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Abstract

In this study, gas tungsten arc welding (GTAW) was used to weld AA6082-T651 plates using ER5335 and ER4340 filler
metals. Significant softening of the heat-affected zone (HAZ) was observed in the as-welded condition. An attempt was
made to recover the softening by applying an appropriate heat treatment after welding. The thermal process consisted of
solution annealing and then aging at 160 °C for 18 h. The HAZ properties were characterized in the as-welded and post-
weld heat-treated (PWHT) conditions using field emission scanning and high-resolution transmission electron microscopy,
microhardness testing, thermal simulation, and differential scanning calorimetry techniques. The HAZ hardness profile
revealed four distinct regions: partially melted zone (PMZ), partial solution, over-aged zone, and partial transformation. A
PMZ with a hardness of about 90 Vickers was detected adjacent to the fusion line, which had been exposed to a sufficient
temperature to dissolve the Mg,Si phases completely. Accordingly, natural aging increased the hardness of PMZ after weld-
ing. The minimum HAZ hardness was found at a distance of about 7-9 mm from the fusion line, where the temperature was
in the range of B-Mg,Si formation and resulted in over-aging. In addition, dislocation density was reduced compared to the
as-received base metal. The hardness after PWHT exhibited full recovery and improved to values higher than the as-received
base metal. The hardness recovery was attributed to the uniformly distributed fine coherent needle-shaped p"-Mg,Si after
PWHT. There were also coarse Al,5(Fe,Mn);Si, intermetallic and submicron spherical Mn-rich dispersoids in all conditions.

Keywords 6082 aluminum alloy - Welding thermal cycles - Heat-affected zone - Post-weld heat treatment - Hardness
recovery - Precipitate evolution

1 Introduction

The 6082 alloy belongs to the 6000 series aluminum alloy
with Mg and Si as the main alloying elements. This alloy
is precipitation hardened via solution annealing and aging
treatment, where yield strength can be increased to about
300 MPa [1, 2]. This aluminum alloy possesses desirable
properties, including a high strength-to-weight ratio, excel-
lent workability, and superior corrosion resistance. The 6082
alloy is widely used in various structural applications [3, 4],
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particularly in the automobile industry and shipbuilding [5,
6].

As a widely used industrial material, fusion welding is the
most common joining technique for this alloy. Nevertheless,
fusion welding encounters some challenges. The welding of
these alloys is sensitive to weld metal hot cracking, espe-
cially when the welding is performed with similar or no filler
metal [7, 8]. Welding heat input causes precipitate evolution,
including precipitate dissolution, growth, and transforma-
tion, in different weld zones, particularly in the HAZ [9-11],
and extends the HAZ, typically between 10 and 30 mm from
the fusion line [11, 12]. Generally, it is accepted that in 6000
series aluminum alloys, the HAZ is the weakest region, and
the HAZ exhibits lower strength and hardness than the base
metal. It is attributed to the softening effect that leads to a
remarkable reduction of the proof strength and hardness in
the HAZ. Previous studies [13, 14] reported that the weld
joint strength in 6xxx alloys may decrease to half its initial
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value in the T-6 condition. In other words, the extent of
strengthening and softening is strongly controlled via pre-
cipitate evolution.

In a typical heat treatment (artificial aging), the general
sequence of precipitate evolution for the AI-Mg-Si alloy
includes the following [15, 16]:

SSSS_GP zones_px-Mg2Si_p+-Mg2Si_p-Mg2Si

The unstable supersaturated solid solution (SSSS) may
follow the above sequence depending upon the aging condi-
tions. Each precipitate has its size, distribution, coherency,
thermal stability, and morphology, which significantly influ-
ence the strengthening of the matrix. It is reported that only
coherent GP zones are formed during natural aging, and
strengthening is not maximized due to the absence of other
strengthening precipitates [6, 17, 18]. In artificial aging, the
most strengthening effect is induced by the coherent elon-
gated B”-Mg,Si phase. Subsequently, the coarse and rod-
shaped f-Mg,Si phase is formed in an over-aged condition.
In this sequence, at last, the p-Mg,Si is formed, which is an
equilibrium phase. Similar to B’-MgZSi, the B-Mg,Si phase
also reduces the maximum strength [19, 20].

