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 16 

Abstract: Among all the processing technologies of heat-treatable aluminum alloys like 2219 17 
aluminum alloy, using friction stir welding (FSW) as the joining technology and using 18 
electromagnetic forming (EMF) for plastic forming technology both have obvious advantages and 19 
successful applications. Therefore, there is a broad prospect for the compound technologies which 20 
can be used on the 2219 aluminum alloy to manufacture the large-scale thin-wall parts in the 21 
astronautic industry. The microstructure and mechanical properties of 2219 aluminum alloy under 22 
the process compounded of FSW, heat treatment, and EMF were investigated by means of tensile 23 
test, optical microscope (OM), and scanning electron microscope (SEM). The results show that the 24 
reduction of strength, which was caused during the FSW process, can be recovered effectively by 25 
the post-welding heat treatment composed of solid solution and aging, while the ductility was still 26 
reduced after heat treatment. Under the compound technology of FSW, heat treatment, and EMF, 27 
the forming limit of 2219 aluminum alloy decreased distinctly due to the poor ductility of the 28 
welding joint. A ribbon-pattern, which was formed due to the banded structure caused by FSW 29 
process, was found on the fracture surface of welded 2219 aluminum alloy after EMF treatment. 30 
During the EMF process, because of the effects of induced eddy current, a unique structure, which 31 
was manifested as a molted-surface appearance under the SEM observation, was formed as the 32 
material fractured. 33 

Keywords: aluminum alloy; electromagnetic forming; friction stir welding; heat treatment; 34 
secondary phase 35 

 36 

1. Introduction 37 

With the characteristics of good weldability, corrosion stability and the superiorities in specific 38 
strength and thermal stability, 2219 aluminum alloy is a suitable material for manufacturing large-39 
scale thin-wall parts in astronautic industry, such as the cryogenic fuel tank of launch vehicles[1-2]. 40 
The manufacturing process of 2219 aluminum alloy is composed of welding, heat treatment and 41 
plastic forming [3]. FSW can effectively minimize the thermal input and reduce the peak temperature 42 
compared with conventional welding technologies [4]. A welding joint with less welding defects and 43 
higher performance can be obtained through the solid bonding achieved by FSW [5]. Through a heat 44 
treatment composed of solid solution and aging, a dispersive distribution of secondary phase, which 45 
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can bring an obvious improvement in the mechanical properties of 2219 aluminum alloy, can be 46 
achieved [6]. Meanwhile, as a high-velocity forming method, EMF can increase the forming limit of 47 
material and improve the performance of the workpieces compared with conventional quasi-static 48 
forming technologies [7-8]. Thus, in the field of astronautic industry, there is a broad prospect for the 49 
application of the compound technology of FSW, heat treatment and EMF in the manufacturing of 50 
large-scale thin-wall parts [9]. 51 

FSW technology has been widely applied in the manufacture for large-scale parts of aluminum 52 
alloy, and there are extensive researches for the influences of processing parameters and the plastic 53 
flow behavior during FSW treatment. After the FSW treatment, the microstructure and properties of 54 
welding joint on the butt welded 2219 aluminum alloy sheets are mainly affected by rotation speed, 55 
welding speed, pin geometry and the post-welding heat treatment[5; 10]. Because of the penetrating 56 
depth during FSW process, the surface material is extruded by the tool shoulder and flows 57 
downward under the stirring effect of pin. As the surface material flowing into the plastic zone, a 58 
banded structure named onion ring is formed under the interaction between the flowing material 59 
and in-situ material [11-12]. According to previous studies, through a proper post-weld annealing 60 
treatment, the mechanical properties of welded material can be recovered effectively, and even higher 61 
than the full-annealed base metal [13]. 62 

The studies of heat treatment on heat treatable aluminum alloys are mostly focused on the solid 63 
solution and aging treatment. A dispersively distributed secondary phase can be precipitated in the 64 
matrix of 2219 aluminum alloy during the heat treatment. The secondary phases, which is mainly 65 
composed of Al2Cu, play an important role in the aging strengthening of 2219 aluminum alloy [14]. 66 
The precipitating behavior of secondary phase can be greatly affected by the plastic deformation. 67 
With a proper deformation degree, a more dispersive distribution of secondary phase can be 68 
achieved, which can further improve the strength of 2219 aluminum alloy [15]. The plastic 69 
deformation also leads to an acceleration in the precipitating rate, and causes a changing in the 70 
optimum parameters of the aging treatment [16]. 71 

