
U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

1

2 On the Effect of Quenching on Postweld Heat Treatment

3 of Friction-Stir-Welded Aluminum 7075 Alloy
4

5 S.V. Sajadifar , G. Moeini, E. Scharifi, C. Lauhoff, S. Böhm, and T. Niendorf
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78 This work focuses on the effect of postweld heat treatment (PWHT) on the mechanical properties and
9 microstructural evolution of aluminum 7075 alloy processed via friction stir welding (FSW). FSW is known

10 to be capable of grain refinement in the nugget zone (NZ). Two different quench media (water and air) were
11 employed for PWHT. Regardless of the quench media, the PWHT led to the occurrence of grain growth in
12 the NZ of the FSWed aluminum 7075 alloy. Abnormal grain growth occurred in the water quenched
13 specimen. It is shown that ductility and strength of FSWed aluminum 7075 alloy are strongly dependent on
14 the quenching rate. Changes in the mechanical properties and microstructure reveal that only at lower
15 cooling rate this alloy is prone to the formation of precipitate-free zones (PFZs) in the vicinity of grain
16 boundaries. Eventually, the PFZs deteriorate mechanical properties of this alloy.

17

18 Keywords aluminum 7075, friction stir welding, mechanical

19 properties, microstructure, postweld heat treatment20

21 1. Introduction

22 Over the last decades, growing demand for utilizing
23 lightweight materials along with the necessity of manufacturing
24 parts being able to meet the strength requirements of recent
25 standards motivated researchers to focus on aluminum alloys.
26 Among aluminum alloys, aluminum 7075 (AlZnMg Cu 1.5)
27 has been extensively utilized in aerospace, automobile, and
28 transportation applications due to its outstanding specific
29 strength, corrosion resistance, fatigue properties, and fracture
30 toughness (Ref 1-4). Tensile properties of aluminum 7075 were
31 significantly improved by equal-channel angular pressing (Ref
32 1). Li and Starink studied compositional variations on the
33 characteristics of coarse intermetallic particles in 7000 series
34 aluminum alloys (Ref 2). Accordingly, the best solution heat
35 treatment temperature was found to be 480 �C for aluminum
36 7075. Solution heat treatment of this alloy at temperatures
37 above 480 �C caused formation of detrimental intermetallic
38 particles. Texture and microstructural evolutions of aluminum
39 7075 alloy during cryorolling were also investigated compre-
40 hensively showing fragmentation of grains with the rise in
41 deformation strain (Ref 3). Elevated temperature deformation
42 behavior and microstructural evolution of cold-rolled aluminum
43 7075 alloy were probed elsewhere (Ref 4). The strength of this
44 alloy was enhanced by cold rolling up to 250 �C. At
45 temperatures above 250 �C, the ductility of cold-rolled alu-

46minum 7075 alloy was improved due to the activation of grain
47boundary mediated mechanisms. However, welding of this
48alloy through conventional fusion welding is highly challeng-
49ing due to its sensitivity to weld solidification cracking as well
50as reduction of strength (grain growth and hardness reduction)
51(Ref 5, 6). To avoid solidification cracking of aluminum 7075
52alloy in fusion welding methods, friction stir welding (FSW)
53was utilized (Ref 5). This welding technique could join this
54alloy with fewer weld defects. Cavaliere and Squillace also
55studied the mechanical properties of aluminum 7075 alloy
56fabricated via friction stir processing (FSP) (Ref 6). FSP could
57increase superplastic properties of this alloy. Particularly, FSW
58has shown high potential for welding aluminum 7075 with
59good dimensional stability of the welded structure and low
60density of weld defects (Ref 7-10).
61FSW is a solid-state welding technique capable of inducing
62grain refinement via severe plastic deformation (SPD) (Ref 11-
6313). Grain refinement by SPD methods was used to promote
64excellent monotonic and cyclic behaviors of aluminum alloys
65(Ref 14-16). The postweld heat treatment (PWHT) of FSWed
66aluminum 7075 has recently become the focus of investigations
67to improve the performance of FSW joints (Ref 5, 7, 17, 18).
68The effect of postweld solution treatment and artificial aging on
69microstructure and mechanical properties of FSWed aluminum
707075 was examined in (Ref 5). T6 heat treatment of FSWed
71aluminum 7075 resulted in the highest strength, while this heat
72treatment made the joints prone to microcracking causing
73premature fracture. Tensile properties of FSWed aluminum
747075 alloy were investigated elsewhere (Ref 7). The combina-
75tion of solution treatment and artificial aging following standard
76parameters for the alloy was seen to be capable of enhancing
77the mechanical properties of FSWed joints although all
78postweld heat treated specimens yet demonstrated inferior
79mechanical properties compared to that of aluminum 7075-T6
80alloy as the parent material. Furthermore, reaging treatment
81including heat treatment at 220 �C for 5 min, water quenching
82followed by aging at T6 condition was conducted on FSW
83joints of 7075 alloy leading to the improvement of strength,
84hardness and corrosion resistance (Ref 17). This improvement
85was imputed to the distribution of fine precipitates in the grain
86interior.
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87 Among the previous research works, the influence of the
88 quenching conditions on the mechanical properties, precipita-
89 tion hardening, and microstructural evolution of 7000 series
90 aluminum alloys has been only briefly addressed (Ref 19-23).
91 Generally, the increase in cooling rate resulted in a higher level
92 of supersaturation and, hence, precipitation hardening in
93 subsequent aging treatment (Ref 19, 20). The cooling rate
94 was observed to have a noticeable impact on the morphologies
95 of introduced precipitates leading to variations in mechanical
96 properties (Ref 21). Differential scanning calorimetry (DSC)
97 measurements proved that the increase in cooling rate con-
98 tributes to hardening after aging (Ref 22). This was ascribed to
99 the effective preservation of solute elements in solution being

