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1. Introduction

  In order to accommodate stricter environmental regu-
lations, technological advances in high fuel efficiency 
vehicles have been constantly demanded of the automo-
bile industry. Automotive bodies consist of a body in 
white (BIW), which is the structure of the vehicle, and 
hands-on parts such as the doors, hood, and trunk cover. 
These parts typically constitute about 30 % of the over-
all weight of a vehicle. Therefore, the reduction in the 
weight of automotive bodies is critical for the improve-
ment of fuel efficiency1). At the same time, the weight 
of additional components required for safety, convenience, 
and emotional response is continuously increasing. These 
applications can raise the total weight of a vehicle, es-
pecially in high-end vehicles. For this reason, many car-
makers are using more nonferrous lightweight materials 

such as aluminum, magnesium, and plastic in automo-
bile bodies.
  Aluminum alloys constitute a fairly a representative 
class of lightweight material, and their applications in 
automotive car bodies are expanding. For car bodies, 
Al-Mg alloys (5XXX series) and Al-Mg-Si alloys (6XXX 
series) are typically used due to their high strength and 
formability2,3). Al-Zn alloys (7XXX series), which are 
typically used in aircraft parts, possess a strength over 
500 MPa through the formation of strengthening precip-
itates4). Recently, research into the application of 7XXX 
alloys to automobile parts has been pursued5-7).
  The 7XXX series aluminum alloys are known to be 
difficult to conventionally weld using fusion processes 
like arc, resistance spot, and laser welding8,9). The weld-
ability of various aluminum alloys is summarized in 
Table 110). The weldability of 2XXX and 7XXX alumi-
num alloys is poor when fusion welding because of the 
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1XXX 2XXX 3XXX 4XXX 5XXX 6XXX 7XXX 8XXX
Traditional welding + - + + + + - +/-

Friction stir welding + + + + + + + +
Note: “-” indicates “mostly non-weldable”; “+” indicates “mostly weldable”

Table 1 Weldability of various aluminum alloys10)
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likelihood of hot cracking due to large mush zone cre-
ated during the welding process. 
  The 7XXX series aluminum alloys are usually heat- 
treated by an artificial aging process, which ensures a 
high strength. When welding, the physical properties of 
the aluminum welds are compromised due to the an-
nealing and tempering of the heat affected zone. 
Additionally, the heat affected zone of an aluminum al-
loy is wider than that of a carbon steel owing to alumi-
num’s higher thermal conductivity. When welds possess 
the metallurgical discontinuities caused by these fac-
tors, the strength of the connected part is degraded, and 
corrosion resistance may be compromised in some cases11). 
  Mechanical fastening could be used to join the compo-
nents of a vehicle body as an alternative to welding. 
However, in spite of its intuitive and simple nature, me-
chanical fastening possesses many disadvantages, such 
as indentations or protrusions in the connection appear-
ance, low fatigue cracking resistance due to stress con-
centrations, easy opportunities for crevice corrosion, 
and increase in weight by necessitating wider flanges at 

connections. 
  Therefore, the selection of a proper welding process is 
a matter of great importance in the assembly of a car 
body. As shown in Table 2, the evaluation of material 
weldability using various welding processes has been 
reported to this end11-39).
  In this paper, we review and summarize the current 
state of welding research conducted on 7XXX series 
aluminum alloys using various welding processes. The 
arc welding and laser welding methods are selected as 
the considered fusion welding processes, and friction 
stir welding is chosen as the considered method of sol-
id-state welding. The characteristics of each process are 
analyzed, and the resulting mechanical and morpho-
logical variations are then compared.

2. Arc welding characteristics of 7XXX series 
aluminum alloys

  In the last decade, only a few studies have been pub-

Welding process Date Authors Materials Filler materials
Heat treatment 1997 Hwang et al.21) 7075-T651 -

GTAW, GMAW 2007 Balasubramanian et al.12) 7075 5356
GMAW 2010 Sivashanmugam et al.33) 7075 4043
GMAW 2011 Ravindra et al.31) 7075-T6 5356
GTAW 2011 Temmar et al.35) 7075-T6 -

L-A hybrid 2006 Hu et al.18) 7075-T6 5754
L-A hybrid 2006 Hu et al.19) 7075-T6, 2024-T3 5754
L-A hybrid 2007 Hu et al.20) 7075-T6 5754, 2319

