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Abstract

The increasing demands for high quality coatings has made it inevitable that
the surface coating industry would put more effort into precisely controlling the
coating process relative to media for which is subjected. Statistical design of
experiments is an effective method for finding the optimum cyclic oxidation
parameters for aluminization coating. In the present investigation, an attempt is made
to produce high-quality aluminization coating by optimizing the cyclic oxidation
parameters following a (L9-3% Taguchi-design approach. (L9-3% Taguchi orthogonal
array has been used to determine the signal to noise ratio (S/N). The oxidation
parameters that were varied include the Temperature (600,700,800°C), Time
(15,20,25hr at 5hr cycle) and Media (Air,CO,,H,0). The coating characteristics were
qualitified with respect to parabolic oxidation rate constant (Kg). The performance of
the coating was qualitatively evaluated using cyclic oxidation testing. Analysis of the
experiments using Taguchi method indicated that 800°C,25hr and CO2 media areto be
the optimum cyclic oxidation conditions for pack aluminization. The contribution of
each of these parameters to the parabolic oxidation rate constant (Kp) was determined
employing an analysis of variance (ANOVA) and the effect of the level of each
parameter was determined using Taguchi analysis. ANOVA results show that
temperature and media are the parameters that most significantly affect the parabolic
oxidation rate constant (Kp) compared to time.
K eywor ds:Taguchi Method, ANOVA, Cyclic Oxidation, Pack Cementation.

T21-g s— N g 3 AlalY) edUal Ll 4y ) gall 30 Jal oo Baas
MINITAB13 daul g2 Taguchi-ANOVA Jalald aladiuly
Layal
35l J3g alaud) oSUal) delia Jaa 38 4l Lo gl (63 oDl Jsa oy id) allall o
apaca Gy 4 Y s 30 dan sl ) e (382 S8 SR e 3okl Jal o
cCanall 138 &A1 o DUal Bl 4y ) sal) 5ausY) Jal ge Y AlGd 45yl o jlanll sy
el Ay 5 50 Jalse an DA (e Aullal) e i) 3 Yl oM e Jpaanl)
Al Lot 35 38 (L9-3%)  Taguchi 4 siuae o . (L9-3%) Taguchi aswss 4d yhal lidy
ia ) (et ol ) Caad ) S Cllae o L (SIN) el gall/s LAY A

*Materials Engineering Department, University of Technology/Baghdad
2367

2412-0758/University of Technology-Iraq, Baghdad, Iraq
This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0


http://www.pdffactory.com
http://www.pdffactory.com
https://doi.org/10.30684/etj.27.12.10
https://orcid.org/0000-0001-6128-7277

.& Tech. Journal, Vol. 27, No.12 ,2009

Optimization of Cyclic Oxidation Parameters

in Sted-T21 for Aluminization Coating Using

Taguchi-ANOVA analysisby MINITAB13

O . (Air,COxH0)l—u s 5 (15,20,25hr at Shr cycle)cs 3l « (600,700,800°C) 5 1 all

e & 5. (Ke)

(S adail) 3o Jare i ) Ao st &5 38 o Ul A g pailiad

Ayl alaan Wy o lal ol i el L) ol BausY) LS A (e o DU ¢l
ol . (800°C,25hr , CO2) :—a d—walyl ¢S Lal JEall &) ol 50uSY) Jal 52 o « Taguchi
s ads Gl oaaat 3 3 (Kp) (A8 adadl) 3] Jare i o dale JS il daalia
. Taguchi J—lad dadiuly st 2 8 Jal sall 038 (e s 5ime IS il 5 (ANOVA) uxidl
G Aad o LSV Y L S sl 55 all da o e JS 0l (ANOVA)zLE < el
e i 43 lie (Kp) Al akadll 3] Jana

