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Abstract

The cyclic oxidation resistance of austenitic stainless steel (AlISI 316L) can be
improved by enriching the surface composition in Al and Si using pack cementation
process. In this work, stainless steel is coated with two different types of coatings,
the first one is Si-modified aluminide coating and the second isthe Ce-doped silicon
modified aluminide coating. Aluminum, silicon with and without cerium were
simultaneously deposited by diffuson into St.St.316L substrate by the pack-
cementation process, using a pack mixture containing (18% A1, 7% Si, 2% NH,C1
and 73% Al,03) and 0.5% Ce (wt %) when required.

Microstructure and chemical composition of the coated specimens were
analyzed using electron microscopy (SEM) with energy dispersive spectroscopy
(EDS). X-Ray diffraction (XRD) was used to identify phase formed in the surface
layer of as-coated specimens. The coating time was changed, and it was found that
diffusion coating time of 3h at 970C° produces coating thickness of 160-180um and
consist mainly of FeAl and (Cr 4Si4Al13) phases. Also, the surface mor phology for the
coated samples after 3h coating time at 970C° ar e dense, smooth and homogeneous.
Cyclic oxidation tests were conducted on the uncoated St.St.316L , Si-modified
aluminide coating and on Ce-doped silicon modified aluminide coating at a
temper atur e range between (700-900)C° in (air and H,0) for 120h at 10 h cycle.

The oxidation kinetics for uncoated St.St.316L in air environment are found
to be linear, while the oxidation kinetics at water vapor environment are found to
be nearly parabadlic. The linear rate constant (K.) and the parabolic rate constant
(K p) values obtained at 800C® in air and water vapor are—2.77*10"'(mg/cm?)/s and
2.18*10°(mg*/cm?)/s respectively. The phases present on the cyclic oxidation of
uncoated St.St.316L surface under most test conditionsasrevealed by XRD analysis
are chromium (I11) oxide, NiFe;O,4, NiCr,04 and iron oxide. Oxide phasesthat were
formed on coated systems during air and H,O oxidation exposure condition are
FeAl,O,4, Fe(Al,Cr),04 and Fe,0O3. The oxidation kinetics for both coated systemsin
air and water vapor arefound tobelinear and parabolic respectively.
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1. Introduction:

The performance of different aloys
exposed at high temperature depends
upon their mechanical resistance as well
as their corrosion / oxidation properties.
When the mechanica requirements are
not critical, audenitic stainless steels
may play a role in subgtituting the more
expensive Ni and Co base aloy [1].
Stainless steels are those alloys of iron
and chromium, with or without other
eements, containing a least 11%
chromium [2, 3]. This is the minimum
amount of chromium necessary to form a
stable passive chromium oxide film. It is
this film that is the basis for the
corrosion resistance of all stainless, and
most nickel base , corrosion - resistance
alloyq3,4,5,6].

1.1 Codeposition of Steels:

The codeposition of two or more
dements is a hdide -activated
cementation pack which is inherently
difficult because of large differences in
the thermodynamic stabilities for there
volatile halides[7].

When a binary master aloy powder
isused (e.g, Cr-Al ,Cr-Si, or Al-Si) both
elements can be codeposited into the
substrate simultaneoudly, if each element
has significant and comparable partial
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pressures for the transporting gaseous
species the designed surface composition
for the coated substrate can be achieved
by careful control of the master alloy
composition (i.e, the thermodynamic
activities of the metallic components)
and the choice of an activator sat of
suitable stability [8] .

The early stages of this codeposition
technology have relied on the use of
previoudy manufactured master alloy
powders, which are relatively expensive.
By the use of a master alloy in the pack,
the thermodynamic activity of the
normally favored element could be
reduced, such that with the proper choice
of halide activator salt and process
temperature, codeposition e.g of Cr-Si,
Al-Si, or Cr-Al into steds, become
possible[9]. Miller et a [10] codeposited
Cr-Al diffusion coating on low -alloy
stedd and dainless stedls, respectively,
using a 85Cr-15AI master alloy powder
as a pack component. The surface
composition sought by those studies was
Fe-20Cr-4.5Al corresponding to the
commercial Kantha aloy. By that
method, the surface compositions were
very sendgitive to the thermodynamic
activity of Cr in the master dloy. As the
thermodynamic activity of Al was held
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intentionally very low, the Al content
introduced at the surface was sometime
not sufficient to push the carbon into the
stedl substrate. Thus for higher — carbon
steels, by that process, a blocking
external carbide film was formed at the
surface  and the substrate was
decarburized. The external carbide
disrupted the inward diffusion of Al and
Cr, while decarburization reduced the
strength of the steel. However, the
simultaneous introduction of Si with Cr
acts to push carbon into the substrate
because of a strong thermodynamic
repulson between S and C, and the
surface layer is transformed from
austenite to ferrite. Because ferrite has a
very low solubility for carbon , the outer
carbide layer can be avoided , and ferritic
coating can support rapid growth [11].

In fact, the Cr-Si codeposition into
steel has now been achieved by the use
of pure powder of Cr and Si , instead of
the earlier Cr-Si master aloy technology
[12]. A single step codeposition process
would be cheaper, easier, and better than
a twostep process the resulting
concentration, profiles would be more
effective oxidation and hot corrosion
resistant.

