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Solid-state difusion bonding of AA2219 alloy is carried out under the nonvacuum condition to form AA2219/AA2219 joints. In
the currently adopted method, AA2219 alloys are joined under the bonding temperature of 450–500°C, bonding pressure of
10MPa, and bonding time of 30min. Chemical cleaning is adopted to protect the joining surfaces from reoxidation before the
difusion bonding process. Microstructure evolution at the bonded joints is characterized using optical microscopy, scanning
electron microscopy (SEM), and energy dispersive spectroscopy (EDS). Te hardness at the bonded joints increased with the
increase in the bonding temperature. Te parent metal structure is achieved at 500°C bonding temperature with an increase in
hardness of 112.14Hv at the bond interface. Tere is no evidence of intermetallic found at the interface, as confrmed by X-ray
difraction (XRD).

1. Introduction

Isogrid structures have gained much attention in the
aerospace industry due to their lightweight properties and
high strength-to-weight ratios, specifcally for launching
vehicle structures. AA2219 is one such copper aluminium
alloy that is primarily used for producing the isogrid
structures due to its high weldability, stress corrosion
cracking resistance, and excellent mechanical properties at
cryogenic temperatures [1–3]. AA 2219 has already been
used successfully in several launch vehicle systems, such as
Saturn V and the Apollo Space Shuttle, and it was also
chosen for Ariane V to replace AFNOR 7020 [4]. Joining
similar and dissimilar metal alloys has become increasingly

challenging to combine the various material properties to
achieve lightweight properties and high product perfor-
mance in industries like aerospace and automotive [5, 6].
While joining the diferent metal alloys, the diferences in
physical and thermal properties would become the main
hurdles [7–9].Temajor difculty in joining aluminium and
its alloys by conventional and even advanced welding
techniques is the tenacious oxide flm that exists on the
faying surfaces, acting as a strong barrier for atomic in-
terdifusion [10, 11]. Tough the welding properties of the
AA2219 are superior to those of other aluminium alloys, the
welded joints exhibit poor strength even when using ad-
vanced welding techniques such as gas metal arc welding
(GMAW), gas tungsten arc welding (GTAW), and plasma

Hindawi
Advances in Materials Science and Engineering
Volume 2023, Article ID 5176219, 10 pages
https://doi.org/10.1155/2023/5176219

https://orcid.org/0000-0003-3138-9453
https://orcid.org/0000-0001-6765-4728
https://orcid.org/0000-0002-8248-7603
https://orcid.org/0000-0003-4212-9163
mailto:haiterlenina@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5176219


arc welding (PAW). Te loss in joint strength is mainly due
to the melting and quick solidifcation of the metal involved
in these welding processes [12]. Te welding of components
with complex internal structures is challenging with ad-
vanced solid-state welding methods like friction stir welding
(FSW) [13].

To overcome such difculties, the difusion bonding
techniques are used more prominently, as they do not in-
duce macroscopic material deformation, preserving the
parent metal strength and reducing the oxide formation at
the joints. [14–17]. Solid-phase difusion bonding is highly
preferred for numerous industrial products where the
welding is to be formed without any liquid phases [18, 19].
Difusion bonding is usually carried out at the temperature
range of 50–80% of the melting temperature of the metal,
and the quality of the bonding joints mainly depends on the
process variables such as temperature, pressure, and time
[20, 21]. However, the adherent and chemically stable oxide
flms on the faying surface of the aluminium and its alloys
must be removed before the difusion bonding process to
curb the formation of metallurgical diferences at the bonded
joints [22, 23]. Te prior cleaning of the faying surface of
aluminium with alkaline and acidic solutions is one such
technique to minimize the formation of oxides during
difusion bonding [24–26].

Generally, the difusion bonding process is carried out in
a vacuum [27, 28] or an inert [29, 30] chamber to eliminate the
formation of oxides at the interface. However, Pilling and
Ridley [31] emphasized the vacuum-free solid-state difusion
bonding of AA7475 conducted in a furnace attached to an
Instron universal testing machine (UTM) by employing
a chemical pickling of the faying surfaces of aluminium alloy
before the difusion bonding process to inhibit the oxide
formation at the interface. Jia et al. [32] investigated the dif-
fusion bonding of Al 6061 by cladding Zn material, and Liu
et al. [33] employed the electrodeposition of nano-Cu to join
Al-Mg-Li alloys, mainly to inhibit the oxidation at the interface.

Tis research study focused on conducting a nonvacuum
solid-state difusion bonding of AA2219. Te aluminium
surfaces would oxidise rapidly, and this certainly prevents
the better surface contact required for the perfect difusion
bonding. Hence, a chemical cleaning of the faying surface is
employed to reduce the efect of oxidation at the interface.
Te bonding temperature is chosen in the range of
450–500°C with constant bonding pressure and time. Mi-
crostructural investigations are carried out to evidence the
oxide formation on the bonded and unbonded interfaces.

