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INVESTIGATION OF MICROSTRUCTURE AND MECHANICAL
PROPERTIES OF COLD METAL TRANSFERWELDED
AAT075 JOINTS

Summary

This study investigates the mechanical performance and microstructural evolution of
AA7075 aluminium alloy joints produced using the cold metal transfer process. Owing to its low
heat input, cold metal transfer is well suited for welding heat-sensitive precipitation-hardened
alloys prone to porosity, hot cracking, and strength loss. Response surface methodology with a
central composite design was applied to quantify the effects of welding current (160 to 200 A),
welding speed (100 to 140 mm/min), and wire feed speed (1000 to 2000 mm/min) on ultimate
tensile strength. The resulting empirical model showed strong statistical significance and close
agreement between predicted and experimental values. Microstructural analysis revealed the
dissolution of dizinc magnesium precipitate, dendritic solidification, and inter-dendritic
segregation in the fusion zone; partial over-ageing in the heat-affected zone; and the retention of
the T6 structure in the base metal. Hardness decreased from 164—171 HVO0.5 (the base metal) to
147-155 HVO0.5 (the heat-affected zone) and 140—-145 HVO0.5 (the fusion zone). Validation using
optimised parameters achieved an ultimate tensile strength of 366 MPa, matching the model
prediction. Overall, the study confirms cold metal transfer as an effective technique for producing
high-strength AA7075 welds with minimal thermal damage.

Key words: AA7075; Cold metal transfer; Welding parameters; Response surface
methodology, Microstructure; Hardness; Tensile strength

1. Introduction

Aluminium alloys, especially of the 7xxx series, are extremely important in industries
that require a high strength-to-weight ratio, e.g., the aerospace, motor and defence industries
[1]. The AA7075 alloy has outstanding mechanical characteristics and corrosion resistance,
which makes it a suitable material for such applications. However, the welding of AA7075 is
very challenging due to its high propensity to hot cracking, porosity as well as significant loss
of mechanical properties in the heat-affected zone [2]. These difficulties have led to the
development and improvement of superior welding methods, which have the capacity to reduce
instances of defects while maintaining the inherent properties of the alloy. Another promising
process for joining AA7075 is cold metal transfer (CMT) welding, which is an improved
version of gas metal arc welding (GMAW). The CMT process is characterised by high thermal
control, which is achieved by a controlled system of wire feed and by a special method of
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current modulation [3]. CMT also minimises the amount of thermal energy in the weld
compared to traditional MIG welding, thereby minimising the distortion and increasing the
quality of the weld [4]. The reduced amount of heat reduces thermal distortion and spatter; this
makes CMT suitable for materials such as AA7075, which can be affected by extreme
temperatures in such a way that they destroy the quality of the weld [5]. The effective use of
CMT in the welding of AA7075 results in reduced distortion and a higher quality of the weld,
but again, welding parameters have to be optimised carefully to attain the required mechanical
performance and microstructure integrity [6].

The welding parameters, such as the welding speed, welding current, and wire feed rate,
are of major importance for the success of the CMT welding of AA7075 alloys. These
parameters have a significant effect on the amount of heat input, depth of penetration, and flow
of the material during the welding; the latter is also considered a key factor in determining the
quality of the weld. In this paper, the central composite design (CCD) of response surface
methodology (RSM) will be used to monitor the impact of these parameters in a systematic way
to determine the best conditions under which CMT welding is performed [7]. The RSM
provides a sound statistical framework for modelling the interactions between the welding
parameters, thus allowing for the prediction and optimisation of the results of welding in a range
of settings [8]. The microstructure and mechanical characteristics of the CMT-welded AA7075
joints are thoroughly analysed after the optimisation process. In the microstructural analysis,
the structure of the grain, the distribution of the phases, and possible defects (porosity or
cracking) are determined [9]. At the same time, mechanical characteristics, such as tensile
strength, hardness, and elongation, are measured to investigate how the optimised welding
parameters affect the joint. Together with the optimised parameters, such assessments would
play a crucial role in explaining the overall quality and longevity of the CMT-welded [10].

