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Abstract. Laser surface alloying by the powder feed method
of the iron based superalloy Incoloy 800H with aluminium
has been carried out. The effects of different preparation pa-
rameters, like laser scan speed and powder feed rate, on the
morphology of the alloyed zone have been investigated. Mi-
crostructure and composition have been determined by scan-
ning electron microscopy (SEM), optical microscopy, and x-
ray fluorescence spectroscopy. Three different phases with
different Al-content have been distinguished. The observed
Al-enrichment at the surface, the presence of Ni-Al and Fe-
Al intermetallic compounds, and the considerable grain re-
fining of the alloyed zone with respect to the substrate, make
this surface modification technique a very good method to
improve the corrosion behaviour of the Incoloy 800H super-
alloy.

PACS: 81.65, 42.70.H, 81.05.Bx

In the last decades there has been a continuous development
of heat resistant new materials with good mechanical prop-
erties, such as strength and wear resistance, aimed to attend
to the needs of the gas turbine industry [1, 2]. Surface prop-
erties of such materials are crucial, since most processes
influencing their lifetime, like wear or corrosion, occur at
the surface [3]. Surface modified materials constitute a very
good option, since they have their surface properties im-
proved while conserving the good mechanical behaviour of
the bulk material [4, 5]. From the corrosion point of view,
any temperature increase involves a higher oxidation rate.
Protective coatings, based on Cr2O3 and Al2O3 scales, can
slow down the corrosion process to a very high extent [4, 6].

Laser surface modification of materials constitutes a very
good method to improve their surface properties due, among
other things, to the high power densities involved [7, 8, 9].
Laser surface hardening can give rise to new phases due to
the very high heating and cooling rates, which lead to con-
ditions very far from equilibrium and also produce consider-
able grain refining [10]. In laser surface cladding, a protec-
tive coating is obtained by melting powder material of differ-
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ent compositions on the surface to be treated, with minimum
dilution of the melt into the bulk material [7, 9, 11, 12, 13].
In the process of laser surface alloying there is a simultane-
ous melting of substrate and powder materials, allowing the
formation of a protective alloyed coating [14, 15, 16, 17].
Due to the very good protective characteristics of Al2O3
scales, which can reduce oxidation rates at high tempera-
tures up to a factor 8 [18], Al is a commonly used material
in laser surface alloying [13, 14, 15].

The iron based superalloy Incoloy 800H combines good
strength and resistance to oxidation and carburation in high
temperatures and many aqueous environments. This good
corrosion behaviour may be improved by incorporating Al
at the surface. Al2O3 scales would lead to a higher resistance
to oxidation at high temperatures, while the Cr content of the
base alloy would maintain its resistance to carburation and
sulfidation [18]. In the present work, a study of the composi-
tion and morphology of laser surface alloyed Incoloy 800H
with aluminium is reported. The high Cr content of the base
alloy, together with the highly protective properties of the
Al-rich coating, make this surface modified material very in-
teresting in high-temperature anti-corrosive applications. Its
high-temperature oxidation behaviour will be the subject of
a future work.

1 Experimental details

The method used for laser surface alloying was powder in-
jection, by which the alloying material, in powder form, is
directed onto the surface of the material to be alloyed at
the point where the laser is being focused, leading to the si-
multaneous melting of both materials [16]. Pure aluminium
powder (99.9%) was fed into the melting pool by means
of a stream of argon. A powder feed unit equipped with a
flow balance was used to control the Al powder feed rate
[8, 11, 12]. The Fe based superalloy Incoloy 800H, with
nominal composition (wt%) Fe 45.36, Ni 30.78, Cr 20.0,
Co 0.87, Mn 0.71, Si 0.52, Cu 0.49, and Ti 0.33, was used
as substrate material. Several samples, 5 mm thick, were cut
from a rod of 60 mm diameter.

The laser employed was a CO2 continuous wave laser
(Spectra Physics) operated in multimode beam, with an out-
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Fig. 1. Top view of a representative sample after laser treatment. The tracks
were obtained by scanning the laser beam four times through the substrate
surface at a scan speed of 800 mm/min while Al powder was being injected
at a powder feed rate of 3 g/min. Note the low rugosity of the tracks with
respect to the substrate

put power of 5000 kW. The laser beam was focused onto
the substrate surface, giving a spot area of 64 mm2. In or-
der to reduce losses caused by reflectivity from the substrate,
samples were sand blasted prior to laser treatment. The laser
beam was scanned onto the samples by moving them at a
constant traverse speed. Several samples were obtained, us-
ing a powder feed rate of 3 g/min and different scan speeds
(500 mm/min, 800 mm/min, 1100 min, and 1400 mm/min),
in order to find the best alloying conditions.