2. Experimental Procedure

AA2219-T6 plates are sectioned to the dimensions of
50mm× 40mm× 8mm with the help of wire cut electric
discharge machining (EDM). Te chemical composition of
AA2219 is represented in Table 1.

Te faying surfaces of the base metal plates are initially
prepared on grit SiC papers up to a 1000 grit fnish and then
degreased using acetone before the chemical cleaning pro-
cess. Te prepared base metals are immersed in a novel
chemical solution containing sodium salts and sodium

hydroxide at 120°C for 1minute, then immersed in 40%
HNO3 for 1minute, water fushed, cleaned in an acetone
bath, and dried in hot air. Once the chemical cleaning is
fnished immediately, the difusion bonding is carried out by
stacking the AA2219 plates in customized difusion bonding
equipment. Te schematic illustration of the difusion
bonding setup is shown in Figure 1.

Te combinations of temperature, pressure, and time
can be used to get a good metallurgical bond of the various
metals, and these combinations of parameters would be
independent of the structure to be fabricated [34]. Te
nonvacuum difusion bonding is performed at the
bonding temperatures of 450, 475, and 500°C by main-
taining pressure and time constants. Te specimens are
soaked to the bonding temperature at a heating rate of
6°C/min. A bonding pressure of 10MPa is applied for
a holding duration of 30min. Although the difusion
bonding is tested for 1, 2, 5, and 7MPa for the mentioned
bonding temperatures, the bonding did not occur mainly
due to the insufcient pressure to catalyze the in-
terdifusion for the shorter bonding duration of 30min.
Figure 2 shows the schematic representation of the
bonding parameters.

Te bonded specimens are furnace cooled without re-
leasing the pressure to avoid thermal shocks. Figures 3(a)
and 3(b) show a bonded specimen immediately after re-
moving from the furnace and the polished surface of its
bonded section.

Te furnace-cooled specimens are sectioned perpen-
dicularly to the bonded line using wire cut EDM. Te
resulting surfaces are polished using the diamond suspen-
sion and then etched with the help of Kellers reagent as per E
407-07 (microetching metals and alloys) [35] before the
metallographic analysis. Te microstructures of the bonded
joints are examined using an optical microscope and the
scanning electron microscope (SEM), and variations in
composition across the joint sections are examined through
energy dispersive spectroscopy (EDS). Te hardness of the
joints, across the section and base metals, is measured as per
ASTM standard E-384 [36] using a Vickers microhardness
tester with an indentation load of 200 gm.

3. Results and Discussion

3.1. Microstructural Evolution. Te microstructures of the
bonded specimens are pre-examined carefully at the joints,
interfaces, and base of the metals by using a light optical
microscope. Figures 4(a) and 4(b) show the optical mi-
crographs of bonded specimens produced at 450°C. Te
micrograph in Figure 4(b) reveals that the difusion and
some migrated difusion lines are visible at the interface of
the bonded metals. Interfacial voids are exhibited along the
difusion line, which depicts the incomplete bonding at the
interface.

Table 1: Chemical composition of AA2219 (wt. %).

Si Fe Cu Mn Mg Zn Ti V Zr Al
0.20 0.30 5.8 0.20 0.02 0.10 0.02 0.05 0.1 Bal
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Figure 1: Schematic representation of the customized difusion bonding equipment.
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Figure 2: Schematic diagram of the difusion bonding parameters.
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Figure 3: (a) Difusion bonded AA 2219 alloy and (b) polished surface of the bonded section.
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Te interfacial grain growth is visible with a very thin
difusion line on the sections bonded at 475°C which are
shown in Figures 5(a) and 5(b). Tis certainly indicates that
the interdifusion is catalyzed by the increase in temperature.
However, the perfectly bonded specimens do not exhibit any
metallurgical evidence of a difusion line or interface by
forming a monolithic joint [25]. Figure 6 shows the mi-
crographs of such undistinguishable microstructures on the
sections, obtained at the temperature of 500°C. From the
optical micrographs in Figure 6, it is evident that local
expulsion of interfacial boundaries steers the reformation of
grains across the interface then fnally forming a homoge-
neous microstructure without showing evidence of any bond
line or interface.

