 500°C) after
application of the salt is to decompose the nitrate salts. Because no
nitrogen was detected in post application surface chemical analysis, it
may be assumed that the decomposition was completed. This salt
decomposition, if done simultaneously with high temperature oxidation

(1000°C) could interfere with the oxide growing process as nitrogen

12



oxides could form that might degrade the protective oxide

barrier. The depth of yttrium penetration as an oxide in the doped
type 304SS alloy after the transformation stage at 500°C was observed
to be 800%. Transformation carried out at a lower temperature, 200°C,
resulted in the formation of a slightly thinner protective scale during
the subsequent 1000°C oxidation.

Although the enhanced protection from a single application of an
active element salt occurred for only 8 thérmal cycles maximum,. it
appears that the effect may be prolonged by additional applications of
the doping element. It was found that by reapplying the yttrium
nitrate after the third thermal cycle very slight spallation appeared
only after 13 thermal cycles. Additional studies of this behavior are

planned.

2. Different Doping Elements on 304SS

Y, Ce and La as dopants were found to be very beneficial to the
formation and behavior of the barrier scale, with the most pronounced
effect occurring on the type 3048S. The doping affected the formation
rate, composition and morphology of the oxide scale and appeared to
increase its adherencey. The application of Ce and La was slightly
less effective than Y. Some iron was found in the Ce and La doped
scales while none occurred in the Y doped scale. The Ce and La doped
scales were also thicker and were less adherent on thermal cycling than
the scale formed on the Y doped specimens.

The beneficial affect of Y, Ce and La surface additions on the
performance of the oxide protective barrier scales on Cr203 scale

forming alloys is thought to be primarily due to their promotion of

13



scale nucleation sites. The proliferation of sites decreases the
distance between the stable, chromia formiﬁg nuclei during the early
stages of o#idation which results in a smaller oxide grain size. Also,
the surface is completely covered by the protective chromia layer at an

5

earlier time. The smaller grain size may also improve the adherence
of the scale by making it more deformable during its growth period and
during thermal cycling when it deforms by sliding along grain

10 Figures 20 and 21 graphically depict the scale

boundaries.
nucleation and growth mechanisms in undoped and doped type 304SS.

The slower oxidation rate which results in a thinner oxide scale
may be explained by the theory developed by J. Stringer,5 He proposed
that the doping element's oxides block the short circuit paths for
cation diffusion (diffusion along dislocations). In the most extreme
case this may cause a change of the oxide formation mechanism from an
outward, cation diffusion type to an inward, oxygen, anion diffusion
type. In the anion diffusion case, less voids form at the metal-oxide

5,10

interface which could aid scale adherence. The behavior is quite

similar to that obtained by internal doping of the alloys;

The poor behavior of Hf and Zr externally doped scales was
unexpected. Hf and Zr internal alloying additions are known as being
beneficial.B The absence of an active element effect when these
elements are applied by externmal means may be explained by the
anisotropic nature of their oxides. This behavior can be more
important for external doping of the alloys than for internal doping,

especially for the initial stages of oxidation. The thermal expansion

along one of the crystallographic axes of Hf0, and Zr0, is extremely

14



low see Table 10. Also the total polycrystalline thermal expansion of
Zr0, and Hf0, in the monoclinic form is somewhat lower than that of the
Y, Ce and La oxides, making them more incompatible with the higher
thermal expansion base metals. It is well known that oxides such as
Y,05 and Mg0 are added to sprayed Zr0, coatings on metals to stabilize

8 which increases the total linear thermal expansion

the cubic structure
of the Zr0, to make it more compatible with its metal substrate.

The general spallation of the Ca doped sample in the first thermal
cycle can be explained by the low melting eutectic that Ca0 forms,
especially with Cr,05, Table 11 at the.test temperature. The closer
the working temperature is to the melting point of the oxide, the

higher is the possibility of oxygen transfer to the metal-oxide

interface which deteriorates the scale-metal bond.