I ntroduction

Metal diffusion processes like pack-
cementation are widdy used for
nickel-based and iron-based alloys to
improve the oxidation resistance [1] .
One of the major problems connected
with the application of these alloys is
their insufficient oxidation resistance,
which can be improved by the usage of
aluminide protective coatings [2].
Aluminized coatings have the best
isothermal and cyclic oxidation
resistance at high temperatures and
were &ill - protective  under  hot
corrosion  conditions  [3]. Pack
aluminizing is a process that has been
used for iron and nickel-based and has
been proven to be a very effective
treatment for oxidation protection at
high temperatures. The Fe-aluminides
intermetallic coatings can substantially
improve the high temperature
oxidation and corrosion resistance of
alloy steds through preferential
oxidation of Al, which result in the
formation of a stable Al,O; scale that
act as a protective barrier separating
the  underneath  material  from
aggressive environment [4,5]. The
nature and properties of the initialy
growth oxide scale gradually change
and transform into a more protective
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scale, as is likey the case for the
transformation of transient alumina
into protective -alumina [6]. Many
investigations  in  the  oxidation
community have suggested that -
alumina scales form primarily by
inward diffusion of oxygen whereas
other oxides such as chromia scales,
form primarily by outward diffusion of
themetal [7].

In this study, the applicability of the
auminum pack cementation to
enhance the oxidation resistance was
examined in steel-T21 alloy over a
wide range of temperatures according
to Taguchi-orthogonal array (L9-3°)
under various testing conditions.
Furthermore, the analysis of variance
(ANOVA) is employed to investigate
the most significant control factors.
Purpose of Coating: Historical
Development

The first public descriptions of pack
cementation aluminizing were by Van
Aller in a US patent field in 1911 and
in a 1914 paper by Allison and
Hawkins, al of the General Electric
Research Laboratory(G.E.R.L.). Later,
Gilson, aso at G.E.R.L, patented the
use of alumina as inert filler. Ruder
summarized uses of aluminizing in
1915, including coating stedl furnace
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fixtures and nickel combustion
chambers. In about 1942 Anselm Franz
in Germany used aluminized low alloy
steels for combustion chambers, and
possibly blades. In the post-war period,
additional development and uses of the
process up to the first practical use of
pack cementation aluminizing of
cobalt-base gas turbine vane airfoils in
1957 are not well documented [8].

The first aluminizing of nickel-
base turbine blades may have been by
hot dip processes at Allison and Curtiss
Wright in about 1952. Pratt and
Whitney introduced nickel-base blades
aluminized by durry-fusion process in
about 1963. Since about 1970 most
vane and blade coatings have been
applied by pack cementation and more
recently developed chemical vapor
deposition processes[8].

Keley described his invention of
pack cementation chromizing of steels
in 1923. One of the first uses was for
the protection of steam turbine buckets.
Samuel and Lockington published a
comprehensive review of chromize
coatings on stedl in 1951-1952, and
Drewett another in 1951. In 1953
Gibson patented aluminizing of
chromized steel with aluminum paints
and heat treatment to improve high-
temperature oxidation resistance. Time
of first use of chromizing of gas
turbine airfoils is obscure it may have
been in Europe for protection of
industrial gas turbine airfoils in the
early 1960s. From the 1970s on,
developments in the field of diffusion
coatings include modification of
aluminide coatings with chromium,
silicon, and platinum. In the 1990s,
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aluminide coatings have been
recognized as useful bond coats for
some types of thermal barrier coatings.
Incorporation of so-called active
dements in diffusion auminide
coatings to enhance adherence of
protective alumina appears to have
been successful until 1995. Recently,
Liu and his colleagues at Oak Ridge
National Laboratory (O.R.N.L.) have
examined Cr-CroNb  leaves phase
alloys as a possible advanced high
temperature structural material [8,9] .
Coating Classification

