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Abstract Iron aluminide coatings are very resistant to corrosion at 600-700 °C.
However, interdiffusion is responsible for a significant reduction of the Al content at
the coating surface. A stable diffusion barrier could in principle prevent this
degradation mechanism. A new diffusion barrier based on nitrogen was produced
and was very effective in reducing coating—substrate interdiffusion on P92. After
nitriding P92, an Al slurry was applied and heat-treated, resulting in an overlay
coating consisting of an Al solid solution with Cr and Fe. This coating was thinner
and quite different from the several Al-Fe intermetallics obtained without nitriding
and was fully characterized. A diffusion study was conducted and the results
showed that after 2000 h at 650 °C, the new coating suffered very little changes and
no interdiffusion with the substrate in contrast with the intermetallic coating
deposited without nitriding. Testing under steam and fire-side atmospheres showed
promising behavior.
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Introduction

Diffusion aluminide coatings are widely used to protect Fe [1], Ni [2], Co [3], Ti [4],
and Mg [5]-based alloys from high-temperature oxidation or environmental
corrosion. At high temperature, the protection conferred by these coatings is based
on their capability of forming an adherent, dense, and stable Al,O5 layer, and one of
the main degradation mechanisms of these coatings is the loss of Al by coating—
substrate interdiffusion [6, 7]. Moreover, interdiffusion causes Kirkendall porosity
and in many cases the formation of a diffusion zone between the coating and the
substrate which may contain brittle phases in the base alloy [8]. On the other hand,
some alloying elements including Ti, Mo, and W present in the substrate may
diffuse outwards and weaken the adhesion of the protective oxide to the substrate
[9]. The basic diffusion mechanism which is responsible for the processes are
thermally induced volume and grain boundary diffusion.

Important efforts have been undertaken in order to prevent or reduce
interdiffusion by applying barriers such as Re-Ni [10], Ta-Ir [11], Hf-Ni, Hf-Pt
[12], Ni-CeO, [13], and Al,O3 [14] mostly by electroplating or sputtering on Ni-
base alloys prior to applying overlay MCrAlY coatings, or to aluminizing by pack
cementation or CVD. However, to use a diffusion barrier on a diffusion aluminide
coating may seem as a contradiction, as the concept of this type of coatings is based
on the formation of intermetallic phased by interdiffusion of added aluminum with
the elements present in the substrate. Examples of these phases are Ni,Alsy and NiAl
on Ni base alloys and Fe,Als and FeAl on steels. If the diffusion is totally blocked,
the coating will not be formed. Ideally, a diffusion barrier for this type of protective
systems must allow the formation of a stable coating, and then stop or retard further
interactions with the substrate.

In particular, Fe aluminides applied on ferritic/martensitic steels have shown to
be very resistant to corrosion under steam, combustion atmospheres, and air at
600-700 °C [15-17]. However, interdiffusion is responsible for a significant
reduction of the Al content at the coating surface, as well as for the formation of
AIN acicular precipitates when the steel contains enough nitrogen. Nitrogen is
added to steels for strengthening purposes and its loss due to precipitation of AIN
can be detrimental to the steels’ mechanical properties. A stable diffusion barrier
could in principle prevent these two degradation mechanisms.

Recently, Rouaix-Vande Put and Pint [18] observed that ODS ferritic alloys
containing N could not be aluminized by CVD due to the formation of an AIN layer
on the surface. Moreover, a 1.0-um-thick AIN diffusion barrier deposited by
magnetron sputtering could effectively reduce the diffusion of Fe atoms from a
stainless steel foil into a Cu(In,Ga)Se, film employed in solar cells at 530 °C [19].
AIN as a layer is dense and very stable at high temperatures. But as shown, if
deposited as a thin film, it does not allow the formation of a diffusion coating.
However, if sufficient AIN can be formed during the aluminizing of a substrate
containing sufficient amount of N, the diffusion barrier effect could be achieved by
progressive formation of AIN once the coating is formed.
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Nitriding is a well-known, mature, and widely employed surface modification
process which provides hardness to steels, increasing their wear resistance [20].
Nitriding can be carried out at 480-980 °C by means of NH; [21] or by a N, plasma
[22]. Nitriding by means of NH3 was employed in this work to enrich the N content
of P92 prior to applying an Al slurry and a subsequent heat treatment to induce
diffusion. Slurries are suspensions of metal particles in a binder and a solvent which
are easily applied by spraying, brushing, or dipping [23, 24]. This method has
proven to be economical and practical to produce aluminide coatings both on steels
and on Ni base alloys. Using these two surface modification techniques sequentially,
a new coating quite different from that obtained by applying the Al slurry under the
same conditions, but without prior nitriding, has been obtained. The new coating has
been characterized and analyzed by FESEM-EDS and XRD. One of the advantages
of this coating application methodology is that it can be used to coat both inner and
outer surfaces of heat exchanger tubes employed in steam power plant boilers. The
use of coatings allows to retard corrosion caused both from steam and from the
combustion gases present in the boiler [16, 25]. Testing of the new coating under
steam and oxy-combustion fire-side atmospheres has been carried out and the new
coating showed very promising behavior. Comparison of the diffusion behavior at
650 °C of the two coatings with and without prior nitriding also evidenced the
diffusion barrier effect.