100 then available for the following aging process. However, the
101 7175 alloy showed a considerable reduced quench sensitivity
102 because of higher Zn/Mg ratio as compared to the other 7000
103 series aluminum alloys (Ref 23). Even at slow cooling rate,
104 aging of 7175 alloy provides microstructure with homogeneous
105 precipitation.

106Lack of data on the effect of cooling rate in post-heat
107treatment of FSWed aluminum 7075 is the motivation for
108conducting this research work. The present study investigates
109the impact of using different quench media during postweld
110heat treatment of FSWed 7075 alloy for the very first time.
111Results obtained by mechanical testing including hardness and
112tensile tests, microstructural characterization, and fractography
113are presented. The achievements of the present investigation
114introduce new findings for the advancement of FSWed
115structures made from age-hardenable aluminum alloys.

1162. Experimental Procedure

117Rolled sheets of aluminum 7075-T6 alloy with a thickness
118of 1.5 mm were utilized as the parent material. The chemical
119composition of the as-received alloy is listed in Table 1.
120Aluminum 7075-T6 sheets were friction-stir-welded per-
121pendicular to the rolling direction using a cylindrical pin with a

Table 1 Chemical composition of aluminum 7075-T6 alloy used in this study

Element Si Fe Cu Mn Mg Cr Zn Ti Zr Al

Weight percent 0.10 0.11 1.49 0.03 2.38 0.20 5.57 0.03 0.04 Balance

Fig. 1 Schematic detailing differences in the heat treatments applied

Fig. 2 Geometry of the specimen used and position of the NZ within the gage length of the specimen
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122 diameter and length of 6 and 1.14 mm, respectively. Welding
123 speed of 800 mm/min and tool rotational speed of 1200
124 rotations per minute (r/min) were applied for the FSW joints.
125 During FSW, temperature of workpiece was measured by
126 thermocouples. At the beginning of FSW, the temperature of
127 sample was measured to be 20 �C. The welding was carried out
128 in open air. The maximum temperature recorded was 430 �C. In
129 order to evaluate the impact of PWHT, the welded joints were
130 exposed to two different heat treatment processes, namely (1)
131 solution treatment at 480 �C for 30 min followed by subse-
132 quent water quenching (cooling rate of 250 �C/s) and artificial
133 aging at 120 �C for 20 h (STWQAA) and (2) solution
134 treatment at 480 �C for 30 min followed by air cooling
135 (cooling rate of 0.5 �C/s) and artificial aging at 120 �C for
136 20 h (STACAA). The schematic illustration of the heat
137 treatment cycles is provided in Fig. 1.
138 Micro-Vickers hardness measurements utilizing a micro-
139 hardness tester equipped with an automated stage were
140 performed on the specimens with 100 g force and 15 s
141 indentation duration at ambient temperature. The center-to-
142 center distance between indents in all specimens was around
143 0.2 mm in X direction and 0.3 mm in Y direction. To evaluate
144 the flow response at various conditions, room temperature
145 tensile tests were carried out at three differing nominal
146 crosshead speeds of 0.08 mm/min, 0.8 mm/min and 8 mm/
147 min on flat dog-bone specimens with gage sections of
148 20 mm 9 5 mm 9 1.5 mm. Strains were measured by using
149 an extensometer directly attached to the specimen surfaces.