Wang Kekuan et al. [11] conducted a study on the CMT welding of AA7075 with the
ER7075 wire and investigated the influence of electrode polarity and current waveforms on the
molten metal transfer, appearance of the weld, and penetration. In more recent times, Babatunde
Olamide Omiyale et al. [12] reported the great effect of using the best process parameters in the
CMT-based wire arc additive manufacturing (WAAM) process on the mechanical and
microstructural characteristics of different aluminium alloys. They showed that CMT has low
heat production, which results in cleaner surfaces and lower spatter than GMAW.

The literature review indicates that there is a dearth in the research literature devoted to
the CMT welding of the AA7075 alloy and that the current studies involve the overall effect of
the three chosen welding parameters on the weld strength expressed through the RSM-CCD
optimal method in terms of hardness and ultimate tensile strength (UTS). The results of this
study are expected to extend the knowledge on how to achieve the optimal CMT welding
process for AA7075. This study aims to contribute to the development of more effective and
reliable welding methods for high-strength aluminium alloys by clarifying the relationships
between welding parameters, microstructure, and mechanical properties. The results have the
potential of being applied in industry to enable the production of high-quality welded joints,
which will improve the performance and durability of AA7075 parts in a demanding
environment.

2. Experimental Procedure

The experiment was done on AA7075 alloy plates to investigate the influence of cold
metal transfer (CMT) welding parameters on the microstructure and the mechanical properties
of welded joints. The methodology included the material characterisation, welding parameter
selection, weld fabrication using an RSM-based design matrix, mechanical testing, and
microstructural analysis.
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2.1 Base material characterisation

The base material used in this study was the AA7075-T6 aluminium alloy with a plate
thickness of 5 mm. The plates were machined to dimensions of 100 mm % 60 mm. The chemical
composition of the alloy was determined using an optical emission spectrometer (OES),
produced by Foundry-Master Pro, Oxford Instruments, and calibrated using certified reference
standards. The measured elemental composition is given in Table 1.

Table 1 Elemental composition of base material (wt.%)

Parent metal Zn Mg Mn Cu Cr Fe Si Ti Al
AAT075 5.6 2.4 0.2 1.2 0.2 0.3 0.2 0.1 89.8

Mechanical properties of the base material were evaluated through tensile testing
according to ASTM E8/E8M. Flat dog-bone specimens were extracted along the rolling
direction at room temperature (=25 °C). The resulting values of ultimate tensile strength
(c_UTY), yield strength (c_YS), Vickers hardness (HV), and percent elongation (% El) are
shown in Table 2.

Table 2 Base material mechanical properties

Parent metal Vickers hardness UTS (MPa) YS (MPa) % El
AAT075 171 568 493 9

2.2 Selection of welding parameters

Three primary CMT welding parameters were selected: welding current (I, A), welding
speed (V, mm/min), and wire feed speed (V, mm/min). A preliminary set of trial welds was
produced to identify workable parameter boundaries by examining weld penetration, bead
appearance, and macrostructural integrity. Based on the literature data [13] and the findings of
trial welds, appropriate limits for each parameter were established, and coded levels (—1.682 to
+1.682) were assigned in accordance with the CCD of the RSM.

2.3 Welding setup

Welding was performed using a Fronius TransPuls Synergic 3200 CMT system equipped
with a robotic arm to ensure consistent weld bead placement; the system is shown in Figure 1.
The plates were cleaned with acetone to remove contaminants and securely clamped in a butt-
joint configuration as shown in Fig. 2(a). Welding was carried out using pure argon shielding
gas at a flow rate of 15 L/min. A single-pass weld was deposited for each parameter
combination defined by the RSM matrix. Cross-sectional macrographs were obtained for each
weld bead after standard metallographic preparation to verify fusion, bead shape, and the
presence of defects.