3. Other Commercial Chromia Former Alloys

The type 310SS with 25%Z Cr and the IN 738 alloy containing Ni and
Cr form a complete chromia barrier scale layer more readily without any
additives than the type 304SS does. The active element doping of these
alloys, therefore, did not have as marked an effect on the ability to
form a good barrier oxide scale at 1000°C as occurred on the 304SS.
However, some improvement in the scale morphology and the oxidation
rate was observed. The non-uniform growth of the oxide scale onithe
undoped samples in comparison to the uniform growth of the scale on the
doped samples supports the postulation that the doping elements provide
nucleation sites during the early period of the oxidation reaction.

There also may have been some influence of the doping on adherence

15



during thermal cycling.

The beneficial effect of the presence of Si in the type 304SS is
thought to be due to the formation of the Si rich webs which form at
the scale-metal interface along the metal's grain boundries. The webs
cause an increase in the scale-substrate adhesion. Exactly how the
doping relates to the Si0, web formation is not known.

The beneficial effect of the absence of Mn in the type 3048S is
thought to be due to the absence of the less dense spinel, MnCr204.
Many spinels are noted for their stress concentrating effects. When
these stresses are sufficient to crack open the scale, they can cause
new cation/anion diffusion paths to occur. These new short circuit
diffusion paths allow the inward diffusion of oxygen to the substrate
and outward diffusion of Fe to the scale-atmosphere interface, thereby
deteriorating the barrier scale. Because of the absence of these
effects without Mn in the alloy, the Fe,0,5 phase does not form and the

scale is more adherent.

CONCLUSIONS
) Surface doping of type 304SS with some active elements that have
high negative free energies for their oxide formation enhances

corrosion resistance at 1000°C.

2. Yttrium and to a lesser extent lanthanum and cerium enhance

oxidation resistance while hafnium, zircomium and calcium do not.

16



3. Yttrium oxide causes earlier nucleation of Cr,0; resulting in:

o better adherence of scale

o  thinner scale

o smaller grain size of scale

o more uniform scale morphology

o different scale composition (Cr,03 not Fey03)

o blocking of diffusion paths for oxygen in scale

4. Oxide scale on 310SS oxide scales are not helped as much as those

on type 304SS by external doping with active elements.

5. Si is required in type 304SS in order for external doping to
enhance its scale adherence and corrosion resistance. This is due

to the presence of Si02 webs at the scale-metal interface.

6. Yttrium doping of type 304SS without Si has no added benefit to

its high temperature corrosion resistance.

7. The absence of Mn in type 304SS, without doping, improves its high

temperature corrosion resistance significantly.

8. The high temperature corrosion resistance of doped and undoped

type 304SS without Mn are approximately the same.

Research sponsored by the U.S. Department of Energy under DOE/FEAA
12 10 10 0, Advanced Research and Technical Development, Fossil Energy
Materials Program, Work Breakdown Structure Element LBL-3.5 and under

Contract No. DE-AC03-76SF00098.
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FIGURE CAPTIONS

1.

10.
11.
12.
13.

14.

15.

16.

17.

Yttrium doped 304SS showing non-uniformities of surface morphology at
different places along the sample.

304SS alloy doped with different active elements after isothermal
oxidation.

Cross section of the 304SS undoped sample oxidized for 50 hours at 1000°C
in air.

Cross section of the 304SS yttrium doped sample oxidized for 50 hours at
1000°C in air.

Cross section of the 304SS cerium doped sample oxidized for 50 hours at
1000°C in air.

Outer surface of 304SS yttrium doped oxide scale removed from the
substrate.

Under surface of the 304SS yttrium doped oxide scale removed from the
substrate.

Outer (a) and under (b) surface of the 304SS undoped, spalled off oxide
scale.

Cross section of the 3108S yttrium doped and undoped samples oxidized for
50 hours at 1000°C in air.

Outer surface of the 310SS yttrium doped oxide scale.
Outer surface of the 31088 undoped stripped off oxide scale.

Cross section of the 738 Inconel alloy yttrium doped and undoped samples
oxidized for 50 hours at 1000°C in air.

