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a b s t r a c t 

Friction stir welding (FSW) under both air cooling and water cooling conditions with welding parameters 

of 80 0–120 0 rpm rotation rates and 50–200 mm/min welding speeds was carried out on 2198-T8 Al-Li 

alloys, and post weld artificial aging was performed on the air cooled joints. No welding defects other 

than lazy S were observed in the nugget zone (NZ) for all joints. Under air cooling condition, the lowest 

hardness zone (LHZ) occurred in the heat affected zone (HAZ). FSW resulted in gradual dissolution of 

original T 1 , θ
′ and δ′ / β ′ from the base material (BM) to the thermo-mechanically affected zone (TMAZ), 

and complete dissolution of all precipitates in the NZ with δ′ / β ′ and Guinier-Preston zones precipitating 

during cooling. The air cooled joints exhibited no noticeable changes in intrinsic tensile strength with 

a joint strength reaching 81.3% of the BM, but varied elongation with welding parameters, which was 

closely related to failure in the NZ and fracture along lazy S. Post weld artificial aging led to the largest 

hardness recovery in the TMAZ but smaller hardness recovery in the initial LHZ and the NZ. Different 

aging kinetics across the joint was determined by volume fraction of both original precipitate dissolu- 

tion during welding and coarse particles formed during aging, and by dislocation density inherited from 

welding. Post weld artificial aging greatly enhanced the joint strength with the ultimate tensile strength 

reaching 87.3% of the BM. As compared to air cooling condition, water cooling hardly affected the NZ 

hardness and did not improve the joint strength, and the reason was discussed in light of precipitates, 

hardness changes and fracture behavior. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

The growing need for materials with high strength and low 

ensity for aerospace applications has led to a great interest in 

luminum-lithium (Al-Li) alloys, as the density of Al alloys was de- 

reased by 3% and the elastic modulus was enhanced by about 6% 

ith each 1 wt.% Li addition [1] . Since the first generation of Al-

i alloys was developed in the 1950s, these materials have experi- 

nced three generations [1] . However, due to disadvantages such as 

nisotropy in mechanical properties, low toughness and poor cor- 

osion resistance, the previous two generations did not find wide 

se in aerospace industry [ 1 , 2 ]. To overcome these shortcomings, 

he latest (third) generation Al-Li alloys have been developed over 

he last decade, which have higher Cu/Li ratio and are alloyed with 

ther elements such as Mg, Ag, Mn and Zn [ 1 , 3 ]. 

The introduction of welding into aircraft components offers fur- 

her weight and cost benefits by replacing riveting and mechan- 
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cally fastened joints [4–6] . As an innovative solid-state joining 

echnique invented in 1991, friction stir welding (FSW) intrinsically 

liminates solidification cracks and porosities encountered in fu- 

ion welding of Al alloys and can produce joints with lower distor- 

ion and higher strength than fusion welding because of lower heat 

nput [ 7 , 8 ]. FSW is the most appealing welding process in aero-

autical structures when applied to Al alloys and has proved to 

ucceed in producing reliable Al-Li alloy joints [ 4 , 9–11 ]. 

Although FSW generates considerably lower heat input in 

he joints than fusion welding, strength loss of the joints for 

recipitation-hardened Al alloys seems inevitable even under opti- 

ized welding parameters [12–14] . Previous studies indicated that 

ost weld heat treatment and water cooling were effective ways 

or improving mechanical properties of FSW joints for conventional 

recipitation-hardened Al alloys [ 12 , 15–21 ]. As compared to con- 

entional precipitation-hardened Al alloys, Al-Li alloys exhibit a 

ider variety of precipitates ( δ′ (Al 3 Li), T 1 (Al 2 CuLi), θ ′ (Al 2 Cu), S ′ 
Al 2 CuMg), etc.), depending upon alloy composition and heat treat- 

ent conditions [ 14 , 17 , 22 , 23 ]. As a result, changes in heat input

ay give rise to complex variations in precipitation behavior and 

ence mechanical properties for FSW Al-Li joints. However, very 
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ittle information about the effect of post weld heat treatment and 

ater cooling on FSW Al-Li joints has been reported so far [24–28] . 

Sidhar et al. [26] reported that for FSW joints of peak aged 1424 

l-Li alloy, both post weld artificial aging and water cooling led to 

onsiderable improvement in tensile strength accompanied by re- 

uction in ductility. Besides, post weld artificial aging resulted in 

ull recovery of hardness across the joint, whereas water cooling 

educed the extent of hardness loss in the heat affected zone (HAZ) 

ut had very small effect on the hardness of the nugget zone (NZ). 

owever, in another study on FSW joints of 2195-T8 and 2199-T8 

l-Li alloys, Sidhar and Mishra [27] indicated that post weld arti- 

cial aging brought about different levels of hardness recovery in 

he HAZ, thermo-mechanically affected zone (TMAZ) and NZ. Un- 

ortunately, tensile properties of the joints were not addressed in 

his article. Zhang et al. [28] studied the effect of post weld so- 

ution treatment followed by artificial aging on FSW 2195-T8 Al-Li 

oints. They pointed out that although the hardness and the ten- 

ile strength of the joint were significantly improved after heat 

reatment, the NZ and the TMAZ exhibited abnormal grain growth, 

hich caused dramatic deterioration in ductility. 

It is evident from literature, post weld heat treatment could re- 

ult in distinctly different hardness changes for FSW joints of dif- 

erent Al-Li alloys, which might be linked to the nature of pre- 

ominant precipitates and alloying elements. Moreover, only scarce 

esearch work has been devoted so far to the microstructure- 

echanical property correlations of FSW Al-Li joints during post 

eld heat treatment or water cooling [26] . 