Recently, Rapp, Wang and
Weisert [13] have developed procedures
for the codeposition of Al and Cr
simultaneously into iron -base alloys to
achieve kanthal like surface
compositions on pure Fe and Fe- 2.25Cr
-IMo  substrates  which  produced
protective Al203 scales upon oxidation.
Also, the codeposition of Cr and Al on
304 stainless .sted has been investigated
by N. H. Heo et a. [14]. A codeposited
coating layer , which shows high
oxidation resistance , is mainly
characterized by three zones ; an outer
layer of iron auminide, a nickel - rich
iron aduminide and an interdifflusion
zone consiting of alpha (o) ferrite and
nickel aluminide precipitates. Oxidation
resistance increased as the thickness of
the outer iron aluminide layer increased.
This means that the Al in the outer layer,
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rather than that in nicked auminide
precipitates or alpha ferrite, acts as a
strong aluminium source forming a
protective Al,O; scale at the coating
surface.
1.2_Aim of ThisWork

The aim of this work is to develop
a new technique to deposit Al, Si, and
cerium  simultaneoudy by  pack
cementation on the surface of austenitic
stainless stedl (316L), using a single step
pack cementation process. This single
step process is a new technique for
deposition of three elements, which will
reduce the use of materials, labor, time,
energy and improve the coating life by
adding cerium at the surface of a
component. This will be called cerium-
doped silicon modified auminide
diffusion coating.
2. Experimental Works
21 Materials:

The substrate alloy used in this
study was augtenitic stainless  steel
(316L). The nominal composition and
the spectrochemical analysis are shown
in Table (1).

The austenitic stainless sted
(316L) samples were cut into disc shape
20 mm in diameter and 3mm thick .
Small whole 2mm diameter was drilled
in each sample for holding. All the
surfaces, including the edges were wet
ground 120, 220, 320, 500, 600, 800,
1000 and 1200 grit slicon carbide
papers. These samples were then cleaned
with water, degreased with acetone and
than ultrasonically cleaned for 30
minutes. The dimensions of all samples
were measured.

The weight of each sample was
measured using a Mettler microbalance
(Sartorrus, Germany), with an accuracy
of = 0.01 mg .The balance was calibrated
frequently using standard weights. Prior
to weighting, al samples were held over
night in glass desiccators in order to
eliminate any effect of humidity on the
sample weight determination.
2.2_Pack Cementation

Many experimental works were
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carried out to investigate the feasibility
of simultaneous deposition of aluminum
and silicon, and simultaneous deposition
of aluminum, silicon and cerium on
austenitic stainless steel (316L) by pack
cementation process to increase its high
temperature durability in oxidation and
corrosive environment. A series of
further experiments were performed to
investigate the effects of pack
compositions, deposition temperature
and time coating on kinetics coating
growth process. The following details of
pack cementation process represent the
optimum diffusion coating that could be
obtained in this study.
2.3 Pack Powder
2.3.1Silicon-M odified Aluminide
Diffusion Coating Pack Mixture
The pack mixture used for silicon

- modified aluminide diffusion coating,
consist of 18wt.% Al powder (50-150pm
in particle size) as an aluminum source
(Riedel-de Haen AG-Germany), 7wt.%Si
powder (70-150um in particle size) as Si
source (BDH chemicals Ltd. Poole
England), 2wt% NHA4CI as activator
(chem.-supply, Ltd; Australia) and the
balance was a-alumina powder (70-210
pm in particle size ) (BDH Chemicals
Ltd Poole England) as the inert filler .
The NH4CI was dried in an oven at 90C°
for 24hr before mixing with other
powders. The pack powder was mixed in
a ball mill (type 05.102-manufactured by
Fritsch Pulaeristte-Germany) at 300 rpm
for 180min. with the addition of n-
hexane (n - CgHis) in order to prevent
powders oxidation due to frictional heat
(balls and liners made of porcedain
material to prevent pack contamination).
The pack was then dried at 75C° for 10
hours according to Won et €. Procedure
[15].
2.3.2 Cerium Doped Silicon -
M odified Aluminide Diffusion Coating
Pack Mixture

The pack mixture used is the same
as in dlicon - modified auminide
diffusion coating pack except 0.5wWt% of
the pack alumina filler was replaced with
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cerium as areactive element oxide, assay
99.9% (Fluka, Switzerland).
2.4 _Pack Cementation Process:

The dainless sted (316L) sample
was placed in a stainless stedl cylindrical
retort of 50mm in a diameter and 80mm
in a height in contact with the pack
mixture. The retort was then put in
another stainless stedl cylindrical retort
of 80mm in a diameter and 140mm in a
height. The outer retort has a side tube
through which argon gas pass and second
hole in the top cover for argon gas out
let. Type- k thermocouple was inserted
through the cover of outer retort for
recording real temperature near inner
retort. Figure(l) shows the apparatus
used for pack cementation. This
combined system was then put in an
electrical holding furnace under an argon
atmosphere with a flow rate of 1.5L/min.
Once the inert atmosphere had been
established, heating cycle started for
diffusion coating as shown in Figure(2).
For slicon-modified auminized and
cerium doped silicon modified aluminide
pack cementation processes, the pack
composition and heating cycle are shown
in Table(2).