As for the EMF technology, it’s a high-velocity forming technology, which is achieved by 72 
applying a pulse electromagnetic field on the formed material. The behavior of plastic deformation 73 
is affected by the coupled multi-field which is compounded of the electromagnetic field, induced 74 
eddy current and high-strain field [17-18], including the changing in the movement and pinning of 75 
dislocation and the distribution of low-angle grain boundary. A reduction of flow stress is observed 76 
while the plastic deformation is assistant with electricity [19], which is strongly associated with the 77 
temperature rising in the material caused by the Joule effect of electricity [20]. 78 

In a word, under the cooperative effects of the plastic flow in FSW, multi-times of thermal cycle 79 
and the coupled multi-physical field in EMF, the microstructure and mechanical properties of 2219 80 
aluminum alloy change differently from conventional technologies during the compound technology 81 
of FSW, heat treatment and EMF, such as the expediting of precipitation because of FSW and the 82 
reduction of formability during EMF because of the existence of welding joint [9]. Thus, a study 83 
focused on this compound technology has a crucial significance for the application of 2219 aluminum 84 
alloy in astronautic industry. 85 

In this work, the microstructure and the properties of 2219 aluminum alloy under different 86 
compound technologies of FSW and heat treatment are investigated through tensile test and SEM to 87 
study the interaction and the optimum combination of FSW and heat treatment. Then the samples of 88 
2219 aluminum alloy under the optimum compound technology and the samples under the heat 89 
treatment are both processed by EMF treatment, and also the forming characteristics and the fracture 90 
appearance of 2219 aluminum alloy are discussed to study the influences of FSW treatment on the 91 
forming behavior of 2219 aluminum alloy during the EMF process. 92 

2. Materials and Methods  93 

The material used in this work was full-annealed 2219 Al alloy sheets with the thickness of 2 94 
mm, and the chemical component of which is depicted in Table 1. By constituting the main secondary 95 
phase known as Al2Cu in the matrix, Cu is the main strengthening element in the 2219 aluminum 96 
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alloy [21], and Mn can increase the thermal stability of alloy by forming T phase. In FSW process, a 97 
tool with 10 mm shoulder diameter, 1.7 mm pin diameter and 1.7 mm pin length was used, and the 98 
schematic of FSW process is shown in Figure 1. The FSW was performed with a rotation speed of 99 
1200 rpm and a welding speed of 200 mm/min which is perpendicular to the rolling direction. The 100 
shoulder penetrating depth was adjusted at 2 mm without tilting angle while the FSW was 101 
performing. The heat treatment includes a solid solution treatment of 535 ℃ -40 min, water 102 
quenching and artificial aging of 180 ℃-6 h. A schematic of EMF process is shown in Figure 2 with 103 
the demonstration of samples which were used in the EMF process and the tensile test. Both of the 104 
samples were designed according to Chinese standard (GB/T 228-2002) and the main dimensions are 105 
illustrated in Figure 2. During EMF process, the capacitor was charged by the charging system, and 106 
a pulse electromagnetic field was generated by the discharging through the coil. 107 

Table 1. Chemical composition of 2219 aluminum alloy (mass fraction, %) 108 

Al Cu Mn Ti Zr V 

bal. 6.2 0.3 0.058 0.15 0.08 

 109 

Figure 1. Schematic illustration of FSW process 110 

 111 

Figure 2. Schematic illustration of EMF process 112 

The processing route is shown in Figure 3. Based on the heat treatment of solid solution and 113 
aging, the FSW was performed on the samples under different heat-treatment conditions including 114 
as-annealed, as-solid-solution and as-aged, to obtain various compound technologies of FSW and 115 
heat treatment. The microstructure and properties of these samples were compared by the means of 116 
tensile test, OM and SEM to study the interaction and the optimum compound technology of FSW 117 
and heat treatment. The EMF treatment was performed on the 2219 aluminum alloy samples, which 118 
were processed under the optimal compound technology of FSW and heat treatment, then the 119 
microstructure and properties were studied through forming characteristics and fracture 120 
morphology. 121 
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 122 

Figure 3. Schematic illustration of the processing route 123 

The tensile test was performed on the AG-100kN testing machine with a tensile speed of 1 124 
mm/min at room temperature. The samples were polished and etched with keller's reagent to 125 
revealed the microstructure for the OM observation on the welding joint, and the OM observation 126 
was performed on the VHX-1000C optical microscope. The fracture surface was observed using JSM-127 
7600F FESEM. 128 

