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A great deal of research is being carried out on welding or bonding methods between iron and
aluminum. However, it is not so easy to make Fe-Al bonding materials with both high strength
and light weight. Recently, a new nitriding process has been proposed to produce aluminum
nitride on an aluminum surface using a barrel. This study proposes a new concept in the
production of a multilayer which has an AlN and Fe-Al intermetallic compound layer between
the aluminum and steel using a barrel nitriding process. The bonding process was carried out
from 893 K to 913 K (620 �C to 640 �C) for 18, 25.2, and 36 ks with Al2O3 powder and Al-Mg
alloy powder. After the process, an aluminum nitride (AlN) layer and a Fe-Al intermetallic
compound (Fe2Al5.4) layer were formed at the interface between the pure aluminum and
SUS304 austenitic stainless steel. The thicknesses of the AlN layer and the intermetallic com-
pound layer increased with increasing treatment temperature and time. The maximum hard-
nesses of the AlN layer and Fe2Al5.4 layers were found to be 377HV and 910HV, respectively,
after barrel nitriding at 893 K (620 �C) for 18 ks.
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I. INTRODUCTION

AUTOMOTIVE and aerospace industries have
increasingly employed aluminum (Al) and Al alloys in
manufacturing due to their light weight, high specific
strength, good machinability, formability, and corrosion
resistance compared to most steels.[1,2] With the increas-
ing use of aluminum alloys to help reduce the vehicle
weight and improve fuel efficiency,[3,4] there is an
increasing need for dissimilar metal joining of Al to
steel, which is still widely used in vehicles. It has been
suggested that the joint between Al and steel can
combine the advantages of the two materials and can
have broad application prospects in the automotive,
aerospace, shipbuilding, and other industries.[5–7]

Most joining methods are preceded by brazing or
welding process. For example, solid-state welding, such
as friction welding, friction stir welding, roll welding,
and ultrasonic welding, is used to weld Al to steel. These
methods can produce high-quality joints,[8–13] but are
often limited to special workpiece geometry, workpiece
dimensions, joint designs, backing, etc. In addition,

these methods are generally accompanied by the degra-
dation of the properties of the materials in the melting
zone.
Joining Al to steel is a great challenge because of the

large differences in thermo-physical properties between
the two materials,[14] and especially because of the
strong tendency to form Fe-Al intermetallic compounds
at elevated temperatures. The large differences between
Al and steel in thermo-physical properties, such as
melting point, thermal conductivity, and thermal expan-
sion coefficient, can lead to high residual stresses in the
resultant welds.
In recent years, a new nitriding method using a barrel

has been reported, which has the effect of the physical
polishing of the surface for forming a nitride layer after
the removal of the natural oxide film of aluminum.[15] In
addition, a multilayer of AlN and Fe-Al could be
formed at the interface between the aluminum and steel
after barrel nitriding.[16] As is well known, AlN and
Fe-Al intermetallic compounds are regarded as prom-
ising materials for industrial applications because of
their excellent corrosion resistance, high wear resistance,
and specific strength with high hardness values and high
temperature strength.[17–22]

It is expected that through this new bonding method
using barrel process, it is possible to apply the bonding
process of steel and aluminum without the degradation
of substrates and to keep the bonding strength. It
replaces some automobile and the aircraft parts with a
high-strength light metal. This, therefore, leads to an
increase in the efficiency of the mode of transportation
and reduces consumption in resources and energy. It is
the realizable way of the Negawatt.[23] In addition, most
of diffusion bonding process was conducted at a
constant pressure and temperature with a filler metal
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at the interface.[24] Moreover, it is well known that the
diffusion bonding of aluminum and stainless steel is very
difficult; in addition, there are no reports on the
formation of multilayer at the interface between alumi-
num and stainless steel at the same time. In this paper,
the formation of a multilayer which has an aluminum
nitride (AlN) and Fe-Al bonding layer was investigated
between pure aluminum and SUS304 stainless steel,
which was produced using the barrel nitriding process.