Therefore, in any thermal cycle like fusion welding, it
is crucial to characterize and control the precipitate type to
obtain appropriate properties and prevent softening. In this
regard, Missori et al. [21] studied the mechanical proper-
ties of the weld metal in 6082-T6 alloy and reported the
lowest hardness value in the HAZ at a 6 mm distance from
the Fusion line. They also found a 60% reduction in the
weld metal strength due to over-aging. Baskutis et al. [22]
investigated the effect of different welding parameters on
the mechanical properties of weld in the 6082 -T6 alloy sys-
tem. They noticed a PMZ at the welding interface with the
highest hardness of 92 VHN and HAZ softening due to pre-
cipitate coarsening and over-aging. For the same alloy sys-
tem, Zhang et al. [23] studied the effect of the paint-baking
treatment on the mechanical properties of the HAZ, but the
applied treatment could not completely recover the hardness
and strength of the HAZ. Similarly, Wang et al. [24] inves-
tigated HAZ softening of the same alloy, considering the
effect of welding heat input and post-weld heat treatment. It
was demonstrated that in all the solution annealed and aged
samples, fracture occurred in the weld only, whereas, under
low and high heat input, fracture occurred in the weld and
the HAZ, respectively. Previous studies [23-25] suggested
post-weld heat treatment to recover the softening, but the
attempts were not entirely successful.

Therefore, based on the literature review, it can be noted
that HAZ is severely susceptible to softening during fusion
welding. While considering the problem, in this study, 6082
aluminum alloy was welded by the gas tungsten arc weld-
ing (GTAW) process, and an appropriate post-weld heat

treatment was adopted. The purpose of the applied heat
treatment was to completely recover the hardness and form
the desired p”-Mg,Si phases in the HAZ.

2 Materials and methods

In the present research, the commercial grade rolled 6082-
T651 plates with 6 mm thickness were used as the base
metal. First, samples with dimensions of 200X 75 X6 mm
were cut from the base metal. As shown in Fig. 1, all butt
joints were assembled in a machined 70° V-groove without
a root gap. ER4043 and ER5356 filler metals with a diam-
eter of 2.4 mm were used. The chemical composition of the
base and filler metals is given in Table 1. In the GTAW pro-
cess, an un-consumable zirconated tungsten electrode with a
diameter of 3.2 mm was used. Welding was performed using
the GTAW process with an alternative current (square wave).
Argon gas, with a purity of 99.99%, was used to shield the
weld zone. The shielding and purging gas flow rates were
14 and 10 lit/min, respectively. The welding parameters are
presented in Table 2. Welding was done in such a way that
initially, a backing weld was deposited on the root side, and
then a cap (filling) pass filled the groove from the opposite
side. Figure 1 shows a schematic view of the joint design
adopted in the present study.

A thermal simulation of the welding process was per-
formed to assess the thermal cycle in the HAZ. For this pur-
pose, Solid works and Hyper mesh software were adopted
for the geometric design and meshing. For the thermal simu-
lation, Simufact welding was used. Three K-type thermocou-
ples were implanted in every welding pass to calibrate the
input data and verify the output results obtained from the
software. A schematic view of the weld geometry and the
meshing condition is illustrated in Fig. 2. Thermal analysis
was performed to determine the temperature distribution
using Eq. 1. In this research, the thermal distribution of dou-
ble ellipsoids provided by Goldak has been used to model
the heat source of the welding process. Equations 2 and 3
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Fig. 1 Schematic view of the weld joint
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Table 1 Chemical composition

: Si Mg Mn Fe Cu Cr Ti 7Zn Al
of as-received base metal and
filler metals (Wt %) AA6082  0.90 0.78 0.57 031 003 003 0.003 0.04  Base
ER4043 * 4560 0.05 0.05 08 030 - 0.20 0.010 Base
ER5356 %  0.25 45-55 0.05-020 040 010 0.05-020 0.06-020 0.10  Base

*For ER4043 and ER5356, the single values are maximum

Table2 Welding parameters

Sample no. Type of filler metal Pass Fre- Duty Current (A) Voltage (V) Time (S)
quency cycle
(Hz) (%)
1 ER4043 Backing weld 50 50 190 18 69
Cap 50 50 190 18 126
2 ER5356 Backing weld 50 50 190 18 78
Cap 50 50 190 18 104
Table 3 Qcpmetric Pass Front length ~ Rear length Depth (a), mm Half width
characteristics of the molten (), mm (c,), mm (b), mm
pool based on Goldak’s model
for a heat source 1 ER4043 Backing weld 1.2 1.3 3.9 4.6
Cap 1.3 1.5 4.5 53
2 ER5356 Backing weld 1.2 1.3 4.1 4.7
Cap 1.3 14 4.3 5.1

Fig.2 Geometry and meshing condition of welded samples

are related to Goldak’s model. The geometric characteristics
of Goldak’s model are listed in Table 3.