LBW 2004 Liu et al.39) 7075-T6 -
LBW 2007 Paleocrassas et al.26) 7075-T6 -
LBW 2010 Paleocrassas et al.27) 7075-T6 -
LBW 2011 Tu et al.36) 7075-T6 -
LBW 2012 Zhang et al.38) 7075-T6, 2024-T351 4043, 2319
LBW 2015 Ola et al.25) 7075-T651 4043
FSW 2000 Jata et al.22) 7050-T7451 -
FSW 2001 Chao et al.14) 7075-T7351, 2024-T3 -
FSW 2002 Charit et al.15) 7475 -
FSW 2002 Ma et al.24) 7075 -
FSW 2003 Rhodes et al.32) 7050-T76 -
FSW 2003 Su et al.34) 7050-T651 -

FSW-D 2005 Srinivasan et al.11) 7075-T7351, 6056 -
FSW 2006 Cavaliere et al.13) 7075-T6, 2024-T3 -
FSW 2008 Khodir et al.23) 7075-T6, 2024-T3 -
FSW 2010 Rafi et al.28) 7075-T6 -
FSW 2010 Rajakumar et al.29) 7075-T6 -
FSW 2011 Rajakumar et al.30) 7075-T6 -
FSW 2010 Fratini et al.17) 7075-T6 -
FSW 2011 Silva et al.16) 7075-T6, 2024-T3 -
FSW 2013 Widener et al.37) 7050-T73 -

Note: “L-A hybrid” indicates “laser-arc hybrid”; “LBW” indicates “laser beam welding”; “FSW” indicates “friction stir welding”; 
“FSW-D” indicates “friction stir welding with dissimilar materials”

Table 2 Research into the welding and joining of 7XXX series aluminum alloys over the last ten years
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lished on the arc welding of 7XXX series aluminum 
alloys. In this section, the weldability of these alloys us-
ing gas tungsten arc welding (GTAW) and gas metal arc 
welding (GMAW) fusion welding processes are discussed.
  When arc welding, proper selection of filler material is 
critical as it affects the metallurgical and mechanical 
properties of the ensuing welds. General guidance on 
filler metal selection for the GMAW process is provided 
in Table 340). Typically, a 4XXX filler wire containing 
Si is used in order to suppress hot crack propagation. In 
other cases, 5XXX filler wire is used to obtain joint 
strength31). In some of the research reviewed, the use of 
2XXX filler wire has also been reported20).
  A typical fusion weld can be divided into a fusion 
zone (FZ), a partially melted zone (PMZ), a heat af-
fected zone (HAZ), and the base metal (BM). Because 
the arc welding process applies a relatively high heat in-
put, morphological changes around the welds can be 
easily identified. Fig. 1 shows the typical structure of a 
GTAW weld. 
  The BM is a metal sheet formed by the rolling process. 
The grains of the BM are accordingly elongated with 
fine particles such as MgZn and Mg32(Al,Zn)49 pre-
cipitated and dispersed throughout14,33). After welding, 
this as-rolled structure disappears because the high tem-
perature approaches the melting temperature. In its 
place, an equiaxed dendritic structure is formed at the 
core of the FZ due to the rapid cooling rate (Fig. 1(b)). 
The precipitation dissolution and texture coarsening 
within the grain boundary has been confirmed as shown 
in Fig. 1(c). In the PMZ, a columnar structure is devel-
oped near the FZ as shown in Fig. 1(d). Balasubramanian 
et al. observed that this precipitation was partially dis-
solved, and that the meta-stable phase was transformed 
to the stable state. The large temperature difference be-
tween the solidus and liquidus formed grain boundary 

melting, as shown in Fig. 1(c). They also mentioned 
that hot cracking could potentially be generated in the 
PMZ12,21).
  Table 4 gives the hardness profile along the fusion 
weld in a 7XXX aluminum alloy. The hardness value of 
the weld is clearly lower than that of the base metal. 
The difference in the hardness of the FZ in welds pro-
duced by GMAW and GTAW processes was not sig-
nificant despite the different levels of heat input. The 
average hardness of the FZ was 84 Hv, which corre-
sponds to about 60 % of that of the base material, which 

Parent metal 1XXX 2XXX 3XXX 4XXX 5XXX 6XXX 7XXX

1XXX 1XXX
4XXX NR 3XXX

4XXX
1XXX
4XXX 5XXX 4XXX 5XXX

2XXX NR NR NR 4047 NR NR NR

3XXX 3XXX
4XXX NR 4XXX 3XXX

4XXX 5XXX 5XXX 5XXX

4XXX 1XXX
4XXX 4047 3XXX

4XXX 4XXX NR 4XXX
5XXX

4XXX
5XXX

5XXX 5XXX NR 5XXX NR 5XXX 5XXX 5XXX

6XXX 4XXX NR 5XXX 4XXX
5XXX 5XXX 4XXX

5XXX 5XXX

7XXX 5XXX NR 5XXX 4XXX
5XXX 5XXX 5XXX 5XXX

Note: “NR” indicates “not recommended”