Outer surface of the IN 738 yttrium doped (a) and undoped (b) stripped
off oxide scale.

SAM composition profile through the oxide scale on 304SS yttrium doped
sample after the preoxidation stage (30 min. at 500°C). Sputtering rate
400 A/min.
SAM composition profile through the oxide scale formed on 304SS yttrium
doped sample after the preoxidation (30 min. at 50°C) + oxidation (15
min. at 1000°C) stages. Sputtering rate 400 A/min.

Yttrium doped alloy modifications of 304SS shown after oxidation exposure.
Cross section of modified (with Mn without Si) 304SS in the spalled

condition.
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18.

19.

20.

21.

Cross section of modified (with Si without Mn) 304SS in the unspalled
condition.

Samples showing the increased high temperature spallation resistance of
doped +Si 304SS (no Mn) compared to doped commercal 304SS (Mn+Si).

Proposed corrosion mechanism of undoped commercial 304SS.

Proposed corrosion mechanism of yttrium doped commercial 304SS
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Table 1A

Composition of Commercial Alloys Investigated

Fe Cr Mn Si Co Mo i Al W Zr C P ]
30488 bal. 18.00/ 8.00/ 2.00 1.00 .08 .045 .030
20.00/ 10.50
310SS bal. 24.00/ 19.00/ 2.00 1.50 .25 .045 .030
26.00 22.00
IN738 16.00Bal. .2 .3 8.5 1.75 3.4 3.4 2.6 .1 .17
Table 1B - Active Elements' Nitrates Used
"Produced by
Nitrate Producer
Orion

Y(NO3)3.6H20

Ce(N03)3.6H20
La(N03)3.6H20
ZrO(NO3)2.H20
Hf(NO3)4.XH20

Ca(NO3)2.4H20

Ventura Corp.

Noah

Orion
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"Wet" doping

"Dry" doping

"Wet & Dry" doping

O~ W N

w N =

O~ O

Wi =

~N Oy

Table 2

APPLICATION .METHODS

PROCEDURES COMMENTS

. Grind to 120 grit Unsatisfactory method

Ultrasonically clean in ethyl alcohol 15 min.
Detergent washed until a continuous film

of water appears on the surface

Rinse copiously in distilled water

Soak in YNO._solution for % hour

. Blot off excess solution

Dry in room temperature

. Heat for % hour at 500°C

. Grind to 120 grit Satisfactory method but

Ultrasonically Slean method not used as hot
. Heat in air 500°C for 5 min. ' doping method proved to
. Cool to room temperature be better

. Dip in YNO, for 5 min.

Blot off excess solution

. Air dry o

. Heat at 500°C for % hour

. Grind to 120 grit Too extensive a procedure
. Ultrasonically clean for the results obtained

Detergent wash until continuous film
of water appears on surface

. Rinse copiously with distilled water
. Dip in YNO, solution for % hour

Blot off eXcess solution

. Dry in air at room temperature
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"Wet & Dry" doping

"Hot" doping

""'Spray" doping

Table 2 (cont'd)

PROCEDURES

. Heat at 500°C for 5 min.
. Cool to room temperature
. Dip in YNO, solution for 5 min.

Blot off eXcess solution
Dry in air

“Heat at SOOOC for % hour

Grind to 120 grit
Ultrasonica%ly clean
Heat to 500 °C for 5 min.

. Quickly place specimen in YNO5 solution

directly after taking out of furnace
Leave specimen in solution just past
the flash point '

. Blot off excess solution

Dry in air at room temperature
Heat to 500°C for 5 min.

Grind to 120 grit

. Ultrasonically clean

. Heat to 500°C for 5 min.
Spray with YNO, solution while still hot
. Blot off excess solution

. Dry in air at room temperature

Heat to SOOOC for 5 min.

