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ARTICLE INFO ABSTRACT

Article history:

In order to improve the oxidation resistance of ferritic stainless steel,
it is possible to deposit a protective coating onto the steel substrate.
In this research, through the usage of pack cementation method a
coating of titanium was applied on the surface of AISI 430 stainless
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steel. Scanning Electron-Microscopy (SEM), Energy-Dispersive X-
ray spectrometry (EDAX) and X-ray diffraction (XRD) were used
for evaluating of coating structure. Results showed that titanium
coating consisted of two layers with the total thickness of 50 micron.
The titanized layer consisted of TiFe, TiFe, and Fe,TiOs phases. For
investigating the oxidation behavior of the coated and uncoated
specimens, isothermal and cyclic oxidation tests were performed at
1000 °C. In isothermal oxidation, the oxidation resistance of the
titanium coated specimens was improved by restricting the outward
penetration of chromium cation. The results of cyclic oxidation of
titanium coated samples indicated that they were resistant to
lamination and cracking.
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1-Introduction

Development of new materials and coatings for
high temperature applications is an important
research area. The continuing demand to
increase the temperature in combustion
chambers and gas turbines in order to enhance
the efficiency of the plants will benefit from
such researches [1]. Stainless steels have been
used in gas turbine engines applications with
protective coating to combat oxidation problems
in aero engines and hot corrosion in industrial
and marine engines [2,3]. The presence of a
surface protective coating is generally required
to extend the life of the component in high
temperature working environments [4, 5].
Protective coatings are predominantly of the
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diffusion type and are produced by a variety of
techniques such as chemical vapor deposition,
pack cementation, slurry coating and hot
dipping. For hot section applications, diffusion
coatings that are reproduced by pack
cementation process and are still predominant in
the gas turbine industry and currently serve 80
to 90 percent of the world market [5].

Pack cementation processes are categorized as
low activity and high activity packs based on the
amount of activator. In low activity packs (a low
amount of activators) the coating is produced by
outward diffusion of the substrate atoms while
in the high activity packs (high amount of
activator), the coating is produced by inward
diffusion of the coating elements. In the case of
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external growth, any particles from the pack will
be easily entrapped in the coating [6, 7].

Pack cementation is a comparatively easy
technique, which includes immersing the
component to be coated in a powder mixture in
a sealed or semi-sealed retort [8, 9]. The pack
cementation process is simple to reproduce. In
the pack process, the driving force for the
transfer of coating element is the difference in
activity between the source and the substrate
surface [10].

Pack-titanizing has been extensively employed
for steels and super alloys to improve their hot
temperature oxidation resistance [11]. The
coating can form titanium oxides or
intermetallic compounds, which are highly
resistant to oxidation and hot corrosion at
elevated temperature and hostile environment
[11].

The intermetallic compounds (especially
titanium intermetallics) are interesting structural
materials for high temperature applications due
to their favorable properties, for instance low
specific weight, high strength and good
corrosion resistance at elevated temperatures,
and reasonably good ductility at ambient
temperature [12-15].

Up to now no research has been done about the
influence of diffusional coating of titanium on
the oxidation resistance of AISI 430 at high
temperatures. The aim of this research was to
deposit titanium coating onto AISI 430 stainless
steel. Isothermal oxidation for studying grown
oxides at 1000 °C and cyclic oxidation for
applying thermal stresses on the uncoated and
coated specimens were carried out. Also, surface
scale structures of coated and uncoated AISI 430
steel after isothermal and cyclic oxidation were
investigated.

2- Materials and methods

2-1- Materials

AISI 430 stainless steel was used as the
substrate. The chemical composition of the
substrate is shown in Table 1. The coupons were
ground up to 1200 grit SiC paper, cleaned and
ultrasonically degreased in acetone and
methanol.

For pack titanizing process, pure titanium
powder was used as the metal source,
ammonium chlorine powder as the activator and
alumina as the inert filler. The average particle

size of titanium was 1 um and that of ammonium
chloride and alumina was 5 pm.

