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Low carbon steel was plasma pack aluminized at 973 K (700 �C) for 5, 10, and 15 minutes in
vacuum of 15 mbar. A paste of aluminum was packed around the samples, and the process was
carried out in glow discharge of argon gas in one step without further diffusion processes. The
aluminized samples were oxidized at 973 K (700 �C) and 15 mbar for 60 minutes in synthetic
air. The aluminized and oxidized layers were characterized for iron-aluminum intermetallic
phases, local composition, morphology, and hardness of the phases. At 973 K (700 �C) after 5-,
10-, and 15-minute treatments, FeAl3 and Fe2Al5 intermetallic compounds were observed in the
surface layers. After 60-minute oxidation, Fe3Al and FeAl compounds appeared at the interface
between the compound layers and the oxide scale. Oxidation products were mainly Al2O3 and a
few amounts of Fe3O4 and Fe2O3. The thicknesses of the compound layers on the samples were
up to 350 lm. The maximum hardness of the aluminized layers was 980 HV0.5.
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I. INTRODUCTION

ALUMINIZING is an effective surface-modification
process to improve oxidation and corrosion resistances
of steels as well as the hardness of these alloys. The
combination of steel and aluminum provides superior
properties such as good formability, corrosion resis-
tance, coating brightness, and long service life. The
aluminized steel is widely used in applications such as
automotive exhaust system parts, heat reflector plates,
etc. Hot-dip aluminizing and pack aluminizing are most
widely used to develop iron aluminide coatings on steels
by enriching the surface layers with a high concentration
of Al at different ranges of dipping times and diffusion
temperatures.[1] The common aspect of these processes is
the diffusion phenomenon during the formation of iron
aluminide coatings at the steel-aluminum interface.[2] It
has been reported that the iron compounds form by the
diffusion of iron toward the coating and the diffusion of
aluminum in the opposite direction. Other researchers
suggested that the diffusion reactions are principally
governed by the interdiffusion of the reactants to form
the compound layers.[3] Overall, the dipping or coating
is usually performed at temperatures as low as 873 K
(600 �C) and then followed by diffusion annealing at
temperatures as high as 1273 K (1000 �C) for more
than several hours.[1–3] Holding at such temperatures
might induce distortion into the workpieces, carbide
precipitation, and grain coarsening of the steel matrix.
Therefore, lowering the aluminizing temperatures or

minimizing the time of process is of great significance in
useful application of these techniques.[4]

We have developed a new process called plasma pack
cementation in the pilot scale which has been explained
elsewhere.[5] In this process, the samples are packed with
a paste of powder elements and heated by irradiation of
a plasma gas. The necessary heat for quick mixing and
simultaneous interdiffusion of elements is provided by
the high rate of energy transfer from the interaction of
electrons and ions in the plasma gas with the surface.
The energetic particles bombard the surface of the
samples during aluminizing treatment. This bombard-
ment generates large amounts of dislocations and
vacancies on the surface, which accelerates the diffusion
of aluminum inside the sample and form the intermetal-
lic compounds in 5 or 10 minutes.[6]

The advantage of plasma pack aluminizing over the
conventional hot-dip aluminizing process is lower pro-
cessing time (5 to 15 minutes) without any further
diffusion annealing.
In this study, low carbon steel was packed with

aluminum powder without any other activator and
heated under argon irradiation for 5, 10, and 15 min-
utes. The phases, microstructure, morphology, and
hardness of the phases were studied using optical and
electron microscopy, EDX, XRD, and microhardness
testing.