Experimental Procedures

Materials

Sample coupons (20 x 10 x 3 mm) were machined from tubular sections of P92
obtained from Vallourec Mannesmann. The composition is shown in Table 1.

Coating Application
Nitriding

Prior to nitriding, the samples surface was ground (Struers P180) in order to remove
any impurities present in the substrate that may impede proper nitriding, and then
degreased in ethanol in an ultrasonic bath.

Then, nitriding process was carried out by means in a stainless steel chamber at
500 °C for 4 h under flowing NH; at atmospheric pressure. The specimens were
hanged during the process so that all faces were nitrided.

Table 1 P92 composition

CO, H,O N, O, SO,

vol% 60 30 7 2 1
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Slurry Application

Prior to coating, the samples surface was ground (Struers P40) and degreased in
ethanol in an ultrasonic bath. The slurry was produced at INTA by mixing Al
powder (5 pm, 99.90 wt% obtained from Bendal.utz) with water and a proprietary
binder constituted by a mixture of inorganic compounds (without Cr*®). The slurry
was homogenized by magnetic stirring prior to spraying with a Sagola spraying gun.
Once coated, the samples were left to dry in laboratory air for 3 h. Subsequently, a
diffusion heat treatment was performed under argon flow at 700 °C for 10 h. After
heat treatment, undiffused slurry residues (“bisque”) were removed by slightly
grinding.

Characterization

The as-coated and tested specimens were characterized by light optical microscopy
(Leica MEF 4) and field emission scanning electron microscopy (FESEM)
employing a JEOL JSM 840 system equipped with an energy-dispersive X-ray
spectrometer (EDS) of KEVEX MICROANALYST 8000 with a RONTEC signal
processor. Phase composition was examined by X-ray diffraction (Philips X‘Pert)
using the Cu Ko line (0.154 nm).

Testing
Steam Oxidation

Uncoated substrates were ground (Struers P120) prior to testing. The schematics of
the closed loop laboratory rig used at INTA are shown elsewhere [26]. Laboratory air
was displaced from the specimen chamber by means of N, which was kept flowing
while heating up to the test temperature (approximately at a rate of 600 °C/h). Once
the test temperature had been reached, the N, flow was stopped and pure steam was
introduced at a linear velocity of 7 cm/s. To carry out weight measurements or to
remove samples, the furnace was cooled down to about 300 °C under steam and,
before the specimens were removed, the steam flow was replaced by N,. The reheat
cycle was also carried out under N, atmosphere up to 650 °C at which point steam
was introduced. At least three samples of each type were tested.

Fire-Side Corrosion

This test was performed using an especially designed experimental rig with four
independent lines of H,O, SO,, O,, N,, and CO, feeding a tubular reactor placed in
a furnace shown elsewhere [16]. The gas composition is shown in Table 2. The
samples were placed in alumina crucibles and exposed to the flowing gaseous
atmosphere at atmospheric pressure and 650 °C. The exhaust gas was neutralized by
bubbling it through alkaline solutions. The test began by flowing nitrogen for 1 h
while the furnace was heating up to the test temperature. Then, the nitrogen line was
closed and the corrosive gases and water vapor were introduced at a linear velocity
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Table 2 Composition of the oxyfuel model atmosphere for the fire-side corrosion test

Fe Cr N Ni Si A\ S Mo C Mn w

wt% Bal. 8800 0.046 0.060 0.030 0.200 0.006 0.400 0.100 0.500 1.800

of 3 cm/s. Every 7 days the test was stopped to weight the specimens by cutting the
corrosive gas mixture and turning the furnace off and introducing N,. After
approximately 2 h once the temperature was 300 °C or lower the samples were
removed. At least three samples of each type were tested.

Results and Discussion
Coating generation and Characterization

After nitriding P92 at 500 °C with NH3, a depth of ~30 um was enriched in
nitrogen, as shown in Fig. 1. Nitrogen mainly accumulated within the grain
boundaries (5 wt% in average) which were also rich in Cr. Some needle-like
features were also visible within the grains. Nitrogen was also detected in the
grain’s bulk by EDS (1 wt%). According to Blawert et al. [27], the amount of N that
can be kept in solution in the substrate depends on the Cr content, the higher the Cr
the higher the N solubility. At high N contents, both e-Fe, 3N and CrN can be
formed. The XRD pattern of the samples exhibits low intensity peaks that can be
attributed to Fe,N and CrN. Rather than a continuous nitride layer, on the surface of
the specimen, an oxide rich in Fe, Cr, and N could be observed. The formation of
such a continuous nitride film depends on the temperature and the Cr content of the
steel among other factors [27].

