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Abstract

Diffusion coating was carried out at 1050 °C for 6 h under argon atmosphere by
simultaneous Ge-doped chromizing-siliconizing process on low alloy sted typeT22.
Cyclic oxidation tests were conducted for the uncoated and for the chromizing —
Siliconizing coated sted-T22 aloy at 800 °C . For the Ge-dopded chromizing-
siliconizing coated sted, the cydic oxidation was carried out in the temperature range
600-800 °C in air for 100 h a 5 h cycle. The results showed tha the oxidation kinetics
for uncoated sted-T22 dloy in air a 800 °C follow a breskaway oxidation and the
phases present are FeO (Wustite), Fe;0, (Magnetite) and Fe,0; (Haematite).

The oxidation kinetics for chromizing —Siliconizing coated system in air at 800 °C
was found to be parabolic. Oxide phases that formed on coated system are SiO, and
Cr,03. The oxidation kinetics Ge-doped chromizing —Siliconizing coated system in air in
the temperature range 600-800 °C was found to be parabolic .Oxide phases that formed
on coated system are SiO, and Cr,Os. The Ge addition improves the oxidation res stance
of low alloy sted.
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Introduction to high temperature corrosion but, they

Low dloy steds are generdly are often required to operate in high
considered to comprise plain carbon temperature aggressive  environments
steds and steds with a total alloying [1]. Low dloy steds have been used at
content of up to 12%. These materids many industrial plants, their corrosion
are not generally selected for resistance resistance needs to be improved by
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surface modifications [2- 4]. Among the
various surface- modication methods,
pack cementation has been applied for
many years to enrich the alloy surfaces
with chromium  or aluminum.
Simultaneous  deposition  of  two
eements by pack cementation is very
effective in protecting substrates from
hot corrasion and oxidizing
environments at high temperature [5-7].

Of al the aloying eements
added to steds, Cr has been the most
used for improving the corrosion
properties. In terms of high temperature
oxidation, sted containing
approximately 10%Cr are capable of
forming a continuous, highly protective
film of Cr203 [1]. Rahmd and
Tobolski [8] found that the addition of
up to 4%S to Fe exposed to pure
oxygen, O2 + H20 or CO2 in the
temperature range 750-1050 °C, give a
limiting corrosion rate due to the
formation of an iron-silicate layer.
Adachi and Meer [9] studied the
oxidation of FeSi aloys under
isothermal  and  cyclic  oxidation
conditions, in air, between 900 °C and
1100 °C . They found that the oxidation
rate decreased with silicon content, such
that a 10wt% the oxidation rate was
lower than that conferred by Cr, due to
the formation of a continuous film of
Si02. For FeSi, then, 2.5-3%Si is
required for heding layer formation,
irrespective of the temperature. For Fe-
Cr-Si, however, the critica Si content
decrease with increasing Cr content and
temperature.

Chromizing process is a method
for developing a surface coating
providing hardness, wear and corrosion
resistance [10]. Currently, chromized
coatings are used for the corrosion
resistance of turbine blades, for boilers
and other petrochemical applications
[11]. Haide-activated pack cementation
improves the corrosion resistance of
sted greatly by co-depositing Cr and Si
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on the surface of sted. Harper et al. [12]
studied the co-deposition of Cr with Si
or Al on plain-carbon steds and low-
aloy steds. Wan et al. [13-14] have co-
deposited Cr- Si on medium-carbon
sted, ultrahigh strength sted and
stainless sted by using eementa Cr
and Si powders instead of master-alloys
of Crand Si.

We e a.[15] studied the co-
deposition of Cr-Si into Crl7Ni2
stainless sted similar to AISI 431 using
a pack cementation process. They
showed that the thermal trestment of the
coating resulted in a reduction of tensile
strength, but the improvement of impact
toughness, athough the coating had
little effect on the mechanical properties
of the bulk.

