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Abstract: The present study provides an overview of previous studies on the welding of the AA7075-
T6 aluminum alloy, followed by an investigation of the influence of short-time solution annealing on
the mechanical properties of the weld. Conventional laser welding of Al-Zn-alloys leads to a low
weld strength, which makes a post weld heat treatment (PWHT) favorable. The PWHT includes
solution annealing, quenching and subsequent aging. For solution annealing, different holding times
and cooling rates are investigated in this study. The focus of the investigation is on a short solution
annealing time, which on the one hand is ecological and economically favorable and on the other
hand offers great potential for inline heat treatments. The shortest solution annealing time of 10 s
shows a significant increase in weld strength (joint efficiency of 72%), compared to the non-heat
treated weld (joint efficiency of 52%). The microstructural analysis reveals that the cooling rate after
solution heat treatment affects the formation of precipitates in the microstructure of the welded
AA7075 alloy. Moreover, the enhancement of mechanical properties is related to the formation of
Mg-Al-Cu and Mg-Zn rich precipitates.

Keywords: high strength aluminum; welding; 7075; heat treatment; inline; microstructure

1. Introduction

Lightweight structures are of great interest in industry. A recent example is the need
for high strength lightweight bicycle frames for e-bikes to reduce overall weight and
increase the payload. Another aspect is more than ever the careful use of resources and the
reduction of CO2 by the reduction of material usage and saving energy in the use phase of
transport devices. One way to reduce the weight of structures is the use of high strength
lightweight materials, such as the AA7075 aluminum alloy. A major problem is the poor
weldability of Al-Zn-alloys, such as the AA7075 alloy in general [1]. Most data sheets
mention AA7075 as a “non-weldable” alloy. Particularly in the aerospace industry, where
the AA7075 alloy is widely used, joining technologies like riveting and bolding are used
with all their disadvantages. For that reason, many attempts have been made in the past to
weld the alloy using various processes, as illustrated in the following section.

Laser welding offers many advantages such as high processing speed, high energy
density, non-contact energy input, high quality and a high degree of automation due to
high flexibility [1]. For this reason, laser welding is now widely used in industry [2]. Laser
welding of high strength aluminum alloys with a high Zn content is not widely used in
industry due to insufficient properties of the welding seam [2]. The poor weldability is a
result of keyhole-induced porosity, temperature dependent hydrogen solubility, and hot
cracking tendency [3]. The different vapor pressures of the individual alloying elements
lead to instabilities of the vapor capillary and thus to keyhole-induced porosity [4]. In
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the following section, the previous investigations on the welding of the high strength
Al-Zn-aluminum alloy AA7075 are described in terms of the joint efficiency (Z) achieved.
Joint efficiency is defined by the ratio of the ultimate tensile strength (UTS) of the welding
seam to the UTS of the base material for laser welded joints [5,6]:

Z =
Rm, Welding seam

Rm, Base material
. (1)

Liu and Northwood [7] investigated two different welding processes for welding a
high strength AA7075-T6 aluminum sheet with a thickness of 9.5 mm. It is interesting to
note that the specimens were aged at 120 ◦C for 26 h after welding, without prior solution
annealing and quenching. For the tungsten arc (GTA) welding process, the joint efficiency
is 71% without and 74% with subsequent heat treatment. For the CO2 laser beam welding
process, the joint efficiency is 83% without heat treatment and 91% with heat treatment.
It was found that fracture occurs in the fusion zone rather than the heat-affected zone as
magnesium and zinc vaporize, leading to a reduction in precipitation strengthening in this
region. Holzer et al. [8] compared a single-beam laser welding process to a dual-beam laser
welding process (wave disc laser) on 2 mm thick AA7075-T6 sheets at different welding
speeds. They recommend the lower welding speed in order to obtain high strength values,
as a higher welding velocity leads to the formation of hot cracks in the structure. They
performed a heat treatment, consisting of a sequence of solution annealing (30 min at
480 ◦C), water quenching and artificial aging (24 h at 125 ◦C), to reduce the softening effect
in the weld seam and heat-affected zone. Single beam laser welding results in a UTS of the
welding seam of 375 MPa without heat treatment and 520 MPa with heat treatment. By
using dual laser beam welding, the UTS is increased to 400 MPa without heat treatment
and 540 MPa with heat treatment. No information is given on the strength of the base
material. As a result of this investigation, higher process stability and also higher joint
efficiency were obtained.