The modified surfaces were studied by optical micro-
scopy, scanning electron microscopy (SEM), and x-ray mi-
croprobe analysis (XMA). Metallographic observations were
done on cross sections of the material, which were previ-
ously polished and chemically attacked in order to emphasize
the different metallographic phases. SEM pictures and XMA
spectra were obtained in a commercial JEOL-JXA 840 sys-
tem with 15 keV incident electron energy. A Mitutoyo 401
Surftest was used to determine the roughness of the samples
after laser treatment. Roughness measurements were related
to the bare samples after sand blasting.

2 Results and discussion

Four tracks, prepared under the same conditions, were made
on each sample, as shown in Fig. 1. All single tracks pre-
sented good aspect, homogeneity, and a relative low ru-
gosity, with no cracks observed at first sight. No signifi-
cant differences were observed between tracks made on the
same sample, i.e., under the same conditions, showing the
good statistical behaviour of the method and the good re-
producibility of the modified surfaces.

Figure 2 shows the relationship between some morpho-
logical aspects of the laser alloyed zone and the scan traverse

Fig. 2a,b.Evolution of the track depth and width(a), as well as the rugosity
(b) with respect to the laser scan speed

Fig. 3. Cross section of a track corresponding to the sample prepared with
a 800 mm/min laser scan speed and 3 g/min powder feed rate. The im-
age magnification is×16. The sample was previously treated in order to
optimize contrast between the different phases

speed. In Fig. 2a the depth (left axis) and width (right axis)
of the alloyed zone, as determined by metallographic ob-
servations on cross sections of the samples, are presented.
Both magnitudes show a decreasing behaviour, since the
supplied laser energy per unit surface area is also a decreas-
ing function of the laser scan speed. Whereas the track width
presents very small variations, the depth seems to be more
sensitive to changes in the traverse speed. Both magnitudes
show a low dependence on the traverse speed as compared
with other systems [15], which can be due to differences in
the intensity distribution of the laser beam, especially at the
edge of the beam spot. These differences may be originated
by the use of a different mode structure or a different beam
size (3 mm in Ref. 15 vs. 8 mm in our case). Also the in-
trinsic properties of the treated material, especially the ther-
mal conductivity, should play an important role. Figure 2b
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Fig. 4a,b.Detail of the region close to the track boundary of two samples,
prepared at 1400 mm/min laser scan speed(a), and 800 mm/min(b), re-
spectively. The image magnification is×40. The samples were previously
treated in order to optimize the contrast between the different phases

shows the roughness vs. traverse speed for the same sam-
ples. The dashed line corresponds to the roughness of the
Incoloy-800H surface after sand blasting, measured in the
longitudinal direction of the track. The much lower values
(1.5-3 µm) obtained for the alloyed surfaces indicate the
good surface finishing of the treatment, similarly to other
systems previously studied [9].

In Fig. 3, a representative macrography of a track cross
section is shown. It corresponds to a sample prepared with
800 mm/min traverse speed and a 3 g/min powder feed rate.
Approximately the same morphology was observed for the
rest of conditions, with only slight differences in the depth
and width of the alloyed layer. As it can be observed in the
figure, the region close to the track border presents higher
homogeneity than the central part, where a lower apport
of alloyed material can also be observed. Similar behaviour
has been previously reported for other laser-applied coatings
[19, 20]. The high temperature gradients inside the melt pool
during the laser-surface interaction produce convective flows
and thermocapilarity. The main force acting on these flows
originates from variations in surface tension with tempera-
ture [21, 22]. The surface tension is low at the center of the
pool, where the temperature is maximum, and high at the
pool boundary, where the temperature is lower. This causes
the melt to flow from center to border at the surface and
in the opposite direction at the interface, giving rise to the
formation of whirls of material flow. Since flow velocities

Fig. 5. Micrography of two different regions of a sample prepared at
800 mm/min laser scan speed and 3 g/min powder feed rate.a corresponds
to the region close to the track boundary andb to the central part of the
track. The magnification is×200

at the surface are much higher than inside, the whirls are
confined to the borders of the melt pool. This explains the
lower apport of alloyed material at the central part, as well
as its lower homogeneity as compared to the regions close
to the border. A possibility to make this central part more
homogeneous would be to produce tracks with an overlap
close to 50%.