3. Results and Discussion 129 

3.1. Compound Technologies of FSW and Heat Treatment 130 

3.1.1. Microstructure of Welding Joint 131 

The cross-section structure of 2219 aluminum alloy FSW joint under the solution-aging-FSW 132 
technology is shown in Figure 4. According to Figure 4a, the cross-section of the 2219 aluminum alloy 133 
FSW joint is divided into four regions: the welding nugget zone (NZ), the thermos-mechanically 134 
affect zone (TMAZ), the heat-affect zone (HAZ) and the base metal. The NZ, which was directly 135 
affected by the pin and shoulder and experienced severe plastic flow during FSW process, is the 136 
central region of FSW joint with fine equiaxed grains. The TMAZ was affected by the plastic flow in 137 
NZ and the thermal cycle during FSW process. The grains in TMAZ were stretched along the flow 138 
direction. The HAZ has the similar structure with base metal but is slightly coarser as a result of the 139 
welding thermal cycle. The onion ring structure, which was formed due to the plastic flow during 140 
FSW process [11], is also observed in Figure 4a. The advanced side of the weld joint is shown in Figure 141 
4b, it can be seen that the density of secondary particles in NZ is higher than other regions. 142 

 143 

Figure 4. Schematic of FSW joint: (a) full view (b) partial enlarged view of advancing side 144 

  145 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 March 2018                   doi:10.20944/preprints201803.0222.v1

Peer-reviewed version available at Metals 2018, 8, 305; doi:10.3390/met8050305

http://dx.doi.org/10.20944/preprints201803.0222.v1
http://dx.doi.org/10.3390/met8050305


 5 of 13 

 

3.1.2. Mechanical Properties 146 

The tensile test results of the 2219 aluminum alloy samples processed through solution-aging 147 
(base metal), FSW-solution-aging, solution-FSW-aging, and solution-aging-FSW are shown in Figure 148 
5. 149 

Based on the tensile strength shown in Figure 5, the base-metal samples and the FSW-solution-150 
aging samples have a higher strength compared with the other two compound technologies. This is 151 
mainly due to the recovery and recrystallization reducing the negative effects of welding defects and 152 
plastic deformation caused by FSW, which is possible because of the high temperature during the 153 
solid solution treatment. The strength increase after aging treatment of solution-FSW-aging samples 154 
is not as high as the base-metal samples and the FSW-solution-aging samples. This can be attributed 155 
to the changes in the precipitation behavior of secondary phase caused by the FSW treatment. 156 
Especially the accumulation of dislocation can improve the precipitating rate during aging treatment. 157 
The localized deformation and thermal input in the welded region are harmful to the uniformity of 158 
the whole sample. As a result, the material of welding joint will reach the peak aging state sooner 159 
than base metal and will be overaged under the same aging treatment. The strength of the samples 160 
after solution-aging-FSW treatment is the lowest among three compound technologies. The welding 161 
defects and the accumulation of dislocations, which are caused by the FSW process and can’t be 162 
recovered by heat treatment, are the main reason for the weakening of the welding joint. 163 

Based on the elongation shown in Figure 5, the ductility of the samples under three compound 164 
technologies is obviously worse than base metal. According to the previous researches [12], the 165 
density of secondary phase is variable across the onion ring structure. In addition, the secondary 166 
phase can continually grow during aging treatment even the Cu element is no longer oversaturated 167 
[22]. The segregation and the coarsening of secondary phase are the main causes for the lower 168 
ductility of welded samples. For the FSW-solution-aging samples, the variation of the elongation and 169 
tensile strength during heat treatment is similar to the base-metal samples, which indicates that heat 170 
treatment has the similar effects on both the welded samples and the base metal. Meanwhile, the 171 
solution-FSW-aging samples show the worst ductility among all samples. This is because of the 172 
welding defects and overaging effect both caused by FSW. The elongation of solution-aging-FSW 173 
samples is similar to the FSW-solution-aging samples though there is a significant difference in the 174 
tensile strength of samples between these two technologies. This phenomenon indicates that the loss 175 
of strength due to FSW process can be recovered by solution-aging treatment, while the ductility is 176 
still reduced. 177 