Laser beam welding processes using an ytterbium fiber laser and a Nd:YAG laser were
investigated in detail by Enz [9], and [6] Enz et al. [9] present a process in which the AA7075
aluminum alloy is welded with a filler wire (AA5087) and a vanadium foil. Increasing
keyhole stability is one of the keys to achieve a good welding seam when welding Al-Zn-
alloys, such as the AA7075 alloy [6]. The approach to improve the keyhole stability and
thus the welding seam is to defocus the laser beam. Defocusing results in lower keyhole
pressure and thus improved degassing behavior and lower porosity in the weld. Enz et al.
achieved a joint efficiency of 69% when welding AA7075-T6 sheets with a thickness of
2 mm without subsequent heat treatment [6].

Due to the poor weldability of the AA7075 alloy and the need for special laser welding
techniques to weld the alloy to high quality, several welding processes have been investi-
gated in the past. In particular, many tests have been carried out for friction stir welding
(FSW). Rajakumar et al. [5] achieved a joint efficiency of 77% in a friction stir welding
process without subsequent heat treatment. The UTS of the base material of 485 MPa is
low compared to the common BLS of the AA7075 alloy of 550–610 MPa. Bayazid et al. [10]
performed a special heat treatment procedure after friction stir welding. The heat treatment
is characterized by a cyclic solution heat treatment (CST) of three heating and cooling cycles
between the temperature of 400 ◦C and 480 ◦C with subsequent water quenching and aging
(24 h at 130 ◦C). They showed that the FSW process deteriorated the mechanical properties,
while the CST improved the mechanical properties by retaining the fine grain structure
and propagating fine, stable MgAlCu precipitates. The joint efficiency of the FSW process
without heat treatment is 82% and with heat treatment 109%, which means that the weld is
even stronger than the base material.

Sajadifar et al. [11] investigated the effect of a post weld heat treatment (PWHT) on
the friction stir welded AA7075 alloy. The PWHT was conducted with different quenching
media (air and water) after solution annealing for 30 min. After solution annealing, the
aging process is conducted at 120 ◦C for 20 h. The authors claimed that slower cooling
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rates after PWHT lead to the separation of large precipitates along the grain boundaries,
resulting in the formation of a precipitate-free zone (PFZ). The mechanical properties of
AA7075 alloy reduce due to the PFZs in the specimens, which cool less after solution heat
treatment. Therefore, the higher cooling rate, that is, water quenching, is recommended to
enhance the mechanical properties of welded AA7075 alloys. Moreover, the joint efficiency
without heat treatment is 85%, with water quenching 95% and with air quenching only 38%.
Another approach is a GTA welding process for AA7075 sheets with a TiC nanoparticles
containing filler rod by Sokoluk et al. [12]. The TiC nanoparticles enhance crack-free fusion
zone formation by altering grain morphologies during gas tungsten arc welding of AA7075
alloy. The achievable joint efficiency is 64% without heat treatment and 90% with a solution
annealing process (1 h at 480 ◦C) and subsequent aging process (19 h at 120 ◦C). In summary,
subsequent heat treatment after the welding process recovers the mechanical properties,
that is, strength, of the weld by homogenizing the microstructure.

In the current literature, there are only a limited number of studies on the short
solution annealing time for PWHT. Therefore, it is of great interest for inline heat treatment
within seconds. One application for short-time solution annealing is roll forming and
welding of a high strength AA7075 tube with subsequent induction heating and quenching,
as illustrated in Figure 1. Roll forming is suitable for integrating further processes, such as
welding, punching or milling into the process chain. Some investigations in the past also
focused on in-line heat treatment to achieve tailored properties [13] or on heat treatment of
the welding seam [14]. Solution annealing time is variable within the process and depends
on the process speed but is still limited due to the endless length of the induction coil or
continuous furnace. Fast heating is possible by inductive heating of the tube. Tailored
mechanical properties of the tube can be achieved by targeted quenching of the tube.
Targeted quenching of the welding seam is also possible within the process chain.
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Figure 1. Tube forming process chain with an inline heat treatment process.

One of the main objectives of the present study is to understand the effect of PWHT
on the mechanical properties of the weld zone. In this context, laser welded AA7075 alloys
were heat treated in various quenching media, that is, water, oil, air, with different cooling
rates. In addition, the mechanical properties of the various heat treated welded samples
were characterized by tensile tests and hardness measurements. The fracture surface of
standard (non-PWHT), water and air quenched samples was also investigated. In addition,
the presence of precipitates in the weld seam was investigated by microstructural analysis.

2. Experimental Setup
2.1. Material and Welding Experiments

In the experiments, a butt joint welding process of two AA7075 sheets with a thickness
of 1.5 mm was conducted. The tensile strength of the BM in T6-condition is 590 MPa and the
Vickers hardness is 202 HV. Table 1 illustrates the chemical composition of the “as-received”
AA7075-T6 alloy. The main alloying elements are zinc, magnesium and copper.



Metals 2022, 12, 393 4 of 17

Table 1. Chemical composition of the AA7075-T6 alloy.