2.4 Tensile testing

Transverse tensile specimens were taken across the weld according to ASTM E8/E8M
using wire electrical discharge machining (WEDM). Three specimens were prepared for each
weld (n=3) to ensure repeatability. The specimen geometry is shown in Fig. 2(b). Testing was
performed using a Bluestar LDW-50 universal testing machine at a crosshead speed of
0.5 mm/min.
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Fig. 1 CMT welding setup with a robotic arm
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Fig. 2 a) Schematic of the single butt configuration b) Configuration of a tensile specimen
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2.5 Microstructural analysis

For microstructural examinations, specimens were taken perpendicular to the weld. The
specimens were mounted using phenolic powder, followed by sequential grinding (80-2500
grit) and polishing with 1 pm diamond suspension. Barker’s reagent was used for etching.
Scanning electron microscopy (SEM) was conducted using a ZEISS EVO 18 system. Grain
size in the base metal, fusion zone, and heat-affected zone was quantified using the line-
intercept method in accordance with ASTM E112. Precipitate size and volume fraction were
estimated using the ImagelJ software with calibrated thresholding techniques.

2.6 Hardness measurement

Vickers microhardness measurements were carried out across the weld cross-section
using an ESEWAY EW-423 DAP microhardness tester. A test load of 500 gf (HVO0.5) was
applied with a dwell time of 20 s. Although ASTM E384 recommends 1015 s dwell time, a
longer duration was adopted to ensure stable indenter penetration in the soft aluminium fusion
zone; similar dwell extensions have been reported in aluminium welding literature [14-16].
Indentations were placed at 1 mm intervals across the BM—HAZ-FZ regions, and the resulting
hardness profile was plotted.

2.7 RSM design and experimental matrix

The CCD model included 20 experimental runs, comprising eight factorial runs, six axial
runs, and six centre-point repeats, to assess curvature and pure error. Empirical model
development and ANOVA validation are presented in Section 3.
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3. Results and Discussion

The results and discussion section provides a comprehensive evaluation of the weld
quality, statistical modelling, mechanical behaviour, and microstructural behaviour of AA7075
joints made using cold metal transfer (CMT), focusing on the variations in welding parameters.

3.1 Fixing the limits for welding parameters

Determining the practical and physically significant parameter limits for welding current
(D), welding speed (V), and wire feed speed (Vy) is essential for ensuring that welds remain
defect-free and representative of good industrial practice. A series of preliminary weld trials
was performed to map the operating window of the CMT process for AA7075, focusing on
bead morphology, penetration, arc stability, and macrostructural integrity. At lower heat-input
conditions (low I or high V), common issues included incomplete fusion, insufficient
penetration, and underfilled joints, consistent with observations from aluminium CMT welding
in prior studies [3,4]. Conversely, excessive heat input (high I or low V) generated localised
melt instability, wider softening zones, increased porosity, and evidence of filler burn-off.
These types of behaviour align with thermal gradients and solute evaporation effects reported
for Zn—Mg—Cu alloys in [17,18]. Representative macrographs used during limit establishment
are shown in Figure 3. Based on trial observations and related literature, the selected limits
(—1.682 to +1.682 coded levels) provided a robust envelope for RSM. The actual values
associated with these levels are given in Table 3.
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Fig. 3 Macrostructure of welding trials conducted to establish the welding limit

Table 3 Limits of welding process parameters

Levels
WPP Short name == 1 0 1 1.682
Welding current (A) I 160 168 180 192 200
Welding speed (mm/min) A% 100 108 120 132 140
Wire feed rate (mm/min) Vi 1000 1203 1500 1797 2000

3.2 Development of empirical relationship using the response surface method

The RSM is the unification of statistical and mathematical approaches suited for
simulating and evaluating situations. From the experimental results, the following prediction
equations were obtained (equation 1 with coded and equation 2 with actual factors). The
equation in terms of actual factors can be used to anticipate the reaction at various degrees of
each factor. The levels should be provided in original units of each factor [19]. The
experimental design matrix and corresponding ultimate tensile strength values (¢ UTS) are
shown in Table 4.