2 2 2
k a_T +k a_T +k a_T
ox? 0y? 072

where k, T, G, p, and C are specific thermal conductivity,
temperature, internal heat source, material density, and spe-
cific heat capacity, respectively.

+G=pCa—T
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where q is the power input, and a, b, ¢, and c, are the geo-
metrical characteristics of the heat source; f; and f, are
fractions of heat deposited in the front and rear quadrants,
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respectively. In addition, the following criteria ensure the
continuity of the heat source.

{ h_t
o 3)
fi+f=2

After welding, the welded plates were cut perpendicular
to the welding line and parted into two halves. One half was
stored at room temperature in as-welded condition for four
weeks, and the other part was subjected to a PWHT. In the
latter case, heat treatment was composed of solution anneal-
ing for two hours, quenching in water, and instant aging at
160 °C for 18 h.

Vickers microhardness tests were carried out across the
weld cross-section with a 200 g load at a 10 s dwell-time
according to the ASTM E 384-99 standard [26].

Micrographic analysis was carried out using a scan-
ning electron microscope (SEM) Model: MIRA3-TESCAN
equipped with an energy dispersive x-ray spectroscopy
(EDX). Specimens for transmission electron microscopy
(TEM) analysis were prepared according to the standard
metallographic procedure. Microstructural features, includ-
ing precipitate type and morphology at the cross-section of
the welded joints, were examined by TEM and high-reso-
lution transmission electron microscopy (HRTEM). Speci-
mens were initially sliced perpendicular to the seam to about
2 mm in thickness by wire cut electrical discharge machining
from the HAZ in the as-welded and post-weld conditions.
The location of the TEM specimen corresponds to a distance
of 7 mm from the weld fusion line, where a minimum hard-
ness was obtained. Then, TEM specimens were mechani-
cally ground to about 100 pm and further thinned by twin-jet
electropolishing. TEM observations were performed on an
FEI HR(S)TEM system (model: Tecnai G* F20 S-TWIN,
USA), operated at 200 kV.

Diffraction scanning calorimetry (DSC) was used to
determine the phase transformation temperature range. DSC
specimen was taken from as-received base metal. The test
was carried out in the range of 25-530 °C for as-received
AA6082-T651 with a 10 K/min heating rate.

3 Results and Discussion

This section presents the research results, analysis, and dis-
cussion of the data. The section is developed in three general
parts: AA6082-T651 base metal, HAZ in as-welded condi-
tions, and HAZ after PWHT. In the first part, the micro-
structure and mechanical properties of the base metal are
studied. Then in the second part, the changes in mechanical
properties and microstructure after welding are evaluated.
Finally, the effect of PWHT on HAZ properties is explained.

3.1 AA6082-T651 base Metal

This sub-section presents the microstructure and mechani-
cal properties of the as-received AA6082-T651 base metal.
A scanning electron microscopy image (Fig. 3) shows the
presence of bright phases (higher density) with different
dimensions and morphologies in the a-aluminum matrix.
The results of the EDS analysis (Table 4) revealed that high-
density secondary phases are rich in iron, manganese, and
silicon. The figure shows that the a-Al, ;(Fe,Mn);Si, phases
with both Chinese script (B, D, and F) and blocky (C and E)
morphologies are formed, while the harmful phases, such
as the needle-like B-AlyFe,Si,, are not observed. Indeed the
presence of manganese in the secondary phases has pre-
vented the formation of harmful needle-like B-AlyFe,Si,
and encouraged the formation of a-Al,5(Fe,Mn);Si, with
different morphologies. Previous researchers have reported
similar results on the effect of Mn on Al-Fe-Si intermetallic
modification [27-29].