'COMMENTS

Method was used for the
balance of the experiments

Satisfactory method
but not used
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Table 3 Cyclic Oxidation of 304 SS (20 hr. Cycles at 1000°C)
ELEMENT CYCLE CYCLE CYCLE CYCLE CYCLE CYCLE CYCLE CYCLE
DOPED 1 2 3 4 5 6 7 8
Undoped General
spallation
Hf General
spallation
Ca General
spallation
Zr Beginning General
of . spallation
spallation
Ce Very small No change No change Start of Increase  Further
' spots of general in gpal- increase
spallation spallation 1lation in spal-
Greenish with swol- lation
gray color len areas with more
swollen
areas
Y No spalla- No change No change Color No change No change More brown- Start of
tion change to ish red spallation,
Greenisgh brownish color especially
gray color red. No on the
spallation specimen
edges
La No spalla- Start of
tion general
Greenish spallation

gray color




Table 4

SCALE DESCRIPTION

304 SS Y Doped

304 SS Undoped

Spallation

Thickness

Composition

Morphology

No spallation detected
after 50 hr. oxidation
in air at 1000°C

2-5 um continuous layer

Almost pure Crj03 with some
Mn(MnCr,0,) on the under
side.S5102 distribution along
apparent alloy grain
boundaries

Uniformly grown groups of
small crystallites

General Spallation occurred
after 50 hr. oxidation in
air at 1000°C

Thick, ub to 40 um

Almost pure iron oxide on
the outer surface and mixed
FeCr oxides

under surface with some Ni
and Mn incorporated

Nonuniform structure. High
protrusions of iron oxide

25



Table 5

SCALE DESCRIPTION

310 Y Doped

310 Undoped

Spallation

Thickness

Morphology

No spallation detected
after 50 hr oxidation in
air at 1000°C.

Thin scale

Uniform growing ,small
crystallites of uniform
size. The small crystals
are very tightly packed.

No spallation detected
after 50 hr oxidation in
air at 1000°C.

Thicker scale 5-8 um.
Examining the surface
revealed scale free areas
which probably form during
1ifting and cracking of
the scale.

Nonuniform growing crystal-
lites of different sizes.
Loosely bonded crystals
protruding above the
surface.
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Table 6

SCALE _DESCRIPTION

738 Inconel Y Doped

738 Inconel Undoped

Spallation

Thickness

Morphology

No spallation detected

-after 50 hr. oxidation

in air at 1000°C.
Internal oxidation layer
10-12 ym with elongated
continuous shape. :

Fine crystalline structure

No spallation detected after
50 hr. oxidation in air at
1000°C.

. Internal oxidation layer

7-9 ym. Slightly elongated,
non-continuous shape

Fine crystalline structure.
Crystals slightly bigger
than those found for the
doped sample. In a few
places evidence of coagula-
tion to bigger groups.
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YTTRIUM DOPED
ALLOY

304SS without Mn or Si

304SS with Mn
without Si

Commercial 304SS
with Mn and Si

304SS with Si
without Mn

Table 7

TEST RESULTS OF YTTRIUM DOPED, MODIFIED 304SS

Number of 20 Hours, 1000°C Cycles in Air

1 2 3 4 5 6 7 8 9 10 11

Fe203

Scale
Spalled

Fe203

Scale
Spalled

Cr304 Fep04
Scale Scale
Formed Spalled

Cr203
Scale

12

13

14

15

16

17 18 19 20

TEST
DISCONTINUED

Formed

SCALE UNSPALLED



Material:

Behavior:

ISOTHERMAL TEST RESULTS (1000°C) YTTRIUM DOPED, MODIFIED

"pure' 304SS
without Mn
without Si

spalled in
9 hours

Table 8

"+Mn" 304ss
with Mn
without Si

spalled in
less than
20 hours

"comm.'" 304SS
with Mn .
with Si

unspalled
in 50 hours
test discontinued

304 SS

"+Si'" 304SS
without Mn
with Si

unspalled in
42 days
test discontinued



Table 9

COMPARISON OF DOPED AND UNDOPED MODIFIED 304SS AND COMMERCIAL 304 SS

0t

TESTS Undoped
"+Si' 304SS Commercial 304SS "+Si" 304SS Commercial 304SS
without Mn with Mn without Mn with Mn
with Si with Si with Si with Si
20 hour unspalled after spalled after unspalled after