150Specimens were electrodischarged machined (EDM) along the
151rolling direction and perpendicular to the welding direction as
152shown in Fig. 2.
153Optical microscopy was utilized to characterize the evolu-
154tion of the microstructure. The specimens were prepared using
155standard polishing procedures. Afterward, the specimens were
156firstly etched with a solution of 5% NaOH in H2O and then
157with a Weck�s reagent. A scanning electron microscope (SEM)
158equipped with an energy-dispersive x-ray spectroscopy (EDS)
159detector and an electron backscatter diffraction (EBSD) unit
160operating at a nominal voltage of 20 kV was used to investigate
161details in microstructure evolution and fracture surfaces of the
162specimens in various conditions. For EBSD examination, the
163specimens were prepared by 24 h of vibropolishing in a
164colloidal silica solution.

1653. Results and Discussion

1663.1 Microstructural Evolution

167The optical micrographs of aluminum 7075 alloy in various
168processing states are shown in Fig. 3. Advancing side (AS),
169retreating side (RS), heat-affected zone (HAZ), thermomechan-
170ically affected zone (TMAZ), and nugget zone (NZ) are
171demonstrated in Fig. 3(b). Obviously, the microstructure of the
172base metal consists of coarse grains having an average grain
173size of 23 lm (Fig. 3a). It is very important to note that FSW

Fig. 3 Optical micrographs of (a) base metal (7075-T6 aluminum alloy), (b) FSWed, as well as PWHT (c) STACAA and (d) STWQAA

aluminum 7075 alloy
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174 processing instigated a considerable refinement in the alu-
175 minum 7075 alloy as compared with the initial coarse
176 microstructure (Fig. 3b). However, the microstructure of the
177 HAZ and the base metal remain coarse-grained.

178The influence of PWHT was further analyzed via EBSD.
179EBSD micrographs (inverse pole figure (IPF) map) of the alloy
180before and after FSW processing are provided in Fig. 4(b) and
181(c), respectively, confirming the establishment of a fine, equiaxed

Fig. 4 EBSD images of (a) and (b) base metal (7075-T6 aluminum alloy), (c) FSWed, as well as PWHT (d) STACAA and (e), (f) STWQAA

aluminum 7075 alloy. The images in (c)-(f) were captured from NZ. Color coding is according to the standard triangle shown in the bottom of

the figure. See text for details
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182 grain structure with an average grain size of 2 lm in theNZof the
183 FSWed sample. Grain boundary misorientation distribution as
184 deduced fromEBSD analysis (not shown) revealed the efficiency
185 of grain refinement by FSW. It is well established that FSWas an
186 SPD processing method results in fragmentation of grains and
187 development of refined, equiaxed grains in aluminum alloys (Ref
188 5-8, 24). Micrographs of the FSWed aluminum 7075 alloy
189 followed by two different PWHTs are also represented in
190 Fig. 4(d)–(f). It can be seen that grain growth occurred during
191 PWHT. Interestingly, a gradual, homogeneous grain growth is
192 evident for the STACAA specimen (Fig. 4d). Contrarily, a
193 severe, abnormal grain growth (AGG) took place in the case of
194 the STWQAA specimen (Fig. 4e and f). Some large and
195 irregularly shaped grains with diameters of more than 1 mm
196 are grown in the NZ of the STWQAA specimen. Although AGG
197 was previously reported during PWHT included solution and
198 natural aging treatments of FSWed aluminum 2024 alloy (Ref
199 25), the present investigation suggest that the AGG during
200 PWHT can be controlled via cooling rate variations. The
201 abnormal coarsening of the grains in the NZ can be rationalized
202 in terms of the occurrence of static recrystallization (SRX) and
203 the subsequent growth of newly recrystallized grains during the
204 elevated temperature dwell time (Ref 26). For the STACAA
205 specimen, the segregation of precipitates along the GBs upon air
206 cooling limits the motion of high-angle grain boundaries, which
207 is the main mechanism of grain growth (Ref 27, 28). Thus, these
208 second phases suppress AGG in the subsequent aging treatment.
209 The formation of precipitates along GBs will be assessed in the
210 following section. The aging temperature and period were
211 120 �C (393 K) and 20 h, respectively. This temperature is about