The argon amosphere was
maintained during all the diffusion
coating process as well as cooling. The
samples were then removed from the
pack and ultrasonically cleaned for 30
minutes in ethanol to remove any loosdly
entrapped pack materiad on the surface,
and weighed in order to determine the
Al, S pickup. No further hesat treatment
was done to the specimens after coating.
Cross-section of each sample was
mounted in a cold - setting epoxy.
Grinding was  conducted  with
successively finer dlicon carbide papers
from 220 to 1200 grit. The samples were
then polished using 5.0um and 0.3um
alumina suspension sequentially. These
samples were than cleaned and the
microstructures of the coated layers were
observed. Cross sections and coating
morphology were examined using light
opticalk microscope  (LOM)  type
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(CARLZEISS JENA, DDR). For this
purpose optical microscopy fitted by
digita cameratype (Smartic with 5 mega
pixels resolution) was used.

Several experiments with different
coating times were conducted to obtain
the best coating thickness. It was found
that diffusion coating time of 3 hours at

970C° produces average coating
thickness of 170um.
2.5 Cyclic Oxidation:

Cyclic  oxidation a  high
temperature and at different

environments of air and water vapor
(H20O) were conducted in order to study
the thermal <shock and oxidation
resistance of austenitic stainless steel
(316L) with and without dlicon-
modified aluminide diffusion coating
and with cerium doped silicon-modified
aluminide diffusion coating.

During cyclic oxidation, the
furnace temperature was controlled
within £3C° by wusing Ni-chrome
thermocouple type K. The thermocouple
was inserted into the furnace chamber
through an access hole on the tope of the
furnace and positioned in the proximity
of the samples. The thermocouple was
calibrated at three standard temperatures
of boiling water, tin melting point, and
aluminum melting point. The evaluation
of the oxidation resistance of the
coatings has been carried out by heating
the samples in a furnace at test
temperature and weighing them every 10
h. the samples were removed from the
furnace, alowed to cool, ultrasonically
cleaned in ethanol to detach the spalled
oxide and the weight change per unit
surface area was determined according to
Martinengo et a procedure [16].

2.5.1 Oxidation in Dry Air

Ausgtenitic stainless steels (316L)
with  and without silicon-modified
aluminide diffusion coating , and with
cerium doped silicon-modified aluminide
diffusion  coating samples were
accurately weighed and then placed into
ceramic crucibles . Cyclic oxidation tests
were carried out in a Carbalite
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programmabl e furnace (manufactured by
Sheffield, England) in the temperature
range 700C°-900C° in ar a 1
atmospheric pressure. Each heeating cycle
includes heating in the furnace for 10
hours at the test temperature and cooling
in sill air. Samples weights changes
before and after each oxidation cycle
were measured. Normally, at least 3
welight measurements were taken.
2.5.2 Oxidation in Water Vapor

The cyclic Oxidation tests were
conducted in water vapor in the
temperatures range (700C°-900C)+ 5C°
and the samples of St.St.316L with and
without  silicon-modified  aluminide
diffusion coating, and with cerium doped
silicon-modified auminide diffusion
coating. The experimental set up is
shown in Figure (3). The tube furnace
has a water vapor inlet, which permits a
preheated vapor a test temperature
before it makes contact with the samples.
The reaction chamber was first heated to
200C° in air. Water vapor generated in
an evaporator was introduced thereafter.
The chamber was pumped with water
vapor, the chamber was heated up to the
desired temperature.  After  each
oxidation cycle was allowed to cool to
room temperature for interrupted weight-
measurements after each cycle of 10h up
to 120h of cumulative exposure at the
respective test temperature.
2.6 X- Rav Diffraction Inspection

A Riga Ku X-ray generator with
Cu Ka radiation at 40 kv and 20mA was
used. The X-ray was generated by
eectric diffractometer, type Philips (Pw
1840), operating at scanning speed of 6°
(20) per minute. The detector was moved
through an angle of 26=10 to 90 degrees.
The XRD anaysis was carried out at
S.C. of Geological Survey and Mining.
2.7 Scanning Electron Microscopy

A Camscan 3200w scanning
electron microscopy (SEM), equipped
with a link energy dispersive X-ray
spectroscopy (EDX) system , was used
to examine the metallographic coating
samples collected during the cyclic
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oxidation experiments. The SEM was
used to study the morphology of the
external scales formed on these coatings
testing, and to examine the phase
changes in the coatings and substrates
over time,
3- Results and Discussion

The coatings developed from the
present experimental works on austenitic
gtainless (316L) in the case of
simultaneous aluminizing —siliconizing
coatings, shows that the coating times
3h, the best conditions obtained for
coatings a temperature 970C°.
Figure (4) shows the typica morphology
by SEM of aluminized- siliconized of
austenitic stainless steel ( 316L) coated
in a pack composed of 18%Al, 7%S and
2% NH,CI at 970C° for 3h . According
to the EDX analysis, this surface is
composed of about 42.87wt% Al, 1.91
wt% S . This composition suggests the
formation of FeAl. XRD confirmed that
the outer layer is the FeAl and
(CrySi4Al13)84F. The results of X-Ray
diffraction (XRD) in Fig. (Al) in
appendix A analysis related that the
surface of coating consisted mainly of
FeAl, (CrsSiAl3)84F, and very small
amount of Fe;Si; phases was detected.
The concentration of Ce in the coating
was too low to be examined by EDX.
3.1 Cyclic Oxidation:

This section will examine the
cyclic oxidation resistance of the
uncoated austenitic stainless sted 316L
and coated systems (silicon-modified
aluminide and cerium-doped silicon
modified aluminide diffusion coatings).
The uncoated augenitic stainless sted
(316L) was tested, to provide standard to
be compared with the cyclic oxidation
resistance of silicon modified aluminide
coating, and the cerium-doped silicon
modified aluminide coating. The role of
cerium in improving cyclic oxidation
resistance will be explained by linking
literatures on the oxidation mechanisms
of alloys containing reactive elements to
the data collected in this study.