Materials for high temperature
applications are generally selected for
specific properties such as strength,
creep, mechanical and/or thermal
fatigue. During their use a high
temperatures these properties may
degrade as a result of interactions with
corrosive environments. One solution
to avoid this alteration is to protect the
component with a coating but coating
must provide a significant and cost
effective increase in substrate lifetime.
Most high temperature coatings rely on
the formation of a protective oxide
scae by interaction with the
environment. The role of this scale is
to isolate the coating from the
aggressive environment and thereby
limit the degradations due to high
temperatures corrosion. Obviously, this
scale must fulfill several conditions: be
stable, dow-growing, dense (pores
cause a decrease in cyclic-oxidation),
and adherent (often in cyclic
oxidation). In practical applications
only three oxides correspond to these
criteriaz - alumina  (Al;Oz), chromia
(Cr,0z), and silica (SiO,), without
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these protective means, the sdective
dissolution of materials would be
destroy the containment structure
rapidly. There are essentially three
types of high temperature coatings.
The first type is an overlay coating in
which material is deposited at the
surface of the substrate. The second
type is a thermal barrier coatings
(TBCs) in which the substrate is
insulated from the heat of the gas path
because the TBCs system consist of a
top ceramic coat and a metallic bond
coat that is located between the
substrate and the top coat. The third
type is a diffuson (or conversion)
coating in which the deposited mass is
diffused and/or reacted with the
substrate to form a somewhat
continuous gradation in composition
[10,11].

Overlay Coating

Pratt and Whitney initiated a program
in the late 1960s to develop coatings
with compositions nominally
independent of substrates, and with
capabilities for tailoring to the wide
range of requirements of gas turbine
applications. In 1964 an alloy with
composition  Fe-25%Cr-4%Al-1%Y
emerged from nuclear programs. Pratt
and Whitney research confirm that the
alloy exhibited exceptiona aumina
adherence in cyclic oxidation. A mode
composition FeCrAlY, with 10-15
aluminum, was applied as a coating to
nickel-base superalloys by eectron

beam physical vapor deposition
(EBPVD)-thickness about  125pum.
Tien and Petti came to similar

conclusions from oxidation of FeCrAl
alloys doped with yttrium and
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scandium. Latter work by Giggins and
Pettit continued to show that the active
elements minimize void formation at
the scale meta interface. In 1986,
Ashary et a. postulated that the active
elements may assist in the formation of
strong chemical bonds between oxides
scales and the metal substrate.
MCrAlY  (M=FeCo,Ni) overlay
coatings have been developed to
protect hot section components in gas
turbine engines against hot corrosion
induced by salt deposit[8].

Thermal Barrier Coatings (TBCs)
G.W.Goward's first experience with
thermal barrier coatings was with a
system for protection of a TD-Nickel
transition duct in a military engine in
1970. Some research has been
performed on possible effects of hot
corrosion on the ceramics used as
thermal barriers, first by Barkalow and
Petti and also by Jones et al.[8].

Hot Dipping Aluminzing

By the mid-1950s high-temperature
coatings were being applied to hot
section gas turbine aerofoils .  Frem
these beginnings has emerged a major
worldwide industry in which fully
automatic machines apply coatings to
complex air-cooled, high-work,
controlled structure aerofails , flanges,
marine turbines and stationary power
generators.

Diffusion Coatings

In 1971, research by Goward and
Boone provided a quditative
description of diffusion mechanisms
for the formation of aluminide coatings
on the on nickd-base superalloys.
Diffusion coatings are formed as a
result of interaction of two distinct
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process; the solute metal is brought
into contact with the surface of the
solvent, and this is followed diffusion
proper which consists in the gradual
absorption of the solute into the lattice
of the solvent. The coating obtained is
never a pure metal but a solid solution
or a compound formed with the
substrate metal [7, 8, 12]. The pack
cementation process is commonly used
to form diffusion coatings which
improve the oxidation and erosion
resistance of various heat resistance
alloys a elevated temperatures. The
addition of Cr, Si, or Al to the substrate
surface changes the composition

locadly and improve the alloy
resistance to corrosive environments.
Chromizing, siliconizing, and

aluminizing are the best document
pack process, but other element such as
titanium, zirconium, etc., can be
transferred from a pack onto substrate.
Case Study: Coating of Tubes or large
parts (substrate):

In this application gas-aluminizing is
usually used . the driving force for the
transport of the coating element is the
difference in activity between the
source and the substrate surface, where
the activator react at high temperature
with  auminum source to form
aluminum halides . As the aluminum
activity of the source is adjusted to be
higher than that of the tube surface the
aluminum halides are transport towards
the tube surface, which become coated.
Once on the surface these halides react
with tube-alloy, releasing aluminum. A
diffusion reaction occurs, with the
subsequent formation of an aluminide
activity, thereby  lowering the
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aluminum activity on the tube surface,
and the process continues [11].