Alloy 2198, one of the third generation Al-Li alloys, is developed 

o replace 2024Al and 2524Al alloy in aircraft structures and shows 

 good combination of static tensile properties, damage tolerance 

nd formability [1] . In recent years, there has been some effort to 

tudy the microstructure and mechanical properties of FSW 2198- 

8 joints [29–34] and the main findings are concluded as follows. 

Firstly, the precipitate evolution of FSW 2198-T8 joints was 

omplicated and conflicting results were reported in different stud- 

es. Gao et al. [29] reported that the base material (BM) was com- 

osed of T 1 , S 
′ , θ ′ and δ′ , and the NZ contained only δ′ . However,

ayan et al. [32] found that the BM consisted merely of T 1 , while

he NZ showed T 1 , β
′ (Al 3 Zr) and Guinier-Preston (GP) zones. In 

ddition, Rao et al. [33] pointed out that the NZ was character- 

zed by T 1 , T B (Al 7 Cu 4 Li) and δ′ . Secondly, opinions were divided

n the tensile strength variations with welding parameters for FSW 

198-T8 joints. Rao et al. [33] and Nayan et al. [32] reported that 

he joint strength was hardly affected by rotation rate, whereas Li 

t al. [31] found that the joint strength first increased and then 

ecreased with increase in rotation rate to welding speed ratio. 

oreover, detailed explanations about the influencing mechanism 

f welding parameters on the joint strength are lacking. Thirdly, 

he tensile fracture of FSW 2198-T8 joints could occur in the TMAZ 

30] or the NZ [ 31 , 34 ] and the latter did not correspond to the

owest hardness zone (LHZ). 

The above studies indicated that the precipitate evolution, 

he tensile strength changes with welding parameters and the 

racture behavior of FSW 2198-T8 joints remained controversial. 

hus, a thorough investigation aimed at elucidating the weld- 

ng parameter-microstructure-mechanical property relationships 

or FSW 2198-T8 joints is still highly desired. Furthermore, the in- 

uence of post weld heat treatment and water cooling on FSW 

198-T8 joints has not been studied yet. 

In this study, 2198-T8 alloy was subjected to FSW under 

otation rates of 80 0–120 0 rpm and welding speeds of 50–

00 mm/min, and the relationship between microstructure and 

echanical properties was investigated in detail. The objective of 

he present work is to clarify the following issues using FSW 2198- 

8 joints: (a) the microstructure evolution and the influencing 

echanism of welding parameters on the mechanical properties 
93 
or the as-welded joints; (b) the effect of post weld heat treatment 

nd water cooling on the microstructure of the joints and its cor- 

elation with the mechanical properties. 

. Experimental procedures 

The BM used in the present study was a rolled 2198-T8 alloy, 

.2 mm in thickness. Its composition was Al-0.94Li-3.37Cu-0.31Mg- 

.27Ag-0.15Zr (wt.%). Before welding, both top and butt surfaces of 

he plates were cleared by abrasive papers. The plates were friction 

tir welded along the rolling direction. Three welding parameters, 

.e., 80 0 rpm-20 0 mm/min, 120 0 rpm-20 0 mm/min and 1200 rpm- 

0 mm/min were employed. The welding tool consisted of a 12.0 

m-diameter concave shoulder and a 4.0 mm-root diameter and 

.0 mm-length pin with threaded cone shape. A shoulder plunge 

epth of about 0.2 mm was controlled during FSW. The schematic 

rawing of FSW and shape of the welding tool are shown in Fig. 1 .

he plates for welding and the sink were fixed in the operation 

oor during FSW with clamps, which consisted of nuts, bolts, fix- 

ure blocks and rubber gaskets. 

FSW experiments were performed under two cooling condi- 

ions: (a) normal air cooling and (b) submerged water cooling by 

mmersing welding tools and plates into room temperature (i.e., 

0 °C) flowing water during FSW. Additionally, artificial aging was 

pplied to the joints under air cooling condition immediately after 

elding. Post weld artificial aging was conducted by heating the 

oints in an air furnace at 180 °C for 24 h. Abbreviated forms were 

dopted to designate FSW samples, as shown in Table 1 . For exam- 

le, the sample welded under 800 rpm–200 mm/min in air cooling 

ondition, followed by artificial aging at 180 °C for 24 h, were de- 

ominated as sample AC-80 0-20 0-AA. Examinations of microstruc- 

ure and mechanical properties were performed after natural aging 

t room temperature for at least two months. 

Vickers hardness tests were conducted by using an automatic 

esting machine (LECO, LM-247AT) with a 500 g load for 10 s. 

ross sectional samples for hardness tests were cut perpendicular 

o the welding direction followed by grinding and polishing. Hard- 

ess profiles of the joints were performed along mid-thickness of 

he cross section with an interval of 1 mm. Tensile samples with a 

auge length of 35 mm were machined perpendicular to the weld- 

ng direction, the configuration of which is shown in Fig. 2 and 

as beenreported previously [34] . In order to acquire the intrin- 

ic tensile properties and failure location of the joints, a smooth 

urface and an equal cross-sectional area across the gauge part for 

ensile samples were achieved by grinding the samples with abra- 

ive papers. Zwick-Roell testing machine was used for tensile tests 

nder a strain rate of 1 × 10 −3 s −1 . Three tensile samples were 

ested for each welding condition. Scanning electron microscopy 

SEM, Quanta 600) was used for observations of fracture surfaces. 