1000°C Cycles

Isothermal
1000°C

20 cycles
test discontinued

unspalled after
42 days
test discontinued

one cycle

spalled in less
than 20 hours

20 cycles
test discontinued

unspalled after
42 days
test discontinued

spalled after
8-9 cycles

unspalled after
50 hours
test discontinued



Table 10 Linear Thermal Expansion for Several Oxides (12)

Oxide Linear Expansion Linear Expansion
AL/Lg at 1000°C Polycrystalline
in Different Directions AL/Lo at 1000°C
Y203 0.823 0.823
CeO2 1.223 1.223

Ca0 1.161 1l.161

¢ axis a axis b axis

La,0, 1.577  0.979 - 1.170°
Cry0, 0.663  0.831 - 0.775 ..
HEO, 1.18  0.826  0.150 0.721
zr0, 1.270  0.810  0.141 0.738
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Table 11

Liquidus Temperatures (°F) for Selected Oxide Combinations(13)

A1203 BeO Ca0 CeO2 Cr203 MgO SiO2 ThO2 '1‘10‘2 ZrOz Spinel Zircon
A1,0, 3720
BeO 3450 4580
Ca0 2550 2640 4660
Ce0,, 3180 3580 3630 4980
Cr203 3720 4030 1870 4080 4110
Mg0 3470 3270 4160 3990 3850 5070
510, 2810 3040 2620 3090 3090 2800 3110
Tho,, 3180 3900 4160 4710 3230 3810 3090 5520
Ti0, 3130 | 3090 2590 2730 3180 2910 ‘2800 2960 3320
Zro0, 3090 3630 3990 4350 4220 2730 3050 4850 3180 4890
Mg0+A1,0, 3470 ‘;3130 ~3360 ~3090 ~3450 3680 2450 ~3180 2910 3880 ~3880
Zr0,+510 2800 ~3000 ~2550 ~3090 ~3090 ~2730 3050 ~3060 2730 3050 2370 4390




"+8i'" 304SS
with Si
without Mn

2 x 20 hours
1000° cycles

ol

Fig. 1. Yttrium doped 304SS showing non-
uniformities of surface morphology at
different places along the sample
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Fig. 2. 304SS alloy doped with different
active elements after isothermal

et
oxtdation XBC 803-3113
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Cr Map Fe Map

W 85"
XBB 805-6208

Fig. 3 Cross section of the 304S8S undoped
sample oxidized for 50 hr at 1000°C
in air
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Cr Map Fe Map

XBB 805-6209

Fig. 4 Cross section of the 304SS yttrium
doped sample oxidized for 50 hr at
1000°C in air
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Cr Map Fe Map

XBB 805-6210

Fig. 5 Cross section of the 304SS cerium
doped sample oxidized for 50 hr
at 1000°C in air
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LY

Fig. 6 Outer surface of 304SS yttrium doped
oxide scale removed from the substrate

SILYER MIRE-

CE

o4

XBB 805-6200
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Si Map

XBB 805-6205A

Fig. 7 Under surface of the 304SS yttrium
doped oxide scale removed from the
substrate



0%

Under Surface

12 268EY ecC/s

yS: 5080 HS: 20EV/CH 1260EY eC/s
’ 5880 HS: 28EV/CH

28 7480EY 3635INT
vs5:25080 HS: 28EN/CH

futer Curface Protrusion .
Outer Surface Matrix XBB 805-6206
) Under Surfuce

Fig. 8 Outer (a) and under (b) surface of
the 304SS undoped,spalled off
oxide scale



T2

Doped with Y

Fig. 9 Cross-section of the 310SS yttrium
’ doped and undoped samples oxidized
for 50 hr at 1000°C in air

Undoped

Bt ST
10um

XBB 805-6201
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XBB 805-6203

Fig. 10 Outer surface of the 310SS yttrium
doped oxide scale
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XBB 805-6204