The aim of thiswork isto find a
new technique to deposit Ge-doped Cr
and Si (Ge-doped
chromized/siliconized)  simultaneously
by pack cementation using a single-step
process on low dloy sted (type T22
used as superhegter in boilers). Also the
codeposition of Cr and Si (chromizing —
siliconizing) will be invettigated. This
single step process is an economical
technique for codeposition of two
dements, which will reduce the use of
materials, labor, time and energy. In
addition, The cyclic oxidation behavior
of uncoated Ilow aloy sted
chromized/siliconized low alloy sted
and Gedoped chromized/siliconized
diffusion coating will be studied in the
temperature range (600-800 °C) in air .
Experimental Work

The substrate used in this study
was low aloy sted (Type T,-ASTM).
The nominal composition of low alloy
sted is shown in Table 1. The
spectrochemical analysis is shown in
Table 2.

The low aloy sted samples were
cut into squares shapes with dimensions
(20mmx 20xmmx5mm) . Smal hole of
2 mm diameter was drilled in each
sample for holding. All  surfaces,
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including the edges were wet ground
using 120, 220, 320, 600, 800, and 1200
grit silicon carbide 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 bags.

The samples dimensions were
measured using a calibrated micrometer
with a precision £ 0.01 mm and then
the surface area of each sample was
caculated. The weight of each sample
was measured using a Mettler digita
microbalance (Switzerland) with an
accuracy of £ 0.1 mg.

Many experimental works were
carried out to investigate the feasibility
of simultaneous ~ chromizing -
siliconizing and simultaneous
chromizing - siliconizing — germanium
(This is caled Ge-doped chromizing -
siliconizing) of low alloy sted (T,,) by
pack cementation process. A series of
further experiments were performed to
investigate the effets of pack
composition, deposition temperature
and time on the kinetics of coating
growth process.

The pack mixture used for
chromium-silicon  diffusion  coating
consists of 16 wt.%Cr powder (50-
150 m in particle size) as a chromium
source, 6 wt.%Si powder (38-170 miin
particle size) as a silicon source, 2Wt.%
NaF and 2Wt.%NaCl as activator and
the balance was silica-powder (70-
120 m in particle size). All pack
powders was sized by sieving method.
The pack powder was mixed in a ball-
mill (type 05-102, Fritsch Pulaeristte-
Germany) at 300 r.p.m for 180 min.
with addition of n-hexane (n-CgHis) in
order to prevent powders oxidation due
to frictional heet (balls and liners made
of porcdain maerial to prevent pack
contamination). Follow Won et a. [2]
procedure, the pack was then dried at
75°C for 15 min. The pack mixtures
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used for chromizing - siliconizing and
for Ge-doped chromizing —siliconizing
areshownin Table 3.

Low alloy sted (type T-ASTM)
was placed in a sedled stainless sted
cylindrical  retort (inner retort) in
contact with the pack mixture. The
inner retort was then put in another
stainless sted cylindrical retort (outer
retort). The outer retort has two tubes
one for argon gas inlet and the other for
argon gas outlet. TypeK cdibrated
thermocouple was inserted through the
cover of the outer retort for recording
red temperature near the inner retort.
Pack Cementation process was carried
a 1050 °C for 8 hrs under argon
amosphere. It was found that diffusion
coating time of six hour at 1050°C
produces coating thickness of 65-
80 m. X-ray diffraction (XRD) and
energy dispersive X-ray fluorescence
(EDXRF) were used to characterize the
resulting coating  structures  and
compositions. The cross section was
etched for approximately 10 seconds in
an etchant ( 3parts hydrochloric acid, 2
parts nitric add, 2 parts acetic acid, and
1 part glycerol by volume according ) [
16].

The uncoated and the coated low
aloy sted (chromium-silicon diffusion
coating, and Ge-doped chromium-
silicon diffusion coating samples) were
accurately weighed. Cyclic oxidation

tests were caried out in a
programmable furnace (manufactured
by Sheffiiedd, England) in the

temperature range 600-800°C in air at 1
amospheric  pressure for  Ge-doped
chromium-silicon diffusion coated. For
uncoated low dloy sted and for
chromium-silicon diffusion coated low
aloy sted the cyclic oxidation tests
were carried out in at 800 °C in air at 1
amospheric  pressure.  Each  heating
cycleis 5 hrs at the test temperature and
cooling in dill air. The samples were
removed from the furnace, alowed to
cool, ultrasonically cleaned in ethanol to
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detach the spalled oxide and the weight
change pe unit surface area was
determined.