Further analysis is carried out using SEM to analyze the
bonded joints and interfaces more acutely.Te voids and the
bonded areas on the interface are mainly investigated to
know the mechanisms of difusion bonding and oxide be-
haviour with respect to temperature change. Te SEM
micrographs of the bonded section at 450°C are shown in
Figures 7(a) and 7(b), which show that microvoids are
exhibited continuously along with the interface of the faying
surfaces. A few bonded areas are visible on the interface
which signifes the lack of a complete bond. When the
bonding temperature further increased to 475°C, the voids
are crushed to form a hardly visible bond line, and the grain
growth occurred across the interface, which is represented in
Figures 8(a) and 8(b). Te sections bonded at 475°C also
exhibit minute voids, infrequently at some parts of the in-
terface and thin precipitations persist on the bond line as
shown in the detailed view in Figure 8(b), which are certainly
the main causing factors for the incomplete grain growth
across the interface [37]. At a bonding temperature of 500°C,
however, a complete grain development across the interface
by producing a single homogeneous structure is achieved,
which is shown in Figure 9. Tere is no evidence of voids,
and precipitates form on the sections bonded at 500°C,
which ensures the formation of triple-point junctions at the
intervals of the grains near the interface [38].

In this study, the complete difusion bonding process is
carried out in the air, so there is always a risk of oxide
formation on the interfaces. Te sections bonded in-
completely by forming voids and cracks on the interfaces,
which undeniably show the oxide formations. In the course
of the difusion bonding process in air, the faying surfaces

always reoxidize and prevent complete atomic contacts at
the interface. At higher temperatures, total atomic contact
can be achieved at the interface by fracturing the oxide
layers, and the voids are coalesced by aluminium difusion,
resulting in a complete bond [31]. Tis study, without re-
serving emphasized the oxide behaviour across the difusion
interface and voids. Figures 10(a), 10(b), 11(a), 11(b), 12(a),
and 12(b) show EDS and spectral analysis of bonded sections
obtained at 450°C, 475°C, and 500°C, respectively. From
Figures 10(b) and 11(b), it is evident that bonded areas on
the interfaces obtained at 450 and 475°C indicate a slight
oxide mass in the range of 2–3.7% whereas a similar study
with transient liquid phase (TLP) difusion bonding using
a nano-Cu interlayer has shown an oxide mass in the 5–8%
range on the interface [33].

Figures 13(a) and 13(b) show the EDS and spectral
analysis of larger voids present on the interface of the
bonded section at 450°C. Te larger voids present on the
interface of bonded sections at 450°C exhibit higher oxides as
they are always critically exposed to air. Figure 13(b) reveals
the existence of an excess oxide mass of 14.3%. However, the
presence of higher oxide on the interface would also be due
to the formation of fne particles of aluminium oxide de-
veloped from the shearing of oxide layers [39].

Despite this, the complete bonding obtained at 500°C
exhibits the undistinguishable microstructure, and that does
not much signify the presence of oxides, as the complete
atomic difusion occurred between the two faying surfaces at
this temperature, which is quantifed in Figure 12(b). Te
XRD patterns of the specimen bonded at 500°C are mea-
sured, as shown in Figure 14, to further confrm the in-
termetallic phases in the joint area. Te difraction peak
cannot be observed due to the low composition of the second
phase, and all the peaks in the pattern are confrmed to
Aluminium. As a result, there are relatively few second
phases in the joint that cannot be detected by XRD.

3.2. Mechanical Characterization. Te hardness behaviour
of the joints obtained at 450°C, 475°C, and 500°C is assessed
by the microhardness test by focusing on the vicinity of the
bond interfaces, and the corresponding results are shown in
Figure 15. Te hardness on the bonded line of the section
obtained at 450°C is 68.12Hv, while the higher values of
hardness are observed on the points away from the bond

Figure 4: (a) Optical micrographs of the section bonded at 450°C and (b) enlarged view of the rectangular drawn in (a).
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Figure 5: (a) Optical micrographs of the section bonded at 475°C and (b) enlarged view of the rectangular drawn in (a).

Figure 6: Optical micrographs of the section bonded at 500°C.

Figure 7: (a) SEM micrographs of the section bonded at 450°C and (b) detailed view of the rectangular drawn in (a).

Figure 8: (a) SEM micrographs of the section bonded at 475°C and (b) detailed view of the rectangular drawn in (a).
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line. Te drastic reduction in hardness is mainly because of
the absence of grain growth across the interface, continuous
interfacial voids, and oxide formed in the joint regions. Te
bond interface made at 475°C exhibited a hardness of

102.82Hv, and this value is relatively higher than the base
material. A slight increase in hardness due to the cause of
thin precipitates formed on the interface of the faying
surfaces. Table 2 shows the infuence of bonding temperature

Figure 9: SEM micrograph of the section bonded at 500°C.

4.30 K

3.87 K

3.44 K

3.01 K

2.58 K

2.15 K

1.72 K

1.29 K

0.86 K

0.43 K

0.00 K
0.0 1.7 3.4 5.1 6.8 8.5 10.2

Lsec: 25.6 0 Cnts 0.000 keV Det: Octane Pro Det

CuCuO Cu

AI
Element Weight (%)

AI
Cu
O

90.87
5.45
3.68

Figure 10: (a) EDS and (b) spectral analyses for the bonded area on the interface at 450°C.

