International Journal of Minerals, Metallurgy and Materials
Volume 25, Number 2, February 2018, Page 190
https://doi.org/10.1007/s12613-018-1562-2

Formation of microstructural features in hot-dip aluminized
AISI 321 stainless steel

Prashant Huilgol, K. Rajendra Udupa, and K. Udaya Bhat

Department of Metallurgical & Materials Engineering, National Institute of Technology Karnataka, Surathkal, Mangalore-575025, India
(Received: 17 May 2017; revised: 26 October 2017; accepted: 27 October 2017)

Abstract: Hot-dip aluminizing (HDA) is a proven surface coating technique for improving the oxidation and corrosion resistance of ferrous
substrates. Although extensive studies on the HDA of plain carbon steels have been reported, studies on the HDA of stainless steels are li-
mited. Because of the technological importance of stainless steels in high-temperature applications, studies of their microstructural develop-
ment during HDA are needed. In the present investigation, the HDA of AISI 321 stainless steel was carried out in a pure Al bath. The micro-
structural features of the coating were studied using scanning electron microscopy and transmission electron microscopy. These studies re-
vealed that the coating consists of two regions: an Al top coat and an aluminide layer at the interface between the steel and Al. The Al top
coat was found to consist of intermetallic phases such as Al,Cr and AlsFe dispersed in an Al matrix. Twinning was observed in both the
Al,Cr and the Al;Fe phases. Furthermore, the aluminide layer comprised a mixture of nanocrystalline Fe,Als, Al;Cr, and Al. Details of the

microstructural features are presented, and their formation mechanisms are discussed.
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1. Introduction

Stainless steels are used widely along with tita-
nium-based alloys, aluminides, and superalloys in a vast
number of high-temperature applications. Stainless steel of
grade AISI 321 is used in aerospace exhaust manifolds,
components for the nuclear industry, jet engine parts, and
chemical processing equipment. It is also used as a structur-
al material in fusion reactors. Recently, grade AISI 321 alu-
minized stainless steels have been reported to be effective
deuterium and tritium permeation barriers [1-2]. They offer
the benefits of reasonable high-temperature strength, ade-
quate creep resistance and good oxidation and corrosion re-
sistance. However, at elevated temperatures (e.g., > 700°C)
and in aggressive environments, protection is needed
against degradation phenomena such as cyclic oxidation,
high-temperature corrosion, and solid-particle abrasion.
Aluminizing of steel is expected to overcome such problems
because Al forms a compact layer of Al,O3, which provides
improved resistance to oxidation and corrosion at elevated
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temperatures and in severe corrosive environments.

The aluminizing of steel can be carried out via different
routes, the details of which have been reviewed by Bhat [3].
Hot-dip aluminizing (HDA) of carbon steel has been studied
extensively, especially from the viewpoint of microstructure
formation [4-8]. The major intermetallic phases identified
during HDA of low-carbon steel are Fe,Als and FeAls.
These Al-rich phases are brittle in nature, and the coating
may crack and peel off during secondary operations such as
bending and machining. A secondary diffusion treatment is
necessary to transform these phases into comparatively duc-
tile Fe-rich phases such as FeAl and Fe;Al [9].

The HDA of alloy steels has been less extensively studied
than that of carbon steels. Wang and Shi [5] reported the
formation of Fe,Als and Alj;Cr, phases during HDA of
ICr18Ni9 stainless steels in a pure Al bath. Dybkov [10]
reported the formation of Fe,Al; and Al;Cr phases during
HDA of Fe—Cr steel using a pure Al bath at 700°C. The
phases were discontinuous and scattered in the Al top coat,
and Fe,Als was observed as a continuous phase. In both of
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the aforementioned investigations, the phase analysis was
carried out using X-ray diffraction and scanning electron
microscopy (SEM). Very little information was reported
about the presence of fine second-phase precipitates or the
growth of thin intermetallic layers. To the best of our know-
ledge, the literature contains no investigations of the micro-
structures formed during HDA of AISI 321. In this investi-
gation, the formation of microstructural features during
HDA of AISI 321 using a bath of commercial pure Al is
discussed.