Element Si Fe Cu Mn Mg Cr Zn Ti Zr

Weight [%] 0.08 0.12 1.6 0.04 2.7 0.19 5.9 0.05 0.04

The laser welding tests were carried out using an ytterbium fiber laser (IPG YLS-
3000-S2T, IPG Laser GmbH, Burbach, Germany) and fixed focal length optics of type
MWO44 (Reis Lasertec, Würselen, Germany), which has an imaging ratio of 2:1. Due to
the imaging ratio, the experiments resulted in a focus diameter of 400 µm when using a
200 µm fiber optic cable. The standard parameters of the welding process were obtained
from the pretests with variation of the welding speed (Table 2). In preliminary studies,
the defocusation of +14 mm showed the best welding results due to the highest keyhole
stability. Compared to other measures for increasing the quality of the welding seam,
defocusing is easy to apply in existing laser welding processes. The defocusing leads to
a larger laser spot diameter. This requires a laser power of 3 kW for the experiments. To
avoid critical deflection of the laser beam, the welding angle is set to 6◦. The shielding gas
cover with argon is located on the top of the welding seam.

Table 2. Standard welding parameters.

Laser Laser Power Laser Spot
Diameter

Beam Parameter
Product Defocusation Welding Angle Shielding Gas

Ytterbium fiber
laser 3.0 kW 400 µm (in focus) 8.0 mm × mrad +14 mm 6◦ Argon

The length of the welding seam is 300 mm and the specimens are prepared by milling
to achieve a zero gap for the welding process. Immediately before welding, the specimens
are cleaned with acetone. Figure 2 illustrates the experimental setup for laser welding. The
orientation of the tensile specimen is 90◦ to the rolling direction of the BM. Methods for eval-
uating the welds include a uniaxial tensile test with a Zwick Roell 100 kN material-testing
machine (ZwickRoell GmbH & Co. KG, Ulm, Germany) with optical strain measure-
ment. Vickers Hardness is measured with a KB30S-FA hardness tester (KB Prueftechnik
GmbH, Hochdorf-Assenheim, Germany). A Leica Z16 APO and a Leica DM2700 (Leica
Microsystems GmbH, Wetzlar, Germany) are used for microscopic examinations.
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Figure 2. Schematic illustration of the experimental setup.

The morphology and chemical composition of the precipitates in the welded AA7075
alloy samples were studied by SEM (Zeiss REM Ultra Plus Gemini, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany), EBSD analysis (Bruker e-Flash, Bruker Corpo-
ration, Billerica, USA) and EDS analysis (Bruker XFlash 6|60, Bruker Corporation, Billerica,
MA, USA). In addition, the fracture surfaces of standard, water-quenched and air-quenched
samples were investigated by SEM analysis using a JEOL JSM 6610LV SEM (JEOL Ltd.,
Akishima, Japan). Moreover, grain size analysis was conducted by the line intercept method
using the ImageJ image processing program [15].
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2.2. Post Weld Heat Treatment

In this publication, the influence on different PWHT on the mechanical and metal-
lurgical properties of the weld is investigated in the frame of inline heat treatment. To
understand the influence of the PWHT on the welding seam, a heat treatment with differ-
ent annealing times and various cooling rates for the quenching was performed after the
welding process. In accordance with inline heat treatment, the focus is on short solution
annealing times and a high heating rate. Figure 3 shows the parameters for PWHT, with
the standard parameters in bold. After laser welding, the tensile specimens, used for heat
treatment, were cut from the sheet with a width of 12 mm and a thickness of 1.5 mm. The
geometry of the tensile specimen, which is also shown in Figure 2, is according to DIN EN
ISO 4136 [16].

Metals 2022, 12, x FOR PEER REVIEW 5 of 17 
 

 

Deutschland GmbH, Oberkochen, Germany), EBSD analysis (Bruker e-Flash, Bruker 
Corporation, Billerica, USA) and EDS analysis (Bruker XFlash 6|60, Bruker Corporation, 
Billerica, MA, USA). In addition, the fracture surfaces of standard, water-quenched and 
air-quenched samples were investigated by SEM analysis using a JEOL JSM 6610LV SEM 
(JEOL Ltd., Akishima, Japan). Moreover, grain size analysis was conducted by the line 
intercept method using the ImageJ image processing program [15]. 

2.2. Post Weld Heat Treatment 
In this publication, the influence on different PWHT on the mechanical and 

metallurgical properties of the weld is investigated in the frame of inline heat treatment. 
To understand the influence of the PWHT on the welding seam, a heat treatment with 
different annealing times and various cooling rates for the quenching was performed after 
the welding process. In accordance with inline heat treatment, the focus is on short 
solution annealing times and a high heating rate. Figure 3 shows the parameters for 
PWHT, with the standard parameters in bold. After laser welding, the tensile specimens, 
used for heat treatment, were cut from the sheet with a width of 12 mm and a thickness 
of 1.5 mm. The geometry of the tensile specimen, which is also shown in Figure 2, is 
according to DIN EN ISO 4136 [16]. 