Grain structures of the joints were observed by optical mi- 

roscopy (OM, Axiovert 200 MAT). After being ground and pol- 

shed, samples for OM were etched by Keller’s reagent, which was 

omposed of 2 ml hydrofluoric acid, 3 ml hydrochloric acid, 5 ml 

itric acid and 190 ml water. Transmission electron microscopy 

TEM, TECNAI 20) was employed to characterize precipitation be- 

avior across the joints. Thin disks for TEM were ground and then 

win-jet electropolished using a solution of 125 ml nitric acid and 

75 ml methanol at −25 °C and 10 V. The location-to-location cor- 

espondence between hardness measurements and TEM observa- 

ions was carefully ensured by following these steps. Firstly, the 

amples after hardness tests were etched to reveal the correlation 

etween the indentation position and the hardness value for each 

ardness indentations. Secondly, representative locations from the 

M to the NZ were chosen for TEM observations according to hard- 

ess indentations and marked with white dots. Thirdly, thin disks 
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Fig. 1. (a) Schematic drawing of FSW and (b) shape of the welding tool. 

Table 1 

Welding parameters of FSW 2198-T8 joints. 

Cooling method Rotation rate(rpm) Traverse speed(mm/min) Designation 

Air cooling 800 200 AC-800–200 

1200 200 AC-1200–200 

1200 50 AC-1200–50 

Air cooling, followed by post weld 

artificial aging 

800 200 AC-800–200-AA 

1200 200 AC-1200–200-AA 

1200 50 AC-1200–50-AA 

Water cooling 800 200 WC-800–200 

1200 200 WC-1200–200 

1200 50 WC-1200–50 

Fig. 2. Configuration and size of the tensile sample. 
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or TEM were cut from these locations with great care and make 

ure that the white marks were located in the middle of the disks. 

. Results 

Cross-sectional macrographs of FSW 2198-T8 joints under air 

ooling and water cooling conditions are shown in Fig. 3 . No weld- 

ng defects except for a preferentially etched wavy line, often re- 

erred to as “lazy S” [35–37] , are observed in the NZ for all the

oints investigated. With increasing the rotation rate or decreasing 

he welding speed, lazy S becomes fainter and more discontinuous. 

t should be noted that lazy S remains in the upper part of the NZ

nder all the welding parameters investigated. Moreover, the lazy 

 close to the joint surface is strongly tilted with respect to the 

ransverse direction and the tilting angle varies with welding pa- 

ameters. Water cooling does not exert an obvious effect on the 

hape of lazy S but reduces the width of the NZ as compared to 

ir cooling condition. 

The origin and microstructure of lazy S have already been well 

eported by previous researchers [36–40] . In general, lazy S was 

evealed to originate from oxide layer on initial butt surfaces of 

he plates [ 38 , 40 ]. Moreover, detailed TEM characterization of lazy 

 by Sato et al. [40] showed that lazy S consisted of a high density

f fine Al 2 O 3 particles. It should be pointed out that lazy S could 

ardly be detected by OM and SEM before etching. In the present 

tudy, typical microstructures of lazy S after etching by OM and 

EM are shown in Fig. 4 . The presence of lazy S in the NZ is due to
94 
ontrast difference between the matrix and the locally and densely 

istributed micro-cavities, which result from exfoliation of numer- 

us fine oxide particles during etching [ 36 , 40 ]. These observations 

re consistent with the results obtained in FSW 1050-H24Al joints 

nd FSW Al-Mg-Sc joints [ 36 , 40 ]. 

Optical microstructures of various zones of the joints are shown 

n Fig. 5 . The BM consists of band-like grains relating to rolling 

rocesses. For sample AC-80 0-20 0, the grain morphology and size 

f the HAZ are similar to those of the BM. The grains in the 

MAZ are deformed and upward-rotated due to the strain induced 

y stirring motion of the welding tool. The NZ exhibits fine and 

quiaxed recrystallized grains arising from severe plastic deforma- 

ion and thermal exposure during welding. Post weld artificial ag- 

ng hardly changes the microstructure of the HAZ, but leads to re- 

rystallizaiton in the TMAZ and more equiaxed grains in the NZ 

or sample AC-80 0-20 0-AA. As compared to air cooling condition, 

ater cooling does not bring about apparent changes in the mi- 

rostructures of various zones for sample WC-80 0-20 0, except for 

he slight decrease in grain size of the NZ. 

Fig. 6 depicts hardness profiles of the joints under different 

onditions. Fig. 6 (a) shows the effect of welding parameters on the 

ardness profiles for the air cooled joints. In general, the hard- 

ess falls sharply within the HAZ before reaching a minimum at 

6 mm from weld center (i.e., the LHZ), which is still located 

n the HAZ, and then rises through the TMAZ up to the NZ. With 

ncreasing the rotation rate or decreasing the welding speed, the 

HZ hardness decreases, while the NZ hardness remains almost un- 

hanged. 

The effects of post weld artificial aging and water cooling 

n the hardness profiles of the joints at 800 rpm–200 mm/min, 

20 0 rpm–20 0 mm/min and 120 0 rpm–50 mm/min are shown in 

ig. 6 (b-d), respectively. Overall, post weld artificial aging leads to 

onsiderable increase in hardness throughout the weld. However, 

t is worth noting that such an increase in hardness is the largest 

n the TMAZ and relatively smaller in the initial LHZ as well as the 
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Fig. 3. Cross-sectional macrographs of FSW 2198-T8 joints: (a) AC-80 0–20 0, (b) AC-120 0–20 0, (c) AC-1200–50, (d) WC-800–200, (e) WC-1200–200 and (f) WC-1200–50. 

Fig. 4. Micrographs of lazy S in the areas marked by arrows in Fig. 3 (b): (a) OM image and (b) magnified SEM image. 