In conclusion, the welding defects and the accumulation of plastic deformation would cause a 178 
deterioration in mechanical properties after the FSW treatment. There will be a dramatic decrease in 179 
the ductility of 2219 aluminum alloy under the co-effect of FSW and heat treatment due to the 180 
interaction between severe plastic deformation and aging [23]. By comparing the tensile results which 181 
were processed under all the four technologies above, it’s clear that the strength loss due to the FSW 182 
process can be largely recovered by solution-aging treatment, which is mainly because of the recovery 183 
and recrystallization in solid solution treatment. 184 
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185 

 186 

Figure 5. Comparison of quasi-static uniaxial tension result between base-metal sample and as-187 
welded sample: (a) base metal (b) FSW-solution-aging (c)solution-FSW-aging (d) solution-aging-FSW 188 

3.1.3 Fracture Appearance 189 

The SEM observations of the fractures, which was formed during tensile test, are shown in 190 
Figure 6. The fracture of FSW-solution-aging sample shown in Figure 6b is a typical alloyed fracture 191 
appearance, which is a dispersive distribution of large-sized dimples surrounded by small-sized 192 
dimples. Secondary particles can be observed at the bottom of some dimples and the tearing ridge on 193 
the dimples is sharp. This is similar to the fracture appearance of base metal shown in Figure 6a. The 194 
fracture of the solution-FSW-aging sample shown in Figure 6c has a quasi-dissociation fracture 195 
appearance. The dimples are shallow and small, with the less sharp tearing ridge, which indicates a 196 
poor ductility of the 2219 aluminum alloy. The fracture appearance of the solution-aging-FSW sample 197 
shown in Figure 6d has the morphology characteristic of both FSW-solution-aging sample and 198 
solution-FSW-aging sample. The large-sized dimple found in Figure 6a and Figure 6b can′t be found 199 
on the fracture surface of the solution-aging-FSW sample, which leads to a more uniform size 200 
distribution of dimples. It has been known that the appearance of dimples is greatly affected by the 201 
secondary particles in the matrix [24], thus a conclusion is drawn: the size distribution of the 202 
secondary phase becomes more uniform after FSW process because of the fragmenting of large-sized 203 
particles caused by the severe plastic deformation. This distribution leads to the formation of fracture 204 
appearance shown in Figure 6d. For the fracture appearance of the solution-FSW-aging sample, the 205 
severe plastic deformation caused by FSW is a strong boost for precipitating rate during the aging 206 
processing. Thus, the aging treatment can significantly increase the negative effects of FSW on the 207 
materials′ mechanical properties, even caused the banded appearance on Figure 6c. 208 

The size of dimples was measured by the linear intercept method, and the results are shown in 209 
Figure 6e. It's obvious that the FSW-solution-aging sample and base-metal sample have better 210 
ductility according to the size of dimples, and the solution-FSW-aging sample shows the worst 211 
ductility among all samples, which is consisted with the tensile test results. 212 
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213 

 214 

 215 

Figure 6. Schematic of fracture of 2219 aluminum alloy under different compound technology: (a) 216 
base metal (b) FSW-solution-aging (c) solution-FSW-aging (d) solution-aging-FSW (e) average size of 217 
dimple 218 

 219 

3.2. EMF Treatment 220 

3.2.1 Forming Characteristics 221 

The EMF treatment was performed on the samples under solution-aging treatment and FSW-222 
solution-aging treatment, which has showed the optimal properties of all three compound 223 
technologies. The results shown in Figure 7 indicate that welded samples tend to fracture at lower 224 
discharging voltage compared with the base-metal samples. The comparison of the forming height 225 
shows that the maximal strain of welded samples is significantly lower than base-metal samples. The 226 
fracture location on welded samples is around the middle of the welding joint where the NZ is located, 227 
while it's die corner on the base-metal samples where the stress concentration occurs. 228 
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 229 

Figure 7. Comparison of EMF between base-metal sample and as-welded sample 230 

3.2.2 Fracture Appearance 231 

The fracture appearance of the welded sample and base-metal sample is shown in Figure 8. It's 232 
obvious that there are both bright silver region on the fracture surface. Under further observation 233 
which is performed by SEM and shown in Figure 8b and Figure 8f, this structure is large-scale surface 234 
with a melted appearance. Meanwhile, the fracture surface of friction-stir-welded samples has a 235 
layered structure which doesn't appear on the base-metal sample. A banded texture is also found on 236 
the fracture surface of the welded sample, and the further observations are shown in Figure 8c and 237 
Figure 8d. 238 