2. Experimental

The AISI 321 stainless steel base material with a compo-
sition Cr 17.8%, Ni 11.5%, C 0.07%, Mn 1.58%, Si 0.04%,
Ti 0.64%, S 0.006%, P 0.012%, and Fe bal. (all in wt%) was
used in this investigation. Commercial pure Al was melted
in a clay graphite crucible in a temperature-controlled elec-
tric resistance furnace. The temperature of the molten Al
was maintained at (700 + 1)°C. The bath was covered with
commercially available coverall flux. Coupons in plate form
with dimensions of 40 mm X 10 mm % 3 mm were polished
and degreased. One end of the coupon was tied with nich-
rome wire and immersed in a molten bath for 10 min. The
coupons were then removed and cooled in air. After the
aluminizing process, the samples were cut across their
cross section and metallographically polished. Their mi-
crostructures were characterized using a scanning electron
microscope (SEM, JEOL, model6380LA) equipped with
an energy-dispersive spectrometer (EDS), a field-emission
scanning electron microscope (Carl Ziess AG, modelSupra
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40-FESEM), and a transmission electron microscope
(TEM, JEM-2100) also equipped with an
gy-dispersive spectrometer. For study of fine particles by

ener-

transmission electron microscopy—energy-dispersive spec-
troscopy (TEM-EDS), an electron beam size in the range
of 1-25 nm was used. The beam size was varied depend-
ing on the particle size.

A series of samples were prepared for TEM studies start-
ing from the Al side toward the base-metal side. The sam-
ples were thinned, punched into 3-mm discs, dimpled, and
then ion milled using a GATAN (PIPS) ion-milling machine
until the samples were electron transparent.

The coating thickness was measured for three coupons
and at three different locations within each coupon. The av-
erage value is reported.

3. Results

Fig. 1(a) presents a cross-sectional backscattered electron
(BSE) SEM micrograph showing an Al coating on the sur-
face of AISI 321 steel. The coating appears to be uniform in
thickness throughout. The average coating thickness is in the
range of (43 + 0.3) um. Fig. 1(b) presents a magnified mi-
crograph of the region shown in Fig. 1(a). It shows three
distinct regions: region 1, region 2, and the base metal. Re-
gion 1 is the aluminide layer formed at the interface between
steel and Al; it is (12 + 3) pm thick. Region 2 is an Al top
coat with intermetallic phases distributed in the Al matrix
with a thickness of approximately (32 + 2.5) um. The de-
tailed analyses of the microstructural features are presented
and discussed in subsequent sections.

Region 1

Base material

20kV  x1,000
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Fig. 1. Low-magnification SEM-BSE micrograph of an aluminized sample showing a coating of uniform thickness (a) and magni-
fied view of a selected region from subfigure (a), showing three distinct regions (b).

3.1. Region 1: the aluminide layer

An intermediate aluminide layer was formed at the inter-
face between the base material and Al, as shown in Fig. 1(b).

The SEM-BSE micrograph in Fig. 2 shows varying contrast
within the aluminide layer, revealing that the layer consists
of a mixture of phases. These features were further analyzed
by TEM.
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Fig. 2. SEM-BSE micrograph showing a mixture of phases in
the aluminide layer (region 1).
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The TEM images reveal fine grains of Fe,Als and Al,Cr
along with Al in this layer (Figs. 3 and 4). Fig. 3(a) shows
clusters of the Fe,Als phase along with Al. These clusters
are essentially submicron size. Nanocrystalline grains with
an average grain size of approximately 40 nm are observed
within these clusters. These grains are evident in the high-
er-magnification micrograph shown in Fig. 3(b). The se-
lected-area electron diffraction (SAED) pattern is shown as
the inset in Fig. 3(b). The composition obtained via
TEM-EDS is 70.4at% Al, 26.7at% Fe, 1.7at% Cr, and
1.2at% Ni, which is consistent with the composition of the
Fe,Als phase. This phase dissolves as much as 2at% Ni at
1050°C [11] and as much as 6.2at% Cr at 1000°C [12].