Cyclic  oxidation

evaluates
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oxidation resistance and thermal shock
resistance. Therma shock is very
important as the loss of protective oxide
scales from the base material will result
in the premature failure of the engine
component and due to oxide growth
stresses [17].

In cyclic oxidation, the weight
measurements are taken at various
exposure times during cyclic oxidation
testing, which represent the overal
weight gain loss due to both oxide scale
growth and oxide scale spalation.
However,  growth  kinetics and
morphologies of scales in aggressive
environments (dry air and water vapour)
and other features of scales will be
illugrated and discussed. The results are
given in terms of:

1- Specific weight change, presented in
kinetics carves
2- Metallographic investigations.
3.1.1 Oxidation in Air

Studies of oxidation kinetics provide
valuable information about the oxidation
mechanism and the rate-limiting step of
the total reaction oxidation rate
measurements also commonly serve as
basis for a quantitative numerical
description of the oxidation behaviour.

Weights changing were recorded
for kineticsidentification in dry air in the
temperatures range (700-900)C° for up to
[20h a 10h cycle the specific weight
change data of the uncoated stainless
steel 316L for each temperature tests is
plotted in Figure (5) as afunction of time
. Theinitial kinetic is rapid, but the rate
of weight change gradually decreases at
longer times. The kinetics can be
described by examining the growth rate
time constant or n value, which is found
as the exponent in the following rate
equation [18]

AW/A =kt" .........

where AW is the weight change, A is
the sample surface area, k is the rate
congtant, n is the growth- rate time
constant, and t is the time of oxidation .
From Figure (5), n-value for each
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temperature is calculated from a
computer program according to the best
fit to Equation (1). At 800C°, the n-
values is 1.e, parabolic behaviors found.
Ancther n values are shown in

Table (3). It is found tha the
relationship is parabolic when n=0.5 the
exponentia constant n characterizes the
oxidation rate as follows. if n=1, the
oxidation rate is liner, n=0.5 the
oxidation is theoreticaly parabolic, if
n=0.33, then the oxidation rate is cubic
[19].

Deviation from theoreticd value
of n=0.5 can be explained by an oxide
layer cracking to a sudden increase of the
surface area in contact with oxygen and
then accelerating the oxidation kinetics.
The weight gain during the transient
stage corresponds to the complete
consumption of the chromium in the
uncoated austenitic stainless sted 316L
can be calculated. Indeed, If most of the
Cr content in the un coated austenitic
stainless steel 316L is transformed into
Cr,03 and the weight gain of the NiO
phase is neglected. These results show
that the parabolic kinetics at this
temperature range can be quantified on
the modified parabolic rate law with the
assumption that oxidation is controlled
by diffusion mechanism and the grain
boundaries are the only effective short
circuit diffuson paths. The grain
boundary diffusion mechanism provides
an initially high oxidation rate. As time
passes, oxide grain growth occurs, which
decreases the number of easy diffusion
paths and slows the oxidation rate.
Therefore, the easy path ways cut off,
and the oxidation rate is decreased
beyond that for parabolic kinetics [20,
21].

For the parabolic kinetics, the
rate equation takes the form:

AW /A=Kt ... 2)
where k now refers to the parabalic rate
constant. A plot of specific weight
change vs. sguare root of time gives a
line as in Figure6), the dop is the
parabolic rate constant in units of ( mg /
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Ccm?)/h¥?). The kp value is then squared
to give kp in units of (mg¥ Cm*/h ), as
in the following expression :

(AW/A ?=Kpt ......... (3)

Figure(6) exhibits obvious
scattering in the obtained data, this is
attributed to the cyclic oxidation
behavior. The linear oxidation rate
congtants for three series of experiments
ae caculated and the linear lines
represent the least squares carve fits to
the data in Figure (6), the linear
oxidation rate constants (k.) for the set
of experimentsarelisted in Table (3).

Over the temperatures range
from (700 to 900)C° , the linear
oxidation rate coefficients and thus the
oxidation rates of austenitic stainless
stedd 316L in air , vary in magnitude
from a low value of  2.77*10%(
mg/cm?)/s at 700C° to high value of -
6.48¢10° (mg/cm?)/s a 900C° . The
point to be noted is that the weight gain
calculated by application of the linear
oxidation rate coefficient in Table (3)
with Equation (3) resultsin the weight of
oxygen gained by the sample under
cyclic oxidation . The point to be noted
alsoisthat the other values of n and k. in
this study are calculated with the same
procedure explained above. Effect of
oxidation behaviors as wel as the
microstructura  stability  of  high
temperature oxidation and protective
coating is determined by combining the
results of kinetics studies with extensive
analytical investigations using light
optical microscopy (L.O.M), and x-ray
diffraction (XRD) analysis.