212a homologous temperature of 0.5 (melting temperature of this
213alloy ranges from 750 to 908 K). The relatively long aging period
214at the homologous temperature of 0.5 resulted in severe growth of
215the STWQAAmicrostructure in the NZ. The decrease in internal
216energy by reducing the fraction of GBs is the related dynamic
217force for this severe grain growth in the NZ. Although the
218tendency toward rapid grain growth was already mentioned for
219these alloys, the impact of cooling rate on AGGwas not explored
220in previous studies (Ref 5, 17).
221SEM micrographs utilizing back-scattered electron (BSE)
222contrast are displayed in Fig. 5. From Fig. 5(a), it can be
223deduced that the base metal contains very fine and dispersed
224precipitates since the prior T6 heat treatment was applied to
225form these fine precipitates throughout the microstructure. Such
226fine precipitates lead to the increase in material strength as they
227interact with dislocations and impede their motion (Ref 29, 30).
228It is also noteworthy that no segregation of precipitates along
229the GBs was observed for the base metal. For the FSWed
230specimen, some large precipitates were found along the GBs
231although the segregation of second phase along GBs did not
232take place at all GBs depicted. This kind of distribution of
233precipitates can be attributed to the reprecipitation of (during
234FSW) dissolved precipitates while cooling down after FSW
235(Ref 30). As demonstrated in Fig. 5(c), the microstructure of
236the STACAA aluminum 7075 alloy consists of fine precipitates
237in the grain interior and some relatively coarse precipitates
238along the GBs. It can also be seen that a precipitate-free zone
239(PFZ) formed in the vicinity of the GBs in the STACAA
240specimen. The formation of PFZs around the GBs is expected
241to stem from the very low cooling rate (0.5 �C/s) after solution

Fig. 5 SEM micrographs using BSE contrast (a) base metal (7075-T6 aluminum alloy), (b) FSWed, (c) STACAA and (d) STWQAA aluminum

7075 alloy. See text for details
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242 treatment in the STACAA condition promoting the evolution of
243 relatively large precipitates along the GBs eventually leading to
244 a depletion of the surrounding areas in precipitate forming
245 elements. These precipitates can grow in the subsequent aging
246 treatment, and thus, alloying elements will further migrate from
247 the vicinity of GBs in order to assist the growth of segregated
248 precipitates. The presence of PFZs was reported elsewhere for a
249 number of aluminum alloys including alloys of the 7000 series
250 (Ref 17, 26, 29, 31-33). The effect of PFZs on the mechanical
251 properties of aluminum 7075 alloy will be elaborated in the
252 next section. EDS analysis was done on the segregated
253 precipitates along the GBs of STACAA (not shown). Evidently,
254 Mg-Zn precipitates were found on the GBs. Based on the EDS
255 analysis results reported for 7050 and 7075 alloys, precipitates

256are near the stoichiometric compositions of the MgZn (g
0

) and
257the MgZn2 (g) phase, respectively (Ref 17, 21). On the
258contrary, the micrograph obtained from the STWQAA speci-
259men (Fig. 5d) exhibits no precipitates formed alongside the
260GBs. Besides, the formation of PFZ is not evident for
261STWQAA specimen since fine and disperse precipitates
262throughout the microstructure (similar to the T6 state) were
263introduced during this PWHT. It can be deduced that the
264morphologies and sizes of precipitates strongly depend on the
265cooling rate after solution heat treatment in PWHT of 7075
266alloy. The in-depth analysis of precipitate morphologies and
267type is currently under investigation and will be addressed in a
268follow-up study.

Fig. 6 Stress–strain curves of the base metal (7075-T6 aluminum alloy) and the FSWed, STACAA and STWQAA aluminum 7075 alloy

conditions

Table 2 Tensile properties of aluminum 7075 alloy tested with a crosshead speed of 0.8 mm/min in different conditions

Specimen condition Yield strength, MPa Ultimate tensile strength, MPa Elongation, %

Base metal 475 585 15

FSWed aluminum 7075 alloy 305 500 11

STACAA aluminum 7075 alloy 155 225 1.5

STWQAA aluminum 7075 alloy 455 555 2.5
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269 3.2 Mechanical Behavior