The results of the transmission electron microscope
(Fig. 4) have shown the microstructure at the sub-micron
scale. According to the references [30, 31] and the single-
phase aluminum FCC SAED pattern, the dark lines in
Fig. 4a relate to the dislocations. Given that the base metal
has been wrought (rolled), the density of dislocations has
increased due to cold work. The lattice strength relates to
the square root of the dislocation density, so increasing the
dislocation density increases the material’s strength. In
contrast to the previous case, the SAED pattern in Fig. 4b
shows the presence of a secondary phase in addition to the
o-aluminum FCC matrix. The SAD spots of the Al matrix
are indexed in Fig. 4b, and the other weaker spots are related
to precipitate. Due to the darkness of this phase in the bright
field image, its density is higher than the aluminum matrix.
According to the EDS results (Fig. 4c), this phase is rich
in manganese and has lower iron, silicon, and copper in its
chemical composition. These fine and dispersed precipitates
can increase hardness and strength. Nam and Lee [32] have
investigated the effect of Mn on the mechanical behavior
of Al alloys. They reported that the formation of fine Mn-
containing dispersoids leads to higher as-extruded yield
strength because dispersoids retard the dislocation motion
and prevent dislocation cross-slip. Other researchers have
also reported improved mechanical properties due to Mn-
containing dispersoids [33, 34]. Muggerud et al. [35, 36]
have reported that the fine Mn-containing dispersoids are
Alg(Mn,Fe) or a-Al(Mn,Fe)Si. If Si is sufficient, the presence
of a-Al(Mn,Fe)Si phase is more probable. They concluded
that the orientation relationship between a-Al(Mn,Fe)Si and
Al matrix can be expressed as [111]a // [111]4, and (52_7)0:
/1 (011),,. Li et al. [37] have reported similar results on the
orientation relationship and concluded that fine a-Al(Mn,Fe)
Si dispersoids are partially coherent.
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Fig.3 Scanning electron microscope images of as-received AA6082-T651 base metal

Table 4 EDS analyses of indicated phases in Fig. 2

Element (Wt Al Si Mg Mn Fe
%)

A 96.48 2.06 1.06 0.32 0.08
B 67.22 6.97 - 9.60 16.21
C 75.06 5.51 0.66 6.35 12.43
D 73.55 3.53 0.57 7.48 14.87
E 66.61 6.10 0.41 8.81 18.07
F 66.75 7.61 0.37 8.41 16.85

The alloy designation indicates that the base metal must
be age-hardened. The Mg,Si phase in the as-received base
metal microstructure is shown in Fig. 5. The aluminum
matrix spots indexed in the SAD pattern and other weaker
spots correspond to the indicated precipitate. According to
previous research, B”-Mg,Si needles are up to 50 nm long
and about 4 nm in diameter, and B'-Mg,Si rods are several
hundreds of nm long and 10—15 nm in diameter [38, 39].
Thus, the observed phase seems to be p'-Mg,Si according
to its dimensions and morphology. Theoretically, the alloy
should be aged within the temperature and time range of
B”-Mg,Si formation. On the other hand, the number and
distribution of phases are not enough to achieve maximum
hardness and strength. However, Table 5 shows that the alloy
has sufficient hardness based on reliable standards and data-
sheets [40]. Therefore, some of the hardness and strength
in commercial alloys are due to the increased dislocation

@ Springer

density. Aging seems to be done economically so that hard-
ness and strength are at the standard level.