The results of uncoated austenitic
stainless steel 316L cyclic oxidized in air
at temperature between 700C° and 900C°
for 120 h at I10h cycle (Figure 5 and
Table 3), show that, the oxidation rates
are increased as temperature increased.
The results are in agreement with those
given by Authors[1, 22].

Figures (7a and 7b) shows the
oxidized surface features of uncoated
gtainless steel 316L being examined by
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L.O.M at 900C° for 120h at 10h cycle.
The scale appears with numerous
nodules and with scale spalling and
cracking especially at 900C°. A large
number of voids exist at the scale/alloy
interface and in the alloy are observed
during the cyclic oxidation of uncoated
dainless sted 316L as shown in
Figure (7) .It is believed that these voids
reduce the scale/ alloy contact and hence
facilitate spallation. These voids may act
as concentration stes of thermal stresses
induced during heating and cooling
leading to crack formation in and
spalling of the surface scale.

The phases of scale formed on
uncoated austenitic stainless sted 316L
in air after 120h at I0h cycle at
temperatures range (700-900)C° were
examined by x-ray diffraction anaysis
(XRD). Fig. (A.2) in Appendix A
illugtrates the major phases expected on
uncoated stainless sted 316L surfaces at
oxidizing temperatures (700-900)C° in
air for 120h at 10h cycle the major phases
that exist on uncoated stainless sted
316L adloy surfaces after cyclic
oxidation in air at (700-900)C° for 120h
at 10h cycle are (Cr,0O3z )y , chromium
(111) oxide ( Cubic ) and spinel phases
such as NiCr,04 and NiFe,O,.

3.1.2 Oxidation in Water Vapor (H,O)

The results of cyclic oxidation
experiments conducted at 700-900C°
under water vapor condition of uncoated
austenitic stainless sted 316L alloy for
120h at 10h cycle are presented in  Fig.
(8) in terms of specific weight change as
a function of time. It is observed that
weight gain increases as the temperature
is increased. Uncoated austenitic
dainless stee 316L alloy exhibits
obvious fluctuated weight change during
the test. Such weight changes indicated
scale gpallation effects were occurring
during the test. The amount of scale
damage as evaluated by cyclic oxidation
test correlates with the long — term cyclic
oxidation behavior. Values of n and kp
are shown in Table (3).

The weight gain observed for the
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uncoated austenitic stainless stedl 316L
cyclic oxidized in water vapor condition
at temperature between (700-900)C° for
120h a I0h cycle is lower than that
obtained the oxidation in air. Also the
value of kp (0.755* 10°%(mg?/cm®/s)) for
oxidation in H,O at 700C° isthree orders
of magnitude higher than k_ vaue
(2.77*10%(mg/cm?/s)) obtained during
oxidation in air at the same conditions.
This result is in agreement with those
given by authors [23,24]. In presence of
water vapor, after an incubation period,
the scale becomes non-protective as a
result of change of the oxidation limiting
process. The water vapor effect is
especialy apparent in the temperature
range of (600-700)C° , whereas at higher
temperature hardly any effect was found
.The destruction of the protective scale
by water vapor does not only depend on
the H,O content but also on the H,O /O,
- ratio . At higher contents of H,O and
low contents of O, the oxidation initially
also starts with a parabolic law, however
with a dlightly higher rate than in dry
gas.

XRD results for  uncoated
gtainless steel 316L oxidation in H,O
vapor in the temperature range (700-
900)C° are illustrated in Figure (A.3) in
appendix A. Oxide phases formed on
uncoated 316L alloy surface during
oxidation exposure conditions to H,O
atmosphere are chromium (l111) oxide
(cubic), Cr,0s, F&03, FesO4 and spine
phases NiFe,O;. This result is consistent
with those given by Nebuo Otsuka et d.
[25] were oxidized several Fe-Cr-Ni
austenitic stainless sted [ 13-25wt% Cr ,
15wt% Ni ] in steam for 1000 h at (500-
900)C°.

The surface oxides formed were
developed progressively with increasing
temperature as shown in Fig. (9), which
illugrates that, the contribution of the
oxides formed at triple point of grain
boundaries is found and increases with
increased temperature. The mechanism
of the growth of these scales was
explained by dissociation of FeO.
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Namely reaction of water to form Fe,O3
at the external surface yields hydrogen.
Part of which is assumed to diffuse
inward to form water vapor within voids
by reaction and decomposition of FeO
following this equation:

FeO +H, = Fe+H,0 ---------- (4)

The generated water vapor in the
voids of inner scale acts as a carrier gas
for oxygen leading to oxide formation at
the scale / aloy interface and interna
oxides and hydrogen which back diffuses
to react further with oxide at outer voids
surface [26] .

In water vapor environment, Ni
oxidation process is dower than that in
oxygen environment and the rate of
oxidation changes from parabolic to
linear. This is believed to be a result of
the difficulty in forming adsorbed
oxygen atoms on the surface of NiO,
which is considered a basic oxide
surface, so that the adsorbed species are
mainly hydroxyl irons OH" that could not
enter the scale of p-type oxide [27].