Table 2 

Transverse tensile properties of FSW 2198-T8 joints. 

Sample UTS (MPa) YS (MPa) El. (%) Joint efficiency (%) 

BM 488.5 ± 0.2 417.5 ± 21.9 16.9 ± 0.5 –

AC-800–200 397.2 ± 0.1 262.3 ± 6.5 9.1 ± 0.2 81.3 

AC-800–200-AA 423.9 ± 0.5 386.1 ± 0.4 4.5 ± 0.4 86.8 

WC-800–200 384.9 ± 0.6 277.1 ± 0.6 8.0 ± 0.3 78.8 

AC-1200–200 388.9 ± 4.8 271.2 ± 0.0 6.0 ± 0.4 79.6 

AC-1200–200-AA 426.5 ± 2.0 387.4 ± 1.2 3.2 ± 0.7 87.3 

WC-1200–200 390.6 ± 3.5 286.3 ± 1.9 5.0 ± 0.4 80.0 

AC-1200–50 388.7 ± 1.9 256.6 ± 2.7 9.0 ± 0.3 79.6 

AC-1200–50-AA 410.7 ± 1.2 358.5 ± 1.2 4.2 ± 0.4 84.1 

WC-1200–50 379.7 ± 1.9 267.9 ± 0.6 7.4 ± 1.1 77.7 
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4

Z. Hence the LHZ of the post weld aged joints occurs in either the 

nitial LHZ or the NZ. Water cooling results in narrowed softened 

egion and shifts the LHZ from the HAZ to the TMAZ as compared 

o air cooling condition. Nevertheless, the NZ hardness is hardly 

ffected or decreases only marginally by water cooling. 

Transverse tensile properties of FSW 2198-T8 joints in various 

onditions are shown in Table 2 and three important findings could 

e revealed. Firstly, for the air cooled joints, the ultimate tensile 

trength (UTS) does not exhibit conspicuous changes with variation 

n welding parameters with the UTS of sample AC-80 0-20 0 being 

lightly higher. However, the elongation of sample AC-120 0-20 0 is 

ower as compared to that of samples AC-80 0-20 0 and AC-120 0- 

0. The joint efficiency, defined as the ratio of UTS of the joint to 

hat of the BM, could reach 81.3% under the investigated welding 

arameters, which is the highest reported so far for FSW 2198-T8 
95 
oints [ 30–32 , 41 ]. Secondly, post weld artificial aging greatly en- 

ances the joint strength for all welding parameters with the joint 

fficiency being increased up to 87.3%. However, post weld artifi- 

ial aging leads to ductility deterioration for all joints. Thirdly, wa- 

er cooling does not exert an obvious effect on tensile properties 

f the joints as compared to air cooling condition. 

Aiming at revealing the exact fracture locations of the joints, 

he cross-sections of the fractured samples were etched ( Fig. 7 ). 

he main results could be summarized as follows. Firstly, in both 

ir cooling and water cooling conditions, all joints fracture in the 

Z rather than the LHZ ( Fig. 7 (a–c, g–i)), which corresponds to the 

AZ for air cooling condition and the TMAZ for water cooling con- 

ition. Nevertheless, for FSW joints of conventional precipitation- 

ardened Al alloys, the fracture usually took place in the LHZ [42–

8] . Secondly, in the case of post weld aging condition, the frac- 
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Fig. 5. Optical micrographs of various zones of FSW 2198-T8 joints. 
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ure either occurs in the NZ for samples AC-80 0-20 0-AA and AC- 

20 0-20 0-AA ( Fig. 7 (d, e)) or stretches across the NZ to the HAZ

or sample AC-1200-50-AA ( Fig. 7 (f)), which are all consistent with 

he LHZ. Thirdly, for air cooling, water cooling and post weld ag- 

ng conditions, the fracture is partially along lazy S for joints at 

20 0 rpm–20 0 mm/min with their coincident part lying in the 

pper part of the NZ (indicated by arrows in Fig. 7 ), while it is

ndependent of lazy S for joints at 800 rpm–200 mm/min and 

200 rpm–50 mm/min. 

For all welding parameters, fracture surfaces of the joints un- 

er air cooling, post weld aging and water cooling conditions were 

arefully examined by SEM to reveal the difference in fractographs. 

onsidering that joints at 800 rpm–200 mm/min and 1200 rpm–

0 mm/min exhibit almost the same fracture feature, so only the 

esults at 1200 rpm–200 mm/min and 1200 rpm–50 mm/min were 

resented on behalf of two kinds of fracture paths, i.e., partially 

long lazy S and independent of lazy S, respectively. 

Macrographic fractographs of the joints at 1200 rpm–

00 mm/min and 1200 rpm–50 mm/min under various conditions 

re shown in Fig. 8 . Samples AC-120 0-20 0, AC-120 0-20 0-AA and

C-120 0-20 0 show similar uneven fracture surfaces with a dis- 

inct pattern appearing in the upper part of the NZ (marked by 
96 
rrows in Fig. 8 (a, c, e)), which corresponds well to the area failed

long lazy S, as marked by arrows in Fig. 7 . However, the fracture 

urfaces are all flat for samples AC-1200-50, AC-1200-50-AA and 

C-1200-50, but the middle portion of sample AC-1200-50-AA 

xhibits smoother appearance than other portions ( Fig. 8 (b, d, f)). 