3.2 Heat-Affected Zone (HAZ) in the as-welded
Condition

This sub-section explains the microstructure and mechani-
cal properties of HAZ in as-welded conditions. Figure 6a
indicates a defect-free weld joint between the weld and the
base metal. Figure 6b shows high-density secondary phases
similar to the base metal in the HAZ. These phases are rich
in iron, manganese, and silicon (Table 6); Hence, the indi-
cated phases in Fig. 6b and c can be Al(Mn,Fe)Si. Due to the
higher density, the precipitates are lighter than the aluminum
matrix in the backscattered electron image. A comparison
of Figs. 3 and 6 shows that these phases are still present in
the HAZ close to the fusion line. They are primarily blocky,
and large precipitates with Chinese script morphology
decreased, unlike the base metal. They appear to have a pre-
ferred location at the boundaries of elongated rolled grains.
This can be caused by the local melting of grain boundaries
and subsequent reformation or morphological changes in
eutectic phases. Thus, the first part of HAZ where the mor-
phology of iron and manganese-rich phases has changed is a
partial melting zone (PMZ). However, phases with Chinese
script morphology, such as those shown in Fig. 6c¢, are still
found in the microstructure and have not been completely
eliminated.
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Fig.4 TEM results of as-received AA6082-T651 base metal, a Microstructure with dislocations and corresponding SAD pattern, b high-density
spherical precipitate in higher magnification and its SAD pattern, and ¢ EDS analysis of the precipitate
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Figure 7 represents the hardness profile from the fusion
line to the unaffected base metal adjacent to both specimens’
root and cap pass. Both samples have a very wide HAZ of
about 24-27 mm. It is due to the high thermal conductivity
of aluminum, which leads to an extensive HAZ compared
to steels and nickel-based alloys. The thermal conductiv-
ity of AA6082 alloy is about 150-170 W/mK, while for
AISI 316 steel and alloy 625, it is about 12.9 and 9.95 W/
mK, respectively [41-43]. As a result, welding aluminum
alloys requires a higher heat input despite the lower melt-
ing temperature. High heat input, similar to high thermal
conductivity, leads to the extension of aluminum HAZ. In
addition, a trend pattern is observed in all HAZ hardness
profiles in Fig. 7, which consists of a PMZ, partial solution,
over-aged zone, and partial transformation. These parts will
be explained in the following.

In this paper, a thermal investigation of the HAZ was car-
ried out with the help of thermal simulation and DSC results.
Figure 8 displays the results of the thermal simulation. Fig-
ure 8a reveals the exposed peak temperature at any point of
the weld cross-section, While the curves in Fig. 8b show the
temperature changes of a point during welding. The results
are used to study the different parts of HAZ in the following.
The DSC curve in Fig. 9 shows three endothermic peaks,
including a, c, and e, at temperatures of 218, 332, and 456
°C, respectively. These endothermic peaks are related to dis-
solution of B”, p’, and f phases, which are mentioned in
Fig. 9. In addition, two exothermic peaks, including b and
d at 262 and 390 °C, corresponding to the formation of f'

s

and p are determined. Unlike the present work, Dutta et al.
[44] and Miao et al. [45] reported four exothermic peaks
consisting of GP zones, ”, p', and p precipitation. However,
some reports have indicated that DSC results are affected
by the initial conditions of the sample, such that the peaks
of GP zones and B” precipitation disappeared under the T6
conditions [46-48].

Considering all the hardness profiles in Fig. 7, it is clear
that the region adjacent to the fusion line (PMZ) has a hard-
ness of about 85-90 Vickers, which steeply declines with
increasing distance from the fusion line. The thermal simu-
lation results (Fig. 8) show that the temperature decreased
from about 640-550 °C at a distance of 70—-400 pm from
the fusion line. The solidification range of the AA6082 is
550-650 °C [49, 50]. Therefore, the simulation results con-
firm the presence of a partially melted metal in this region
during welding. The DSC results (Fig. 9) indicate that the
base metal precipitate’s solution temperature is 456 °C (peak
e-solution). As a result, the temperature range of PMZ is
sufficient to dissolve the Mg,Si phases. Accordingly, the
reason for the higher hardness of PMZ is the high tempera-
ture of this zone in the high ranges of solution annealing,
which has rapid dissolution. The short time of the welding

Table 5 Vickers hardness
test results of as-received
AA6082-T651

Trial 1 Trial 2 Trial 3 Mean

112.15 112.17 111.0 111.8

000

Fig.5 Bright-field TEM image of the f’-Mg,Si elongated precipitate and corresponding SAD pattern
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Fig.6 Scanning electron microscope images of the HAZ adjacent to the fusion line of sample 1, a general view of the fusion line and PMZ,
b distribution of secondary phases in a rolling direction, ¢ a precipitate with Chinese script morphology

Table 6 EDS analyses of indicated phases in Fig. 6

Element Al Si Mg Mn Fe
(Wt%)

A 97.56 0.58 1.29 0.34 0.22
B 68.74 6.27 0.87 9.70 14.41
C 68.89 6.36 0.86 9.37 14.51
D 82.62 4.48 1.16 5.55 6.19

thermal cycle is sufficient for the complete dissolution of
Mg,Si phases. After welding, when the joint is at ambient
temperature, the natural aging process increases the hard-
ness of this area.