Table 1. Chemical composition of AISI 430 stainless
steel

Element | C | Cr r':ﬂ Si |S |P E
;‘t’ir;%e”t 0. [1710. |0. |0 |0 |B
oo | 125 |85 |75 02|03 |a

2-2- Coating process

AISI 430 samples were enclosed in a stainless
steel box filled with the powder mixture and
sealed. In order to deposit titanium onto the AlSI
430 substrate, pack cementation method was
employed. Ti, Al,Os; and NH4CI powder were
used as powder mixture with the average size of
20 pum, 40 um and 180 um, respectively. The
optimized conditions for coating of titanium
onto the AISI 430 stainless steel were identified:
15% w.t. Ti, 5% w.t. NH4Cl, 85% w.t. Al,Os as
powder mixture and heating at 950 °C for 6 h in
argon gas atmosphere.

After the coating process, the samples were
cooled down to room temperature in the
circulation of inert gas. A steady flow of argon
(0.35 lit/min) was maintained during both the
coating process and the cooling cycle. The
optimum time was determined according to the
layer thickness and the final coating structure.
After pack cementation treatment, the samples
were removed from the pack and ultrasonically
cleaned in ethanol to remove any embedded
pack material and then weighed using an
electronic balance.

2-3- Evaluation techniques

After pack cementation, the coated specimens
were lightly polished to remove any particles
sticking to the specimen surface from the
powder pack. The cross section of Ti-coated
samples was examined by using optical
microscopy and scanning electron microscopy
(SEM) equipped with EDS analyzer. Diffusion
profiles of Ti across the coating were derived by
EDS. X-Ray diffraction (XRD) with Cu-Ka
radiation operating at 40kV and 30mA (Phillips
X’Pert) was used to identify the phases formed
in the coatings. To investigate the oxidation
behavior of the as-coated samples, isothermal
and cyclic oxidations were carried out at 1000
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°C in air in an electrical furnace. The samples
were weighted at room temperature for several
times by electronic balance with a sensitivity of
0.1 mg during oxidation at 1000 °C.

3- Results and discussion

3-1- Titanizing

Fig. 1 demonstrates the cross-section SEM
image (Fig. 1a) and the concentration profiles of
titanium and the major elements (Fig. 1b) in the
coating layer measured by EDS. The element
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concentration profiles confirm the deposition of
titanium from the vapour phase, which resulted
in the formation of a uniform coating layer rich
in titanium. As can be seen, the total thickness
of the coating is about 50um. The coating
consists of two different layers; the outer layer
is 40 um thick and the inner layer is 10um thick.
As can be seen, the concentration of Ti at the
surface is about 42.%. In the outer layer the
concentration of Ti is about 64 % which
increases to 75 % in the inner layer and
decreases to 3 % in the substrate.
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Fig. 1. SEM cross section image (a) and EDS line scan (b) of the coated sample.

Test under the optical microscope demonstrated
the presence of pack alumina particles in the top
surface of the titanium coating. This is a typical
feature, suggesting that the coating was created
via an outward growth process involving Ti
enrichment and the outward migration of
substrate elements, Cr and Fe in particular [16].
Another reason is the temperature of coating and
the amount of activator [11, 12]. If pack
cementation process is conducted at high
temperature and in low activity pack, an external
Ti-Fe layer is formed on the surface by dominant
outward diffusion of Fe (Figure 1).

X-ray diffraction pattern from the coated sample
shows the presence of TiFe, TiFe; and Fe,TiOs
phases (Fig. 2). The presence of TiFe and TiFe;
in the X-ray diffraction pattern (Fig. 2) is due to
inter diffusion between titanium and iron at

elevated temperatures and in the intermediate
coating layer.

During the experiment, the active Ti was
probably created by the following reactions:

NH4Cl[g]—NHs[g]+HCI[g] 1)
2 NHs[g]—N:[g]+3H:[d] (2)
4HCI[g]+Ti[s]—TiCls[g]+2H2[g] 3)
TiCls [g]+2H2[g]—4HCI[g]+[Ti] 4)

and therefore the formation of TiFe and TiFe;
based on the active Ti is carried out through
the following reactions:

[Ti]+[Fe]—>TiFe [s] (5)
[Ti]+2[Fe]— TiFe; [s] (6)
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TiFe and TiFe, are intermetallic compounds
which have good oxidation resistance [11]. They
improve the high-temperature performance of
coated AISI 430. Fe,TiOs phase is formed as a
result of oxidation of TiFe and TiFe, with
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entrapped oxygen in the pack. The interruption
of oxygen in the pack mixture is a common
matter which was observed in the previous
researches [16].
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Fig. 2. XRD pattern of coated specimen.