II. EXPERIMENTAL METHODS
AND MATERIALS

A commercial low carbon steel with the composition
(at. pct) of 0.11C, 0.01Si, 0.10Mn, 0.020S (max), 0.01P
(max), and remaining Fe was used as the substrate
material in this study. The samples were cut with the
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dimensions of 20 mm 9 10 mm 9 2 mm from a low
carbon steel plate. The samples were ground by SiC
papers to remove the surface oxides and contaminants
and then washed with alcohol and acetone. The samples
were packed with the paste of aluminum pack and
placed in the vacuum chamber (Figure 1). The speci-
mens were subjected to glow discharge plasma of argon
gas at 15 mbar. The samples were heated under the
irradiation of glow discharge to reach the required
temperature and held for 5, 10, and 15 minutes. The
oxidation of the samples was performed at 973 K
(700 �C) for 60 minutes at 15 mbar in synthetic air
(79 pct nitrogen and 21 pct oxygen) (Table I).
The degradation of untreated low carbon steel after
60 minutes plasma air oxidation was approximately
equal to half the thickness of the samples. From an
economic point of view, plasma air oxidation was
chosen instead of long atmospheric air oxidation. For
metallographic examination, the specimens were sec-
tioned across the layers and mounted. The cross sections
were mechanically ground using emery papers of grades
120-1500. The polishing was performed using the
solution of water and aluminum oxide. The polished
specimens were etched using 2 pct Nital at room tem-
perature. The microhardness of plasma pack-aluminized

specimens was measured under the load of 500 gf on
distinct places of the surface layers. The real measure-
ments were carried out in far enough (from 7 to 10 times
of the indentation diameter) separate places across the
surface layers to be in accordance with standards. The
indentation impressions shown in the figures were just for
comparative observation of the hardness values. The
indentations on all samples and on tilted places were
made several times and averaged after measuring both
diameters of the indention impressions.
The surface layers were also studied using SEM and

EDX analyses to differentiate and measure the compo-
sitions of the phases. XRD with Cu ka radiation was
used to identify the exact composition of the phases.

III. RESULTS AND DISCUSSION

A. Aluminizing Observations

Plasma pack aluminizing of low carbon steel at 973 K
(700 �C) for 5, 10, and 15 minutes did not result in
significant variations in the microstructure and phases of
the compound layers. However, there were reasonable
differences in the thickness and irregularity of the surface
layers. This trend has also been observed in other
investigations.[7] The treatment time was the most
important parameter that affected the variation of
phases. Figure 2 shows the microstructure and the
compositions of the phases on the surface of the sample
aluminized for 5 minutes. The optical micrograph of the
cross section of the sample (Figure 2(a)) consists of the
substrate material (A), a compound layer with a finger-
type front inside the substrate (B), and a top layer of
aluminum which contains irregular precipitates or
platelet (C). The microhardness tests showed a low
hardness value (48 HV0.5) for the top surface layer (C)
in comparison with the compound layer (950 HV0.5)
and the substrate material (106 HV0.5). At the first
instance, it was concluded that the top surface layer is
composed of the remaining aluminum after treatment.
This was confirmed later by EDX analysis. EDX point
analyses of the sample in the BSE micrograph
(Figure 2(b)) revealed that the compound layer (B) was
composed of approximately 72 at pct aluminum, while
the dispersed irregular or acicular precipitates in the top
Al layer (C) were composed of more than 76 at. pct
aluminum. These concentrations corresponded to Fe2Al5

Fig. 1—A schematic drawing of the sample geometry and vacuum
chamber for the process of plasma pack aluminizing of low carbon
steel.

Table I. The Experimental Conditions of Aluminizing or Oxidizing of Low Carbon Steel

Treatment Conditions
Composition of

the Pack
Temperature

[K (�C)]
Composition and Pressure

of Plasma Gas

The Time
of Aluminizing

or Oxidizing (min)

Untreated sample Ti-45Al-2Nb-2Mn-1B no pack 973 (700) 79 pct nitrogen and
21 pct oxygen, 15 mbar

60

The sample Aluminized for 5 min pure aluminum 973 (700) argon, 15 mbar 5
The sample Aluminized for 10 min pure aluminum 973 (700) argon, 15 mbar 10
The sample aluminized for 15 min pure aluminum 973 (700) argon, 15 mbar 15
The sample Aluminized for 10 min no pack 973 (700) 79 pct nitrogen and

21 pct oxygen, 15 mbar
60
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for compound layer (B) and FeAl3 for precipitates (C)
according to the binary phase diagram of Fe-Al.[8]