Tensile strength (MPa) = Co + Ci(I) + Ca(V) + C3(Ve) + Cs(I*¥V) + Cs(I*Vy) + |
Co(V*Vy) + C7(I?) + Cs(V?) + Co(VP) (1)

Tensile strength (MPa) = +363.32 — 10.1(1) + 8.45(V) — 5.196(V¢) + 1.875 (I x V) @)
+0.875 (Ix V) —2.125 (V x Vi) — 8(1?) — 7.82(V?) = 9.77 (V#)
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Table 4 Design matrix with tensile strength and fusion zone area values

Coded values Real values
Std.  Run Weldin Welding Wire feedrate ~ UTS-o
order  order I \Y% Vi s speed (V) (Vi) (MPa)
current (I) (A) . .
(mm/min) (mm/min)
1 20 -1 -1 -1 168 108 1203 345
2 11 1 -1 -1 192 108 1203 320
3 8 -1 1 -1 168 132 1203 362
4 12 1 1 -1 192 132 1203 344
5 16 -1 -1 1 168 108 1797 338
6 18 1 -1 1 192 108 1797 316
7 9 -1 1 1 168 132 1797 346
8 1 | 1 1 192 132 1797 332
9 15 -1.682 0 0 160 120 1500 358
10 13 1.682 0 0 200 120 1500 323
11 14 0 -1.682 0 180 100 1500 326
12 7 0 1.682 0 180 140 1500 356
13 10 0 0 -1.682 180 120 1000 345
14 5 0 0 1.682 180 120 2000 326
15 19 0 0 0 180 120 1500 363
16 3 0 0 0 180 120 1500 366
17 4 0 0 0 180 120 1500 362
18 6 0 0 0 180 120 1500 364
19 2 0 0 0 180 120 1500 363
20 17 0 0 0 180 120 1500 363

The presence of significant quadratic terms reflects curvature in the design space,
indicating that peak performance lies at intermediate, not extreme, parameter values. This
agrees with the prior RSM-based aluminium welding models [7, 20]. After welding, the
macrostructure of all 20 welded specimens was analysed to understand the weld quality and
zones; the macrostructures are shown in Figure 4.

Fig. 4 Macrostructure of the welded specimens
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3.3 Validation of the formed empirical relation

ANOVA results (Table 5) confirm that the developed model is statistically robust. The
high Model F-value (>550) and the low p-value (<0.0001) signify that the regression is highly
significant. All primary factors (I, V, Vi), two-factor interactions, and quadratic terms were
statistically significant. The physical significance of the parameter sensitivity is as follows.
Welding current (I) showed the strongest influence due to its direct role in heat input, droplet
detachment dynamics, and arc force. In the prior CMT studies, the welding current (I) was
identified as the dominant factor in the thermal and mechanical behaviour of aluminium welds
[21, 22]. Welding speed (V) ranked second in influence. Since the heat input is inversely
proportional to (Q o VI/v), lower speeds result in excessive heat accumulation, a wider HAZ,
and grain coarsening. Wire feed speed (Vr) was the least influential because, although it affects
deposition rate and arc length corrections, it has minimal direct impact on thermal gradients.
The strong agreement between the predicted R? (0.9609) and adjusted R? (0.9662) validates the
predictive capability of the model, further supported by almost no lack of fit value.

Table 5 Results obtained from ANOVA

Source Sum of df | Mean square F-value p-value
squares

Model 5467.69 9 607.52 559.52 <0.0001 significant
A-1 1391.69 1 1391.69 1281.73 <0.0001
B-V 976.04 1 976.04 898.92 <0.0001
C-Vi 368.64 1 368.64 339.51 <0.0001
AB 28.13 1 28.13 25.90 0.0005
AC 6.13 1 6.13 5.64 0.0389
BC 36.13 1 36.13 33.27 0.0002
A? 922.03 1 922.03 849.18 <0.0001
B? 881.72 1 881.72 812.06 <0.0001
C? 1374.61 1 1374.61 1266.00 <0.0001

3.4 Trend analysis of ultimate tensile strength (UTS) concerning the welding current (I),
welding speed (V), and wire feed speed (Vr)