3-2- Isothermal oxidation behavior

Isothermal oxidation of Ti-coated and uncoated
AISI 430 samples was studied in static air at
1000 °C for 200 h. Fig. 3 shows the mass gain
for Ti-coated and uncoated AISI 430 specimens
as a function of the oxidation time at 1000 °C.
As can be seen, the mass gain increases with
the oxidation time during the initial oxidation
stage for uncoated steel (0-20 hours) and for
Ti-coated steel (0-20 hours). After that, the
mass gain increases slightly with the
oxidation time during the second stage. For

the uncoated AISI 430 steel, by increasing
the oxidation time, the weight gain enhances
slightly. It is due to the creation of a
protective layer which is consistent with
previous works [16, 17].

For the uncoated samples, the rate of initial
oxidation is higher than the Ti-coated
samples. It is because of the non-protective
surface of the uncoated steel which results in
the higher growth rate of oxide scales [18].
The concentration of Cr at the oxide/metal
interface by growth of Cr-containing oxides
increases in the initial period of oxidation.
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Fig. 3. Mass gain as a function of oxidation time in isothermal oxidation for the uncoated and coated samples.
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At the second stage for more growth, Cr
should be provided by diffusion from the
304 steel. The diffusion of Cr in the 430
steel may be rate limiting for oxidation until
the oxide scale growth slows down due to its
parabolic Kinetics [18-21]. For the coated
steels, titanium diffusional coating became
stabilized in the second stage and
demonstrated a lower oxidation rate in
comparison with the first stage.

For both specimens the behavior of isothermal
oxidation follows the parabolic rate law,
indicating that the oxide scales which are formed
on the surfaces can act as a diffusion barrier
[17].

ocessing, Vol. 6, No. 2, 2018, 12-23 16

As can be seen, all the Ti-coated samples show
smaller mass gain in comparison with the bare
substrates at various oxidation times. The rate of
oxidation is decreased by titanium coating layer,
which is consistent with the expectation based
on the oxide scale characterization. The bare
substrate after 200 h of isothermal oxidation had
a weight change of 9.05 mgcm?, while the Ti-
coated samples had a weight change of 5.12
mgem2. It is clearly demonstrated that the
coating protects the AISI 430 steel substrate
from oxidation at high temperatures.

Fig. 4 shows the square of mass gain versus
the time of oxidation for the uncoated and
Ti-coated AISI 430 stainless steel at 1000
°C.
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Fig. 4. Square of mass gain as a function of oxidation time in isothermal oxidation for coated and uncoated
samples.

As illustrated, the mass gain of uncoated
samples enhances parabolically with the
increase of isothermal oxidation time witch
satisfies the parabolic kinetics law explained

by
2

o

where AW is the mass gain, A is the surface
area of the sample, ke is the parabolic rate
constant, and t is the time of oxidation. The
parabolic behavior of the uncoated and Ti-
coated AISI 430 steel is due to the growth of

chromia (Cr.03) scale which followed the
parabolic rate low [22].

The growth of oxide scales is because of the
inward diffusion of oxygen and outward
diffusion of manganese, iron, and chromium.
Since the oxidized coating gets thicker, the
growth rate gets slower due to longer
distances of diffusion. Therefore, the
oxidation kinetics of titanium coating layer
could be estimated by the average thickness
of oxide scales, which was explained by the
parabolic law.

Two stages of oxidation can be seen in both
groups of samples. According to the parabolic
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law [23], the value of k, for uncoated steel
at the first (between 0 and 20 h) and second
(between 20 and 200 h) stages is 2.125x10°
1 g?2em?st  and 5.015x10  gZlemst,
respectively. For Ti-coated samples the value
of k, inthe range of 0-20 h was calculated
about 2.638x1071? g?cm*s?. According to the
oxidation Kinetics, it is indicated that a
protective oxide scale should be thermally
formed between the substrate and the
oxidized coating which is created during the
first oxidation stage [24, 25]. The square of
mass gain as a function of oxidation time
for the titanium coating in the range of 20-
200 h was 1.882x10™ g?cms?. This value
is lower than of the initial oxidation. The lower
value of k;, for the Ti-coated samples in the
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Fig. 5. SEM micrographs of (a) uncoated and (b) coated sample after 200 h isothermal oxidation at 12000°C.