The man advantages of pack
cementation process as compared to
other methods are as follows:

1) The process is simple to
reproduce. Using the same set
of easily controlled parameters
(Temperature-Time schedule,
Pack composition, etc.) the
same coating can be produced
on a given substrate. Coupons
placed a  predetermined
locations in the retort provide
an easy means of compasition
and thickness control.

The entire external surface of a
component of complex shape
can be uniformly coated.
Cavities or holes ( e.g. cooling
passages) can also be coated
by filling the holes with
reactive powders or by using
processes  with  improved
reactant gas transport.

This process is rdatively
inexpensive to run: several
hundred parts can be coated at
the same time, labour and
capital investments are low
compared with other processes
[8].

Taguchi-Analysis

Taguchi methods have been performed
recently. The statistical experimental
design can determine the effect of the
factors on the characteristic properties
and the optimal levels of them. It uses
the tables of the orthogonal arrays and
analysis of variance (ANOVA) which
can estimate the effect of a factor on
the characteristic property [13]. The

2)

3)
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design of experiments (DoOES) is an
experimental technique that helps to
investigate the best combinations of
process parameters, changing
quantities, levels and combinations in
order to obtain reliable results [14].
The numbers of al possible
combinations corresponds to the
number of needed experiments. Here,
orthogonal arrays make it possible to
cary  out fractional factorial
experiments in order to avoid
numerous experimental works as well
as to provide shortcuts for optimizing
factors [15]. Orthogonal arrays were
designed by Taguchi as a basis for
experimental design. In this work, A
model based on (L9-3°) orthogonal
array of Taguchi design was create to
optimize  the cyclic oxidation
parameters.

Taguchi used the signal-to- noise ratio
(S/N) as the quality characteristic of
choice [16]. It is aso, used the SIN
ratio approach to convert the
experimental results into a value for
the evaluation characteristic in the
optimum parameter analysis. The SN
ratio is quoted in decibel (db) as shown
in the following equation [17]:

1 )
MSD = N_('a Y.")
Where MSD is the mean-sguare

deviation for the quality characteristic.
The smallest-the-better quality
characteristic of Taguchi method has
been used for analysis of experimental
results. The MSD for the smallest-the-
better is as shown in equation below
[17]:

(S/N)Ratio =- 10log(M3D)
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Where N is the sampling sizeand Y; is
theresponse at each sampling point.

ANOVA-Analysis

Anaysis of variance (ANOVA)
method has been applied to find out the
significance of main factors and
interaction factors [18]. ANOVA is
performed to see  Statistically
significant process parameters and
percent  contribution of  these
parameters on the characteristic
properties. Larger F-value indicates
that the variation of the process
parameter make a big change on the
performance characteristics[19].

All the statistical analysis of the dataas
well as the drawing of curves were
made using MINITAB13.
Experimental Procedure