The effects of varying values of the input parameters on ultimate tensile strength (UTS)
are well depicted in the perturbation plot (Fig. 5(a)); the values of one parameter are varied
while the values of the other two parameters are held constant at their centric values. This form
of representation shows the parameter-dependent contributions of each parameter to the
mechanical properties of the weld and enables a better insight into the individual effects of
parameters. Plot 5a shows the effect of the change in I from 160 to 200 A by keeping the other
two parameters, i.e., V and Vi, at the centric points. At the I of 160 A, the UTS is low at around
357 MPa, but when the value of I increases to about 174 A, the UTS increases to around
366 MPa. Further increase in the value of I softens the fusion zone through grain coarsening,
precipitate dissolution, and evaporation of Mg—Zn strengthening elements; this is consistent
with the earlier findings for 7xxx Al alloys [23, 1]. When there is an excessive heat input, some
phenomena, such as dissolution of precipitates and increase in grain size, occur, resulting in
reduced UTS. A similar phenomenon occurs in the case of the V-plot, with the only difference
being that the heat input is inversely proportional to V. In the case of wire feed rate, if it is low,
the filler will not be sufficient to fill the gaps; this fact results in voids inside the weldment, so
an optimal Vyis required for a strong joint.

The arc length correction also plays a major role in the strength of the CMT weldment.
Welding current in the CMT process is relatively less strong than in conventional MIG/MAG
processes [21]. As the current directly affects the arc force and thermal input, its effect on the
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arc length is significant. At stronger welding currents, increased arc energy will lead to
excessive arc elongation unless corrected. The CMT system compensates for that by reducing
the wire feed speed or increasing the retraction speed to ensure the arc length stability [22]. At
less strong welding currents, the arc is narrowed, and the system compensates for that by
feeding the wire faster or reducing the retraction [23].

The welding speed (V) exhibited an inverse but symmetric effect: high welding speed
reduced the heat input and caused poor fusion, while extremely low welding speed delivered
excessive heat, enlarging the HAZ and reducing strength. Increased welding speed results in
the arc being quickly moved away from the weld pool, thus decreasing the heat input per unit
length and reducing the possibility of arc instability or insufficient fusion. Arc length correction
has to be done quickly to ensure a constant distance and prevent arc extinction. At lower
welding speeds, the arc over the weld pool is longer with the possibility of creating even a
longer arc and greater heat input. The CMT system avoids the occurrence of this phenomenon
by actively managing the wire retraction to enable a shorter and controlled arc length. The wire
feed speed (Vr) controlled the filler deposition and arc stability. Lower V¢ caused incomplete
filling and microporosity; excessive V¢ produced arc length instability and inconsistent droplet
transfer. In CMT, this control has a direct correlation with the mechanical retraction system.
Increasing wire feed rates causes the filler wire to approach the molten pool at a faster rate,
causing the arc to be made shorter unless actively counteracted by retraction. The arc length
correction system increases the retraction speed to ensure arc stability. Decreasing wire feed
rates slows the filler wire approach rate, causing the arc to be made longer. The system
compensates for that by slowing retraction or increasing forward wire feed to restore the target
arc length.

Equally, the contour plots (Fig. 5(b-d)) show the interactive impacts of two input
parameters on UTS when the third parameter remains at its centric position [24]. These images
are essential in the determination of the synergetic links reserved to parameters and overall
effect on the quality of the weld [25 ]. The welding current and the welding speed have a
significant impact on heat input, which is an important factor in determining the tear weld
characteristics. The relationship between heat input and current in welding is linear, i.e., the
stronger the current is, the larger is the heat input, and therefore, there is a possibility of
expansion of heat-affected zones (HAZ) and a weaker joint. On the other hand, the rate at which
welding is done is directly proportional to the amount of heat input; high speed reduces the
duration of heat uptake, decreasing heat input, and, accordingly, resulting in a failure to attain
full fusion or strong bonding [26].

In addition to these basic relationships, a correlation between the welding current and the
welding speed has significant effects on the microstructural properties in the area of the weld.
Overheating due to a strong current and low speed may cause grains to grow rough and reduce
mechanical strength [27]. Conversely, low penetration and deficiency of fusion due to a lack of
sufficient heat input may occur, caused by less strong electric current or high speed, which
eventually leads to low tensile strength. Contour plots (Figures 5b, 5c, 5d) show significant
parameter coupling. A strong welding current and low welding speed increased heat input
drastically, correlating with porosity, a larger FZ, and reduced mechanical performance. Higher
wire feed speed mitigated burn-off tendencies at stronger I, stabilising arc length. A proper
coordination of travel speed and deposition rate prevented underfill and avoided surface
turbulence. Elliptical contours confirm nonlinear behaviour in accordance with the standard
CCD patterns presented in [24].
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Fig. 5 Plots a) Perturbation b) AB interaction c¢) AC interaction d) BC interaction