Observation of Figure 8c indicates an alternative distribution of dimples in different size, there 239 
is also a texture of the holistic distribution of dimples which caused the banded texture on the fracture 240 
surface which can be attributed to the onion ring structure in the welding joint. The microstructure 241 
of welded material is various across the onion ring structure, such as the density of the secondary 242 
phase is different between the bright and dark layers in the onion structure. The variation of 243 
microstructure leads to a regular variation in the mechanical properties and cause the corresponding 244 
structure on the fracture surface. 245 

The fracture surface shown in Figure 8d indicates a multi-fracture-type structure with few 246 
dimple structure, even though it's similar in macrostructure with the fracture appearance shown in 247 
Figure 8c. There are also brittle fracture appearances such as intergranular fracture besides the ductile 248 
fracture structure like dimples or sliding separation. The banded structure is mainly caused by the 249 
plastic flow during FSW process, and the multi-fracture-type structure can be attributed to two 250 
reasons: the lack of the driving force from welding shoulder causing a relatively weak region of 251 
welding joint, and the heat from the Joule effect of induced current causing a weakening of the grain 252 
boundaries. 253 

As for the fracture structure of base-metal sample under EMF process, there is also multi-254 
fracture-type structure as shown in Figure 8g and Figure 8h, but no banded structure appeared. 255 

 256 
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257 

258 

259 

 260 

Figure 8. Fracture appearance of EMF samples: (a)–(d) as-welded sample (e)–(h) base-metal sample 261 

Further observations of the large-scale surface with a melted appearance are shown in Figure 9. 262 
There is pit structure like dimples with sliding separation structure on the side wall appearing on the 263 
large-scale surface as shown in Figure 9b. Meanwhile, a structure of crack also found on the surface 264 
and observed in high magnification as shown in Figure 9c. It's easy to find a pattern of grain 265 
boundaries is showed around the crack, and the size of which is close to the size of the grains in the 266 
NZ which is around 5~10 μm. 267 
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 268 

 269 

Figure 9. Appearance of flat fracture surface 270 

In conclusion, EMF process is greatly affected by the FSW treatment: 271 
FSW treatment causes a weakening in the properties of welded material because of welding 272 

defects such as segregation of secondary phase and the liquation cracking [25]. And the Joule effect 273 
of induced eddy current during EMF also bring down the ductility of 2219 aluminum alloy during 274 
EMF process. The microstructure variation across the onion ring structure, which was formed during 275 
FSW process, causes a variation of mechanical properties and leads to the banded structure on the 276 
fracture surface of electromagnetic-formed samples. Because only the upper layer of 2219 aluminum 277 
alloy can be affected by the friction of shoulder during single-shoulder FSW process, a weak region 278 
in the bottom of welding joint is produced. With the addition of skin effect of the induced eddy 279 
current during EMF process, the fracture type is various in different thickness of the sample. 280 

A conclusion can be drawn on the formation of the large-scale surface: the welding defects and 281 
regional secondary phase segregation cause an increase in electrical resistance and led to a higher 282 
temperature rising under the Joule effect during EMF process. The strength of the welding joint was 283 
weakened under high temperature and an intergranular fracture was formed because of the 284 
weakened grain boundaries. When the samples fractured, a strong electric arc occurred which can be 285 
seen clearly during EMF process. The surface of fracture was partially melted under the effect of the 286 
arc, and the melted appearance is formed. 287 

 288 

  289 
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4. Conclusions 290 

1. The effects of high temperature during heat treatment drive 2219 aluminum alloy to recovery 291 
and recrystallization, which is able to recover the strength reduced during FSW process, but the 292 
ductility remains the state of reduced after heat treatment. The performance of FSW after solid-293 
solution treatment on 2219 aluminum alloy causes an overaging effect during subsequent aging 294 
treatment, and leads to a poor ductility. 295 

2. The formability of welded samples under EMF is lower compared with base-metal samples 296 
because of the poor mechanical properties. The onion ring structure formed during FSW 297 
treatment causes a variation in both microstructure and properties of 2219 aluminum alloy, and 298 
leads to the banded structure on the fracture surface. A multi-fracture-type structure was 299 
generated due to the interaction of plastic flow caused by FSW and induced eddy current caused 300 
by EMF. 301 

3. During EMF process, an intergranular fracture appearance was generatede because of the Joule 302 
effect of the induced eddy current, which also caused the electric arc leading to the melt of the 303 
fracture surface when the fracture occurred. The melted surface covered the original fracture 304 
appearance and formed the bright silver appearance on the fracture surface of 2219 aluminum 305 
alloy under EMF treatment. 306 
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