Line EDX analysis (Figure 3) showed a gradual
increase in the amount of aluminum in the range
approximately from 330 to 530 lm of the analysis
distance along the arrow shown in Figure 2(b). This
result implied the presence of a mixture of Fe2Al5 and
FeAl3 compounds.[1–3,8] However, after approximately

530 lm, there is a sharp increase in the aluminum
content which remains at high value across the top
surface layer. This indicated the presence of mainly
aluminum element on the top surface.
It is very likely that the FeAl3 has precipitated in the

top layer by diffusion and mixing of a few amount of
iron into the aluminum. The solubility of Fe in solid Al
is very low. Consequently, in the outer layer, FeAl3
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Fig. 2—(a) Optical micrograph shows the cross section of the plasma pack-aluminized sample at 973 K (700 �C) for 5 min, Vickers indentations’
impressions and hardness values obtained under 500 gf. (b) BSE micrograph shows the place of EDX line and point analyses and the values for
the relevant phases in the sample.

Fig. 3—EDX line analysis of low carbon steel plasma pack aluminized at 973 K (700 �C) for 5 min.
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precipitates are easily formed during the eutectic solid-
ification of liquid Al. It should be mentioned that in our
experiments, argon irradiation raised the surface tem-
perature of the samples to range from 923 K to 973 K
(650 �C to 700 �C) after a few seconds. Therefore, the
solid aluminum on the samples transformed into a
transient liquid-like phase which was active enough for
fast interdiffusion and mixing of iron and aluminum.[6]

The chemical composition of FeAl3 phase is very close
to that of the Fe2Al5 phase. Hence, the identification
with only EDX analysis may be difficult. Also there was
not a significant difference between the intensities of
both phases in the BSE image as shown in Figure 2(b).
XRD analysis of the 5-minute-treated sample (Figure 4)
clearly confirmed the existence of aluminum and two
intermetallic phases of FeAl3 and Fe2Al5. However, the
intensity of FeAl3 peaks was low. It can be proposed
that the amount of FeAl3 phase was very low or in a
mixture of intermetallic compounds.

Plasma pack aluminizing of low carbon steel at 973 K
(700 �C) for 10 minutes converted all aluminum to
intermetallic compounds. Optical microscopy of this
sample (Figure 5(a)) showed only an intermetallic com-
pound, and no aluminum was present on the surface.
The interface between the intermetallic compounds and
the substrate[9] had larger finger-type structure than that
of the sample treated for 5 minutes. The microhardness
tests showed approximately the same value for the
substrate material (A) (103 HV0.5), while the hardness
of the compound layer (B) was slightly higher
(980 HV0.5) than that of the 5-minute-treated sample
(960 HV0.5). EDX point analysis of the intermetallic
compound showed approximately 71 at. pct aluminum
and 28 at. pct iron which was assigned to Fe2Al5
compound such as that for the 5-minute-treated sample
(Figure 5(b)).

Line EDX analysis (Figure 6) showed a sudden
increase of aluminum after approximately 350-lm
distance of analysis along the arrow as shown in
Figure 5(b). It is obvious that there was no gradual
variation in the composition at the interface between the

substrate and the compound layer. In fact, the nucle-
ation and growth of Fe2Al5 occurred in the first few
minutes of the treatment, and the entire aluminum was
converted to Fe2Al5.

[10] However, EDX point analysis at
the edge of finger-type protrusions of the compound
layer showed approximately 31 pct aluminum and
68 pct iron which is referred to an iron rich compound
such as Fe3Al (Figure 5(b)). This may be correlated to
the first stages of aluminum dissolution in iron which is
then converted to Fe2Al5, but partly remained in the
short treatment time of 10 minutes.[3,8]

XRD analysis (Figure 7) on the surface of 10-minute-
treated sample revealed the peaks of Fe2Al5 compound
with a strong peak of Fe2Al5 (002). This indicated the
preferred orientation along the Fe2Al5 (002) planes
which can also be correlated to the high hardness
(980 HV0.5) of the compound layer.[11]