The results demonstrate the importance of accurate optimisation in the welding process.
The highly developed statistical and experimental design techniques, like the CCD, provide a
powerful tool to determine the best set of process parameters [28]. The methods enable the
maximum UTS to be achieved in the weld and a significant reduction in defects at the same
time. The perturbation and contour studies provide useful information on the effects of
individual parameters and their interaction, which provides a basis for decision-making to
achieve improved weld quality and benefits of higher fatigue and to satisfy the mechanical
performance goals of a particular project. Heat input is found to be a key aspect of strength loss
during welding; an added amount of heat in the form of high heat input produces greater depths
of softening and restricts the amount of strengthening components and precipitate particles in
the weld area. High heat input will enhance the rate of growth in the HAZ, which will, in turn,
cause significant yield strength and tensile strength to be lost in the welded joint. These
observations confirm the need to carefully regulate and sustain the heat input to maintain the
desirable mechanical properties of the weld [29].

3.5 Optimised welding process parameter

Once the parameter values were coded, the optimum coded parameter value optimisation
was carried out, and the optimum coded parameter values were, in turn, converted back to actual
values to be used in practice. Table 6 gives a complete comparison between the predicted
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parameters as attained after the optimisation process and the experimentally determined
parameters in validation trials. The optimisation characterised tensile strength as the response
variable and presented a maximisation problem, which aimed at obtaining the highest possible
UTS in the specified welding setup. The results of the experimental validation of the optimised
parameters showed good agreement with the predicted results. Validation was done at
[=180 A, V=120 mm/min, and V¢= 500 mm/min, giving UTS = 366 MPa, which is close to
the model prediction of UTS = 371 MPa. The obtained results, which are shown in Table 6,
support the capability of the model to represent the thermal-mechanical dynamics that governs
the CMT welding of AA7075. The agreement between the experimental and the predicted UTS
values ensures the accuracy and reliability of the RSM-based optimisation process.
Consequently, the results support the quality control of the welding parameters to attain good
mechanical properties. The correlation between data in experiments and the RSM-based
prediction justifies the effectiveness of the empirical model used to account for the complex
welding process. Furthermore, the findings provide way to the high tensile strength and offer a
good understanding of the complex relations between the welding conditions and mechanical
characteristics.

Table 6 Optimised welding process parameters

Parameters Units Experimental Predicted
1 Amps 180 174
\Y mm/min 120 127
Vi mm/min 1500 1503
UTS (MPa) 366 371

3.6 Microstructural analysis

As observed, the microphotographs of the microstructure showed a small extent of
porosity in the fusion zone (FZ). This observation is similar to those of Elrefaey [30], who
found few minor pores present in the FZ of CMT-welded joints produced under similar welding
conditions; in Elrefaey’s study, surface cleaning before welding was done using acetone. On
the other hand, Ipekoglu's study [31] revealed that there is relative porosity formation in the FZ,
but in that study, only mechanical cleaning with a metal brush was done. Therefore, the
increased porosity in the FZ is likely due to inadequate cleaning methods used before welding,
which failed to completely remove the oxide layer and other contaminants. Additionally, the
higher cooling rates after welding in Ipekoglu's study may have contributed to the extensive
pore formation.

SEM analysis provided detailed insights into the metallurgical changes caused by CMT.
The microstructure of BM in Figure 6a shows fine equiaxed grains produced through rolling,
with homogeneously distributed MgZn. precipitates responsible for high strength in the T6
condition [32,33]. The latter is mostly attributable to the effectiveness of their contribution to
restricting the motion of dislocations and to contributing effectively to precipitation
hardening, which is the strengthening process. In addition, the micrograph reveals the
occurrence of distinct intermetallic particles present in the distribution in an inhomogeneous
pattern; the intermetallic particles are found to be iron- and silicon-enriched. Following the
research findings documented in earlier publications [32-34], the mentioned particles have
specifically been termed phases of Al;CuxFe, AlioFesSi, and Mg:Si. Although these
intermetallic compounds do contribute to enhancing the general strength of the alloy, it should
be noted that their existence in the boundary locations of the grains can become a potential
stress concentrator. In that case, if the material is exposed to mechanical loading, cracking
may be initiated.