Fig. 4 Bright-field TEM micrograph showing clusters of the Al;Cr phase (a) and high-magnification micrograph showing the
fine-grain structure of Al;Cr observed within the cluster (the inset shows the corresponding SAED pattern) (b).

Fig. 4(a) shows a TEM micrograph of clusters of the
Al;Cr phase. Similar to the Fe,Als phase, a fine-grain mi-
crostructure is observed. This microstructure is shown at
high magnification (Fig. 4(b)). TEM-EDS elemental analy-

sis of this phase shows that the composition is 81at% Al,
13.9at% Cr, 4.1at% Fe, and 1at% Ni. This composition is in
close agreement with that reported in the literature. The
Al;Cr phase shows increased iron solubility of 4.1at%,
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whereas the reported value is 2.2at% [12]. Region 1, i.e., the
aluminide layer, consists of Fe,Als, Al,Cr, and Al
Fine-grain-sized Al is observed surrounding the clusters of
Fe,Als and Al;Cr phases. Fig. 5(a) shows the fine grains of
Al; the associated polycrystalline diffraction pattern is
shown in Fig. 5(b).

3.2. Region 2: Al top coat
Region 2 has a continuous gray Al matrix, in contrast
with the bright Al-based intermetallic phases. The details of

these features are revealed in the photomicrograph presented
in Fig. 6. Two categories of morphologies are identified for

intermetallic phases: acicular and polygonal. They are de-
noted as A and C, respectively. SEM-EDS analysis indicates
that morphology A corresponds to an Al-Fe intermetallic
phase with a composition similar to that of Al;Fe and that
morphology C corresponds to the Al-Cr intermetallic phase
with a composition similar to that of Al;,Cr. This fact was
also subsequently confirmed by TEM studies. These phases
are distributed throughout the top coat embedded in the Al
matrix. The size of the Al,Cr phase ranges from the
sub-micrometer scale to approximately 5 pm. The Al;Fe
phase is acicular shaped, with a length of 2 to 3 um and a

width of approximately 0.5 pm or less.

Fig. 6. SEM micrograph of region 2 in the Al top coat, show-
ing a polygonal-shaped Al;,Cr phase and acicular-shaped Al;Fe
phase embedded in the Al matrix.

3.2.1. The Al;,Cr phase

Fig. 7(a) is a bright-field TEM micrograph showing a
polygonal Al,Cr phase distributed in the Al matrix. The
TEM-EDS analysis results, as presented in Fig. 7(b), indicate
that the composition is 84.9at% Al, 12.3at% Cr, and 2.8at%
Fe, which is similar to that of the Al;Cr phase. The crystal
structure of the Al,Cr phase has been reported to be of
C-centered monoclinic type with space group C2/m [13—14].

Within the Al,Cr phase, spherical precipitates of 60—70 nm
in size are observed. TEM—EDS analysis shows that the
composition of the spherical precipitates is 53.6at% Al,
40.8at% Fe, and 5.6at% Cr. Furthermore, the same analy-
sis indicates that the solubility of Cr in the Al matrix is
almost nil. Twinning around the (001) plane is observed in
the Al;,Cr phase. Figs. 8(a) and 8(b) show a TEM micro-
graph of twinned Al,Cr and its associated SAED pattern,
respectively.
3.2.2. The Al;Fe phase

In the Al top coat, plates of Al;Fe are observed along
with the Al,Cr phase. Fig. 9(a) shows a bright-field TEM
micrograph of Al;Fe plates present in the Al top coat, and
Fig. 9(b) shows the TEM—-EDS spectrum corresponding to
the Al;Fe phase. The TEM-EDS analysis results indicate
that the composition is 75.8at% Al, 20.3at% Fe, 1.4at% Cr,
and 2.5at% Ni.
to 3 um in length. At higher magnifications, twins within
these plates are also discernible. Fig. 10(a) presents high-
er-magnification bright-field TEM micrograph that show
twinning within the Al;Fe plates. Fig. 10(b) shows the dif-