 
Figure 3. Standard heat treatment parameters for the PWHT. 

Figure 4 illustrates the heating device and a heating curve for the short-time solution 
annealing process. The solution annealing process was performed in a contact-heating 
device and aging in a Binder FDL 115 convection furnace (BINDER GmbH, Tuttlingen, 
Germany). During the solution annealing process, the temperature was measured by a 
thermocouple (type K), placed in a 6 mm deep hole inside the tensile specimen. The heat 
transfer to the tensile specimen is conductive, so the heating device heats the specimen to 
solution annealing temperature faster than a convection furnace with a heating rate of 
approx. 1.7 K/s [17]. The fast heating rate of approx. 36 K/s in the temperature range from 
20 °C to 460 °C makes the process comparable to the process conditions of an inline heat 
treatment by induction heating. According to Zou et al. and [18], the solution annealing 
temperature of the AA7075 alloy is in the range of 460 °C–480 °C. After 12 s, the specimen 
is heated to 460 °C. The contact (copper) plates of the heating device have a temperature 
of 480 °C. According to the definition, the solution annealing time starts from the moment 
the sample has reached the temperature of 460 °C. 
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Figure 4 illustrates the heating device and a heating curve for the short-time solution
annealing process. The solution annealing process was performed in a contact-heating
device and aging in a Binder FDL 115 convection furnace (BINDER GmbH, Tuttlingen,
Germany). During the solution annealing process, the temperature was measured by a
thermocouple (type K), placed in a 6 mm deep hole inside the tensile specimen. The heat
transfer to the tensile specimen is conductive, so the heating device heats the specimen
to solution annealing temperature faster than a convection furnace with a heating rate of
approx. 1.7 K/s [17]. The fast heating rate of approx. 36 K/s in the temperature range from
20 ◦C to 460 ◦C makes the process comparable to the process conditions of an inline heat
treatment by induction heating. According to Zou et al. and [18], the solution annealing
temperature of the AA7075 alloy is in the range of 460 ◦C–480 ◦C. After 12 s, the specimen
is heated to 460 ◦C. The contact (copper) plates of the heating device have a temperature of
480 ◦C. According to the definition, the solution annealing time starts from the moment the
sample has reached the temperature of 460 ◦C.
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3. Results and Discussion
3.1. Influence of the Welding Parameters

The first series of tests focused on the influence of the seam edge preparation and the
shielding gas. Before welding, the plates were prepared in three conditions. The standard
specimen was milled before welding and was welded with shielding gas. If the specimen
is not milled before welding, the seam edge of the plate is not perfectly vertical to the top
of the sheet and the welding gap is undefined. Oxide inclusions reduce the mechanical
strength of the welding seam. The use of shielding gas prevents the penetration of the weld
with oxide or hydrogen. Both lead to defects, such as hydrogen induced porosity or oxide
inclusions in the welding seam. Figure 5 shows the influence of specimen preparation and
shielding gas on the UTS of the welding seam. Error bars for the tensile tests refer to the
minimum and maximum values of the UTS.
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The second parameter investigated in the experiments was the welding speed. Exces-
sive heat input at a low welding speed leads to an undercut and to an enlargement of the
heat-affected zone (HAZ) and thus to an increasing risk of a keyhole collapse. Although
higher welding speed reduce the possibility of an undercut, the lower material cohesion, as
well as incomplete weld penetration, lead to a reduction in joint efficiency.

Figure 6 shows the influence of welding speed on the UTS of the welding seam. The
laser power was 3 kW for all experiments. The highest joint efficiency of 52% (308 MPa)
was achieved at a welding speed of 1.76 m/min, which applies to all further investigations.
This results in an energy input of 1020 J/cm.
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Figure 7 shows a characteristic welding seam for the standard welding condition.
The weld metal (WM), fusion zone (FZ), heat-affected zone (HAZ) and the base material
(BM) can be identified. An undercut of the welding seam can be detected. The presence



Metals 2022, 12, 393 7 of 17

of small pores could arise from hydrogen penetration due to the missing shielding gas
cover on the bottom side. Nevertheless, the weld is suitable for subsequent investigations
regarding the presence of pores, also according to DIN EN ISO 13919-2 [19]. Furthermore,
the metallurgical phases relevant to the investigation of the influence of PWHT on the
welding seam are not affected by the pores.
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Figure 7. Optical microscope (OM) image of a welding seam (standard parameters—without heat
treatment).