Relative densities of substrate and alloying material may
influence the pool morphology, especially if the alloying
material is heavier than the substrate [20]. In our case the
alloying material density is much lower than the substrate
density, so we can assume that the surface tension gradi-
ent is the only force acting on the melt flow. This force
leads to the formation of whirls which carry most of the
material flow, as mentioned above. Assuming a flow veloc-
ity of ≈ 2 m/s [19] the whirls would complete one cycle
in ≈ 2.5 ms, resulting in 6-7 cycles for a laser scan speed
of 500 mm/min, and only 2 cycles for 1400 mm/min. Since
homogeneity is directly related to the number of cycles, sam-
ples prepared at higher scan speeds are expected to be less
homogeneous. This behaviour is illustrated in Fig. 4, where
the region close to the border of two samples prepared at
different scan speeds is shown. Figure 4a corresponds to the
highest speed, 1400 mm/min, and Fig. 4b to 800 mm/min. In
both cases a considerable grain refining with respect to the
substrate is observed. However, whereas the sample grown
at 800 mm/min shows uniform grain size and form distribu-
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Fig. 6. SEM image of a region close to the track boundary corresponding
to a sample prepared at 800 mm/min laser scan speed and 3 g/min powder
feed rate

tions, the sample grown at 1400 mm/min has a less homo-
geneous appearance, and consists of several regions of dif-
ferent grain sizes and forms, with some poorly-mixed zones
also visible. The pool/substrate interface looks also different,
being more abrupt in the low scan-speed case, with no in-
termediate mixed zone, similarly to the case of laser surface
cladding [7, 16]. A layered, onion-like superstructure can be
observed in both cases, though in a more pronounced way
in Fig. 4a, confirming the whirled trajectory of the melt flow
before solidifying.

Samples grown with a scan speed of 800 mm/min and a
feed powder rate of 3 g/min show the best behaviour as far
as homogeneity and alloy mixing are concerned. Figure 5
shows microscopic images of two regions of a sample pre-
pared under these conditions. Figure 5a corresponds to the
pool boundary region and Fig. 5b to the central part. Three
different phases can be distinguished in figure 5a: a solid
solution consisted of equiaxed grains, a second phase pre-
cipitated along the grain boundaries, and a third one com-
posed of globular precipitates inside the grains. Addition-
ally, a fourth phase forming an acicular structure inside the
grains can be observed in some zones of the central part
of the track, as shown in Fig. 5b, in regions with certain
lack of homogeneity. The image corresponds to a portion of
melt material moving into the base alloy by means of the
convective forces described above.

In order to characterize the different phases observed
in the metallographic study, the samples were probed by
SEM and XMA. Figure 6 shows a representative SEM im-
age of the pool boundary region of a sample similar to
that shown in Fig. 5. The grained structure and the pre-
cipitates observed in the metallographic image are perfectly
clear. In order to quantify the composition of the differ-
ent phases found, an x-ray fluorescence analysis was made.
The obtained spectra were corrected to take into account
self-absorption and auto-ionization effects between the dif-
ferent elements in the sample. The results of such analysis
are shown in Table 1. Relative compositions are expressed
in atomic percent, and correspond to mean values obtained
by measuring each phase at several points on the sample,
with an upper limit of the standard deviation of 5% of the
corresponding value. Phases A, B, and C correspond to the

Table 1. Results of the x-ray fluorescence analysis performed on the differ-
ent phases observed. Phase A corresponds to the grained structure, phase
B to the precipitates inside the grains, and phase C to the precipitates at
the grain boundaries. The zone where each measurement was done is also
indicated. For each phase, the relative element composition is expressed as
atomic percent. The standard deviation of each value is lower than a 5%
of this value

Fe Ni Cr Al Si Ti

Base alloy 46 30 21 – 1 0.4
Phase A, interface 40-41 27 18-20 11-13 1-2 –
Phase A, surface 40 25 19 14 1 0.3
Phase B, interface 30 20 15 30 2 3
Phase B, center 25 15 14 39 2 3.6
Phase B, surface 26 14 13 46 1 0.4
Phase C, interface 35 22 19 22 2 0.8