After removing (by grinding) the surface oxide of the nitrided specimens, an Al
slurry was applied by spraying, followed by a diffusion heat treatment at 700 °C.
Surprisingly, an overlay coating consisting of an Al-rich layer containing Cr and Fe
was obtained (Fig. 2a). This new 20-30 pm coating was quite different from that
obtained by applying the Al slurry under the same conditions, but without prior
nitriding, which is thicker (~80 pm) and composed of the intermetallic phases

Oxide rich in Fe, Cr
and N (6.5 wt. %)

Grain boundaries rich
in N (5 wt. %) and Cr
(15 wt. %)

10 pm

Fig. 1 FESEM image of P92 nitrided at 500 °C for 4 h
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(b) g

FeAl; (52 wt. % Al)

AlN predipitates

(Al: 62; Cr: 3, Fe 34.5, 0.8 N wt. %)

FezAl,
o ]

10 pm

e 10 pm

Fig. 2 FESEM image of: a aluminized and heat-treated (10 h at 700 °C) previously nitrided P92 and
b aluminized and heat-treated (10 h at 700 °C) P92

FeAl;, Fe,Als, and FeAl as shown in Fig. 2b [7]. Moreover, the acicular AIN
precipitates that formed within the substrate were absent in the new coating, in
which there was a clear interface with the substrate. The absence of Al in the
substrate was confirmed by EDS point analysis carried out immediately beneath the
coating—substrate interface. Another important difference was the absence of
thickness-through cracks which developed on the intermetallic coating (Fig. 2b),
likely due to thermal expansion coefficients mismatch between the different
intermetallic phases and the substrate, as well as to the brittleness of the Fe,Als
phase.

The coating phase composition was determined by XRD (Fig. 3a). The highest
intensity peaks correspond to Al, and other lower intensity peaks could be attributed
to FeAl; and to Al;;Cr,. This indicates that the coating was mostly composed of an
Al solid solution with Fe and Cr. Very few and small precipitates rich in Cr could be
seen in a high-magnification image of the coating which could correspond to
Aly53Cr, (Fig. 4). To the best of our knowledge, there is no precedent of an Al solid
solution coating. The Fe content measured by EDS (34.5 wt%) corresponds indeed
to an Al solid solution mixed with FeAl; according to the Al-Fe phase diagram

(a) (b) Atomic Percent Aluminum
- ol 102030 40 SO 60 0 80 % 100
1538%C :
300 B Al(Cr, Fe) 14001 L
A FeAl, e 1310°C i
| | C (aFe) ol
¢ AlsCr, T 1200f 123207 AR C1oec
200 S bvFe) [ 1102C |
Z 1000 !
Z FeAl | % :
5 8004 < } 4
100 3 i
z = 655%C C
6001 £ i
0 Fe;Al ' (A~
30 40 50 60 70 80 90 100 110 400 -

0 10 20 30 40 50 60 70 80 90 100

Weight Percent Aluminum Al

Fig. 3 a XRD patent of the new NITRAL coating and b Al-Fe phase diagram [28]
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Fig. 4 High-magnification FESEM images of the coating—substrate interface of aluminized and heat-
treated NITRAL coating on P92

shown in Fig. 4b [28]. The new nitrided-aluminide coating (NITRAL for short) is
meant to be used in steam power plants at a maximum temperature of 650 °C. FeAl;
cannot be differentiated as a separate phase by high-magnification FESEM but must
be present as shown by the DRX pattern. No peaks corresponding to nitrides that
could be present in the coating were observed. Moreover, in the coating—substrate
interface, no features were observed, indicating that a nitride continuous layer
formed under the present conditions.

The formation of an Fe aluminide coating on steels, by applying a slurry and heat
treating at 700 °C, is thought to take place by a very fast sequence of steps: (1)
melting of Al, (2) immediate dissolution of the substrate in molten Al, (3) liquid—
solid diffusion, (4) solidification of intermetallic high melting point phases, and (5)
interdiffusion between the new intermetallic phases and the substrate [29]. The
results obtained in this work employing previously nitrided P92, first evidenced that
before solidification, the amounts of Fe and Cr that have dissolved in molten Al,
were not high enough to generate the Fe richer intermetallic phases present in the
reference aluminide coating. Moreover, once the coating has solidified, further
coating—substrate interdiffusion was hindered by the presence of N, both in the
substrate and in the coating. Nitrogen was mostly concentrated in the substrate grain
boundaries, likely hindering both Fe outward- and Al inward-diffusion. The
presence of N within the grain may also hinder bulk diffusion.