The XRD result did not show any indication of Fe3Al
or any other compound. This may be due to the very
low amount of iron rich compound of Fe3Al at the
finger-type interface of the compound layer and the
substrate.
However, Fe2Al5 has been reported as a brittle phase

and its hardness was high in the compound layers, No
cracks, embrittlement and lack of adhesion were
observed between the compound layers and the sub-
strate. This is favorable for the application of the
aluminized steel.
By the time extension of plasma pack aluminizing to

15 minutes, the overall appearance of the compound
layer did not vary and only the irregular finger-type
interface became smoother (Figure 8) in comparison
with 10-minute-treated sample (Figure 5). The interface
between the substrate and the compound layer was
sharp which indicated on the sudden changes from the
substrate phases to the compound layer.
In spite of these variations, no mismatching or

cracking was observed at the interface. If the interface
between the compound layer and substrate is investi-
gated clearly (Figure 8(a)), it is observed that a little
grain growth has occurred in some portions of the

Al
FeAl3
Fe2Al5

Fig. 4—XRD pattern of low carbon steel plasma pack aluminized at 973 K (700 �C) for 5 min.
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substrate in comparison with the sample treated for
10 minutes (Figure 5(a)). It is proposed that 15 minutes
plasma interaction with the surface at 973 K (700 �C)
was long enough to heat up the sample and accelerate
the diffusion or grain growth. Overall, it seems that no
new phases were created and only some porosity added
to the compound layer. The hardness value for the
substrate was 98.5 HV0.5 and the hardness of the

compound layer diminished to 960 HV0.5. The decrease
in the microhardness values can be related to some kind
of annealing or stress relieving in the substrate and the
compound layer due to the longer heating of the sample.
The point EDX analysis of the compound layer

showed 28 at. pct iron and 72 at. pct aluminum which
was correlated to Fe2Al5 compound similar to that of
the sample treated for 10 minutes.

Indentation impression HV 0.5
EDX point analyses

Fe (at%) Al (at%)

A (substrate) 103
A (substrate)

98.9 0.0

B (Intermetallic layer) 980
B (bright intermetallic layer) 

68.40 30.70 

C (dark intermetallic layer) (Fe2Al5)
28.18 70.92

(a) (b)

Fig. 5—(a) Optical micrograph shows the cross section of the plasma pack-aluminized sample at 973 K (700 �C) for 10 min, Vickers indenta-
tions’ impressions, and hardness values obtained under 500 gf. (b) BSE micrograph shows the position of EDX line and point analyses and the
values for the relevant phases in the sample.

Fig. 6—EDX line analysis of low carbon steel plasma pack aluminized at 973 K (700 �C) for 10 min.
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The line EDX analysis of 15-minute-treated sample
(Figure 9) was similar to that of the sample treated for
10 minutes (along the arrow shown in Figure 8(b)). In
fact, a sharp increase in the aluminum content happened
at the interface of the compound layer and substrate.
This indicated the sudden changes in the composition
from iron based alloy to the intermetallic compound of
Fe2Al5. This result clarified the reason for the sharp
interface between the substrate and the compound layer
in Figure 8(a).

The XRD analysis of the 15-minute-treated sample
(Figure 10) confirmed the existence of Fe2Al5 similar to

that of the sample treated for 10 minutes. However, the
intensity of Fe2Al5 (002) peak diminished, and those of
other peaks increased. This observation may be corre-
lated to some type of homogenization in the compound
layer which occurs during the longer heat treatments
and can be investigated in the future works by TEM
studies.

B. Oxidation Observations

From the above observations, it may be concluded that
the 10-minute treatment was long enough for achieving a

Fig. 7—XRD pattern of low carbon steel plasma pack aluminized at 973 K (700 �C) for 10 min.