2.79 K

2.48 K

2.17 K

1.86 K

1.55 K

1.24 K

0.93 K

0.62 K

0.31 K

0.00 K
0.0 1.7 3.4 5.1 6.8 8.5 10.2

Lsec: 30.0 0 Cnts 0.000 keV Det: Octane Pro Det

Cu
CuO Cu

AI Element Weight (%)
AI
Cu
O

92.53
5.15
2.32

Figure 11: (a) EDS and (b) spectral analyses for the unbonded area on the interface at 475°C.
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on the hardness of the bonded sections. Te hardness values
at the interfaces are increased with the rise in the bonding
temperature.

However, as the bonded sections obtained at 500°C do
not reveal any difusion line or interface, an average of 15
readings was taken at diferent intermittent points on and

4.41 K

3.92 K

3.43 K

2.94 K

2.45 K

1.96 K

1.47 K

0.98 K

0.49 K

0.00 K
0.0 1.7 3.4 5.1 6.8 8.5 10.2

Lsec: 26.9 0 Cnts 0.000 keV Det: Octane Pro Det

Cu
CuO Cu

AI Element Weight (%)
AI
Cu
O

92.87
5.72
1.41

Figure 12: (a) EDS and (b) spectral analyses for interface area of bonded section at 500°C.
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Figure 13: (a) EDS and (b) spectral analyses for the bonded section at 450°C.
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Figure 14: XRD analysis of specimen bonded at 500°C.
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from the center of the bonded section. Te points at the
center show (Figure 15) a maximum hardness of 112.14Hv,
whereas hardness has been reduced while testing on the
points away from the center. Te changes in hardness values
at the interface are mainly due to the sound joint formed by
the coarsening of precipitates with the increase in tem-
perature at the bonded zone [37] whereas a similar difusion
bonding study conducted in an inert atmosphere reported
approximately the same hardness value at the interface and
base materials [25].

4. Summary

Figure 16 shows the schematic representation of the bonding
formation of AA2219 joints. Initially, when the specimens are
stacked on top of one another, an incomplete contact is formed

due to the presence of asperities on the metal surfaces. When
the bonding temperature increased to 450°C with the appli-
cation of 10MPa pressure for the bonding duration of
30minutes, the asperities are deformed and a large number of
microcracks and voids are formed along the interface of metals
(Figure 16(b)). It is mainly due to the insufcient temperature
ofered for the deformation of the boundaries and the in-
terdifusion of atoms. A thin bonding line with minute voids
and precipitates is observed due to the microplastic de-
formation of the metal boundaries at the bonding temperature
of 475°C (Figure 16(c)). However, when the temperature in-
creased to 500°C, recrystallization occurred at the metal
boundaries, and upon solidifcation, no metallurgical evidence
of microvoids and bonding lines are seen. Te joints produced
at this bonding temperature show a good hardness value
compared to the joints obtained at 450°C and 475°C.
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Figure 15: Microhardness behaviour across the bonded interface as a function of bonding temperature.

Table 2: Infuence of bonding temperature on the hardness of bonded sections.

Bonding conditions Hardness on

Temperature (°C) Pressure (MPa) Time (min) Base metal
(left) Interface (center) Base metal

(right)
450 10 30 88.63 68.12 88.42
475 10 30 92.71 102.82 93.25
500 10 30 93.28 112.14 94.94

Figure 16: Bonding formations of the AA2219 joints: (a) Specimens before difusion bonding, (b) formation of cracks and voids along the
interface at 450°C, (c) formation of thin bonding line on the interface at 475°C, and (d) formation of the homogeneous microstructure
without bonding line at 500°C.
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5. Conclusion

AA2219/AA2219 bonded joints are successfully formed
using a nonvacuum solid-state difusion bonding process
performed in atmospheric air without incorporating clad-
ding or electrodepositing other metals. Te efciency of the
nonvacuum difusion bonding of aluminium alloys by
employing chemical redox agents is found to be feasible. Te
infuence of bonding temperature on the microstructure and
hardness of the joint interfaces are studied by keeping the
pressure and time constant.

(i) Grain boundary expulsion and grain growth across
the interface are observed on all the bonded sec-
tions. However, this condition is found only in some
random areas of the bonded sections between 450
and 475°C.

(ii) Relatively a quality bond with homogeneous mi-
crostructure and without showcasing any metallo-
graphic evidence of bond line has been achieved
under the bonding temperature of 500°C.

(iii) Incomplete bonded sections exhibit interfacial voids
with a higher mass percentage of oxide compared to
the perfectly bonded sections.

(iv) As the bonding temperature increased, the hardness
at the bond interfaces increased due to the elimi-
nation of voids and oxides. Te bonded interface
obtained at 500°C yielded a maximum microhard-
ness of 112.14Hv.
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