Chromium oxidizes faster in rapid
growth, in water vapor. It seems that the
catastrophic oxidation in the presence of
water vapor of chromia forming aloysin
induced by oxygen and hydrogen
penetration within the protective scale
and reaction at the alloy / scale interface
forms a large amount of (nickel or iron)
chromium spine [28].

3.2 Oxidation of Coated Systems:
3.2.1 Oxidation in Air

Both silicon-modified aluminide and
cerium-doped silicon modified aluminide
coated austenitic stainless steel 316L
substrates were subjected to cyclic
oxidation. A primary aim was to study
the kinetic of oxidation behavior of the
coated system as a function of the
environments. The weight change of the
samples with both types of coated
systems during oxidation is plotted as a
function of time as shown in Figs. (10)
and (11) respectively. The Kkinetic
behavior of cyclic oxidation of the
coated systems in ar, (S-modifled
aluminide and Ce-doped silicon modified

926

Improving Oxidation Resistance of Stainless
Steel (AlS| 316L) by Pack Cementation

auminide  diffuson  coating) at
temperature  between  700C°-900C°
follows the parabolic rate as shown in
Figs. (10) and (11) respectively. In
coated systems case, oxidation rate
coefficients are obtained and listed in
Table (4).

Table (4) shows the Kp values
obtained at 700C° for both coated
systems which are about one order of
magnitude lower than that for the
uncoated austenitic stainless sted 316L
under the sametest conditions.

When coated systems containing Cr
and Al are exposed to a high-temperature
oxidation environment, Al,Ozand Cr,0s
scales are formed on the surface of the
alloy. These scales prevent the rapid
oxidation of nickel and iron in the alloy,
thereby eliminating the dissolution and
inward may undergo a catastrophic
oxidation [1]. Rameshwar et a. [29]
confirmed that, at higher temperature the
oxidation resistance was frequently lost
due to oxide-scale failure and formation
of iron oxides. Figs. (10 and 11) show
the improvement in oxidation resistance
of the Si- diffusion of oxygen .

By Kkinetic measurement and
morphological examination, it appears
that the addition of cerium to the silicon-
modified aluminide coated St.S.316L
substrate improved by the scale
adherence and integrity. There are
several mechanisms proposed to account
for the beneficial effects of a reactive
element addition (such as Ce). The
predominant mechanism is that the
development of enhanced bonding forces
between the scale and substrate metal
through preferential segregation of the
reactive element to this interface [30].

The phase congtitution of the
coatings was determined using XRD
andysis. The magjor phases in the as -
called coated systems (cerium doped and
undoped-silicon modified aluminide was
found to be FeAl and (Cr; S4 Alyg) 48F)
phases. Cyclic oxidation at oxidized test
temperature  between  (700-900)C°
resulted in the formation FeAl,Oy,
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Fe(AlLCr),0, FeAlO; , Fe0; and
Ce0; on the sample surface and an
anticipated, its amount increased with
exposure duration. This is evident from
Figs. (B. and C.I ) in appendix B and C,
which show the X-Ray diffractograms of
the coated systems corresponding to
various cyclic oxidation test
temperatures. In addition, no excessive
scale spalling is noticed during the entire
oxidation period. It is, however,
interesting to note from these figures that
the bulk coating phase FeAl dose not
transform to lower aluminum-containing
phase, such as Fe;Al, even after 120hr of
exposure. This is a clear indication of
lower rate of aluminum loss from the
coating due to the lack of spalling of the
protective alumina layer. Thus, the
coated systems in this study appear to be
adequate in providing cyclic-oxidation
protectionsto the &.St.316L to 900C°.
The morphology of scale on Fig.
(12 a) consiged of a bulkily layer of
Fe,O; with is lands of Fe,O,, and an
inner layer of FeAl,O, at the scale-metal
interface. The disappearance of Fe,0,
after 120h of oxidation probably
occurred by the following reaction: Fig.
(12 b) show cross section images of
LOM of slicon-modified auminide
diffusion coated St.St. 316L substrates
after cyclic oxidation in air at 800 C° and
900C° respectively, under the same
oxidation conditions indicated before.
FeO was not detected in the scale, nor
does it exist in equilibrium with A1,0;,
after 120h Only Fe203, A|203, FEA\103,
Fe(Al,Cr),0, and NiAl,O4 were detected.
The formation of Al,O; or FeA1,0,
as a continuous layer leads to a reduction
in the rate of oxidation by blocking the
outward diffusion of Fe™ cations. This
results in further reaction of the Fe,O,
layer with oxygen or AlLO; and
eventualy the external scale component
becomes Fe,0;. Fig. (13) show cross
section images of LOM of cerium-doped
silicon-modified auminide diffusion
coated 316L alloy substrates after cyclic
oxidation in air at 800C°, and 900C°
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respectively under the same oxidation
conditions indicated before.