The substrate material used in this
work was sted-T21. The samples were
cut into sguares shapes with
dimensions (20mmx20mmx5mm). The
chemical composition of the material
was analyzed using a direct reading (
Carried out at Material Department
Engineering/University of
Technology), and is given in Tables 1.
The nominal chemical composition is
given in Table 2. All surfaces,
including the edges were wet ground
using 320,600,800 and 120 grit silicon
carbides papers. These samples were
then cleaned with water, degreased
with acetone and then ultrasonically
cleaned for 30 minutes using ethanol as
a medium. After drying the samples
were stored in polyethylene zip-lock
hags. Pack powders were made using
particle sizes below 60 m and are
comprised of a powder mixture of
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aluminum of (20%wt.), halide activator
(NHA.Cl) (2%wt) and inert filler
(Al,05) (Balance). The pack-aluminum
process was conducted at 650°C for
7hr under a flowing Ar environment
according to Z.D.Xiang, P.K.Datta
procedure[5]. It was decided to employ
three different levels of three oxidation
parameters (Temperature(°C), Time(hr)
and Media) as listed in Table 3. Cyclic
oxidation at high temperatures(600,700
and 800°C),different
environments(Air,H,O and CO,) and at
different diffusion times (15,20 and
25hr at 5hr cycle) were conducted in
order to study the oxidation resistance
of steel-T21 with aluminide diffusion
coating. The orthogonal array (L9-3°)
was used to study the influence of
oxidation parameters against parabolic
oxidation rate constant Kp
(mgcm¥/sec.  The  parameters
involved and their were shown in
Table 3. By using Taguchi orthogonal
array (L9-3% for experimental design,
the number of trial runs was reduced to
9 simple and effective experiments. It
could save experimental cost and
timeTable 4 illustrated the orthogonal
array (L9-3%) as indicated in [14],
since there were three of three levels
factors, these factors were assigned to
three columns in the (L9-3% array.
During cyclic oxidation the furnace
temperature was controlled within
+5°C by using Ni-Chrome
thermocouple type-K. The evaluation
of the oxidation resistance of the
coating has been carried out by heating
the samples in a furnace at test
temperature and weighing them every
5hr, the samples were removed from
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the furnace, alowed to cool,
ultrasonically cleaned in ethanol to
detach the spalled oxide and then
weight change per unit surface area are
determined.

Pack Cementation Process

Substrate sted was placed in a sealed
stainless steel cylindrical retort of
50mm in a diameter and of 80mm in a
height in contact with the pack
mixture. The retort was then put in
another stainless steel cylindrical retort
of 80mm in adiameter and 140mmin a
height. The outer retort has a side tube
through which argon gas passes and
second in the top cover for argon gas
outlet. Type-k calibrated thermocouple
was inserted through the cover of the
outer retort for recording red
temperature near inner retort. This
combined system then put in an
eectrical holding furnace under an
argon atmosphere with a flow rate of
1.5 L/min. to avoid the oxidation of the
underlying materials during the
process. The argon atmosphere was
maintained during al 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
loosely entrapped pack material on the
surface, and weighed in order to
determine the Al pickup. No further
heat treatment was done to the samples
after coating.

Cyclic Oxidation

Cyclic oxidation at high temperature
and at different environments, of air,
carbon dioxide (Co, gas), and water
vapor (H;O) were conducted in order
to study the oxidation resistance of
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substrate.  The evaluation of the
oxidation resistance of the coatings has
been carried out by heating the samples
in a furnace at test temperatures and
weighing them every Shr. The samples
were removed from the furnace,
allowed to cool, ultrasonically cleaned
in ethanol to detach the spalled oxide
and the weight change per unit surface
area was determined according to
procedure indicated in [20].

Oxidation in Dry Air

Cyclic oxidation tests were carried out
in a tube programmable furnace in the
range 600-800°C in air at 1 atmosphere
pressure. Each heating cycles includes
heating in furnace for 5hr at the test
temperature and cooling in still air.
Samples of weight changing before
and after each oxidation cycle were
measured. Normally; at least 3 weight
measurements were taken.

Oxidation in CO, Gas

Diffuson coating samples were
oxidized in high purity Co, gas at 1
atmospheric pressure at a flow rate of 2
L/min. These samples were oxidized in
the temperature of (600-800°C) + 3°C,
for 100hr at 5hr cycles. Samples were
then hanged by nickd-chrome wire
through perforated stainless steel stand,
and this stand was fixed inside
stainless steel retort which has a side
tube through which the CO, gas passes
and the second hole in the cover of
retort for the CO, gas outlet. Type K
thermocouple was inserted through the
cover of the retort for recording the
temperature near the suspend samples.
Oxidation in Water Vapor (H,0)
The experimental setup consists of
carbolite tube furnace has a water
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vapor inlet, which permits a preheated
vapor a a test temperature before it
makes contact with the samples. The
reaction chamber was first heated to
200°C in air. Water vapor generated in
an evaporator was introduce thereafter
with flow rate 0.7L/min. After purging
the chamber with water vapor, the
chamber was heated up to the desired
temperature. After each oxidation
cycle, the sample was allowed to cool
to room temperature for interrupted
weight measurements after each cycle.
Optical Micrography