Results And Discussions

Present work attempted to determine the
effect of chromizing —siliconizing and
Ge-doped chromizing —siliconizing
diffusion coating on oxidation behavior
of low aloy sted typeT,, in ar. The
cross section of uncoated low aloy sted
type-Tx, and the  chromizing-
siliconizing low aloy sted after cyclic
oxidation in air at 800 °C for 100 hrs at
5 hrs cycle are shown in Figure 1.  The
microstructures revealed a large number
of voids that exist a the scde /alloy
interface and in the dloy during the
cyclic oxidation of uncoated low alloy
sted typeT,; after cydic oxidation a
800 °C . These voids reduce the scale/
aloy contact and hence facilitate
spalling and then breskaway oxidation.
These voids may act as concentration
sites of therma stresses induced during
heeting and cooling leading to crack
formation and spalling of the surface
scale. X-ray diffraction anadysis (XRD)
showed the phases present on the scale
formed on uncoated low aloy sted
type-To, in air after 100 hr at 10 cycle a
temperatures range 800 °C are : FeO
(Wustite), Fe;04 (Magnetite) and Fe,Os
(Hemetite). These results are in good
agreement with the work of Abass [17 ]
and Shier [1].

For chromizing- siliconizing
low dloy sted Figure 1, the cross
section is so dense reveals and no voids
were observed a the scale /dloy
interface and in the dloy during the
cyclic oxidation a 800 °C An
interdiffusion zone was found a the
scale /dloy interphase. X-ray diffraction
anaysis (XRD) showed the phases
present are SIO2, and Cr203.

The cross section for Ge doped
chromizing- siliconizing low alloy sted
is so dense and no voids were observed
a the scale /dloy interface and in the
alloy during the cyclic oxidation in air
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at 600- 800 °C as shown in Figure 2.
Grain growth was enhanced by Ge
addition and the interdiffusion zone
becomes smaler. X-ray diffraction
analysis (XRD) showed that the phase
present at the coated surface consist
mainly from CrSi2 while germanium or
germanium  compounds phases that
probably exists in the outer layer in
insufficient amount are undetectable by
the X- ray diffraction analysis because
of the lower germanium content in the
coated layer. The phases present on the
Ge doped chromizing- siliconizing low
aloy sted oxidized at 600-800 °C are
SiO2 and Cr203 as shown in Figure 3.

The specific weight gain is plotted
vs. oxidation time at 800 °C during
cyclic oxidation in air for uncoated low
dloy sted typeT, , for the coaed
systems chromizing-siliconizing, and
for Gedoped chromizing-siliconizing
as shown in Figure 4. The uncoaed
low alloy sted exhibit three types of
behavior when oxidized in air:
protective, transitiond and linear-
breskaway. The time required to
breskaway and the breskaway rate
being of crucid importance in
determining component life.

The oxidation behaviors of the
coated systems chromizing-siliconizing
and Ge-doped chromizing - siliconizing
at 800 °C are parabolic. It is dear the
addition of germanium increases the
oxidation resistant of low alloy sted.

The results of cydic oxidation
experiments conducted at 600-800 °C in
ar for Gedoped chromizing -
siliconizing coated low aloy sted  for
100 hrs a 5 hrs cycle are presented in
Figure 5. No spalling was observed
during cyclic oxidation . These data
were fitted to the equation [(DW/A) = K
t "]. Where DW is the weight change
(mg/ent) |, A is the sample surface area
(cm?) , K is the rate constant (mg/ cm’
vhr) , n is the growth- rate time
constant, and t is the time of oxidation(
hrs). The exponential constant n
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characterizes the oxidation rate as
follows: if n = 1, the oxidation rate is
linear, n = 0.5 the oxidation rate is
theoretically paraboalic, if n = 0.33, then
the oxidation rate is cubic [18]. The
result showed that for Ge-doped
chromizing -siliconizing coaed low
aloy sted oxidized in air at 600-800
°C, the vaue of n is about 0.5 which
indicates the oxidation kinetics is
parabolic. Furthermore, the specific
weight gain was then plotted vs. the
square root of oxidation time which
gives a linear rdationship as shown in
Figure 6. The slop is again equa to the
rate constant K (mg/ cm® ~hr ). To
calculate the parabolic rate constant K,
(gm” om® sec), the following
conversion factor was used.