II. EXPERIMENTAL PROCEDURES

A. Specimen Preparation

JIS-A1050 commercial grade pure aluminum was
used as a substrate material, with a size of 20 mm
width 9 50 mm length 9 3 mm thickness. In addition,
SUS304 austenitic stainless steel was prepared and
machined to the same size as the pure Al for the
bonding process. The specimens were fixed by stainless
steel wire (0.4F) after grinding on the #200 emery paper.
The specific chemical compositions measured by a
spectrometer (Ametek., Spectrolab) and the results are
shown in Table I.

B. Bonding Process (Barrel Nitriding)

Al2O3 powder (average diameter 0.1 mm) and Al 50
wt pct Mg alloy powder (average diameter 0.2 mm) was
prepared as filler for the inside of the barrel chamber.
The furnace was evacuated by a rotary pump, and the
pressure was maintained at 7.5 9 10�1 torr before the
treatment; after that, the atmosphere was substituted by
N2 gas up to 1.1 kgf/cm2, while the temperature is raised
to a target temperature. Since the nitrogen gas pressure
is sufficiently applied in the barrel chamber, the nitrogen
gas just flow with the 1500 cc/min. The N2 gas flow rate
was adjusted with a program control unit and a mass
flow controller. The furnace temperature was adjusted
with a temperature control unit. A schematic diagram of
the barrel nitriding furnace used for the experiment is
shown in Figure 1.

After the introduction of N2, barrel nitriding was
carried out with the oscillation of the barrel chamber at
the temperature range of 893 K to 913 K (620 �C to
640 �C) for 10.8, 18, 25.2, and 36 ks. After a holding time,
the specimen was cooled in the barrel. The temperature
inside of the powderwasmeasuredby a thermocouple; the
temperature and theN2gas flow ratewere bothmonitored
with a data processor. The parameters of the barrel
nitriding process are shown in Table II.

C. Micro-structure Observation

The optical microscopy (OM), scanning electron
microscopy (SEM-EDX), (HITACHI, SU6600) and
electron probe micro analyzer (EPMA) (JEOL, JXA-
8230) were used to observe the micro-structure and
morphology after grinding and polishing on the cross
section of bonded specimens. The structures of the AlN
and Fe-Al intermetallic compound layers were identified
by an X-ray diffractometer (Rigaku, UltraX 18TTR)
using monochromatic Cu Ka radiation. The X-ray
diffraction (XRD) measurements were performed using
a goniometer at a scanning range of 30 deg £ 2h £ 80 deg
at 40 kV and 200 mA with a step size of 0.02 deg. The
Al substrate was mechanically polished to the AlN and
Fe-Al intermetallic compound layer in regular incre-
ments in order to measure the XRD for each layer.

Table I. Chemical Compositions of A1050 and SUS304

Specimen Si Fe Cu Mn Mg Zn Ti Al

A1050 0.0951 0.318 0.014 0.0028 0.0041 0.0038 0.0138 bal.

Specimen C Si Mn P S Ni Cr Fe

SUS304 0.0395 0.515 0.908 0.0172 0.0041 7.24 19.20 bal.

Fig. 1—A schematic diagram of the bonding (barrel nitriding)
process.

Table II. Treatment Condition of Barrel Nitriding

Barrel Nitriding
Nitriding temperature
T [K (�C)]

883, 893, 903 and 913
(610, 620, 630 and 640)

Heating time (ks) 5.4
Nitriding time (ks) 10.8, 18, 25.2, 36 and 172.8
Nitriding gas nitrogen (N2)
Nitrogen gas flow
(cc/min)

1,500

Filler Al2O3 (average dia. 0.1 mm)
Al-50 wt pct Mg
(average dia. 0.2 mm)

Al-Mg/Al2O3 ratio
(wt pct)

1.6
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D. Measurement of Hardness

The micro-hardness of the AlN and Fe-Al interme-
tallic compound layer was measured by a Vickers micro
hardness tester (Akashi, HM-125). The hardness mea-
surements were performed from the Al substrate to the
SUS304 stainless steel with the AlN and Fe-Al interme-
tallic compound layer under a load of 2009g for
10 seconds on the cross-sectional region.