122 TRANSACTIONS OF FAMENA L-2 (2026)



Investigation of Microstructure and Mechanical Properties R. Venkatesh, K. Jayakumar
of Cold Metal Transferwelded AA7075 Joints

Y P A T &‘! P =
EHT = 10.00 kV Signal A = SET 20 im EHT=10.00 k¥ Signsl A= SET
WD = 10.5 mm Mag= Z200KX WD = 10.5mm Mag= 200KX

Fig. 6 SEM microstructures of a) Base metal AA7075 b) Fusion zone of specimen16

In CMT welding, the localised heat input causes the microstructure to change drastically.
The fusion zone (Figure 6b) exhibited dendritic solidification morphology, complete
dissolution of MgZn: precipitates, solute segregation to inter-dendritic regions, and coarsened
secondary phases at grain boundaries. This change in morphology is a direct result of full
melting and re-solidification under thermal gradients. The high peak temperatures in the FZ are
above the solvus temperature of MgZn;, causing dissolution of these strengthening precipitates.
Since no post-weld ageing process was used, the lack of re-precipitation results in a softened
microstructure with decreased strength and hardness. Rapid cooling inherent in CMT prevented
extensive grain growth compared to conventional MIG, which is in accordance with prior CMT
studies on AI-Mg—Zn alloys [35]. The grain size analysis of ASTM E112 revealed progressive
coarsening from BM to HAZ to FZ. Segregation of zinc and magnesium during solidification
contributed to reduced strengthening, which is consistent with the element-loss studies [36,37].
Besides the aforementioned, the low heat input, along with the controlled droplet transfer that
is intrinsic in the CMT process, allows for a type of directional solidification. This specific
phenomenon is of enormous importance since it efficiently reduces the percentages of porosity
and the hazards involved in hot cracking during the welding process. Nonetheless, it is worth
noting that the redistribution and segregation of the alloying elements, such as Zn, Mg, and Cu,
during the solidification process open up a possibility of causing the unintended formation of
secondary eutectic phases. Such phases have a tendency to form along the inter-dendritic
regions. The formation of eutectic phases may s adversely affect the mechanical performance
of the resultant weld joint.

3.7 Hardness survey

The microhardness distribution along different weld zones, shown in Fig. 7, was
measured using the Vickers microhardness tester. In Figure 7, the red line (Exp. No 16)
represents the specimen that had the highest tensile strength value, and the blue line (Exp. No 6)
represents the specimen that had the lowest tensile strength value.
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Fig. 7 Hardness distribution

The hardness profile exhibited the expected gradient for 7xxx aluminium welds; BMZ:
164—171 HVO0.5 (retained T6 precipitation hardening); HAZ: 147-55 HV0.5 (partial dissolution
and over-ageing of precipitates); and FZ: 140-145 HVO0.5 (solute loss, precipitate dissolution,
and dendritic morphology). The observed trends agree with the hardness behaviour reported for
the CMT-welded AA5083 and AA6061 in [35] and TIG/GTAW-welded AA7075 in [36]. In
the FZ, the elements are a mixture of the filler metal and dilution from the BM. The amount of
strengthening elements, zinc and magnesium, decreases significantly in the FZ, as these
elements tend to evaporate during the welding process [36-38]. The chemical composition of
the FZ, in atomic percent, was found to be 1.83 Mg, 2.07 Zn, 0.28 Cu, and 95.82 Al. After the
melting and solidification process, the alloy forms a supersaturated solution, with only a few
particles precipitating from this solid solution. The softening in FZ is attributed to the
dissolution of dizinc magnesium (MgZn:) and magnesium silicide (Mg:Si) strengthening
phases, evaporation of zinc and magnesium during welding [37], solid-solution supersaturation
without ageing, coarser grain morphology, and inter-dendritic segregation. Additionally, the
grain size in the FZ increases, compared to BM, following solidification. Therefore, the reduced
microhardness in the FZ is attributed to the smaller amount of alloying elements, the absence
of sufficient precipitates, and grain coarsening. The moderate width of the HAZ and refined
morphology in the FZ confirm the advantages of the CMT process relative to conventional
fusion welding techniques regarding the heat input.