Corrosion Testing

The two coatings were tested together for comparison purposes under steam and a
laboratory oxyfuel atmosphere (CO,: 60; N»: 7; Oy: 1; HO: 30; SO,: 1 in vol%) at
650 °C, showing in both cases excellent protective behavior up to at least 2000 h.
Figure 5 shows for instance the mass variation after exposure to the laboratory
oxyfuel atmosphere of uncoated and coated P92 specimens, coatings being both the
reference aluminide without nitriding and the new NITRAL. However, the uncoated
substrate experienced an important weight gain; the two types of coated specimens
underwent very little increase in weight up to at least 2000 h. The mass variation of
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the coated specimens exposed to steam was quite similar (not shown due to space
limitation).

After 2000 h of exposure to the oxyfuel atmosphere at 650 °C, uncoated P92
developed a multilayered, approximately 200 um oxide scale, exhibiting hematite
(Fe,03) on top of magnetite (Fe;0,4) and finally a mixture of magnetite and Fe—Cr
spinel [(Fe, Cr);04] [26]. This oxide also contained sulfur, mostly within the Fe—Cr
spinel.

In contrast, very thin Al,O; formed on the reference and on the NITRAL
coatings, which protected the substrate preventing its degradation. The microstruc-
ture of both types of coatings as function of exposure time is shown in Fig. 6. It can
be clearly seen that the diffusion behavior of the two coatings was quite different.
As mentioned in the introduction, the reference aluminide coating exhibits
significant microstructural and composition changes due to interdiffusion. The Al
richer phases (FeAl; and Fe,Als) transform to FeAl, which growth in thickness from
4-5 to 4045 pm after 2000 h. Moreover, AIN precipitates deeper within the
substrate, indicating that its N content has been reduced and therefore its
strengthening effect diminished. In addition, the through-thickness cracks originally

25 ¢
g 20 F
£ 15 P92
qc,b R
f=]
< . .
5 10 —s— Fe Aluminide
=
5 NitrAl
= .

0 e amme, S, S = —e —"
0 500 1000 1500 2000

Time (h)

Fig. 5 Mass variation of P92, uncoated and coated with both the reference aluminide and the new
NITRAL coating after exposure to a laboratory oxyfuel atmosphere (Table 2) at 650 °C

Reference Fe
Aluminide Coating
(without nitriding)

= AIN precipitates
10 um

0h 800 h 2000 h
New NITRAL _ - _
Coating
10 pm

Fig. 6 FESEM images of the reference Fe aluminide and NITRAL coatings exposed to an
oxycombustion atmosphere at 650 °C as a function of exposure time
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Fig. 7 Element profiles of the new NITRAL (a) and the reference aluminide (b) coatings as function of
time at 650 °C

present in the coating have widened, although no attack was observed, even at the
bottom of the crack, where the substrate has been reached. The crack surfaces were
likely covered by protective Al,O; [6]. Besides, the NITRAL coating did not
interact with the substrate and maintained the same overlay microstructure of the
“as deposited” layer. The main difference observed on the exposed samples was the
aging of the substrate characterized by the precipitation of the Laves phase (Fe, W),
typical of ferritic steels exposed to 650 °C for long times [30]. No Al could be
measured (by EDS) within the substrate, in the area immediately in contact with the
coating. The thickness and Al content of the coating remained similar as it is shown
in Fig. 7, where the concentration profile as a function of exposure time is shown for
both coatings. However, some differences were observed which were attributed to
experimental variations, for instance the thickness of the initial samples.

After 2000 h, the surface Al content of the reference aluminide was still high, but
past work has shown how, on increasing exposure time, it continuously decreases,
reaching 7 wt% after 70,000 h [31]. This may seem as a very long time, but
coatings are expected to last 300,000 h in steam power plants. On the other hand,
the new coating seems quite stable although longer exposure experiments are
necessary.

Conclusions

A new overlay, Al solid solution coating containing Fe, Cr, and N has been
deposited on P92 by a three-step process consisting of: (1) nitriding by means of
NH; at 550 °C for 4 h, (2) applying a Cr VI free water-based Al slurry by means of
spraying, and (3) heat treating at 700 °C for 10 h. Once the coating was formed,
likely by substrate dissolution on molten Al followed by rapid solidification, no
coating—substrate interdiffusion was observed at 650 °C up to at least 2000 h.
Nitrogen present mainly in the substrate grain boundaries seems to hinder both
inward Al- and outward Fe-diffusion. The coating protects ferritic steels from steam
and oxyfuel fire-side corrosion at temperatures not exceeding 650 °C.
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