III. RESULTS AND DISCUSSION

Figure 2 shows the optical micrographs of multilayers
which were formed between the pure aluminum (JIS
A1050) and SUS304 austenitic stainless steel after barrel
nitriding at 893 K (620 �C) for 10.8, 18, 25.2, and 36 ks.

After treatment, multilayers are formed between pure
aluminum and SUS304 at 893 K (620 �C) for 10.8 to
36 ks, and the thickness is increased with increasing
treatment time. However, the multilayer is not formed
fully at 893 K (620 �C) for 10.8 ks. It is apparent that
the treatment time of 10.8 ks is not enough for forming
the multilayer. That is, it is decided that the thin oxide
film on aluminum surface is not broken completely at
this treatment temperature and time. The total thickness
of the multilayer was found to be 115, 160, 180, and
300 lm at each treatment time. Generally, it has been
known that Al atoms have a strong affinity with
nitrogen atoms. In addition, aluminum nitride can be

formed with aluminum under 933 K (660 �C), as shown
in Figure 3(a).[25] At the results of the EPMA analysis of
the cross section (Figure 4), the multilayer is composed
of aluminum nitride layer and Fe-Al intermetallic
compound layer. The layers were produced by the
diffusion of nitrogen and aluminum, respectively.
Figure 3(b) is the Fe-Al phase diagram[26] which

shows five types of Fe-Al intermetallic compounds. It
has been known that the FeAl2, Fe2Al5, and FeAl3
compounds which have a high aluminum composition
have high hardness values with brittleness.
In addition, Fe3Al and FeAl compounds also have

good mechanical properties in the aspects of wear
resistance, oxidation resistance, corrosion resistance,
and specific strength properties.[5] Therefore, the com-
pound layer can be expected to act as a reinforcement
which has a strong impact resistance due to the high
strength and high hardness of the multilayer even
though the bonded materials have a light weight.
Figure 5 shows the cross-sectional optical micro-

graphs of the bonded multilayers which were formed
between the pure Al and SUS304 austenitic stainless
steel at the temperatures of 893 K, 903 K, and 913 K
(620 �C, 630 �C, and 640 �C) for various treatment
times. As shown in Figure 5, the multilayers are
composed of aluminum nitride layer (A) and Fe-Al
intermetallic layer (B). The total thickness of the
multilayer increased with increasing treatment time
and temperature. In particular, the thickness of the
nitride layer is greater than that of the Fe-Al intermetallic

Fig. 2—Cross-sectional micrographs of the multilayer between the pure aluminum and SUS304 stainless steel after bonding process at 893 K
(620 �C) for (a) 10.8 ks, (b) 18 ks, (c) 25.2 ks, and (d) 36 ks.
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compound layer. This means that the diffusion of the
nitrogen into the aluminum substrate is faster than the
diffusion of the aluminum into the steel substrate.

Figure 6 and Table III show the results of the SEM
micrographs and EDX analysis on the multilayer after
barrel nitriding at 913 K (640 �C) for 36 ks. Using the
results of EDX, small amount of oxygen is detected on
the Al substrate (Table IIIA). However, the oxygen or
some oxides were not detected on the AlN (Table IIIB
through D) and Fe-Al intermetallic compound layer
(Table IIIE through H) or their interface, because the

oxygen in the furnace reacted with the Al-50 wt pct Mg
powder first during the barrel nitriding process. There-
fore, it is determined that the amount of oxygen is not
enough for forming some oxide at the interface or
compound layer. FexAly needle-type precipitates are
observed at the boundary of the nitride and Fe-Al
intermetallic compound layer. From the result of line
mapping as shown in Figure 7, the profile of the Al
amount is seen to decrease toward the austenitic
stainless steel from the pure aluminum substrate. The
element of Al, which has a strong affinity with Fe, is

Fig. 3—Binary phase diagrams of (a) Al-N and (b) Fe-Al.