3.2. Influence of the Post Weld Heat Treatment
3.2.1. Mechanical Properties from Tensile Tests

In the following section, the influence of the solution annealing time on the welding
seam is investigated. Theoretically, a sufficiently long solution annealing time leads to the
complete dissolution of the alloying elements in the aluminum [20]. According to DIN
29850 [21], the time required to dissolve the alloying elements is strongly dependent on the
initial state of the alloy. For the T6-condition, a short-time solution annealing is sufficient to
achieve good mechanical properties after fast quenching and an aging process of 24 h at
120 ◦C. Nevertheless, the solution annealing time should not be less than five minutes. For
the soft annealed O-condition or the F-condition (as fabricated), longer solution annealing
times are required to achieve high strength after artificial aging. According to DIN 29850,
the solution annealing time for a sheet with a thickness of 1.5 mm is 6 min for the T6- and
10 min for the O- or F-condition in a salt bath.

On the other hand, the short annealing times, that is, 10, 30, 60 and 120 s, are preferred
in this study because there are no detailed studies on the WM and the FZ in the welded
specimen in terms of structure and distribution of precipitations [22], which means that
there is no recommended solution annealing time according to a standard. Figure 8 shows
the influence of solution annealing time on the mechanical properties. The results show
a significant positive effect of heat treatment in general, but only a small dependence of
the mechanical properties of the welding seam on the solution annealing time. There is
no advantage to annealing the samples longer than 120 s, when the maximum UTS of
448 MPa (joint efficiency of 76%) is achieved. The shorter solution annealing times lead
to a remarkable increase in the UTS compared to the standard non-heat treated specimen,
Figure 8. At a solution annealing time of 30 s, the UTS is 435 MPa, which corresponds to a
joint efficiency of 74% and even at a 10 s solution annealing time, the joint efficiency is still
72%.
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Figure 8. Influence of solution annealing time during PWHT on the UTS of the welding seam.

After the solution annealing time, the influence of the cooling rate on the welding
seam was investigated. According to Liu et al. [23], the cooling rate in the temperature
range of 415 ◦C to 185 ◦C should be at least 300 K/s to avoid unintended precipitations
during the quenching process of Al-Mg-Zn-Cu alloys. Figure 9 shows cooling curves for
different quenching media and cooling rates for the various quenching processes at the
critical quenching temperature of 415 ◦C to 185 ◦C. The temperature of tensile test samples
was measured by thermocouples (type K), placed inside the tensile specimens. Apparently,
water quenching has the highest cooling rate, followed by oil and steel quenching, while air
quenching has the lowest cooling rate. During steel quenching, the specimen was placed
on a steel plate at a temperature of 25 ◦C.
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Figure 9. Cooling rates of different quenching media.

The investigations aim to show whether high cooling rates have a positive effect
on the mechanical properties of the welding seam. Figure 10a illustrates the influence
of the quenching speed during the PWHT on the properties of the welding seam. The
oil-quenched specimen has a joint efficiency of 73% (428 MPa). The quenching speed of
17 K/s, reached after steel quenching is not beneficial for the material properties, as the
UTS (270 MPa) of the welding seam is lower than the untreated “standard” welded sample.
On the other hand, the UTS increases to 343 MPa when the quenching speed is reduced by
air quenching.
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Figure 10. (a) Influence of quenching speed during PWHT on the UTS of the welding seam; (b)
Influence of quenching speed on the UTS of the BM.

The behavior of the overall mechanical properties of the welds reflects the behavior of
the BM. Water-quenched tensile specimens have a UTS of 595 MPa, while the oil-quenched
specimens have a UTS of 581 MPa, Figure 10b. The values for the BM were obtained from
samples solution annealed in a Nabertherm N41/H furnace at 480 ◦C for 300 s and aged at
120 ◦C for 24 h.

After comparing the UTS values of PWHT samples in various conditions, the stress-
strain diagram of standard, water and air-quenched specimens are compared in Figure 11.
The water-quenched sample has the highest mechanical strength compared to the other
samples. The air-quenched specimen, on the other hand, shows plastic elongation above 3%.
For subsequent processes, such as rotatory swaging or tube drawing, the formability of the
material is required. After quasi-static tensile tests, the fracture of the standard specimens
occurs in the weakest welded zone (Figure 12a). The same behavior is also observed in the
welded zone of air-quenched and water-quenched samples after subsequent heat treatment
(Figure 12b,c), which means that PWHT has no significant effect on the fracture location.
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3.2.2. Hardness Measurement

For the evaluation of the influence of PWHT on the welding seam, hardness tests are
performed to measure Vickers hardness HV 0.3 perpendicular to the welding direction.
The PWHT has an influence on the BM, the HAZ, the FZ and the WM of the material. The
hardness distribution of the welding seams of AA7075 alloy is illustrated in dependence on
solution annealing time, quenching media in the Figures 13 and 14. The hardness in the
BM of non-heat treated standard specimens is measured as 202 HV. In the welding seam, a
significant decrease in the hardness values of the HAZ, 170 HV, towards the region of the
WM, 103 HV, can be observed (Figure 13). As can be seen, the WM zone is the weakest zone
in terms of hardness and that could be the reason for the fracture of the standard sample in
this area.