S. Sedl et al. [31] show that, the
reduction in the rate of oxidation is due
to the segregation of Ce™ and Ce™ ions
at the oxide grain boundaries, causing
hindrance to cation migration. This can
be due to finegrained oxide layer
formation that has taken place due to
heterogeneous nucleation caused by the
presence of areactive oxide particle.
3.2.2_Oxidation in Water Vapor

A plot of the weight change Vs. time
for cyclic oxidation test at temperatures
between (700-900)C°, under water vapor
condition for 120h a I0h cycle for
austenitic  stainless sted 316L  with
silicon modified aluminide and with
cerium-doped silicon modified aluminide
are shown in Figures(14 and 15). In both
coated system case, the oxidation rate
coefficientsareillugrated in
Table( 5).

From Table (5) show that the
Kp values obtained at (800-900)C° for
both coated systems were lower than that
for the uncoated 316L under the same
conditions (Table 3).

It was observed that reaction
rates under water vapor cyclic oxidation
are induced because of hydrogen to
permeate from water vapor environment.
The rates of hydrogen permeation
decrease with increasng chromium
contents. Thisresult isin agreement with
those given by [32].

Figs. (B.2 and C2) in appendix B and C
represent XRD analysis of cerium
undoped and doped-silicon modified
aluminide coated austenitic stainless
steedl 316L substrates respectively, after
cyclic oxidation under H,O atmosphere
at temperatures between (700-900) C°
for 120h at |0h cycle. The major oxides
appear is these diffractograms a Al,Os
and FeAl,O,. This result is in good
agreement with those given by Susan et
a. [33], it has been suggested that the
spinel phase (NiAl,O,) conform by solid-
state diffusion between NiO and A1,0;
a higher temperature. However, at
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700C°, the diffusion rates are too low
between the two oxides and, if present,
the layer is too thin to be identified by
XRD.

The improve oxidation
resistance of cerium-doped silicon
modified aluminide diffusion coating
also atributed to enhancement scale
plagticity due to the effect of cerium or
cerium oxides ( Ce,O3) which allows the
scale to deform and thus accommodate
stresses. In this study of the endurance of
coated Stainless sted 316L in water
vapor, the coated integrity, even under
cyclic oxidation conditions, is important
because water vapor can directly
penetrate through any existing defects,
such as cracks, to the bore alloy.
However, the two coated systems studied
do not show severe scale spalling and
appeared uniform and smooth after
therma cycling as shown in
Fig. (16).

4- Conclusions
1. With the coating times of 3h , the best

conditions obtained are for the coating
at coating temperature 970C°.

2. Uncoated dtainless  stedl (316L)
exhibited linear oxidation rate
dependence in air over the

temperatures  between (700-900)C°,
the oxidation rate constants varies
from a(K,=2.77*10%(mg/cm?/s) a
700C° to value of (K.= -6.48*10°
(mg/cm?/s) at 900C°.

3.Uncoated dainless sted  316L
exhibited parabolic oxidation rate
dependence in H,O atmosphere over
the temperatures between (700-900)
C° , the parabolic rate constant (Kp)
varies from a (K =0.755*10
°(mg*/cm?/s) at 700C° to a value of
K,=2.69*10°°(mg?/cm’/s)
at 900C°.

4.Both coated systems (Si-modified
auminide and Cedoped silicon
modified aluminide) revealed good
cyclic oxidation resistance compared
with uncoated stainless steel 316L as
the same identified conditions and
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oxidation kinetics was following the
parabolic and linear oxidation rates.
5.The addition of 0.5wt% Ce to Si-
modified aluminide diffusion coated
stainless sted 316L substrate reduces
the scale spallation and oxide damage.

6. At (700-900) C°, the water vapor
effects may be very small to identify
and the only effect at this temperatures
rangeisin the selective oxidation.

7. Alumina oxide scale is not the only
phase present on the surface of both
coated systems, other phases are
obtained such as FeAl>,Os,
Fe(Al,Cr),0,4, FeAIO; and iron oxides.

8. It appearsthat the presence of the FeAl
coating provides good cyclic oxidation
resistance.
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Table (1) Nominal composition and spectrochemical analysis of austenitic stainless stedl (316L)
Element : .
Wit% C Mn S Cr Ni P S Mo | V Cu Fe
Nominal

<0.02 2.0 10 | 16-18 | 10-14 _ _ 23 | _ _ Rem
Value

01| 016

M\‘ﬁ“ﬁd 002 | 107 |037 | 167 | 108 | 0018 | 002 | 213 Rem

Table (2) The pack mixture composition and the heating cycle used in stainless sted (316L) pack

cementation.
Power Pack Composition wt%
Pack cementation process Al | S| Ce | NHACL | ALOs Holding temper ature C° C.oatmg
Time(h)

Silicon modified aluminide | 18 7 - 2 73 2,3,4,5
diffusion coating process 97oce and 8h

Cerium doped silicon
modified aluminide BT o5 225 970C° 3
diffusion coating process

Table (3): n values and linear oxidation rate constants k. and parabolic oxidation rate constants Kp
for cyclic oxidation of uncoated austenitic stainless steel 316L in air and H,O vapor respectively for

In Dry Air In H,0 vapor
Temper ature
co n Kp KL n Kp
value (mg?/cm?/s (mg/ cm?/s) values (mg*/cm?/s)
700 05 2.77%10% 0.59 0.755*10°
800 1.0 -2.77%107 0.52 2.186*10°
900 1.0 -6.48*10° 0.54 2.675%10°

100h at 10h cycle

Table (4): n values and parabolic oxidation rate constants Kp for cyclic oxidation of coated systemsin
air for 120h at 10 cycles.