Table 3 General guidance on filler metal selection modified from reference40)

(a)

(b) (c)

(d) (e)

100 ㎛ 60 ㎛

500 ㎛ 60 ㎛

Incipient melting

Fig. 1 Optical micrographs of as-welded joints: (a) base 
metal, (b) fusion zone, (c) heat affected zone, (d) 
columnar grain at the partially melted zone, and (e) 
incipient melting at the partially melted zone33,35)
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was 138.8 Hv. 
  The observed failure strength of the weld was about 
290 MPa with a joint efficiency of 58 % of that of the 
base material. The joint efficiency of GTAW process 
was observed to be about 10 % higher than that of 
GMAW process because the heat input of GTAW is rel-
atively small. As shown in Table 5, both the hardness 
and strength increased after artificial aging due to the 
nature of the aluminum alloy. Still, the lowest hardness 
was measured at the FZ, even after aging heat-treatment. 

3. Laser welding characteristics of 7XXX series 
aluminum alloys 

  The welding defects reported when laser welding 7XXX 
series aluminum alloys were underfill, pore, and crack-

ing, as shown in Figs. 2 and 3. The laser welding proc-
ess requires a small heat input than arc welding process 
by applying an integrated high-density energy beam. 
However, this high-density beam increases the possi-

Study
(Heat input per length)

Hardness (Hv) Strength
(MPa)

Efficiency
(%) Process

WM PMAZ HAZ BM
Balasubramanian et al. 

(4 kJ/mm) 70 80 95 136 235 45.2 GMAW

Balasubramanian et al. 
(3 kJ/mm) 80 90 104 138 254 45.8 GMAW

Temmar et al. 85.4 - 107.1 137.9 248 48.8 GMAW

Balasubramanian et al. 
(3 kJ/mm) 85 100 116 140 272 52.3 GTAW

Balasubramanian et al. 
(2 kJ/mm) 100 110 122 142 295 56.7 GTAW

Liu et al.
(2.2 kJ/mm) - - - - 432 71.0 GTAW

Average 84.1 95.0 108.8 138.8 289.5 58.5

Standard Deviation 9.70 11.18 9.41 2.05 66.86 13.96

Table 5 Vickers hardness and tensile strength of arc welded specimens with artificial aging12,35,39)

Study
(Heat input per length)

Hardness (Hv) Strength
(MPa)

Efficiency
(%) Process Remarks

WM PMAZ HAZ BM

Balasubramanian et al.
(4 kJ/mm) 85 90 96 138 251 48.3 GMAW 125 ℃

24 h

Balasubramanian et al.
(3 kJ/mm) 96 100 105 140 270 51.9 GMAW 125 ℃

24 h

Temmar et al. 101.2 - 120.6 140.5 268 52.8 GMAW 140 ℃
10 h

Balasubramanian et al. 
(3 kJ/mm) 105 100 116 142 292 56.2 GTAW 125 ℃

24 h

Balasubramanian et al. 
(2 kJ/mm) 115 120 124 145 314 60.4 GTAW 125 ℃

24 h

Liu et al.
(2.2 kJ/mm) - - - - 455.5 74.7 GTAW 120 ℃

26 h

Average 100.4 102.5 112.3 141.1 308.4 59.3

Standard deviation 9.91 10.90 10.39 2.33 68.73 14.35

Table 4 Vickers hardness and tensile strength of arc welded specimens without post aging12,35,39)

500 ㎛ 500 ㎛

(a) (b)

Fig. 2 Macro-section images of the transverse weld pro-
duced by (a) autogenous laser welding and (b) la-
ser/GMAW hybrid welding20)
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bility for the material vaporization during the welding 
process. As a result, compared to the arc welding proc-
ess, the laser welding process is more likely to generate 
underfill20,36) and porosity26,27).
  It is difficult to control these defects using the autoge-
nous laser process. As a result, the laser-arc hybrid 
welding process was introduced to reduce these defects 
by adding a filler wire. The supply of filler wire was not 
only found to improve the bead shape and quality, but 
also suppressed the formation of hot cracking when an 
adequate filler metal was selected.
  The regions of laser welds can also be divided into an 
FZ, PMZ, HAZ, and BM. An equiaxed structure is formed 
in the center of the FZ as shown in Fig. 7, and an elon-
gated columnar structure is generated at the PMZ which 
is narrower than that of the PMZ resulting from arc 
welds. In the HAZ located behind the PMZ, coarsened 
grain was observed to form due to thermal conduction.
  Hu et al. reported that cracks could develop on the 
bead surface when the arc current increased in the la-
ser-arc hybrid welding process18-20). Ola et al. further 
explained the causes of many internal defects25). The 
formation of pores within the welds was found to be af-
fected by the presence of shielding gas, and it was con-
firmed that Ar gas is more effective than He gas for the 