For samples AC-120 0-20 0, AC-120 0-20 0-AA and WC-120 0-20 0, 

agnified images of the area failed along lazy S (marked by arrows 

n Fig. 8 (a, c, e)) have roughly the same fracture feature and are 

haracterized by lots of shallow submicron dimples ( Fig. 9 (a, b)), 

hich is consistent with SEM observations reported in previous 

tudies [36] . Nevertheless, magnified images of other areas with 

he fracture path away from lazy S show larger and deeper dim- 

les at both position A for sample AC-120 0-20 0 and position C for 

ample WC-120 0-20 0 ( Fig. 9 (c, e)), but typical intergranular frac- 

ure feature at position B for sample AC-120 0-20 0-AA ( Fig. 9 (d)). 

The fracture features of positions D, E and G for samples AC- 

200-50, AC-1200-50-AA and WC-1200-50 ( Fig. 10 (a, b, d)) are 

imilar to those of positions A, B and C, i.e., the areas failed away 

rom lazy S, for sample AC-120 0-20 0, AC-120 0-20 0-AA and WC- 

20 0-20 0 ( Fig. 9 (c–e)), respectively. It should be pointed out that 

he fracture feature is strongly related to the grain morphology. 

ince positions E and F for sample AC-1200-50-AA are located in 
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Fig. 6. Hardness profiles of FSW 2198-T8 joints exhibiting (a) effect of welding parameter under air cooling condition; effect of post weld artificial aging and water cooling 

at (b) 800 rpm–200 mm/min, (c) 1200 rpm–200 mm/min and (d) 1200 rpm–50 mm/min. 

Fig. 7. Fracture locations of FSW 2198-T8 joints at various parameters. 
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he NZ with fine equiaxed grains and the TMAZ with upward- 

otated band-like grains, respectively ( Figs. 7 (f) and 6 (d)), they dis- 

lay absolutely different fracture features although they both be- 

ong to intergranular fracture ( Fig. 10 (b, c)). 

To reveal the reason for hardness variations from the BM to 

he NZ for the air cooled joint and for different levels of hardness 

ecovery throughout the weld after post weld artificial aging, de- 

ailed precipitate characterization was conducted on representative 

ocations by TEM under both air cooling and post weld aging con- 

itions. These locations corresponded to (a) the BM, (b) 6 mm from 

he weld center in the HAZ, i.e., the LHZ, (c) 4 mm from the weld

enter in the TMAZ, corresponding to the hardness peak within the 

oftened region of the post weld aged joints and (d) the weld cen- 

er in the NZ. In addition, since both the air cooled and the water 

ooled joints fracture in the NZ during tensile tests ( Fig. 7 ), the NZ

s of particular interest and thus TEM observations of the NZ in 

he case of water cooling condition were also performed. Joints at 
97 
0 0 rpm–20 0 mm/min were used for TEM examination under the 

bove three conditions. 

The typical precipitates expected in Al-Cu-Li-Mg-Ag-Zr alloys 

re T 1 , θ
′ , S ′ , δ′ , β ′ (Al 3 Zr) and GP zones [ 22 , 49 ]. Table 3 shows

he precipitation characteristics of these precipitates. The precipi- 

ate identification was achieved with the help of the selected area 

iffraction (SAD) patterns according to three Al zone axes: < 100 > , 

 110 > and < 112 > . The schematic diagrams of SAD patterns for the

recipitates mentioned above have been reported previously by the 

resent authors in a study on FSW 2060-T8 Al-Li joints [50] . 

TEM bright field micrographs and SAD patterns reveal the pres- 

nce of T 1 , θ
′ and δ′ or β ′ precipitates in the BM ( Fig. 11 ). T 1 is the

ominant strengthening precipitates in the BM, present as hexag- 

nal platelets on {111} Al habit planes [51] . When viewing along 

 110 > Al zone axis, two variants of T 1 occur as needles lying along

 111 > Al direction ( Fig. 11 (b)) [ 4 , 9 ]. T 1 could be identified read-

ly by its characteristic reflections and streaks, e.g., the four sym- 
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Fig. 8. Macrographic fractographs of FSW 2198-T8 joints: (a) AC-120 0–20 0, (b) AC-120 0–50, (c) AC-120 0–20 0-AA, (d) AC-1200–50-AA, (e) WC-120 0–20 0 and (f) WC-1200–50. 

Table 3 

Crystal structure and precipitation characteristics for precipitates in Al-Cu-Li-Mg-Ag-Zr alloys. 

Precipitate Crystal structure Morphology Orientation Refs. 

T1 (Al2CuLi) Hexagonal Platelete (front view), Needle-like (side view) (0001) ‖ (111)Al 

[10–10] ‖ [ −110]Al 

[22,53] 

θ ′ (Al2Cu) Tetragonal Platelete (front view), Needle-like (side view) [001] ‖ [100]Al [ 22 , 53 ] 

S ′ (Al2CuMg) Orthorhombic Lath [100] ‖ [100]Al [22] 

[010] ‖ [02–1]Al 

[001] ‖ [012]Al 

δ′ (Al3Li) L12 Spherical (111) ‖ (111)Al [ 22 , 53 ] 

β ′ (Al3Zr) L12 Spherical (111) ‖ (111)Al [ 22 , 29 ] 

98 
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Fig. 9. Magnified fractographs of specific positions in Fig. 8: (a) and (b) magnified and further magnified images of the areas marked by arrows; (c) position A, (d) position 

B and (e) position C. 
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8

etrically located reflections at 1/3 < 220 > Al for the < 100 > Al SAD

atterns ( Fig. 11 (d)), as well as the two reflections at 1/3 < 220 > Al 

nd streaks along < 111 > Al direction for the < 110 > Al and < 112 > Al 

AD patterns ( Fig. 11 (e, f)) [ 9 , 22 , 49 , 52 ]. θ ′ appears as laths lying

long < 200 > Al direction in the bright field image approximately 

long < 100 > Al ( Fig. 11 (c)) [ 42 , 53 ] and contributes to discontin-

ous streaks with intensity maxima along < 100 > Al direction for 

he < 100 > Al SAD patterns ( Fig. 11 (d)) [ 9 , 54 ]. The presence of δ′ 
r β ′ is evidenced by the characteristic superlattice reflections at 