Most of the plates are in the range from 1
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fraction pattern of the twinned Al;Fe phase. dislocations are observed in the Al grains (Fig. 11). Ele-
3.2.3. Al matrix ments such as Fe, Cr, and Ni were not detected in this region

Fig. 11 shows the microstructural features observed in by TEM-EDS analysis. Notably, binary phase diagrams of
region 2 of the Al matrix. The average grain size of the Al Al-Fe, Al-Cr, and Al-Ni show negligible solubility of so-
matrix measures approximately 1-2 pm. A large number of lutes (Fe, Ni, or Cr) in Al at room temperature [15].

(b)
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Fig. 8. Bright-field TEM micrograph showing a twinned Al,Cr phase (a) and diffraction pattern showing twinning around the (001)
plane (b).
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Fig. 9. Bright-field TEM micrograph showing AL;Fe plates formed in the Al top coat (a) and TEM-EDS spectrum of the AL;Fe phase (b).
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Fig. 10. Bright-field TEM micrograph showing twins in the Al;Fe phase (a) and diffraction pattern of twinned Al;Fe (b).

Fig. 11. Bright-field TEM micrograph showing a large
amount of dislocations in Al grains in region 2.

3.3. Base material

The base material region very near the interface exhibits
a fine-grained microstructure, as shown in Fig. 12(a). The

Intensity / a.u.

z3

Cr content (b).

average grain size is in the range of 3040 nm. The SAED
pattern (inset of Fig. 12(a)) reveals the structure as ferritic
(body-centered cubic), in contrast to the austenitic
(face-centered cubic) phase of the base metal. This region is
richer in Cr, with the composition of 31at% Cr, 63at% Fe,
3.69at% Ni, and 1.73at% Si. The corresponding TEM-EDS
spectrum is presented in Fig. 12(b).

The microstructure of the base metal away from the in-
terface is austenitic. The microstructure is shown in Fig.
13(a), and the corresponding diffraction pattern of the aus-

tenite phase is shown in Fig. 13(b).
4. Discussion

4.1. Region 1: the aluminide layer

Fig. 14 shows the isothermal section of the ternary phase
diagram of Al-Cr-Fe at 700°C. At the Al-rich corner, a
three-phase equilibrium of “Al;Cr + Al;Fe + liquid” Al is
established. The elemental Fe or Cr has limited solubility in

(b)
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Fig. 13. Bright-field TEM micrograph of the base metal away from the interface (a) and the corresponding SAED pattern indicat-

ing a face-centered cubic structure (b).
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Fig. 14. Al-Cr—Fe isothermal section at 700°C [16].

liquid Al at 700°C. The intermetallic compound Al;,Cr is
formed by the invariant reaction “liquid + Al;;Cr, <> Al,Cr”,
whereas Al;Fe is formed by eutectic reaction at 655°C.

In the present investigation, the base material was im-
mersed into a molten Al bath maintained at 700°C. At the
instant where the base metal contacted the molten Al, two
events are expected to occur: (i) solidification of Al on the
surface of the base metal because of rapid cooling and (ii)
dissolution of elements from the base metal to establish
equilibrium.

A part of the solidified Al layer remelts as the heat trans-
fer continues. Dissolution or melting occurs because the
composition at the interface is far from equilibrium. This
melting is the result of solute transport across the interface
rather than thermally driven melting. Such solutal melting
has been reported to occur during welding of dissimilar
metals [17]. Furthermore, because the dissolution process

continues, a concentration profile develops at the interface.
The concentration of any one of these elements at a particu-
lar distance from the interface is decided by two factors: (i)
the enrichment rate of solute because of the dissolution
process and (ii) the depletion rate of solute atoms from the
interface because of the diffusion process.