Fig. 11 Outer surface of the 310SS undoped
stripped off oxide scale



had
10um

XBB 805-6202
Fig. 12 Cross section of the 738 Inconel alloy

yttrium doped and undoped samples
oxidized for 50 hours at 1000°C in air
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Undoped Sample

XBB 805-6207

B Doped Sample

Fig. 13 Outer surface of the IN-738 Yttrium
doped (a) and undoped (b) stripped
off oxide scale
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COMMERCIAL 304SS 304SS WITH S1
WITH Mn AND SI WITHOUT M

304SS WITH N
304SS WITHOUT MN OR 31 WITHOUT S1

CBB 810-10956A

Fig. 16 Yttrium doped alloy modifications of
304SS shown after oxidation exposure

48



49

CROSS SECTION 304 STAINLESS STEEL

SPALLED

Fe MAP Cr MAP

Ni MAP Mn MAP

Fig. 17 Cross section of modified (with Mn
without Si) 304SS in the spalled

condition XBB 823-1818
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CROSS SECTION 304 STAINLESS STEEL
WITH Si

WITHOUT Mn

UNSPALLED

Fe MAP Cr Map

Ni MAP Si MAP

Fig. 18 Cross section of modified (with Si
without Mn) 304S8S in the unspalled

- d‘t' N
condition XBB 823-1819



3048S Samples doped with YNO

3

a
11 cm 1
LB ] 1.8 " %
v
XBB 8311-10042

"+8i" 304SS Commercial 304SS

with Si : with Si

without Mn with Mn

twenty therma% cycles ten ghermal cycles at

at 20 hr/1000°C unspalled 1000°C spalled

Fig. 19 Samples showing the increased high temperature spallation

resistance of doped +Si 304SS (no Mn) compared to doped
commercial 304SS (Mn+Si)
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30 minutes at 500°C

[5 minutes at 1000 °C
( simulated decomposition stage )

24 hours at 1000°C

// F8203
Heat treatment ////
Fe,O Crs O /
Fe;0,+ Fe, Oy 23 2\73 ///
ok 7
(YA ) =724
Alloy 5 Alloy
Auger - Fe oxide Auger - Cr,03 Auger - Too thick
Raman - Fe, Oz+ Fez 0, Raman - Cr, O+ Mn Cr, 0,4 Raman - Too thick

EDAX -Too thin

EDAX- Si O,, Fe oxide, Spalled scale
X ray diffraction - Too thin

Cr,O5 - Part that remained unspalled
Xray diffraction -a Fe,0,,  Fe, 0,
Spalled scale

Undoped 304 stainless steel

Fig. 20 Proposed corrosion mechanism of undoped
commercial 304SS

XBL 809 -1889
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30 minutes at 500°C 15 minutes at 1000°C 24 hours at 1000°C 50 hours at 1000°C
Y203 . YZ OBA

Cr,0,+MnCr,0, \ Cr, 03+ MnCr, 0, - YCr0s Y203

Y,0; Fe,05+ Fey 0, Cr,05+ MnCr, O,

- Cr, 03 Sioy; \ » | Void
“Alloy Alloy
Auger - Y, O5+ Fe oxide Auger - C, 05 . Auger - Too thick
EDAX - Y, 05 surface EDAX~ Too thin EDAX-SiO,,Cr,05, MnCr,0,
X-ray diffraction-Too thin X-roy diffraction- Y203,YCr03,Cr203,MnCr204

Raman - Yz 03"’ Fe203+ F9304 Raman - YZ 03+ Cr203+ MnC1204
. Spallation
o

100 hours at 1000°C >200 hours at 1000°C Fe,0, oo

. 3,
Y,0; YCrO;  Cr03+MnCr,0, Cr,05+ Mn Cr, O,

C1203+ MnCr.‘,O‘

)

///m//

by

Alloy

Y - doped 304 stainless steel

Fig. 21 Proposed corrosion mechanism of yttrium
doped commercial 304SS

XBLB809-1890
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