Metals 2022, 12, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 12. Representative AA7075-T6 welded samples after tensile test: (a) standard sample without 
heat treatment; (b) water-quenched; (c) air-quenched. 

3.2.2. Hardness Measurement 
For the evaluation of the influence of PWHT on the welding seam, hardness tests are 

performed to measure Vickers hardness HV 0.3 perpendicular to the welding direction. 
The PWHT has an influence on the BM, the HAZ, the FZ and the WM of the material. The 
hardness distribution of the welding seams of AA7075 alloy is illustrated in dependence 
on solution annealing time, quenching media in the Figures 13 and 14. The hardness in 
the BM of non-heat treated standard specimens is measured as 202 HV. In the welding 
seam, a significant decrease in the hardness values of the HAZ, 170 HV, towards the 
region of the WM, 103 HV, can be observed (Figure 13). As can be seen, the WM zone is 
the weakest zone in terms of hardness and that could be the reason for the fracture of the 
standard sample in this area. 

 
Figure 13. Hardness distribution of the welding seam. Variation of solution annealing time during 
PWHT. 

Figure 13. Hardness distribution of the welding seam. Variation of solution annealing time during
PWHT.



Metals 2022, 12, 393 11 of 17Metals 2022, 12, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 14. Hardness distribution of the welding seam. Variation of quenching media during PWHT. 

Moreover, subsequent heat treatment with different annealing times enhanced the 
hardness values. Almost all water-quenched specimens exhibited a similar hardness 
profile throughout the welding seam. The 10 s solution-annealed specimen has the lowest 
hardness values of about 185 HV. On the other hand, longer solution annealing times lead 
to higher hardness values, corresponding to the tensile test results in Figure 8. With a 
solution annealing time of 30 s, the hardness increases slightly to values of about 220 HV. 
A further increase of the solution annealing time does not lead to significant changes of 
the hardness curves. In summary, it can be said that with higher solution annealing times, 
the influence of time becomes smaller. 

Figure 14 reveals the influence of the cooling rate on the hardness profile. The 
hardness of the oil-quenched specimen, similar to that of the water-quenched specimen, 
varies across the cross-section of the weld. The minimum hardness level in the middle of 
the WM of the oil-quenched specimen, about 185 HV, is lower than that of the water-
quenched sample, 200 HV. The reason for this could be related to the microstructure, 
which will be discussed in the following section. Although the maximum hardness of 
190 HV is about 1 mm from the center of the WM, a sharp decrease of 100 HV, is observed 
in the middle of the WM of the steel-quenched specimen. When approaching the HAZ, 
the hardness drops to a level of 160 HV. The hardness drop agrees well with the tensile 
test results, as the steel-quenched specimen has the lowest UTS according to the tensile 
test results (Figure 10). The hardness curve of the air-quenched specimen is inverse to that 
of the non-heat treated specimen, with the lowest hardness observed around 120 HV. Due 
to the relatively slow cooling rate, it is assumed that a coarse grain structure could be 
formed in the HAZ, resulting in a reduction of the hardness. On the contrary, the hardness 
of the WM is similar to that of the other heat treated specimens. 

3.2.3. Fracture Surface Analysis 
The fracture surfaces are observed after the tensile test to compare the effects of 

various conditions on the ductility of laser-welded joints. Figure 15 shows the fractured 
surfaces of the standard (no heat treatment), air-quenched, and water-quenched 
specimen. SEM images reveal that the fracture surfaces are covered with dimples, 
indicating that the dominant fracture mechanism for welded-specimen is microvoid 
coalescence [24–26]. The microvoids start to initiate at the interface of the matrix. With 
increasing load, the growing and changing of the voids leads to coalescence of the voids 
and subsequently to the final fracture. 

Figure 14. Hardness distribution of the welding seam. Variation of quenching media during PWHT.

Moreover, subsequent heat treatment with different annealing times enhanced the
hardness values. Almost all water-quenched specimens exhibited a similar hardness profile
throughout the welding seam. The 10 s solution-annealed specimen has the lowest hardness
values of about 185 HV. On the other hand, longer solution annealing times lead to higher
hardness values, corresponding to the tensile test results in Figure 8. With a solution
annealing time of 30 s, the hardness increases slightly to values of about 220 HV. A further
increase of the solution annealing time does not lead to significant changes of the hardness
curves. In summary, it can be said that with higher solution annealing times, the influence
of time becomes smaller.