A hypothetical concentration profile ahead of the stain-
less steel substrate is shown in Fig. 15. Parameter C,,, is the
metastable concentration, C; is the equilibrium concentra-
tion, and C, is the concentration far from the interface.
Higher concentrations (higher than the equilibrium concen-
tration) of elements are expected because the system is un-
der nonequilibrium conditions. Because the liquid Al is su-
persaturated with elements, a strong driving force for nuc-
leation of intermetallics exists. The process of nucleation of
solid particles from the melt is a complex phenomenon be-
cause the energy barrier associated with the nucleation is
required to be overcome by supersaturation of liquid with
respect to Fe or Cr. The higher the supersaturation, the better
the chance of survival of newly born nuclei. Therefore, it is
likely that a greater number of fine nuclei form near the in-
terface. The solidification temperature of the intermetallics
is greater than 700°C, and they are expected to nucleate and
attempt to grow. Nucleation of Al;Fe and Al,Cr phases are
expected to occur in the liquid state according to the ternary
equilibrium diagram. However, in our study, Fe,Als and
Al;Cr phases are observed. The heat of formation for the
Fe,Als phase is more negative than that for the Al;Fe phase
[18], which indicates that the interatomic bonds in Fe,Als
are stronger than those in Al;Fe. Also, the composition ob-
tained from TEM-EDS analysis is similar to that of the
Fe,Als phase. Notably, not only thermodynamic aspects but
also kinetics plays a vital role in the nucleation and growth
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of intermetallics phases. Kinetically, the Fe,Als phase is
more strongly favored because of its open structure. Several
models have been put forth by researchers to predict first
phase nucleation and subsequent phase formation [19-21].
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The phase with the highest growth rate is expected to form.
In addition, Fe,Als has been observed to exhibit the highest
growth rate among various intermetallic phases in the Al-Fe
system [22].
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Fig. 15. Schematic representation of a hypothetical concentration profile of elements ahead of the solid-liquid interface.

4.2. Region 2: the Al top coat

The formation of an aluminide layer at the interface af-
fects the shape of the concentration profile ahead of the
aluminide layer. The nucleation of intermetallics reduces
the supersaturation, and dissolution thereby continues. The
dissolved elements that do not participate in the nucleation
of intermetallics diffuse away from the interface. The con-
centration of elements decreases as moving away from the
interface. Equilibrium phases Al,Cr and Al;Fe phases nuc-
leate and grow in the liquid state if the concentration is
greater than the equilibrium concentration or form by pre-
cipitation during cooling to room temperature. At a tem-
perature of approximately 655°C and a composition very
close to that of pure Al, an invariant point exists to form
Al/ALFe eutectic. According to the Al-Cr equilibrium
phase diagram, at 661.4°C, an Al solid solution forms by
peritectic reaction [23]. Therefore, Al,Cr can nucleate and
grow in the liquid state, whereas Al;Fe can form in the melt
or precipitate via eutectic reaction during cooling.

4.3. Base metal

During interdiffusion of Al with the austenitic stainless
steel, the austenite phase has been reported to transform to a
ferritic phase [24]. Al diffusion into the steel increases the
Cr equivalent (Cr,g), thereby stabilizing the ferritic phase.
The present study does not show any Al content determined
by TEM-EDS analysis. Contrarily, the base metal dissolves
when brought in contact with the molten Al. Nickel prefe-
rentially dissolves during this process because of its great-

er solubility in molten Al. The depletion of Ni leads to
destabilization of austenite phase; hence, the ferritic phase
is observed. Furthermore, the melted substrate region un-
dergoes solidification, forming a fine-grained microstruc-
ture during cooling.

5. Conclusions

(1) AISI 321 stainless steel was hot-dip aluminized at
700°C for 10 min using a pure Al bath.

(2) The coating consists of two regions: an Al top coat
and an intermediate nanocrystalline aluminide layer.

(3) The top coat consists of Al,Cr and Al;Fe intermetallic
phases dispersed in the Al matrix and the aluminide layer
comprises of nanocrystalline Fe,Als, Al,Cr, and AL

(4) The formation of the aluminide layer is due to the
nucleation of phases as a result of increased concentration at
the interface because of dissolution of the base metal.

(5) In region 2, Al;Cr nucleates and grows in the liquid
state, whereas the Al;Fe phase can form in the melt or preci-
pitate via eutectic reaction during cooling.
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