K? (mg/ cm?® vhr )? / 360000 =
K, (gm* cm® sec).
The values of K, and n are listed in
Table 4 . For Ge-doped chromizing -
siliconizing coated low aloy sted
oxidized in air at 600-800°C. At 800 °C
the parabolic rate constants for
chromizing -siliconizing coaed low
aloy sted is about four times the K,
vaue for Gedoped chromizing -
siliconizing coated low dloy sted. The
Ge addition to chromizing -siliconizing
coating indeed increases the oxidation
resistance of low alloy sted.

It iswell known that the parabolic
oxidation rate (Kp) obeys an Arrhenius-
type equation :

Ke = Ko exp(-Q/RT)

Where, Ky is the pre-exponential factor,
Q is the activation energy (Jmol), T is
the temperature (K), and R is the
universal gas congtant (8.314 Jmol.K).
The effective energy for Ge-doped
chromizing-siliconizing can be
calculated by plotting In (Kp) vs. (1/T)
in the temperature range (600-800°C) as
shown in Figure 7. For Ge-doped
chromizing-siliconizing, K, = 3x107
Exp (-10600/T) and the activation
energy, Q (kJ/mal), is 88.2 (kJmol) .
For chromizing -siliconizing [17], Kp =
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9 x10° Exp (-12900/T) and the
activation energy, Q (KJmal), is
107.200 (KJmoal) .

The addition of Ge to the
chromizing —siliconizing coating on low
aloy sted will increase the oxidation
resistance of low aloy sted. X-ray
diffraction  pattern for  Ge-doped
chromizing-siliconizing showed that the
phase CrSi, was formed as in Figure 3.
The peak of the phase of CrSi, was very
sharp and high. The coating is
considered to have good oxidation
resistance performance because of the
formation of CrSi, phase. Thus, during
oxidation in air both phases SiO, and
Cr,03 will be formed. They will prevent
the diffusion of the oxygen into the
substrate. This coating was
predominantly by the inward diffusion
of Cr and Si. It was seen gpparently in
the cross-sectiond image that the
coatings were free from pack inclusions,
which were known to be contained in
the coatings that were formed by the
outward growth mechanism. And in the
X-ray diffraction pattern no pesk about
the pack inclusions was found.
Conclusions
The uncoated low aloy sted exhibits
breskaway oxidation behavior when
oxidized in air a 800 °C. The
oxidation behaviors of the chromizing-
siliconizing  coated systems are
parabolic at 800 °C. The Cydlic
oxidation behaviors of the Ge- doped
chromizing-siliconizing coated systems
are parabolic in the temperature range
600-800 °C in air. The addition of Geto
the chromizing —siliconizing coating on
low adloy sted will incresse the
oxidation resistance of low alloy sted
because of the formation of both phases
SiO, and Cr,0;. For Ge-doped
chromizing-siliconizing, the activation
energy, Q (kJmal), is 88.2 (kJmal).

For chromizing -siliconizing, the
activation energy, Q (KJmal), is
107.200 (KJmoal) .
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Oxidation Properties of Steel-T22 Alloy
Coated by Simultaneous Ge-Doped
Chromizing-Siliconizing Process

Element | Fe C MnNn | Prax | Svax | Si Cr |Mo
Wt.% Rem. 0.05- |0.3-/0.025|0.025 | 0.5max | 1.9- | 0.87-
0.15 0.6 26 |1.13

Element |Fe |C |Mn |P Sm S |Cr [Mo |V Ti
Wt.% Re |00 (03 (001 |[0.01 {04 |19 |09 |0.00 |0.0
m. |6 5 2 1 6 6 1 2 1
Pack Cementation Process | Pack Cementation Wt.% HoldingTemp.,Time
Cr |S |Ge|NaCl |NaF |SO;

Chromizing-Siliconizing 16 |6 |- 2 2 74 1050°C for 6hr.
Ge-doped chromizing -|16 |6 1 |2 2 73 1050°C for 6hr.
siliconizing
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Funcoated low allov steel tvpe-T;:- Cr-81 conted steel

SubstratelTas)

(@) ' — ()

Figurel.LOM of low alloy steel type-T,, after cyclic oxidation in air
at 800 °C for 100 hrsat 5 hrscycle, (cross section views).(a) uncoated
low alloy steel type-T2, (b) chromizing- siliconizing low alloy steel