Figure 14 reveals the influence of the cooling rate on the hardness profile. The hardness
of the oil-quenched specimen, similar to that of the water-quenched specimen, varies across
the cross-section of the weld. The minimum hardness level in the middle of the WM of the
oil-quenched specimen, about 185 HV, is lower than that of the water-quenched sample,
200 HV. The reason for this could be related to the microstructure, which will be discussed
in the following section. Although the maximum hardness of 190 HV is about 1 mm from
the center of the WM, a sharp decrease of 100 HV, is observed in the middle of the WM of
the steel-quenched specimen. When approaching the HAZ, the hardness drops to a level of
160 HV. The hardness drop agrees well with the tensile test results, as the steel-quenched
specimen has the lowest UTS according to the tensile test results (Figure 10). The hardness
curve of the air-quenched specimen is inverse to that of the non-heat treated specimen, with
the lowest hardness observed around 120 HV. Due to the relatively slow cooling rate, it is
assumed that a coarse grain structure could be formed in the HAZ, resulting in a reduction
of the hardness. On the contrary, the hardness of the WM is similar to that of the other heat
treated specimens.

3.2.3. Fracture Surface Analysis

The fracture surfaces are observed after the tensile test to compare the effects of various
conditions on the ductility of laser-welded joints. Figure 15 shows the fractured surfaces
of the standard (no heat treatment), air-quenched, and water-quenched specimen. SEM
images reveal that the fracture surfaces are covered with dimples, indicating that the
dominant fracture mechanism for welded-specimen is microvoid coalescence [24–26]. The
microvoids start to initiate at the interface of the matrix. With increasing load, the growing
and changing of the voids leads to coalescence of the voids and subsequently to the final
fracture.
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Figure 15. Fracture surfaces of welded AA7075-T6 samples under condition (a,b) standard (no heat
treatment); (c,d) water-quenched; (e,f) air-quenched.

The fracture surface of the standard welded sample after the tensile test exhibits less
obvious features of ductile fracture compared to the other two conditions. The fracture
mode is observed as a combination of transgranular and intergranular fractures, with
intergranular failure dominating, Figure 15a,b. Moreover, these results are consistent with
the observed brittle mechanical behavior in the stress-strain diagram in Figure 11. Zhang
et al. also found the predominant intergranular fracture at the FZ of the aluminum alloy
after the tensile test. In contrast, the fracture surfaces of air-quenched and water-quenched
PWHT-samples consist of regions that display relatively larger and homogenously dis-
tributed dimples (Figure 15c–f). The dimples in the surface of the water-quenched samples
(Figure 15c,d) are rather smaller than those of the air-quenched samples, which reveals
that the ductility of the water-quenched samples is slightly worse. On the other hand,
the presence of many fine dimples on the fracture surface shows the higher ductility of
the air-quenched specimen (Figure 15e,f). The fracture analysis is also consistent with the
observed ductile behavior during the quasi-static tensile test (Figure 11), indicating that the
air-quenched laser-welded Al-alloys exhibit the best ductility test in comparison with the
water-quenched laser-welded specimen.

3.2.4. Microstructural Analysis

It is found that the cooling rate related to the quenching media after the PWHT has
a significant effect on the mechanical properties. For this reason, the microstructural
changes in the welding seam of standard, water-quenched, and air-quenched samples
are investigated. In order to understand the microstructural changes in the weld zone,
standard samples without heat treatment are investigated first. Figure 16 illustrates the
combination of EBSD and SEM images (a,b), showing the microstructural variations along
the weld joint of the standard welded sample. The welded zone includes four different
typical welding regions, named as weld metal (WM), fusion zone (FZ), heat-affected zone
(HAZ) and base material (BM). The enlarged SEM images within WM, FZ, HAZ and BM
areas are shown in higher magnification in Figure 16c–f. The predominant microstructure
in the WM is the equiaxed dendritic structure. The columnar dendrites, growing along the
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direction of the temperature gradient, are observed in the FZ. Moreover, the microstructure
observed in the HAZ varies from the zone of columnar grains to equiaxed structure in the
BM. The detailed investigation of precipitates is described in the following paragraphs.
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images of (c) WM, (d) FZ, (e) HAZ, and (f) BM regions.