three phases observed both by optical microscopy and SEM,
i.e., grains, inner precipitates, and precipitates at the grain
boundaries, respectively. For phases A and B variations with
the position inside the pool were observed, so data are pre-
sented separately. The main difference between phases is the
aluminium content, which is lower for phase A, increases
for phase C, and is maximum for phase B. Differences in
Al concentration also account for the variations observed in
phase A and B with the position inside the pool. They in-
dicate an Al-enrichment at the surface, though changes in
phase A are much lower than in phase B. Due to the com-
plexity of the system, an exact identification of the different
phases would be rather complicated. Nevertheless, we have
made an approach based on three ternary phase diagrams:
Fe-Cr-Al, Ni-Cr-Al, and Fe-Ni-Al [23]. In Table 2 we show
the results of this analysis. Each column corresponds to one
of the phase diagrams, in which one of the main elements
is absent. The arrows indicate transformations upon cooling,
with the corresponding temperature. It is important to note
that, due to the extreme conditions out of equilibrium of the
laser alloying process, one has to take into account not only
the stable phases at room temperature, but also all phases
that appear at higher temperatures. These phases may also
exist, since the extremely fast quenching rate of the process
may not allow them to evolve as in the equilibrium phase
diagram, and they would coexist as metastable phases to-
gether with the equilibrium phases. Some conclusions may
be extracted from Table 2. Phase A seems to consist of a
solid solution, composed of all main elements, with some
Ni-Al intermetallic compounds, especially Ni3Al. The pres-
ence of very small Ni3Al precipitates inside a Ni-Al solid
solution has already been observed in different Ni-Cr-Al al-
loys [24].Though from the Fe-Ni-Al diagram the presence
of Fe-Al compounds in phase A could also be possible (γ
phase), this possibility is excluded by the Fe-Cr-Al diagram.
Nevertheless, Fe atoms can replace Ni in Ni3Al, forming
Ni-Fe-Al intermetallic compounds [8, 11].Both phase B and
phase C have a higher Al content than phase A, reaching the
solubility limit of Al, which starts to react with Fe and Cr.
Phase C seems to be composed of (Cr), Fe-Al and Fe-Ni-Al
phases, together with the Ni-Al phases already present in
phase A (FeAl, Fe2Al, NiAl, Ni 3Al, and (FexNi1−xAly)).
NiAl is expected to evolve towards Ni3Al if the quenching
rates are sufficiently slow [24], but we expect a mixture of
both phases due to the very high quenching rate involved in
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Table 2. Results of an analysis based on the ternary equilibrium phase diagrams of the main components of the three phases studied.
The arrows correspond to phase transformations and the numbers above them to the temperatures at which they have been reported. In
the last rows the correspondence between phase names and formulae for each diagram is shown

Fe-Cr-Al Ni-Cr-Al Fe-Ni-Al

Phase A (Cr,αFe) β
1150−→ α + β + γ

850−→ γ + γ′ β + γ

Phase B, interface (Cr,αFe)
900−→(Cr,αFe)+α2 + ζ2

750−→ η +
α2 + ζ2

ζ
1150−→ β + ζ

850−→ α + β + γ′ β

Phase B, middle (Cr,αFe)
900−→(Cr,αFe)+α2 + ζ2

750−→
(Cr,αFe)+η + α2

β
1150−→ β + ζ

1025−→ α + δ + ζ
850−→ α + β + γ′ β

Phase B, surface (Cr,αFe)
900−→(Cr,αFe)+α2 + ζ2

750−→ η +
α2 + ζ2

ζ
1150−→ β + ζ

1025−→ β + δ + ζ
850−→ α + β + γ′ β

Phase C (Cr,αFe)
750−→ (Cr,αFe)+α2 + η β

1150−→ α + β
850−→ γ′ β

α2 = FeAl α = (Cr) β = (FexNi1−x)Aly
η = (Cr1−xFex)2Al β = NiAl γ = (Fe,Ni)
ζ2 = Cr5Al 8 γ = Ni

γ′ = Ni3Al
ζ = Cr5Al 8
δ = Ni2Al 3

the laser treatment. From our analysis we can not conclude
if all phases are present nor if one of them predominates, but
the existance of Ni-Al and Fe-Al intermetallic compounds
can lead to an improvement of the oxidation resistance of
the material [24, 25, 26]. Phase B reaches the highest Al-
content, and, as a consequence, Cr-Al compounds may start
also to form together with the rest of the phases observed in
phase C. Although the addition of Cr to Fe-Al compounds
seems to be the most probable way to incorporate Cr as in-
termetallic compound (in the form of (Cr1−xFex)2Al), other
phases, like Cr5Al 8 may also be present.

3 Conclusions

Laser surface alloying of Incoloy 800H with Al has been
carried out, and the obtained material characterized by opti-
cal and electronic microscopy, and by XMA. Alloyed zones
show a good aspect, homogeneity, and low rugosity. The
effects of preparation parameters on the morphology of the
modified surface have been evaluated. Three phases with
different Al-content could be distinguished. The main phase
consists of a solid solution with some Ni-Al intermetallic
compounds inside. The other two phases, in form of pre-
cipitates, correspond mainly to Fe-Al and Fe-Cr-Al phases,
respectively. The observed surface Al-enrichment, the con-
siderable grain refining with respect to the base alloy, and
the abundance of Ni-Al and Fe-Al intermetallic compounds,
make this coating very interesting for high-temperature ap-
plications.
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