270 Figure 6 shows the engineering stress–strain curves ac-
271 quired from the tensile tests of aluminum 7075 alloy in the
272 different conditions considered. Tensile tests were performed at
273 three different rates revealing almost no sensitivity to the rate of
274 deformation. A slight sensitivity to the rate of deformation is
275 apparent only for the base metal. The tensile results are
276 summarized in Table 2. Three tensile tests for each condition
277 were carried out at room temperature and the average values are
278 listed herein. It can be seen that the stress levels of the base metal
279 are higher in comparison to the FSWed alloy. The yield strength
280 (Y.S.) and ultimate tensile strength (UTS) of the basemetal are 56
281 and 17%, respectively, higher than those in the FSWed aluminum
282 7075 alloy. The decrease of stress levels can be attributed to the
283 dissolution of the very fine hardening precipitates during FSW
284 processing at 430 �C (Ref 30, 34). An adverse effect of FSW
285 processing on the elongation of aluminum7075 alloy is seen. The
286 STACAA aluminum 7075 alloy specimen demonstrates inferior
287 tensile properties as compared to that of the FSWed and base
288 metal counterparts. The reason for such a severe deterioration in
289 tensile properties of the STACAA aluminum 7075 alloy
290 specimen can be rationalized by the formation of the large PFZs
291 in the vicinity of GBs. It is well known that deformation can be
292 localized in these zones being characterized by the absence of
293 fine, strengthening precipitates. Eventually, these zones are prone

294to crack nucleation (Ref 26, 35). For the case of STWQAA
295aluminum 7075 alloy specimen, PWHT is able to recover the
296initial strength of the FSWed specimen by increasing Y.S. and
297UTS by about 49 and 11%, respectively. Mechanical strength
298improvement of welded specimen via PWHT is imputed to the
299reprecipitation of the precipitates previously dissolved during the
300welding process (Ref 17, 36). However, the STWQAA alu-
301minum 7075 alloy specimen shows lower ductility as compared
302to base metal and the FSWed alloy. The poor ductility of this
303specimen might be attributed to the pronounced inhomogene-
304ity in the microstructure, i.e., the presence of the very large
305grains induced by AGG (Fig. 4e). Therefore, deformation is
306strongly localized in the NZ, where the large grains are only
307present. Even an adequate distribution of precipitates is not
308sufficient to fully counterbalance this issue.
309Strength values of the investigated specimens can also be
310traced by hardness measurements. Moreover, the hardness
311values provide for detailed information on the local strength of
312the alloy in its different conditions. Therefore, microhardness
313(HV 0.1) mappings were conducted on the aluminum 7075 alloy
314in different conditions (Fig. 7). The hardness value of the base
315metal was determined to be 193 HV. It can be seen that FSW
316processing degraded hardness of this alloy in both NZ and HAZ,
317whereas the remaining parts of the specimen retained at hardness
318values as high as in the base metal (Fig. 7a). Besides, hardness

Fig. 7 Microhardness (HV 0.1) mapping of (a) FSWed, (b) STACAA and (c) STWQAA aluminum 7075 alloy over entire weld; (d)

microhardness profile of aluminum 7075 alloy in different conditions. The base material revealed a homogeneous hardness of 193 ± 4 HV
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319 values of the STACAA specimen remarkably decrease in
320 comparison to both base metal and FSWed conditions (Fig. 7b).
321 This can be rationalized based on the segregation of large
322 precipitates along GBs and the formation of the PFZs as
323 discussed earlier. These coarse-segregated precipitates consume

324the alloying elements needed for precipitation, and as a result, the
325minimized fraction of precipitates evolving within the subse-
326quent aging step does not provide for efficient hardening of the
327material (Ref 37, 38). The hardness values of the STWQAA
328specimen are in the range of 180-197 HV clearly highlighting

Fig. 8 Tensile fracture surfaces of (a) base metal (7075-T6 aluminum alloy), and (b) FSWed, (c) STACAA and (d) STWQAA aluminum 7075

alloy tested with a crosshead speed of 0.8 mm/min (The pictures on the left and right show high and low magnification, respectively)
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329 the positive impact of this PWHTon the overall material strength
330 (Fig. 7c). The higher rate of cooling provides for a higher degree
331 of supersaturation and, thus, allows for subsequent homoge-
332 neous precipitation during the second aging step (Ref 21, 23, 39).
333 The microhardness results are in good agreement with the tensile
334 properties of the specimens. The mechanical properties intro-
335 duced above imply that precipitation hardening is more influ-
336 ential on strengthening of the aluminum 7075 alloy as the grain
337 refinement achieved by FSW.