Fig. 4—Characteristic X-ray images of EPMA showing the cross section of bonded layer with barrel nitriding at 893 K (620 �C) for 36 ks.
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thereby diffused to the austenitic stainless steel surface
to form the Fe-Al intermetallic layer, while the alumi-
num nitride layer grows due to the nitrogen permeation
into the aluminum side. Therefore, it is expected that the
types of Al-rich FeAl2, Fe2Al5, or FeAl3 compound
exists near the aluminum nitride layer. Additionally, the
types of Fe-rich Fe3Al or FeAl compounds exist near
the austenitic stainless steel.

In addition, in the results of the EPMA and EDX, a
small amount of the Mg is detected on the nitride layer
and the aluminum substrate also. As shown in the phase

diagram of Figure 8, the melting point of the Al-50 wt
pct Mg shows about 733 K (460 �C). Therefore, it is
believed that theMg of the Al-50 wt pctMg alloy powder
has penetrated by a capillary phenomenon into the
interface between the pure Al and SUS304 stainless steel.
To prove the penetration of the Mg from the Al-50 wt

pct Mg alloy powder, the extremely short treatment time
of 600 seconds. (holding time) was performed for the
bonding process without nitrogen gas. As shown in
Figure 9, the island of Al/Mg which has over 10 wt pct
Mg is observed at the boundary of pure aluminum and

Fig. 5—Cross-sectional micrographs of the multilayer after bonding process at various treatment temperatures and times.

Fig. 6—SEM micrographs of the multilayer after bonding process (barrel nitriding) at 913 K (640 �C) for 36 ks.
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Table III. EDX Analysis Results After Barrel Nitriding at 913 K (640 �C) for 36 ks

Weight Percent Al N O Cr Ni Si Mg Fe

A 97.59 — 2.41 — — — — —
B 87.79 12.02 — — — — 0.19 —
C 91.00 8.92 — — — — 0.07 —
D 89.67 10.10 — — — — 0.23 —
E 63.42 — — 5.65 3.68 0.77 — 26.48
F 63.47 — — 6.84 5.47 0.57 — 23.64
G 52.81 — — 7.79 9.72 0.09 — 29.59
H 53.33 — — 8.00 6.34 0.24 — 32.08
I 62.95 0.47 1.61 1.44 4.69 0.07 — 28.76
J 76.77 2.42 — 1.04 2.59 0.18 — 17.00
K 73.49 7.00 — 0.13 0.94 0.07 — 18.37
L — — — 18.87 8.47 0.72 — 70.76

V(0.13) Mn(1.06)

Fig. 7—The profiles of Al and Fe on the aluminum nitride and Fe-
Al intermetallic compound multilayer after barrel nitriding at 913 K
(640 �C) for 36 ks.

Fig. 8—Al-Mg phase diagram.
Fig. 9—SEM micrographs and EDX results after bonding process at
903 K (630 �C) or 10 min (0.6 ks) without nitrogen gas.
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Fe-Al intermetallic compound layer. That is, it means
that the Mg of the Al-50 wt pct Mg is penetrated into
the interface.

Thus, it is determined that the melted Al/Mg can be
reacted with the aluminum substrate at the interface
after the melting of alloy powder over 733 K (460 �C),
and the molten Al/Mg diffuses into the aluminum
substrate with increasing treatment time. Besides, the
nitrogen gas can be penetrated more easily into the

interface between aluminum and stainless steel with the
molten Al/Mg alloying powder (Figure 10(b)).
Consequently, the nitrogen can be reacted with the

aluminum surface in the interface. At the same time, the
Fe-Al intermetallic compound is also formed at the
surface of the SUS304 stainless steel (Figure 10(c)).
After that, the AlN and Fe-Al intermetallic compound
multilayer are uniformly grown by the diffusion of
nitrogen and aluminum, respectively (Figures 10(d) and

Fig. 10—Schematic illustration of the growth process of aluminum nitride and Fe-Al intermetallic compound layer.

Fig. 11—XRD patterns of the (a) AlN layer and (b) Fe-Al layer after barrel nitriding at 913 K (640 �C) for 36 ks.
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(e)). However, it is considered that these processes are
very complicated, and take place simultaneously.