reduction of porosity. Additionally, the generation of in-
ternal pores was found to increase in hot wire feeding 
applications; when cold wire was supplied, internal 
pores were observed to decrease significantly25). 
  Compared to the autogenous laser process, crack for-
mation in the HAZ was reduced when the laser-arc hy-
brid process was applied, as shown in Fig. 4. However, 
cracks were observed to increase when cold wire was 
fed into the weld pool. Ola et al. proposed a compromise 
scheme by adding cold wire to a preheated weld joint25), 
demonstrating that in the case of the laser-arc hybrid 
process, sound welds could be achieved by selecting the 
proper working conditions18-20). 
  Most tensile tests of laser-welded 7XXX specimens 
resulted in fracturing at the FZ, however, the overall 
strength of the specimens was typically higher than that of 
the arc welded specimens. The average tensile strength of 
autogenous laser welded specimens was measured to be 
446 MPa. A fracture strength of 339.5 MPa was ob-
tained through the addition of Al 2319 filler wire, and 
308.6 MPa strength was achieved by using Al 4043 fill-
er wire38). In many of the reviewed papers, it was re-
ported that the artificial aging treatment improved the 
fracture strength of the autogenous laser weld, similar 
to arc welding. However, natural aging treatments were 
not found to be effective, as shown in Fig. 520,39). If age 
hardening occurred by post baking process, the material 
is able to recover from the thermal degradation gen-
erated during the welding process.
  The minimum hardness was measured at the FZ as pre-
viously reported for arc welds. The occurrence FZ fail-
ure can be explained by this hardness profile. Hu et al. 
and Liu et al. observed that the hardness of the weld in-
creased overall after aging treatment. The hardness pro-

(a) (b)

(c)

(d)

5 mm  

5 mm  

(a) (b)

(c)

(d)

5 mm  

5 mm  

Fig. 3 Weld defects (a) transverse cracking on the top 
bead of an Al7075 laser-arc hybrid welded sample, 
(b) a typical HAZ crack in laser welded Al7075 
(c) X-ray radiography showing the extent of po-
rosity in laser-arc hybrid welded Al7075-T651, 
and (d) X-ray radiography of laser welds supplied 
with 4043 cold wire18,19,25)
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Fig. 4 The length of intergranular cracking in the HAZ un-
der various welding process (modified from refer-
ence)25) (Note: “LBW” indicates “laser beam weld-
ing”; “CW” indicates “cold wire”; “L-A” indicates 
“laser-arc”; “BH” indicates “base metal preheating 
by laser”)
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files before and after aging treatment are described in 
Fig. 6. The greatest hardness improvement of 30 to 40 % 
occurred in the fusion zone18-20,39).

4. Friction stir welding characteristics of 7XXX 
series aluminum alloys 

  Unlike conventional fusion welding processes, friction 
stir welding (FSW) is performed under low temperature 
conditions below the melting temperature of the base 
metal. As a result, the residual stresses and deforma-
tions generated by FSW are very small compared to fu-