As shown in Fig. 7, the hardness profile will be progressive, as predicted (i.e., weld metal
(WM), heat-affected zone (HAZ)). The similar pattern was recorded by Kang et al. [37]. Such a
hardness gradient is mostly because it results from the welding process, bringing about
microstructural changes. Specifically, the fine precipitates in the HAZ greatly contribute to
hardness, and even though they are somewhat dissolved when welding is done, the fine
precipitates are effective in increasing the local hardness. The greatest challenge is to retain the
characteristic properties of the base metal’s original T6 temper. The T6 temper refers to the
solution heat treatment and subsequent artificial ageing, which yields a fine, homogeneous
spread of strengthening MgZn; precipitates throughout the alpha matrix. This microstructure
enables the BM to have high hardness and mechanical strength, but it makes little difference at
distances that are not usually in the proximity to the thermal effects of welding. The effect of the
observed hardness gradient is the thermal and metallurgical transformation across the weldment
[38]. The strengthening precipitates dissolve, and coarser grains grow during welding in the FZ
because of higher welding temperatures [39]. On the other hand, the longer the distance to the
fusion line, the smaller the thermal gradient, which allows partial reprecipitation of dizinc
magnesium (MgZny) in the HAZ. It is the reprecipitation in association with solid-solution
effects that remains and has contributed to the slow restoration of hardness in these areas.
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4. Conclusions

In this study, a critical examination of the cold metal transfer (CMT) welding parameters

and their effect on the mechanical performance and microstructure of AA7075 alloy joints was
carried out. The welding current (I), welding speed (V), and wire feed speed (Vy) were
optimised using response surface methodology (RSM) and central composite design (CCD),
and their impacts were discussed critically. Based on the extended investigation, the following
conclusions have been drawn:

The CMT welding process, a process with greatly reduced heat input, was effectively
tested on AA7075. It produced welds of refined microarchitecture with narrower
softening regions than those produced by conventional fusion welding. The initial
experiments and tests confirmed that there were critical parameter limits that were
needed to prevent porosity, the absence of fusion, and the burning of filler.

As RSM showed, the welding current (I) had the highest impact on ultimate tensile
strength (UTS), followed in descending order by the welding speed (V) and the wire
feed speed (Vr). There was a strong nonlinear interaction, particularly between I and V
as well as between I and Vy, which necessitated balancing heat input and the deposition
rate to produce high-quality welds.

The created empirical model displayed a high level of predictive power with a high level
of statistical significance (p < 0.0001), high R? convergence, and a low level of lack of
fit. Experimental confirmation of this model at I = 180 A, V = 120 mm/min, and
V¢= 1500 mm/min gave a measured UTS of 366 MPa and compared well with a
predicted model UTS of 371 MPa.

Microstructural analysis showed that there were wide-ranging metallurgical changes in
the fusion zone (FZ) in the form of dissolution of MgZn, precipitates, dendritic
solidification, inter-dendritic segregation of Zn and Mg, and moderate grain coarsening.
The high cooling rate of CMT restricted excessive growth of the grain, which gave rise
to a finer structure compared to the ordinary GMAW/MIG.

The profile of hardness throughout the weldment showed the desired gradient, with the
lowest one observed in the FZ (140-145 HVO0.5), moderate in the HAZ (147-155
HVO0.5), and the highest in the base metal (164-171 HVO0.5). These values are closely
associated with the dissolution of precipitate, over-ageing at the location of HAZ, and
with the effect of solute evaporation in the fusion zone.

In general, the findings indicate that CMT is one of the most suitable welding methods
for AA7075. If the process parameters are optimised, CMT-welded joints have better
mechanical performance, better-controlled microstructure and heat input levels, and
more homogeneous performance. The results form a parameter window that has proved
to be efficient in obtaining high-strength, defect-minimised welds in high-strength
aluminium alloys.
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