To clearly demonstrate that which phases appear
at the multilayer between the aluminum and the
SUS304 substrate, XRD measurements were performed.
Figure 11 (a) and (b) shows the XRD results of the A
and B layers after bonding process using the barrel
nitriding at 913 K (640 �C) for 36 ks. In the A layer,
which is expected to be an aluminum nitride layer,
AlN peaks were detected with Al peaks as shown in

Figure 11(a). In the case of the B layer, an intense peak is
exhibited which is attributable to (221) Fe2Al5.4 with
other low intensity peaks attributable to other Fe com-
pounds, as shown in Figure 11(b). In addition, an Al3Ni2
peak is observed due to the diffusion of nickel from the
SUS304 substrate on the intermetallic compound layer.
Figure 12 shows the thicknesses of the AlN layer,

Fe-Al layer, and the total thickness of the multilayer. As
shown in Figures 12(b) and (c), the thicknesses of the
AlN and Fe-Al intermetallic layer increased with
increasing treatment time and temperature. However,
the growth rate of the AlN layer rapidly increased in
comparison to the Fe-Al intermetallic compound layer
with increasing treatment time and temperature.
Therefore, the total thickness of the multilayer is

affected by the thickness of AlN, i.e., the Fe-Al
intermetallic compound layer is not significantly chan-
ged, as shown in Figure 12(c). Thus, it is determined
that the diffusion rate of Al toward the SUS304 is not
fast, while the aluminum nitride layer is growing. In
addition, it is known that the effect of the treatment time
is higher than the effect of the treatment temperature on
the growth of the thickness of the multilayer.
To predict the thickness of multilayer at various

treatment times, curve fitting was performed. Figure 13
presents the result of curve fitting on the total thickness
of multilayer after barrel nitriding at 903 K (630 �C)
with various treatment times which range from 10.8 to

Fig. 13—Curve fitting on the thickness of multilayer at 903 K
(630 �C) with various treatment times.

Table IV. Calculation Formula of Fitting Curve

y = m1+m2 9 (1 � exp(�m3 9 x)) Value

m1 �75.485
m2 596.4
m3 0.030203
R2 0.98547
R 0.992708

Fig. 12—The thicknesses of the (a) multilayer, (b) AlN layer, and (c)
Fe-Al intermetallic compound layer at various treatment times after
barrel nitriding.
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172.8 ks. Computed curve of the figure shows a calcu-
lation formula on the thickness of multilayers as shown
in Eq. [1].

y ¼ m1þm2� 1� exp �m3 � xð Þð Þ: ½1�

That is, the thickness of multilayer can be expected by
Eq. [1]. Error for thickness measured by Eq. [1] is under
0.73 pct (R2 = 0.98547). In addition, the values of m1,
m2, and m3 are indicated at Table IV.

Figure 14 shows the hardness value of the AlN layer
and the Fe-Al intermetallic compound layer at different
treatment times at each temperature. In general, the area
is divided into four types at each specimen: I (pure Al),
II (AlN), III (Fe-Al), and IV (SUS304), according to the
hardness value.
The hardness values of the pure Al and SUS304

austenitic stainless steel are found to be about 30 HV
and 200 HV, respectively. In addition, the maximum
hardness of the aluminum nitride layer is found to be
377HV, and the Fe-Al compound layer is found to have
a maximum hardness of 910 HV, after bonding process
by the barrel nitriding at 893 K (620 �C) for 18 ks. As
shown in Figures 14(a) and (b), the hardness values of
the AlN and Fe-Al compound layers decreased with
increasing treatment temperature. Moreover, the hard-
ness value of the AlN layer shows the range of 377 HV
to 290 HV at a treatment time of 18 ks, and the
hardness value continuously decreased in the range of
235 HV to 185 HV with increasing treatment time, up to
36 ks. The Fe-Al intermetallic compound layer also
shows the range of 910 HV to 815 HV at 18 ks, after
that the hardness value decreased to the range of
810 HV to 740 HV when the treatment time was taken
to 36 ks at each treatment temperature. That is, the
hardness value decreased with increasing treatment
temperature and time.
To understand the diffusion behavior of nitrogen and