/2 < 200 > and 1/2 < 220 > ( Fig. 11 (d–f)) [ 9 , 22 , 55 ]. It should be
Al Al 

99 
ointed out that δ′ and β ′ had almost the same supperlattice re- 

ections as well as morphologies [ 9 , 10 ], and they could present

s Al 3 (Li,Zr) particles [33] . Thus, they were not distinguished from 

ach other and referred to as δ′ / β ′ hereafter. It is noted that δ′ / β ′ 
ould hardly be found in the bright field image, which is proba- 

ly related to their low volume fraction and the strong contrast 

nduced by a high density of T 1 . 

Figs. 12 and 13 show TEM bright field micrographs and SAD 

atterns of the LHZ, respectively, of sample AC-80 0-20 0 and AC- 

0 0-20 0-AA. For sample AC-80 0-20 0, the LHZ experiences a sub- 
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Fig. 10. Magnified fractographs of specific positions in Fig. 8: (a) position D, (b) position E, (c) position F and (d) position G. 
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tantial decrease in the density of T 1 and a slight decrease in the 

ize of θ ′ as compared to the BM ( Figs. 11 (b, c) and 12 (b, c)), indi-

ating their partial dissolution. On the other hand, for sample AC- 

0 0-20 0-AA, post weld artificial aging leads to an increase in both 

he density and the size of T 1 and θ ′ in the LHZ when compared 

o sample AC-80 0-20 0 ( Fig. 12 (b, c, e, f)). 

Figs. 14 and 15 show TEM bright field micrographs and SAD 

atterns of the TMAZ, respectively, of sample AC-80 0-20 0 and AC- 

0 0-20 0-AA. For sample AC-80 0-20 0, the TMAZ exhibits further 

ecrease in the density of T 1 relative to that seen in the LHZ 

 Figs. 12 (b) and 14 (b)), with T 1 being sparsely populated within 

he grains ( Fig. 14 (b)). Meanwhile, no evidence of θ ′ is found in 

right field images or SAD patterns. These results suggest that dis- 

olution of the great majority of T 1 and complete dissolution of θ ′ 
ccur in the TMAZ. In addition to T 1 , small spherical precipitates 

ith coherent strain contrast, which corresponded to δ′ / β ′ super- 

attice diffraction spots, are also observed in this region ( Fig. 14 (b)). 

For sample AC-80 0-20 0-AA, post weld artificial aging remark- 

bly raises the density of T 1 as well as its size in the TMAZ as com-

ared to sample AC-80 0-20 0 ( Fig. 14 (b, e)). Furthermore, a signifi-

ant precipitation of θ ′ and S ′ laths, lying along < 200 > Al [ 42 , 53 ]

nd < 220 > Al [22] direction, respectively, happens in the TMAZ 

uring post weld artificial aging ( Fig. 14 (e, f)), as confirmed by SAD 

atterns. θ ′ contributes to streaks along < 100 > Al for the < 100 > Al 

nd < 110 > Al SAD patterns ( Fig. 15 (d, e)) [ 9 , 22 , 54 ], while S ′ is iden-

ified by faint streaks along < 210 > Al for the < 112 > Al SAD patterns

 Fig. 15 (f)) [ 22 , 49 , 56 ]. 
100 
Figs. 16 and 17 show TEM bright field micrographs and SAD 

atterns of the NZ, respectively, of sample AC-80 0-20 0 and AC- 

0 0-20 0-AA. For sample AC-80 0-20 0, the NZ reveals no evidence 

f T 1 or θ ′ , indicating that both of them are completely dissolved. 

nstead, the bright field images of the NZ is characerized by large 

umbers of δ′ / β ′ ( Fig. 16 (b, c)), which show a higher density than

hose in the TMAZ ( Figs. 14 (b) and 16 (b)). In addition to δ′ / β ′ su-

erlattice spots, the SAD patterns of the NZ also exhibit diffuse 

treaks along < 100 > Al through reflections of the matrix, suggest- 

ng the formation of GP zones (i.e., Cu monolayer) ( Fig. 17 (a)) [9] .

he GP zones are difficult to discern in bright field images, while 

hey could be revealed by SAD patterns. 

For sample AC-80 0-20 0-AA, post weld artificial aging results in 

recipitation of T 1 , θ
′ and S ′ accompanied by formation of a great 

umber of coarse precipitates with an irregular shape and orien- 

ation in the NZ ( Fig. 16 (e, f)). EDS analysis revealed that these 

ncoherent precipitates were rich in Cu with the compositions of 

.7 wt.% Cu and the balance Al, whereas the surrounding matrix 

ontained only 1.9 wt.% Cu. Thus, these precipitates are mostly 

ikely to be equilibrium θ , which is in consistent with the results 

eported in previous studies [ 42 , 57 ]. It is worth noting that for

ample AC-80 0-20 0-AA, the precipitate distributions in the NZ dif- 

er significantly from those in the TMAZ. The most apparent differ- 

nce is in the much lower density of T 1 and the presence of θ in

he NZ ( Figs. 14 (e) and 16 (e)). 