At a short distance from the fusion line and outside the
PMZ (part II: partial solution), although still within the solu-
tion temperature range based on the thermal simulation and
DSC results, the dissolution is slower as the temperature
decreases. Unlike the PMZ, the short time of the welding
thermal cycle does not seem to be sufficient for the complete
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Fig. 7 Different parts of HAZ in the as-welded condition, a Microhardness profiles of the HAZ, b Schematic illustration of microstructure

changes in different regions of the HAZ

dissolution of the Mg,Si phases. Therefore, some Mg and
Si are expected to dissolve in the matrix and contribute to
forming a supersaturated solid solution and consequent
natural aging. The remaining undissolved Mg and Si are
transformed into the $-Mg,Si. A higher transformation-to-
dissolution ratio (greater distance from the fusion line and
lower temperature) means less Mg and Si contribute to natu-
ral aging, resulting in lower hardness.

Parts of the HAZ farther from the fusion line are not
within the solution annealing temperature range. Thus, the

@ Springer

initial ”-Mg,Si phases are transformed according to the
precipitation sequence described in the introduction. In the
third part of the HAZ, the temperature is as high as the for-
mation of f-Mg,Si phases. Transformation of all Mg,Si to
the f-Mg,Si phase causes the lowest hardness. As shown
in Fig. 7, this region spatially corresponds to a significant
valley approximately 7-9 mm from the fusion line in all the
hardness profiles. The peak temperature of this area is about
300 °C or slightly higher (Fig. 8). This temperature is in the
range of f’ dissolution and subsequent p precipitation. TEM
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Fig.8 Thermal simulation of the welding process, a Graphical illustration of thermal simulation results, b Time-Temperature curves of various

points of HAZ

images were prepared to study the microstructure of the area
with the lowest hardness and validate the analysis, which is
presented in Fig. 10.

In the fourth part of HAZ (part I'V: partial transforma-
tion), the temperature is within the p’-Mg,Si phase for-
mation range (180-280 °C according to peak a and b in
Fig. 9) based on the precipitation sequence. Therefore, by
transforming B”-Mg,Si phases to §’-Mg,Si, the hardness
decreases somewhat, but it is higher than the hardness of
the third part. With a further decrease in temperature, the
transformation becomes slower and incomplete. Finally,
it stops at a distance of about 25 mm from the fusion line,
and the alloy is unaffected by welding thermal cycles.

Figure 8 shows the temperature below 100 °C in the unaf-
fected area.

Considering Fig. 4a, it is clear that the observed dis-
locations in the base metal are not found in Fig. 10a. The
heat of welding activates the recovery process and reduces
dislocation density. As mentioned in 3.1, work harden-
ing and subsequent increase in dislocation density were
mechanisms for strengthening the base metal. Dislocation
recovery is one of the reasons for reducing HAZ hardness.
In addition, the coarsening of the Mg,Si phases and their
transformation to the p-Mg,Si phase have also been identi-
fied. High-density spherical phases are still present in the
microstructure and are not significantly different from the
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Fig. 9 DSC results of the as-received AA6082-T651 sample

base metal. Figure 10d presents the EDS analysis of the
high-density spherical phase. It is a manganese-rich phase.
The effect of the surrounding matrix on the EDS results
is not ignorable due to the sub-micron dimensions of the
studied phases. However, the richness of these phases in
Mn can be deduced from the results. Microstructures, espe-
cially in Fig. 10c, demonstrate that some elongated coarse
Mg,Si phases have a higher density and appear dark in
color. EDS analysis of referred precipitate, which is very
large (B-Mg,Si phase), shows that, in addition to being rich
in Mg and Si, this phase also contains Cu. In fact, despite
the low amount of copper in the chemical composition of
the alloy (Table 1), it has entered the structure of Mg,Si
and made changes to it. Also, copper has increased the
precipitate density.