Al at different treatment times and temperatures, the
EPMA quantitative analysis was performed on the AlN
and Fe-Al intermetallic compound layer. Table V shows
the nitrogen and Al concentration on the AlN layer at
various treatment temperatures and times (h893 K,
18 ksi, h893 K, 36 ksi, and h903 K, 36 ksi). As shown
in Table V, the nitrogen concentration on the AlN layer
shows about 24 wt pct at the 893 K (620 �C), 18 ks.
After that, the average concentration of nitrogen
decreased with increasing the treatment time and tem-
perature. That is, the diffusion of nitrogen at the AlN
layer is continuously maintained, and the thickness is
continuously increased. However, the concentration of
nitrogen is gradually decreased when takes longer
treatment time, because it is expected that the nitrogen
could not be supplied into the narrow interface between
the aluminum and SUS304 stainless steel after the AlN
and Fe-Al thin layer is formed completely. Thus, it is
expected that the number of nitrogen atoms is very

Fig. 14—Average hardness value of (a) the AlN layer and (b) the
Fe-Al intermetallic compound layer, at different treatment times at
893 K, 903 K, and 913 K (620 �C, 630 �C, and 640 �C).

Table V. The EPMA Quantitative Analysis Result of Al and Nitrogen on the AlN Layer

893 K (620 �C), 18 ks 893 K (620 �C), 36 ks 903 K (630 �C), 36 ks

AlN Layer AlN Layer AlN Layer

Al (Wt Pct) N (Wt Pct) Al (Wt Pct) N (Wt Pct) Al (Wt Pct) N (Wt Pct)

1st 70.8855 28.4930 78.0617 21.6898 80.7633 19.0374
2nd 75.8348 23.7365 78.2924 21.4207 81.2738 18.3607
3rd 76.1992 23.3871 78.0914 21.6609 81.5862 18.1229
4th 76.5156 23.1356 80.1808 19.5242 80.1356 19.5280
5th 74.4977 25.1262 80.9513 18.8061 82.2377 17.5330
Average (wt pct) 74.7866 24.7757 79.1155 20.6203 81.1993 18.5164
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important when nitrogen is beginning to permeate into
the aluminum surface of the interface. And, the changes
of nitrogen concentration at various treatment temper-
atures and times showed similar tendency with the
hardness variation of AlN layer. In case of Fe-Al
intermetallic compound layer, the Al concentration is
decreased with increasing the treatment temperature and
time as shown in Table VI. On the other hand, the
concentration of Fe is gradually increased with increas-
ing the temperature and time. Therefore, it is determined
that the hardness of Fe-Al intermetallic compound layer
is decreased with increasing the Fe concentration and
decreasing the Al concentration.

IV. CONCLUSIONS

The aluminum nitride layer and the Fe-Al interme-
tallic compound layer formed between the pure alumi-
num and the SUS304 austenitic stainless steel after the
bonding process by barrel nitriding at 893 K, 903 K,
and 913 K (620 �C, 630 �C, and 640 �C) for treatment
time of 10.8, 18, 25.2, 36, and 172.8 ks. The results
obtained are as follows:

1. As ascertained from the XRD analysis, the multi-
layer is composed of an AlN layer and a Fe2Al5.4
intermetallic compound layer.

2. The total thicknesses of the multilayer are found to
be 160, 180, and 300 lm at 893 K (620 �C) for
treatment times of 18 ks, 25.2 ks, and 36 ks, respec-
tively. In addition, the thicknesses of the AlN and
Fe-Al intermetallic compound layers increased with
increasing treatment time and temperature.

3. Fitting curve as basis on the thickness of multilayer
at 903 K (630 �C) shows a calculation formula on
the thickness of multilayers as shown in Eq. [1].
From this equation, it is possible to expect the
thickness of multilayer at 903 K (630 �C) for vari-
ous treatment times.

y ¼ m1þm2� 1� exp �m3 � xð Þð Þ: ½1�

4. The maximum hardness of the aluminum nitride
layer was found to be 377 HV, and the Fe-Al com-
pound layer showed a maximum hardness of

910 HV, after barrel nitriding at 893 K (620 �C) for
18 ks. Additionally, the hardness value decreased
with increasing treatment temperature and time.
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