TEM bright field micrographs and SAD patterns of the NZ of 

ample WC-80 0-20 0 are shown in Fig. 18 . For sample WC-80 0-
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Fig. 11. TEM images of the BM: (a) low magnification bright field micrograph, (b) and (c) high magnification bright field micrographs in < 110 > Al and < 100 > Al orientations, 

(d), (e) and (f) SAD patterns of < 100 > Al , < 110 > Al and < 112 > Al zone axes. 
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00, the NZ consists of δ′ / β ′ and GP zones with T 1 and θ ′ be- 

ng completely dissolved even under water cooling condition. How- 

ver, the NZ of sample WC-80 0-20 0 displays lower density of δ′ / β ′ 
ut higher intensity of the streaks from GP zones as compared to 

ample AC-80 0-20 0 ( Figs. 16 (c) and 18 (b); Figs. 17 (a) and 18 (c)).

t should be pointed out that grain boundary phases along with 

recipitate free zones (PFZs) are formed from the HAZ to the NZ 

or sample AC-80 0-20 0-AA ( Figs. 12 (d), 14 (d) and 16 (d)), whereas

one of them are detected in various zones of sample AC-80 0-20 0 

 Figs. 12 (a), 14 (a) and 16 (a)) or in the NZ of sample WC-80 0-20 0

 Fig. 18 (a)). 
101 
. Discussion 

.1. Effect of welding parameters on tensile properties for air cooled 

oints 

As compared to FSW 2198-T8 joints in Refs. [ 30 , 31 , 33 ]

nd FSW joints of conventional precipitation-hardened Al 

lloys, the variations of tensile properties with welding pa- 

ameters and the fracture location exhibit different fea- 

ures for the air cooled FSW 2198-T8 joints in the present 

tudy. 
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Fig. 12. TEM bright filed micrographs of the LHZ of sample (a–c) AC-80 0–20 0 and (d–f) AC-80 0–20 0-AA: (a) and (d) low magnificaiton images, (b) and (e) high magnification 

images in < 110 > Al orientation; (c) and (f) high magnification images in < 100 > Al orientaiton. 
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Firstly, for FSW 2198-T8 joints in the present study, the tensile 

trength of the joints hardly changes while the elongation varies 

or different welding parameters ( Table 2 ). However, for FSW 2198- 

8 joints in previous studies, either the joint strength and the elon- 

ation were hardly affected by the rotation rate [33] , or the joint 

trength increased at first and then decreased with increases in the 

otation rate to welding speed ratio [31] . Furthermore, the fracture 

ccurs in the NZ rather than the LHZ (HAZ) in this study ( Fig. 7 (a–

)), whereas it could take place in the TMAZ or the NZ in previous

tudies [ 30 , 31 ]. 
102 
The shoulder plunge depth during FSW is important for obtain- 

ng high quality joints with smooth surface. The plunge depth is 

onnected with the pin length. A too deep plunge depth will lead 

o excessive flash and hence local thinning of the joints [7] . But a

oo shallow plunge depth will result in inefficient movement of the 

aterial from front to back of the pin, causing formation of weld- 

ng defects such as surface grooves and inner channels [7] . In the 

resent study, a plunge depth of about 0.2 mm with a 3.0 mm- 

ength pin was adopted to guarantee enough forge force and avoid 

ignificant local thinning. The actual joint thinning can be less than 
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Fig. 13. TEM SAD patterns of the LHZ of sample (a–c) AC-80 0–20 0 and (d–f) AC-80 0–20 0-AA: (a) and (d) < 100 > Al zone axis, (b) and (e) < 110 > Al zone axis, (c) and (f) 

< 112 > Al zone axis. 
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.2 mm as it is affected by heat input, material flow and concave 

hape of the shoulder during FSW. It is worth noting that joint 

hinning is inevitable so as to obtain good welding quality during 

SW. When as-FSW joints were used for tensile tests, the varied 

ross-sectional areas across gauge part of the samples would un- 

oubtedly influence fracture behavior and hence tensile properties 

f FSW 2198-T8 joints in previous studies [ 30 , 31 , 33 ]. In this re-

pect, the data for tensile samples with joint surface plane in this 

tudy actually reflect the intrinsic tensile properties and fracture 

ehavior of FSW 2198-T8 joints. 
103 
Secondly, the tensile strength of FSW joints of conventional 

recipitation-hardened Al alloys increased with increases in the 

elding speed but remained essentially unchanged with variations 

n the rotation rate, which was consistent with hardness variations 

f the LHZ since the joints usually fractured along the LHZ [ 58 –61 ].

n this case, the LHZ played a critical role in determining tensile 

trength and failure locations of the joints. Nevertheless, the effect 

f welding parameters on joint strength and fracture location for 

SW 2198-T8 joints in this study can not be attributed to hardness 

ariations of the LHZ. This suggested that there are other factors 
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Fig. 14. TEM bright filed micrographs of the TMAZ of sample (a–c) AC-80 0–20 0 and (d–f) AC-80 0–20 0-AA: (a) and (d) low magnificaiton images, (b) and (e) high magnifi- 

cation images in < 110 > Al orientation, (c) and (f) high magnification images in < 100 > Al orientaiton. 
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ccounting for the unique characteristics of the relationship be- 

ween welding parameters and the intrinsic tensile properties for 

SW 2198-T8 joints. 

One factor that affect the intrinsic tensile properties of FSW 

198-T8 joints is connected with the unusual failure location. The 

HZ hardness remarkably decreases with increases in the rotation 

ate or decreases in the welding speed ( Fig. 6 (a)), however, the 

ntrinsic joint strength exhibits no noticeable changes with weld- 

ng parameters ( Table 2 ). This is due to that all joints fracture in

he NZ rather than the LHZ ( Fig. 7 (a–c)) and that the NZ hard-
104 
ess keeps almost unchanged with variation in welding parameters 

 Fig. 6 (a)), resulting in the comparable joint strength irrespective of 

elding parameters. 