St.St.316L /ALS St.St.316L /AlSiCe
Temper ature
Ce Kp 2 b
n values T n values Kp (mg/cm®/s)

(mg“/cm®/s) .
700 05 1.6%10° 05 0.7210
800 051 2.77%10° 06 0.113¢10°
900 0.52 3.15¢10° 0.38 1.23*10°

Table (5): n values and parabolic oxidation rate constants Kp for oxidation of coated systems in

water vapor for 120h at 10h cycle.
Temperature St.St.316L /A1S St.St.316L /AlSiCe
ce n values K p(mg?/cm®/s) n values K p(mg¥cm?/s)
700 0.37 0.447%10° 05 1.66*107
800 0.68 1.725¢10° 0.72 2.527%10°
900 0.43 2166*10° 0.77 1.511*10°
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Figure(1) Schematic diagramillustrates apparatus  Figure (2) Heating cycle one step pack cementation process
used for pack cementation process.

Figure (3) Schematic diagram illustrates apparatus used for
high temperature cycle oxidation testsin water vapor (H,O)
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Figure(4): () SEM images of silicon-modified duminide for St.St. 316L in the as coated . (b) EDX
analyses showing the concentration variations of Al , S and Fe near the surface at 970C° for 3h.
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Figure (5) Weight change vs- time plot for uncoated  Figure (6) Linear fitted results of weight change vs.
austenitic stainless steel 316L cyclic oxidized inair at  time plot for uncoated austenitic stainless steel 316L
temperatures between 700 and 900C° for 120hat 10h  cyclic oxidized in air & temperature between 700C°
cycle. and 900C° for 120 h at 10h cycle .
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Substrat

Figure (7): LOM images of surface scale growth uncoated stainless steel 316L after cyclic
oxidation in air at 900C° for 120h at |0h cycle. (a) Top view (b) Cross section view
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Figure (8) : Paraboalic fitted results of weight change vs. time plot for uncoated
austenitic stainless steel 316L cyclic oxidized in water vapor condition at temperatures

between (700-900)C° for 120h at I0h cycle.

Substrate

Figure (9): Low images of surface scale growth on uncoated stainless sted 316L after
cyclic oxidation in water vapor condition at 900 C° for 120h at |0h cycle.

(@) Top view. (b) Cross section.
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Figure (10): Parabolic and linesr fitted results of weight change vs. time plot for silicon-
modified aluminide diffusion coated austenitic stainless steel 316L substrates cyclic
oxidized in air at temperatures between 700C°and 900C° for 120h at [0h cycle.
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Figure. ( 11 ): Parabolic and linear fitted results of weight change Vs. time plot for
cerium-doped silicon modified aluminide diffusion coated austenitic stainless steel 316L
substrates cyclic oxidized in air at temperatures between 700C°and 900C° for 120h at
[0h cycle.
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Figure( 12): Cross section images of LOM of silicon-modified aluminide
diffusion coated 316L substrates after cyclic oxidation in air a (a) 800C°,
(b) 900C* for 120h at I0h cycle

Substrate

Substrate

Figure (13): Cross section images of LOM of cerium-doped silicon-modified aluminide
diffusion coated 316L substrates after cyclic oxidation in air at (a) 800C°, (b) 900C° for
120h at 10h cycle.
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Figure(14): Parabalic fitted results of weight change Vs. time plot for silicon-modified
aluminide diffusion coated 316L substrates cyclic oxidized under water vapor
atmosphere between (700-900)C°, for 120h at 10h cycle.
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Figure(15): Parabalic fitted results of weight change Vs time plot for cerium doped
silicon-modified aluminide diffusion coated 316L substrates cyclic oxidized under water

vapor atmosphere between (700-900)C°, for 120h at 10h cycles
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Substrate

Figure (16): LOM images of cerium-doped silicon-modified aluminide diffusion coated
gtainless sted 316L substrates after cyclic oxidation under water vapor condition at
900C® for 120h at 10h cycle.(a) top view, (b) cross section view.
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Fig.(A.1) Diffractograms from the surface of diffusion coated St.St.316L with silicon-
modified aluminide for 3h coating time at 970C.
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Fig.(A.2) Diffractograms from the surface of coated St.St.316L sample after cyclic
oxidation in air at 900C°, for 120h at 10h cycle.
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Fig.(A.3) Diffractograms from the surface of coated &.St.316L sample after cyclic oxidation under
water vapor condition at 900C°, for 120h at 10h cycle.
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Fig.(B.1) Diffractograms from the surface of coated St.St.316L with silicon-modified
aluminide diffusion coated sample after cyclic oxidation in air at 900C°,for 120h at 10h
cycle.
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Fig(C.1) Diffractograms from the surface of coated St.St.316L with cerium-doped

silicon-modified aluminide diffusion coated sample after cyclic oxidation in air at 900C°,
for 120h at 10h cycle.
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Fig (B.2) Diffractograms from the surface of coated St.St.316L with silicon-
modified aluminide diffusion coated sample after cyclic oxidation under water
vapor at 900C°,for 120h at 10h cycle.
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Fig (C.2) Diffractograms from the sul
silicon-modified aluminide diffusion
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