Fig. 6 demonstrates the XRD pattern of the
uncoated and Ti-coated samples after 200 h of
oxidation. In the XRD pattern of bare substrate
(Fig. 6a) (Mn,Cr)304 spinel, Fe;Os, chromia and
silica are observed. The formation of
(Mn,Cr)30s spinel in the uncoated sample is
related to ferritic steels that normally contain
small amounts of Mn. When steel is subjected to
the temperature range of 650 — 850 °C, the spinel
layer of (Mn,Cr)3O4 will be created [27].

Also, chromia will be formed under the
(Mn,Cr)30s  spinel  layer  [17]. The
precipitation of the (Cr,Mn)s04 spinel on the
top of the chromia scale can be ascribed to

second stage (1.882x10° g’cm*st) in
comparison with the k, of uncoated AISI 430
steel in the same stage (5.015x10% gZcms
1 implies that the diffusion of ions is limited
through the use of diffusional titanium coating
layer.

After 200 h of isothermal oxidization, the
uncoated sample grew a black oxide scale which
spilled from the surface in some areas, while the
Ti-coated sample (Fig. 5b) exhibited a grey,
shiny surface. Fig. 5 shows SEM micrographs of
the uncoated (Fig. 5a) and Ti-coated (Fig. 5b)
sample after 200 h isothermal oxidation at 1000
°C. Some hexagonal-shaped particles are
observed in the micrograph of the uncoated
sample (Fig. 5a), which was also observed by
other researchers [26].
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the high diffusion coefficients of manganese
ions. The metal ion diffusion is reduced in
the order of Dwmn > Dge > Dcr by supposing
that these metal ions diffuse via Cr¥*-lattice
sites in Cr,0; [28]. Based on the Cr-Mn-O
system phase diagram the (Mn,Cr)3;O4 spinel
is thermodynamically favorable even at low
Mn concentration [29]. The formation of the
(Mn,Cr)30. spinel layer on the oxide scale
could decline significantly the wvaporization
pressure of gaseous chromium species. Non-
protective  substrate  against  oxidation
reactions redounded to the creation of these



S. Keshavarz et. al., Journal of Advanced Materials and Processing, Vol. 6, No. 2, 2018, 12-23 18

phases  which  decrease the electrical
conductivity of interconnects [30].
The formation of silica occurs in steels which

contain Si in amounts greater than 0.5 wt%.

Counts

Insulating, continuous or network-like films of
silica can also be grown under the chromia scale
[27].
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Fig. 6. XRD pattern of (a) uncoated and (b) coated specimens after 200 h isothermal oxidation at 1000 °C.

In the XRD pattern of the coated substrate (Fig.
6b) TiO,, TiFe, TiFe,, TiFe,Osand Fe,;TiO4 are
observed. The main constituents of titanium-
iron will form thermodynamically very stable
oxides under oxidizing conditions at high
temperatures [15]. The formation of protective
titanium oxide scale is essential to provide long-
term  oxidation resistance at elevated
temperatures. On the other hand, titanium oxides

grow very fast and limit the upper temperature
capability of titanium alloys to approximately
550 °C. According to thermodynamic
calculations, titanium-iron compounds with
more than 48-50 titanium atomic percent are
expected to form slowly growing titanium oxide
scales [31].

The formation of titanium oxides (TiOg, TiFe20s
and Fe;TiOy4) and also the existence of titanium
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intermetallics (TiFe, TiFe,) during the
isothermal oxidation improved the oxidation
resistance. Weight change results (Fig. 3)
indicate that the diffusional titanium coating
layer performs as an effective obstacle against
outward diffusion of Cr cation and inward
diffusion of oxygen anion [31, 32]. Fe;O3 and
Cr,03 are also observed in the XRD pattern of
oxidized Ti-coated sample, but the lower
intensity of these phases indicates that the

200 um

: BSE Detector

formation of these peaks has been restricted.
Titanium diffusional coating limited the
interaction of chromium, iron and oxygen, so the
formation of chromia and hematite has been
restricted [32].

Fig. 7 demonstrates the SEM cross-sectional
image of uncoated (Fig. 7a) and Ti-coated
sample (Figure 7b) after 200 h of oxidation at
1000°C.
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Fig. 7. SEM cross section image of the oxidized uncoated (a) Ti-coated (b) samples after1000 h isothermal
oxidation at 1000 °C.