Indentation impression HV 0.5 EDX point analyses Fe (at%) Al (at%)

A (substrate) 98.5 A (substrate) 98.9 0.0

B (Intermetallic layer) 960 B (Intermetallic layer) 28 72

(a) (b)

Fig. 8—(a) Optical micrograph shows the cross section of the plasma pack-aluminized sample at 973 K (700 �C) for 15 min, Vickers indenta-
tions impressions and hardness values obtained under 500 gf. (b) BSE micrograph shows the place of EDX line and point analyses and the val-
ues for the relevant phases in the sample.
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suitable compound layer on the surface of low carbon
steel. Therefore, the sample treated for 10 minutes was
selected for oxidation investigations. The oxidation was
carried out at 973 K (700 �C) and 15 mbar in synthetic air
(21 pct oxygen and 79 pct nitrogen).

Plasma air oxidation for 60 minutes resulted in severe
oxidation of untreated low carbon steel and led to a very
rough surface on the material. The oxide layers spalled
and separated easily (Figure 11(a)). It is estimated that
approximately half of the 2-mm thickness of the
untreated sample converted to oxide products. Plasma
air oxidation of the 10-minute-aluminized sample only
changed the surface color, and neither deep oxida-
tion nor spallation was observed on the surface
(Figure 11(b)). It is worth mentioning that only the
initial size of the oxidized untreated sample was different
from other samples.

Figure 12 shows the XRD pattern of plasma air-
oxidized sample of the untreated low carbon steel. This
XRD analysis was performed from the remaining piece
of the oxidized untreated sample after separation of a
few oxide layers. XRD spectra of this sample showed
peaks of Fe3O4 and Fe2O3 oxides which form naturally
on iron in hot air.[8]

Plasma air oxidation was carried out on the
10-minute-aluminized sample. Cross section of the
oxidized sample showed oxide layers with the sizes
ranging from 10 to 150 lm on the surface. As can be
observed in Figure 13(a), the oxide thickness in some
portion of the sample was different from that in another
portion (Figure 13(b)) of the sample.
Also the hardness values of the phases were different in

these two portions. The hardness of intermetallic phases
was as low as 558 HV0.5 in some portions (Figure 13(a)),

Fig. 9—EDX line analysis of low carbon steel plasma pack aluminized at 973 K (700 �C) for 15 min.

Fig. 10—XRD pattern of low carbon steel plasma pack aluminized at 973 K (700 �C) for 15 min.
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whereas it was up to 930 HV0.5 in some other small areas
(Figure 13(b)). It is concluded that heating during oxida-
tion converted the phases or structures of the compound
layers under the oxide products.

When the thicknesses of the oxides on the untreated
and the treated samples are compared, it can be
concluded that plasma pack aluminizing can improve
the oxidation resistance of low carbon steel.

EDX analysis (Figure 14) across a thick portion of
the oxide layer (Figure 13(c)) showed a high variation of
aluminum and detected remarkable amounts of oxygen
and iron. This indicated the existence of aluminum and
iron oxides. The aluminum increased gradually from
very low amounts to nearly 50 pct in the analysis
distance ranging approximately from 200 to 400 lm.
This revealed the existence of Fe-Al compounds with the
composition of 50 pct iron or less at the interface of the
oxide layer and substrate. Also considerable amounts of
oxygen and aluminum for the analysis distance ranging
from 400 to 750 lm could show the existence of
aluminum and iron oxides on the surface of the sample.

XRD analysis (Figure 15) confirmed the existence
Al2O3 oxide, and no ferrous oxide appeared in the
pattern. This may be due to the very low amount of
ferrous oxides in this sample.

From the phase analysis point of view, it can be
suggested that both FeAl and Fe3Al phases appeared in
the XRD analysis. This is correlated to the overlap of all
peaks of FeAl (B2 structure) with those of Fe3Al (DO3

structure). B2 structure transforms to DO3 structure due
to ordering of the compound, and only (111) peak from
DO3 structure does not overlap with the B2 peaks.[12]