3.3 Post-Weld Heat Treatment (PWHT)

This section investigates the microstructure and mechanical
properties of HAZ after PWHT. Heat treatment consisted of
solution annealing for 150 min at 530 °C and, following age
hardening for 18 h at 160 °C. Based on DSC results (Fig. 9),
the selected solution annealing temperature is sufficient to dis-
solve the Mg,Si phases. Figure 11 represents the HAZ hard-
ness profiles of heat-treated welds. A comparison of Figs. 7
and 11 reveals the elimination of the HAZ hardness trends after
PWHT. Heat treatment has increased the hardness through-
out the HAZ even more than the hardness of the base metal.
The average microhardness results in Fig. 11 for ER4043 and
ER5356 samples are 124.27 and 124.41, respectively. Further-
more, the variation of hardness from the mean for each inden-
tation is less than 5%. Therefore, there is no significant change
in the hardness results presented in Fig. 11, and the type of

@ Springer

filler metal does not affect the HAZ properties under PWHT
conditions as well as under as-welded conditions.

The solution annealing has successfully dissolved the
various phases formed in all parts of HAZ described in
Sect. 3.2. Quenching the samples from 530 °C in water and
immediately placing them in a furnace at 160 °C caused
the highest driving force of age hardening. In other words,
quench made a supersaturated solid solution of Mg and Si
in the Al matrix. This thermodynamically unstable structure
is the main driving force of aging. According to previous
studies [51, 52], delay in aging and staying at ambient tem-
perature causes the formation of GP zones and thus reduces
driving force. In this work, minimizing the delay created
the maximum driving force, which led to hardness in the
range of 120 to 130 Vickers. The obtained hardness is not
only higher than the hardness in as-welded conditions but
also higher than that of the base metal. Therefore, the heat
treatment cycle used in this work has successfully recovered
the hardness throughout HAZ.

Figure 12 shows the TEM images of the microstructure
of over-aged HAZ (part III) after PWHT. The results can
accurately display the effect of PWHT on the sub-micron
precipitates. Nano-sized precipitates are distinguishable
from the Al matrix. Such phases are p”-Mg,Si that grow
in (100) crystallographic directions. Coarse over-aged
-Mg,Si phases are no longer found in the microstructure.
The microstructural changes demonstrate that the f-Mg,Si
was completely dissolved during solution annealing, and
then f”-Mg,Si was nucleated and grew from supersaturated
solid solution during age hardening. The complete dissolu-
tion of over-aged phases, uniform distribution, and optimal
size of precipitated p”-Mg,Si was successfully achieved as
microstructural aspects of the PWHT.

As mentioned in Sect. 3.1, the length and diameter of
B”-Mg,Si needles are reported up to 50 nm and about 4
nm, respectively [38, 39]. Accordingly, the phases observed
in the TEM image (Fig. 12) were identified as f”-Mg,Si
based on their dimensions. The interface between p”-Mg,Si
and the Al matrix is coherent. Anderson et al. [53, 54] have
reported that B”-Mg,Si is coherent with the Al matrix along
the b-axis of its monoclinic crystallographic structure, which
is similar to the observations of this work. The lattice misfit
of coherent precipitates and matrix induces an elastic strain
field around the interface. The elastic strain field interacts
with dislocations and impedes their movement. As a result,
the yield strength and hardness are increased.

4 Conclusion
The HAZ of AA6082-T651 was investigated under as-

welded and PWHT conditions. In the as-welded condition,
significant softening of the HAZ was observed. An attempt
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Fig. 12 Bright-field TEM image of over-aged region of HAZ (part III) after PWHT and corresponding SAD pattern (TEM specimen was

extracted from sample 1)

was made to recover the softening by applying an appro-
priate PWHT. The main results are summarized as follows:

e The PWHT involved solution annealing at 530 °C for
150 min and 18 h of age hardening at 160 °C.

e The hardness of all HAZ parts was recovered and
increased after PWHT and was even higher than the
as-received base metal.

e TEM results of over-aged HAZ after PWHT revealed
B”-Mg,Si formation and complete elimination of the
B-Mg,Si.

@ Springer

The hardness of as-received 6082-T651 was due to
precipitation hardening and high dislocation density,
which was identified through TEM results.

A partially melted zone is identified adjacent to the
fusion line. In this zone, the Mg,Si phases were com-
pletely dissolved during welding, and then natural
aging increased the hardness after welding.

A distinctive valley is observed in HAZ microhardness
profiles. It has the lowest HAZ hardness due to over
aging of Mg,Si phases and the formation of $-Mg,Si.
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