Figure 17 compares the microstructure of the weld seam for standard, water- quenched
and air-quenched samples. It can be seen that the columnar grain structure formed pre-
dominantly in the FZ and that equiaxed grains are detected in the WM in all samples. The
structure and size of the grains in the WM did not change significantly after the subsequent
heat treatment. On the other hand, the columnar grains observed in the FZ of the PWHT
sample are more distinguishable compared to the standard sample. As the cooling rate
increases, the columnar grain becomes thinner. Moreover, an analysis of the average grain
size is performed to understand the effects of PWHT and cooling rate on the mechanical
properties of the specimens. The average grain sizes of the WM before and after PWHT are
measured by the line intercept method via ImageJ program from EBSD images, Figure 17.
It was found that the average grain sizes of standard, water-quenched and air-quenched
samples were 93.6 ± 3.2 µm, 74.6 ± 2.2 µm, and 90.8 ± 3.6 µm, respectively. There is a
slight difference between the grain size of standard and air-quenched samples although
the grain growth is expected to occur after solution annealing. Hassan et al. [27] found that
PWHT caused the grain coarsening in the welding zone of high strength Al alloys. On the
other hand, in the present study, the short time interval for solution annealing prevents the
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grain structure from changing. The grain size of the WM of the water-quenched sample
decreases by 20% compared to that of the air-quenched sample. The change of the grain
size leads to an increase in hardness and strength of the water-quenched sample. These
results are consistent with the mechanical test results (Figure 10).
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Figure 17. Optical microscope and EBSD images of (a,b) standard sample, (c,d) water-quenched, and
(e,f) air-quenched samples.

Detailed microstructural analysis is performed by SEM and back-scattered electron
(BSE) images taken from the weld zone for standard and PWHT samples (Figure 18). In
the WM of the standard sample (Figure 18a) Cu-Zn-Al rich (18.6% Cu, 2.3% Zn, 1.9% Mg,
balance Al) coarser structures are encountered. On the other hand, the water-quenched
samples contain fine homogenous precipitates (6.2% Cu, 4.3% Zn, 2.6% Mg, balance Al) in
the grain. On the contrary, the precipitates in the WM of the air-quenched samples settled
along the grain boundaries, which could be the reason for the lower mechanical properties
of the air-quenched specimens compared to the water-quenched samples.

In addition, the structure and chemical composition of precipitations in the BM of
water-quenched and air-quenched samples are also given in Figure 18. The relatively high
number of fine precipitates including Al, Zn, and Mg elements is observed at the grain
boundaries of the air-quenched sample indicated with yellow arrows in Figure 18d,e. It is
assumed that these precipitates could be MgZn2 phases, as shown by the elemental analysis
given in Figure 18f. Bayazid et al. [10] found the MgZn2 phase as precipitates at the grain
boundaries of welded AA7075 alloy after aging. Moreover, Zhang et al. [24] found that the
precipitates in the BM of the welded sample are mainly η’ (Mg-Zn) phase, which is related
to the main hardening phase in the 7XXX aluminum alloy. On the other hand, random
precipitated particles were detected in the BM of the water-quenched sample either at the
grain boundaries or in the grain, Figure 18g. The evidence of Mg-Al-Cu precipitates can
be seen from the EDS results in Figure 18h. Bayazid et al. also found metastable MgAlCu
phase precipitating on the welded areas of a cyclic solution-treated AA7075 alloy after aging
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for 24 h [10]. Therefore, the reason for the higher UTS and hardness of the water-quenched
samples (Figures 10 and 14) could be the formation of fine MgAlCu precipitates in the
microstructure. It is known that detailed characterization is required to determine the type
and morphology of the precipitates in the microstructure, which will be in the scope of
future studies. Therefore, it can be concluded that the cooling rate after the PWHT process
can influence the formation of precipitates in the microstructure of the welded AA7075
alloy.
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4. Conclusions

In this paper, the influence of a short-time solution annealing and aging process after
welding of the high strength AA7075 alloy is investigated in terms of mechanical properties
and microstructural analysis. Without PWHT, the joint efficiency of the laser welded
AA7075 alloy is 52%. PWHT leads to a significant improvement in mechanical properties
of laser welded AA7075-T6 alloy. The highest joint efficiency of 76% was achieved after
120 s PWHT with subsequent water-quenching and then aging at 120 ◦C for 24 h. Even
for the solution annealing time of 10 s, the joint efficiency is 72%, showing the potential
of short-time solution annealing for inline processes. Besides, it can be concluded that the
quenching media directly affects the mechanical properties, with the highest cooling rate
required to achieve the highest strength.

Although the short time interval for solution annealing prevents grain growth in the
WM, the change in the columnar grain is observed in the FZ of the air-quenched and water-
quenched specimens. The water-quenched specimens with a lower grain size compared
to the air-quenched and standard specimens exhibit higher strength, which is in good
agreement with the results of the hardness and tensile tests. After PWHT, the formation of
Mg-Al-Cu and Mg-Zn rich phases along the grain boundaries enhanced the mechanical
properties of air-quenched and water-quenched specimens, respectively. Moreover, fracture
surface analysis revealed that the PWHT leads to the development of ductile fracture for
water- and air quenching.
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