Therefore, it is difficult to determine whether the
intermetallic compound at the interface between the
oxide layers and substrate has DO3 or B2 structure.
However, the result of EDX line analysis shows that the
aluminum content at the interface varies from approx-
imately 15 to 60 pct. Therefore, the compound compo-
sition could be both FeAl and Fe3Al. The aluminum
content in the transformed layer, determined by EDX
analysis (Figure 13(c)), is approximately 42 pct which is
close to that of FeAl. Therefore, it can be stated that the
compound in that layer is identified mainly as FeAl. As
the ordering transformation of Fe3Al from B2 structure
to DO3 structure is slow (100 hours, at 823 K
(550 �C)[12]), the composition of the compound layer
has been concluded to be FeAl. It is suggested that
during oxidation, some amount of aluminum in the
intermetallic compound of Fe2Al5 has diffused out,
combined with oxygen, to result in Al2O3 oxide, and

Fig. 11—The surface appearance and topography of (a) untreated material before (A), and after oxidation (B); and (b) plasma pack-aluminized
sample for 10 min before (A) and after oxidation (B). The untreated samples were of different sizes at the start.

Fig. 12—XRD pattern of untreated low carbon steel plasma air oxidized at 973 K (700 �C) for 1 h.
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thus created the phases of FeAl and Fe3Al com-
pounds.[13] In fact, the 60-minute plasma heating (ion
bombardment) of the samples has played the role of

heating at high temperatures for longer times or several
hours in atmospheric pressure without plasma.[14] More-
over, aluminum’s affinity to oxidation is higher than

Indentation impression HV 0.5 Indentation impression HV 0.5

A (substrate) 96 A (substrate) 97

B (Intermetallic layer) 558 B (Intermetallic layer) 625

C (Intermetallic layer) 930

(a) (b)

EDX point analyses Fe Al O

A (substrate) 98.9 0.0 ---

B (Intermetallic layer) 58 41.8 ---

C (oxide layer) 21 59 15.9

(c)

Fig. 13—(a) and (b) Optical micrographs show the cross section of the plasma pack-aluminized sample at 973 K (700 �C) after 10 min and that
oxidized in plasma air for approximately 60 min, and Vickers indentations’ impressions and hardness values obtained under 500 gf. (c) BSE
micrograph shows the position of EDX line and point analyses and the values for the relevant phases in the sample.
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iron and Al2O3 oxide is stabler than ferrous oxide.
Therefore, the aluminum oxide formed first and pro-
tected iron from massive oxidation and remained on the
surface as the major oxidation product, which appeared
in the XRD spectrum (Figure 15).

IV. CONCLUSIONS

1. Protective aluminized layers were synthesized on
the surface of low carbon steel using the technique
of plasma pack aluminizing.

2. The surface layers were composed of aluminum,
FeAl3, and Fe2Al5 compound after 5-minute treat-
ment of the samples. After 10 minutes, the surface
layers were completely converted to Fe2Al5 com-
pound.

3. The morphology of the compound layers was irreg-
ular and finger like at the interface of the com-
pound layers and the substrates for all samples.

4. The hardness of Fe2Al5 compound ranged from 950
to 980 HV0.5, while that of the substrate ranged
from 90 to 110 HV0.5.

5. The surface layers of the aluminized samples were
oxidized to mainly Al2O3 after 60-minute plasma
air oxidation, whereas the oxide layers on the un-
treated low carbon steel were Fe3O4 and Fe2O3.
Also the intermetallic compounds at the interface of
the compound layer and the substrate varied from
Fe2Al5 to FeAl and probably to Fe3Al.

6. Oxidation of the untreated low carbon steel resulted
in thick and nonadherent oxide layers under low-
pressure plasma air heating, and approximately half
of the 2-mm-thick samples were oxidized, whereas

Fig. 14—EDX line analyses of the low carbon steel plasma pack aluminized at 973 K (700 �C) for 10 min and that plasma oxidized in air for
60 min.

Fig. 15—XRD patterns of plasma pack-aluminized low carbon steel at 973 K (700 �C) for 10 min and that plasma air oxidized at 973 K
(700 �C) for 1 h.
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the adherent oxide layers on plasma pack-alu-
minized samples were of thicknesses ranging from
nearly 10 to 150 lm. Therefore, it could be sug-
gested that plasma pack aluminizing can better pro-
tect low carbon steel from air oxidation at
temperatures around 973 K (700 �C).
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