338 3.3 Fractography

339 To characterize the failure mechanisms of the aluminum 7075
340 alloy in different conditions, the fracture surfaces were analyzed.
341 Representative fracture surfaces are shown in Fig. 8. Clearly,
342 fracture morphologies of specimens upon the various processing
343 histories are different. The fracture surface of the base metal is
344 characterized by a mixture of both cleavage and dimple-like
345 facets (as highlighted by arrows, Fig. 8a). This type of fracture
346 morphology can be classified as transgranular fracture. Such kind
347 of fracture behavior is associated with a much higher ductility as
348 compared to intergranular fracture (Ref 40). The STACAA and
349 STWQAA specimens both failed in the NZ. Cracking of the
350 FSWed specimen occurred in the thermomechanically affected
351 zone. The fracture surface of the FSWed specimen can be
352 characterized by the presence of both dimples and intergranular
353 facets (as highlighted by arrows, Fig. 8b). For this condition,
354 transgranular fracture features are seen at a higher proportion than
355 those related to intergranular fracture, i.e., features stemming
356 from localized failure induced by the second phases on the GBs
357 (Ref 17). The fracture surface of the STACAA specimen reveals
358 different fracture morphology (Fig. 8c). As discussed earlier, the
359 STACAAspecimen contains large PFZs,which are characterized
360 by lower strength and higher ductility as compared to the grain
361 interiors. Therefore, the fracture seen in Fig. 8(c) might be
362 ascribed to the localization of deformation in direct vicinity of the
363 GB, promoted by the existence of second phase particles on the
364 GBs eventually resulting in crack nucleation and propagation
365 alongside these grain boundaries (Ref 29, 41, 42). Decohesion of
366 second phases in GBs was reported to be one of the main reasons
367 for the occurrence of the fracture in aluminumalloys (Ref 43, 44).
368 The fracture analysis of the STACAA specimen is in good
369 agreement with the observed brittle mechanical behavior of this
370 condition. The fracture surface of the STWQAA specimen
371 indicates the existence of microvoids on the exposed grain
372 surface (as highlighted by arrows, Fig. 8d). However, the fracture
373 surface indicates that the nature of fracture of the STWQAA
374 specimen is not as brittle as that of the STACAA one. It is
375 expected that in the STWQAA specimen due to the AGG
376 induced heterogeneity of the microstructure deformation and
377 eventually failure is limited to a very localized region of the
378 specimen instead of the complete gauge section as in case of the
379 base material. In situ tests would be able to clearly resolve this
380 issue, however, are out of the scope of the present work and, thus,
381 will be subject of future studies.

382 4. Conclusion

383 The effect of postweld heat treatment (PWHT) on the
384 mechanical properties and microstructural evolution of friction-
385 stir-welded (FSWed) aluminum 7075 alloy was studied by

386characterizing tensile and microhardness properties and ana-
387lyzing underlying microstructural features. The following
388conclusion can be made based on the results detailed:

389(i) Grain refinement took place in the nugget zone (NZ) of
390the aluminum 7075 alloy processed via FSW. The aver-
391age grain size in the NZ was measured to be 2 lm.
392Grain growth was observed during solution treatment of
393PWHT. Abnormal grain growth developed for the water
394quenched (STWQAA) specimen, while the grain growth
395ceased during the aging of the air-cooled (STACAA)
396specimen indicating the restriction of grain boundary
397motion via segregated precipitates along GBs.
398(ii) EDS and the SEM analysis of specimens revealed that
399segregation of large precipitates along the grain bound-
400aries occurred for the specimen having lower cooling
401rate after solution treatment of PWHT. Consequently,
402PFZs were formed in the direct vicinity of GBs.
403(iii) The formation of PFZs lowered the strength, hardness,
404and ductility of aluminum 7075 alloy, attesting the ad-
405verse impacts of PFZs on the mechanical properties of
406this alloy. Higher cooling rate was found to be benefi-
407cial for recovering mechanical properties of the welded
408specimen. This PWHT is associated with reprecipitation
409of dissolved strengthening particles in the NZ during
410aging.
411(iv) Studies of the fracture surfaces implied that the fracture
412mechanism in the base metal is dominated by cleavages
413and a few dimples, while the intergranular type was the
414main mechanism for tensile fracture of specimens
415undergoing FSW.
416(v) In light of the microstructural observations, precipitation
417hardening has a stronger influence on the attainable strength
418of FSWed joint than grain refinement induced by FSW.
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