For metallographic examination, the
specimens  were  sectioned and
mounted. To observe the
microstructure of the surface oxide
layer formed by cyclic oxidation tests.
The cross-sections were mechanically
polished using emery papers of grade
220-600 and final polishing was
carried out using diamond paste. These
samples were then cleaned and the
microstructures of the oxide-layers
were observed. Cross sections of oxide
layer morphology were examined
using light optical microscope (LOM)
type CARLZEISS JENA, DDR).
X-Ray Diffraction I nspection

A Riga Ku X-ray generator with Cu-
K radiation at 40KV and 20mA was
used. The X-ray was generated by
eectric diffractometer, type philps
(PW 1840), operating at scanning
speed of 6° (2 ) per minute. The
detector was moved through an angle
of 2 =10 to 88 degrees. The XRD
analysis was carried out at S.C. of
Geological Survey and Mining.
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Resultsand Discussions

For the analysis of data acquired
through DoE, Taguchi method is
applied for gathering required data by
using an orthogonal aray and
investigating the S/N ratio ( Signal-to-
Noise ratio) derived from data. In these

experiments , “Smaller the Better
Characteristics” were taken into
account in order to determined

optimum cyclic oxidation conditions
for aluminide coating. The factors are
assigned and the experiments are
carried out. The results of nine tria
conditions, with one run per tria
condition are shown in Table 5. In this
study, the lower values of parabolic
oxidation rate constant Kp
(mg/em’)/sec. is desirable. Thus, it
was categorized in the “ Smaller is
Better” quality characterigtic. All of the
results were transformed into signal-to-
noise ratio in the last column of table
of Table 5. A Taguchi design of
experiments has the advantage of
allowing the effect of each process
variable (called “Main Effect”) to be
statistically evaluated. In this case, a
popular statistical technique called
MINITAB13 has been used. Using
quality engineering we compare the
response for each factor using a
response curve such as the one shown
in Figure 1. The horizontal axis
corresponds to control factors. The
points in the lower part of the graph
(low S/N ratio) indicate superior
conditions. Response curve can be
used to find optimum level. Figure 1
shows the main effects plot for the S/N
ratio, the main effect plot shown in this
figure indicates that the lowest point is
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the optimum parameter for each factor.
In short, (Temperature(°C),
Time(hr),Media)=(800,25,CO,) are at
the optimum level. The details of
average effect of SIN ratio is given in
Table 6. optimum control parameters
obtained from S/N ratio in each leve
aregivenin Table7.

Different factors affect the oxidation
resistance to different degrees. The
relative effect of the different factors
can be obtained by the decomposition
of total variation into its appropriate
components, which is commonly
called analysis of variance (ANOVA).
ANOVA s also needed for estimating
the error variance. The results of
ANOVA were shown in Table 8. The
review of the “Percent” column in
Table 8, showed that temperature-
factor  contributed the  highest
percentage (78.7634%) to the factor
effects, followed by media-factor
(13.6927%) and time-factor
(7.5439%). Since the contribution of
time was the smallest, it was
considered insignificant compared to
that of temperature and media. Thus,
this factor was pooled with error-term.
The new ANOVA after pooling was
showing in Table 9. It was observed
that as small factor affect [Time] was
pooled, the percentage contributions of
the remaining factors decreased
slightly. But the ranking of factors
effects ill remained the same. In
estimating the performance at optimum
condition, all the factors were taken
into account. As shown in Table 10,
the contribution from these factors are
(9.3313333),(2.761) and (3.94333333)
for temperature, time and media

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

.& Tech. Journal, Vol. 27, No.12 ,2009

Optimization of Cyclic Oxidation Parameters
in Sted-T21 for Aluminization Coating Using
Taguchi-ANOVA analysisby MINITAB13

respectively. Thus, the (Time) had
little significance compared to the
other factors.