sion welding processes. Mechanical bonding and plastic 
deformation behaviors, not chemical alloying, are the 
key factors in the friction stir, thus the influence of the 
chemical composition of the BM is relatively less im-
portant than it is for fusion welding processes41).Various 
research into FSW has been conducted on materials that 
are difficult to weld with fusion welding, such as 2XXX 
and 7XXX series aluminum alloys. The range of appli-
cation of FSW is gradually expanding to materials with 
higher and higher melting temperatures42).
  The published research into FSW of aluminum alloys 
over the last ten years was reviewed and is summarized 
in Fig. 8. Studies of FSW welding have steadily in-
creased in last decade, especially within the last five 
years. Research into the use of FSW for high strength 
Al 7075 has been conducted both in Korea and abroad. 
The 2XXX and 7XXX series aluminum alloys are well 
known to have narrow process window compared with 
other aluminum alloys43). These FSW process parame-
ters, such as tool rotation speed, welding speed, and 
tool shape, affect the physical properties of the resulting 
welds. Therefore, the design of the welding tool and the 
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Fig. 5 Tensile strengths of 7075-T6 base metal and as- 
welded specimens under different aging con-
ditions, (modified from reference)18-20,39) (Note: 
“LH” indicates “low heat input”; “HH” indicates 
“high heat input”)
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Fig. 6 The transverse micro-hardness profile of laser welds
made at a welding speed of 80 mm/s (modified 
from reference)18,20) 
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Fig. 7 Image showing the microstructure of a laser- 
GMAW hybrid weld on an Al7075 alloy. The weld 
was made with an Al5754 filler wire at a welding 
speed of 80 mm/s20)
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selection of the process parameters are very important 
factors in FSW. Rajakumar et al. state that the strength 
and hardness of welds produced by FSW vary depend-
ing on the process conditions, as shown in Fig. 929,30). 
Rajakumar et al. also reported a tensile fracture strength 
of about 350 MPa, but a strength in excess of 480 MPa 
was achieved in other reviewed literature14,16,29,30,37).  
This indicates that a large variation in strength may oc-
cur, even when applying a solid-state welding process 
like FSW.
  The welds produced by FSW can be divided into a stir 
zone (SZ), a thermomechanically affected zone (TMAZ), 
an HAZ, and the BM. In some cases in the literature, 
the TMAZ is further subdivided by the presence of re-
crystallization34). As shown in Fig. 10, the lowest hard-
ness across the weld profile was measured in the heat 
affected zone17,23). This can be explained by the precip-
itation and recrystallization behavior. Su et al. applied 
FSW to an Al 7050-T651 alloy, and investigated the be-
havior of the precipitate using a transmission electron 
microscope (TEM). Fine spherical precipitates with a 
diameter of about 50 ㎛ were found to be uniformly 
distributed in the BM. In the TMAZ, precipitates of 10 
to 100 ㎛ in size were found to be elongated along the 
grain boundaries. In the HAZ, increased precipitation 
was observed, particularly at the grain boundary due to 
the heat generated during the FSW process. It was con-
firmed that thermal softening had occurred in this 
region. Within the SZ, dynamic recrystallization was 
observed to occur. Equiaxed grains formed during the 
recrystallization process, but hardness degradation was 
not severe as typically observed hardness in the FZ of 

fusion welds. The reason for this can be explained by 
Su et al.’s observation of the sub-grain formation and 
dislocation within the grain22,24,32,34,44). The location of 
tensile fracture in welds created by FSW was observed 
in the HAZ, at a higher strength than that obtained by 
fusion welding.
  However, FSW is limited in process flexibility than fu-
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metal, (b) dark field image of base metal region, 
(c) HAZ, (d)-(e) TMAZ, and (f) SZ34) 
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sion welding. Additionally, the process speed of FSW is 
even lower than that of arc welding. Although the FSW 
process has been mentioned as one of the possible can-
didates to replace the conventional fusion welding proc-
ess, it has not yet been widely applied in many in-
dustrial fields for these reasons. 

5. Conclusions

  The 7XXX series aluminum alloys are considered to 
be a key material in the next generation of automobile 
bodies due to their high stiffness and relatively moder-
ate price. However, traditional fusion welding processes 
are difficult to apply to these alloys because of their high 
thermal conductivity and thermal expansion coefficient. 
Additionally, the low vaporization temperature of alloy-
ing elements results in a wide mush zone, which makes 
the application of conventional fusion welding proc-
esses problematic. 
  An optimized process for welding 7XXX series alumi-
num alloys has yet to be established. As a result, the 
degradation of the properties of the heat affected zone 
resulting from thermal softening, which occurs regard-
less of the welding process, has yet to be mitigated.
  Higher tensile strength can be obtained in welds cre-
ated by the laser welding or friction stir welding proc-
esses than with arc welding. The hardness of the fusion 
zone was not observed to improve after the age harden-
ing treatment, and the properties of the heat affected 
zone were observed to deteriorate regardless of the 
welding process, suggesting a limit to the enhancement 
of joint strength using any current welding process.

  Nevertheless, the use of aluminum alloys in the global 
automobile market is becoming competitive as light-
weight car body technology is increasingly required to 
satisfy the requirements of both safety regulations and 
fuel efficiency. The use of 7XXX aluminum alloys is 
destined to increase in the automobile industry, and 
technical preparations must be undertaken to ensure that 
the necessary welding and joining can be conducted 
successfully and cost-effectively in order to respond to 
the rapidly changing needs of the automobile customer.
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