Figure 2. LOM of low alloy steel type-T 2 coated with Ge- doped
chromizing-siliconizing after cyclic oxidation in air for 100 hrsat
5 hrscycle (cross section views). (a) 600 °C, (b) 700 °C, (c) 800 °C.
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CrSiz
CrSiz (a)
Cr Siz
S5i02
| l Crz20az
Cr1a203z 1 S102
|
. i | (L)

Figure 3. XRD-Phases of low alloy steel coated with Ge-doped
Cr-Si .(a) after coating, (b) after oxidation in air at 800 °C.

Specific Weight Change Vs.Oxidation Time for
Uncoated, Cr-Si Coated, Gedoped Cr-Si
Copated Steel

9.08E-01 -
g, 8.08E-01 1 |® Uncoated IS
S steel ¢
P 7.08E-01 | |= Cr-Si Coated o'
O i .
b= ‘E 6.08E-01 A Ge Doped Cr- .
2 o 5.08E-01 Si Coated o
S 2 4.08E-01 | Joo0t?
= .
.H‘;_’ 3.08E-01 - o'
9o 2.08E-01{ .°*
2 ¢ .
%) 1.08E-01 1, !;:M
8.00E'03 h T T T

0O 20 40 60 80 100 120
Oxidation Time,(hr)

Figure 4. Specific weight gain vs. oxidation time at 800 °C during cyclic
oxidationin air for 100hrs at 5hrs cycle for uncoated low alloy steel type-
T2 , chromizing-siliconizing and Ge-doped chromizing-siliconizing
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Weight Gain vs. Oxidation Time Oxidation for
Ge Dopped Cr-Si
0.07

g
G 0061 | ¢6000C N AAAA
(@]
E 005  ®7000C NS
= A 8000C
(¢ 0.04 4
=
© 0.03 1
]
= L g
o 0021
S o0.01-
[oR
n

0 T T T T T

0 20 40 60 80 100 120
Oxidation Time, hr

Figure5. Specific weight gain vs. oxidation time at 600-800 °C during cyclic
oxidation in air for 100hrsat 5hrscyclefor Ge-doped chromizing-siliconizing
coated low alloy steel

Specific Weight Gain vs. Oxidation time for
Ge-Doped Cr-Si
0.07
998 ¢ 600 0C
E, ‘E 0.05 4 |= 700 oC
[}
2 % 0.04 - A 800 oC
o E
e < 0.03 -
g -
o O 0.02 -
n
0.01 1 M//
0 T T T T ) T T T T ) T T T T
0 4 8 12
VOxidation Time , (¥ hr)

Figure6. Specific weight gain vs. squareroot of oxidation time at 600-800 °C
during cyclic oxidation in air for 100 hrsat 5hrscycle for Ge-doped
chromizing-siliconizing coated low alloy steel
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Table 4. Parabolic rate constant Kp (gm?% cm? sec) for different coating

systems
Coating Temp |[K (mg/|n Kp (gm? | Reference
°c 2 4
cm? ~hr cm® sec)
)
Cr-Si coating | 800 0.0128 | 052 |4.55x10™ | Present work
Ge-doped 600 0.0021 [0.49 [1.23x10™"
chromizing- | 700 0.0051 |0.49 |7.23x10™
siliconizing | 800 0.0064 |[051 |1.14x10™
coating Present work
Cr-Si coating | 600 0.0033 |0.48 |3.03x10™ | Reference[17]
700 0.0089 |05 [2.20x10™"°
800 0.0128 | 053 |4.0x10™
Ln kp vs. 1/T for Cr-Si and Ge Doped Cr-Si
T, (1K)
0.0009 0.0010 0.0011 0.0012
-21 : ———
-21.5 - o ® Cr-Si Coated
Ref 17
- %27 B Ge Doped Cr-
b 925 4 Si Coated
<
=
S 231 "
AN
£
> -23.5 1
>
S 24
c o
~ 245 -
-25 - N
-25.5

Figure 7 Parabolic rate constant vs. (1/T) for Ge-doped chromizing-
siliconizing coated low alloy steel during cyclic oxidation in air for 100
hrsat 5hrscycle, 600-800 °C.
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