Figure 2 illustrates typica
microstructures of aluminized diffused
steel specimen that form due to the
pick up of aluminium by sted during
aluminizing. Studies of oxidation
kinetics provide valuable information
about the oxidation mechanism. The
kinetics of oxidation can be described
examing the growth rate time constant
or n vaue, which is found as the
exponent of rate equation[21]:

Where AW is the weight change (mg),
A is the sample surface area (cm?), K is
the rate constant, n is the growth rate
time constant, and t is the time of
oxidation (hr). For the parabolic
kinetics, the rate equation takes the
form:

Where k now refers to the parabolic
rate constant. A plot of specific weight
change vs. square root of time gives a
linear-relationship as shown in Figure
3. The dope is the parabolic rate
congtant in units (mg/cm?)/hr2. The K
value is then sguared to give Kp in
units of (mg7Cm)/hr. as in the
following expression:

(Dw/ Af =Kt

The kinetics behavior of  cyclic
oxidation of coated system of Stedl-
T21 substrate a Taguchi-design
oxidation conditions follow the
parabolic behavior as shown in Figure
3. The point to be noted , is the K-
value increases with increasing
temperatures, these are in good
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agreement with
relationship [21].

Effects of oxidation behaviors as well
as the microstructural stability of high
temperature oxidation is determined by
combining the results of Kkinetics
studies with extensive analytical
investigation using light optica
microscopy and X-ray diffraction
(XRD). Figure 4 shows the oxidized
surface features of aluminide coated
system that subjected to cyclic
oxidation tests according to Taguchi
orthogonal array. A large number of
voids exist at the oxidation conditions:
(600°C,15hr,Air),  (600°C,20hr,CO,)
and (600,25hr,H,0). These voids may
reduce the oxidation resistance of
coated system. Little voids are
observed near the aloy/scale interface
at the  oxidation conditions:
(800°C,20hr,Air), (800°C,15hr, H.0)
and (800,25hr, CO,). From the surface
features of the samples (700°C,15hr,
CO,), (700°C,20hr, H,0) and
(700,25hr,Air) , the spalled areas are
obvioudly, larger than that observed in
above samples. The phase constitution
of the oxidized auminide coated
system was determined using XRD.
The major phase was found to be
Al;Os. Thisisevident from Figure 5.

Arrhenius-type

Conclusions

In this paper, a scheme based on the
Taguchi-ANOVA method has been
proposed to quickly identify the
strategy important parameters affecting
the oxidation resistance of pack
aluminization of sted-T21 with hope
the optimum parameters can be
controlled to obtain the best oxidation
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resistance. Based on this study the
following conclusions can be arrived
at:
1. Based on the Taguchi
approach, the cyclic oxidation of
steel-T21 auminide at cydlic
oxidation  conditions  (800,25hr,
CO,), seemsto be the optimum.
2. Through ANOVA analysisitis
possible to recognize that the sequence
of the most influential factors for
oxidation resistance of aluminide stedl-
T21 corresponds to temperature,media
and time.
3. Analysis of S/N ratio using
ANOVA method has been finding out
that the contribution where the percent
contribution of Temperature (°C) was
(78.7634%), of media (13.6927%) and
of time (7.5439%).
4. According to the contribution
of each of optimum factor, indicated in
Figure 9, it could be inferred that both
Temperature(800°C) and media(COy)
are the most predominant factor.

5. The XRD observations
suggested that distribution of Al,Os
after  the oxidation  process

dominantly affects the microstructure

and oxidation resistance of the

oxidized aluminide steel-T21.
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Element

Table(1) Spectrochemical analysisof low alloy steel T21

Fe C

Mn | P

Sn S

Cr

Mo

Vv

Ti

Wt.%

Rem. | 0.04 | 0.34 | 0.014 | 0.012 | 0.35

2.96

0.10

0.002

0.01

Table(2) Nominal composition of low alloy steel-T21ASTM (A200-94)