In the bare AISI 430 steel oxide scale has
grown up to ~70 pum. The spallation at the
scale—metal interface (Fig. 7a) may have been
created due to the creation of a silica
network. SiO, is not miscible with Cr,0s,
and the poor adhesion between the oxides
may cause the detachment of Cr,0; from
SiO,, which sticks to the steel during the
progress of thermal stresses. The poor
adhesion between Cr,Os; and SiO; is due to
the difference between the thermal expansion
coefficients (TEC). The TEC of silica
(0.55x10® °C?) is lower than the TEC value
of Cr,0; (9.6x10° °C?) [4, 33]. Ferritic
stainless steel has a TEC of 11x10% °C?,
which is relatively close to the TEC of
chromia. Since SiO is not entirely removed
by the spalled scale, inadequate adhesion
occurs between Cr,0; and SiO- (silica is not

miscible with chromia). This poor adhesion,
and the formation of a silica network at the
alloy-scale interface, may be a reason for
spallation of the scale [34].

For Ti-coated sample, coating layer, Cr,Os
scale layer and substrate can be distinguished
(Fig. 7b). The top layer is the oxidized
coating layer and beneath the coating layer,
chromia layer has been developed. The
thickness of the chromia scale layer is
approximately 8 pum. Some cracks are
observed between the oxidized coating layer
and the chromia layer. The presence of
chromium oxide at the interface with different
ACTE value could be responsible for the
formation of these cracks.SEM micrographs
show the effectiveness of titanium coating in
decreasing the outward diffusion of chromium
(Fig. 7). The thickness of Cr.0O; oxide layer
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is less than that of the uncoated sample
because the coating layer restricted chromium
diffusion.

3-3- Cyclic oxidation behavior
For studying the resistance of titanium coating
during thermal stresses, the Ti-coated and

uncoated specimens were subjected to 50 cycles
of oxidation. Each cycle included 1h heating at
1000 °C in the electrical furnace and 15 minutes
cooling in air. Mass gain for the Ti-coated and
uncoated specimens as a function of cyclic
oxidation is demonstrated in Fig. 8.
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Fig. 8. Mass gain as a function of cycle number in cyclic oxidation for the uncoated and coated samples.

:300%
HV: 200 kv

) S S | B |
200 um

<% 7 J
: SE Detector

Fig. 9. SEM micrographs of the oxidized (a) uncoated and (b) Ti-coated samples after 50 cycles at 1000 °C.

As can be seen, the weight gain of the uncoated
samples increases as the number of cycle
increases. This occurs as a result of the growth
of oxide scales and spallation. Spallation is the
result of mismatching of thermal expansion

coefficient (TEC) of oxide scale and metallic
substrate [32-34]. The mass gain for Ti-coated
and uncoated specimens after 50 cycles was 3.74
mgcm2and 8.01 mgem™2, respectively.
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The surface of the uncoated specimen spalled
from some part of the sample (Fig. 9a), while the
surface of Ti-coated sample after 50 cycles
showed good resistance against cracking and
spallation (Fig. 9b). The created cracks in the
surface of bare steel are probably related to
the stresses originating from the differences in
thermal expansion coefficient between the
substrate and the formed oxides on the
surface. Thermal expansion coefficient of iron
oxides are larger than that of the stainless
steel, resulting in tensile stresses in the oxide
during cooling [35]. Spalled scale creates
diffusion path for cations and anions and
therefore through the simple migration of
ions the oxide layer grows with a higher rate.
Results of cyclic oxidation showed that titanium
coating layer had good resistance against the
thermal stresses which exhibit excellent thermal
expansion coefficient (TEC) matching of
titanium coating layer with substrate [34, 36-
38]. Cracking and spallation in bare specimens
may be because of silica network. Silica is not
miscible with chromia [4]. Spalled scale creates
diffusion paths for cations and anions and as a
result of simple migration of ions, the oxide
layer grows with a higher rate which results in
higher values of weight gain.

4-Conclusions

1. AISI 430 stainless steel was coated with
titanium through pack cementation method.

2. Ti coating consisted of two layers with the
total thickness of 50 micrometers, which
contained TiFe, TiFe; and Fe,TiOs phases.

3. The formation of TiOy, TiFe, TiFe,, TiFe:Os
and Fe,TiO4 phases resulted in lower weight
gain compared to the bare samples in isothermal
oxidation.

4. In cyclic oxidation, Ti-coated samples
demonstrated good resistance against the
cracking and spallation and resulted in lower
values of weight gain compared to the uncoated
samples.
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