Level for Orthogonal Experiment

PDF created with pdfFactory Pro trial version www.pdffactory.com

for Orth. Exper. 1 2 3
1 Temperatura (oC) 00 700 a00
2 Time (hr) 15 20 25
3 Media Air CO2 H20
Table4 L9 Orthogonal array.
Lmﬂhogonal Array
Run Temperature{oﬂ} ﬂme[hr} Media
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
4] P 3 1
7 3 1 3
] 3 2 1
9 3 3 2
2379

Element Fe C Mn Prex Srex S Cr Mo
Wit.% Rem. 0.05-0.15 0.3-0.6 | 0.025 | 0.025 | 0.5max 2.65-3.35 0.87-1.13
Table 3 Design factor sand their levels for orthogonal
experiment.
Design Factors and Their Level for Orihogonal Experiment
Column |Design Factors



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol. 27, No.12 ,2009

Optimization of Cyclic Oxidation Parameters
in Sted-T21 for Aluminization Coating Using
Taguchi-ANOVA analysisby MINITAB13

Table5 Experimental results and their SN ratio.

Experimental Results and Their 5/W Ratio
Fun Response(mg2/Cmd )/sec. | /N Ratio(dh)
1 0.0000037 108.5859
2 0.0000035 108.09
3 0.0000032 108.404
4 0.0000071 102.999
5 0.000005 106.09
] 0.0000045 106.232
7 0.0000115 98.786
a 0.0000156 96.138
] 0.0000685 83286

Table6 Variation of S/N ratio with different parameters.

Smaller is better

i
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Response Table for Signal to Noise Ratios
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Table 7 Optimum parameters details.

Optimum Pararmeters Details
Parameters | Optimum Level | Value
Temperatur{oC) 3 92737
Time(hr) 3 99307
Media 2 58.125
2380
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Table8 ANOVA-Table of control parameters.

ANOVA-Table
Column Factors DOF Sum of Squares(55) | Variance F Percent
1 Temperature(oC) 2 407 677 203.8385 — 78.7634
2 Timeihr) 2 38.0468 19,5234 — 7.5439
3 Media 2 70.8731 25 4365 — 13.6927
4 Error 0 — — — —
5 Total 6 517 55649 258 7984 — 100

Table 9 Pooled-ANOV A Table of control parameters.

Pooled ANOYA-Tahle
Column Factors DOF Sum of Squares(33) | Vanance F Percent
1 Temperature{oC) 2 407 677 203 8385 [ 1044073 | 71.2195
2 Time(hr) 12} {30.0468} — — —
3 Media 2 70.8731 354365 | 1815078 6.1488
4 Error 0 39,0458 10,5234 — 22,6317
5 Total 3] 473.5501 258 79384 | 12 25581 100
Main Effects Plot for S/N Ratios
Temperature(oC) Time(hr) Media
108
104 |
kel
T
X 100]
z
n
96 |
92

Figurel Main effect plot of S/N ratio.
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Substrate
80Lm (steel-T21)

Figure 2 Aluminized Steel-T21.
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Figure 3 Oxidation kinetics curves of aluminide sted-T21 accordingto Taguchi-
Design.

2382

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

.& Tech. Journal, Val. 27, No.12 ,2009 Optimization of Cyclic Oxidation Parameters
in Sted-T21 for Aluminization Coating Using
Taguchi-ANOVA analysisby MINITAB13

Media
Cidtion Air 0oz H20
Paramefers
AR TR e ;
A Scale R . i | y 1
o ot ol SRR
| e eile
|ooun S o SETH)
] L E—
Time/Temperaure 20hrif00°C : 2ohrB00°C
Scais'_ . i
: i ] "% gl
1 Substrate Pores L
)| 80um (Staal-T21) do
Time/Temperaturs 15hn700°C 20he T00°C
Hrvin Poras da -/ ..'_‘H 9
Substrate Subslrale Substrate Pores
B0um  (SteelT21) | BOum  (SteelT21) B0LM (Steal-T21)
Time/Temperature | 20hri200°C 25hrig00°C 15/B00°C

Figure4 Microstrucures of oxidized aluminized specimenswith varying process parameters.
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Figure5 XRD of oxidized-aluminized steel-T21
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