It should be mentioned that, for the air cooled joints, emphasis 

n the present study is placed on the variations of tensile prop- 

rties with welding parameters as well as the precipitate evolu- 

ion. The reasons for the unusual failure in the NZ rather than the 

HZ for FSW 2198-T8 joints without welding defects have been re- 

orted previously by the present authors [34] . It was concluded 

hat the combined actions of low Taylor factor and lithium segre- 
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Fig. 15. TEM SAD patterns of the TMAZ of sample (a–c) AC-80 0–20 0 and (d–f) AC-80 0–20 0-AA: (a) and (d) < 100 > Al zone axis, (b) and (e) < 110 > Al zone axis, (c) and (f) 

< 112 > Al zone axis. 
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ation at the grain boundaries caused the unusual fracture in the 

Z. Similar fracture phenomenon was also observed in FSW joints 

f other Al-Li alloys [ 10 , 62 , 63 ]. 

The other factor that affect the intrinsic tensile properties of 

SW 2198-T8 joints is relevant to lazy S. During FSW, shear stress 

s generated along tangential direction of the pin surface due to 

otation of the welding tool [7] . The oxide layer on the initial butt 

urfaces of the plates will be broken up by shear stress. The broken 

xide pieces will be scattered during stirring and flow collectively 

long with the flow of the material in the NZ, and form the wavy
105 
azy S [40] . It should be mentioned that clearing the oxide layer 

n top and butt surfaces of the plates before welding could not 

liminate lazy S according to the study on FSW 7075-T651Al joints 

y Ren et al. [38] . They pointed out that Al alloys were apt to be

xidized and hence the oxide layer would form immediately after 

learing. Moreover, the plates ahead of the welding tool would be 

xidized unavoidably under thermal exposure during FSW. 

The break-up and scattering degree of the oxide layer depend 

n the stirring extent and heat input during FSW, which is affected 

y the rotation rate, the welding speed, as well as the size and 
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Fig. 16. TEM bright filed micrographs of the NZ of sample (a–c) AC-80 0–20 0 and (d–f) AC-80 0–20 0-AA: (a) and (d) low magnificaiton images; (b) and (e) high magnification 

images in < 110 > Al orientation; (c) and (f) high magnification images in < 100 > Al orientation. 
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onfiguration of the welding tool [ 37 , 39 , 64 ]. Increasing the rota-

ion rate, decreasing the welding speed or adoption of large-sized 

elding tool with proper-designed shape will increase the stirring 

xtent and heat input, and hence results in wide and dilute distri- 

ution of the oxide particles. In this case, lazy S can be eliminated. 

n the contrary, a decrease in the stirring extent and heat input 

ill produce insufficient beak-up and scattering of the oxide layer. 

his will lead to local and dense distribution of the oxide parti- 

les and hence appearance of lazy S. Therefore, lazy S is dense and 

ontinuous in sample AC-80 0-20 0 but is faint and discontinuous 
106 
n sample AC-1200-50 ( Fig. 3 (a, c)). In addition, unlike that in the 

ower part of the NZ, lazy S in the upper part of the NZ remains

istinct for all the welding parameters used ( Fig. 3 (a–c)), which is 

robably related to different stirring actions induced by the rotat- 

ng pin and shoulder during FSW, respectively. 

Previous studies indicated that whether the joints fractured 

long lazy S was relevant to the hardness gap between the LHZ 

nd the NZ, as well as dispersion extent of the oxide products 

 37 , 38 , 64 ]. Ren et al. [38] reported that post weld T6-treated FSW

oints of 7075Al-T651 with homogeneous hardness distribution 
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Fig. 17. TEM SAD patterns of the NZ of sample (a–c) AC-80 0–20 0 and (d–f) AC-80 0–20 0-AA: (a) and (d) < 10 0 > Al zone axis, (b) and (e) < 110 > Al zone axis, (c) and (f) 

< 112 > Al zone axis. 
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ractured along lazy S. Peel et al. [64] showed that for FSW 5083Al 

oints with low hardness plateau, lazy S was detected for all weld- 

ng speeds. However, the fracture location changed from beyond 

he NZ to lazy S within the NZ with increasing the welding speed, 

ue to reduced dispersion extent of the oxide products. Neverthe- 

ess, Zhang et al. [37] found that for FSW 2024Al-T351 joints with 

arge hardness gap between the LHZ (HAZ) and the NZ, the fracture 

ccurred along the LHZ rather than lazy S in the NZ. These stud- 

es revealed that only if both conditions, i.e., a small hardness gap 

etween the LHZ and the NZ and a distinct lazy S with low dis- 
107 
uption extent of the oxide products, were met, the fracture along 

azy S could occur during tension. 

In this study, the fracture is partially along lazy S in the upper 

art of the NZ for sample AC-120 0-20 0 but is independent of lazy 

 for samples AC-80 0-20 0 and AC-120 0-50 ( Fig. 7 (a–c)), which can

e explained as follows. Although lazy S in the upper part of the 

Z remains distinct for all samples, its tilting angle with respect to 

he transverse direction (i.e., loading direction during tension) is 

pproximately 45 ° for sample AC-120 0-20 0, which is larger than 

hat for samples AC-80 0-20 0 and AC-1200-50 ( Fig. 3 (a–c)). This 
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Fig. 18. TEM images of the NZ of sample WC-80 0–20 0: (a) low magnification bright field micrograph; (b) high magnification bright field micrograph in < 100 > Al orientation; 

(c) SAD patterns of < 100 > Al zone axis. 
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5 ° tilting angle of lazy S is consistent with the direction of maxi- 

um resolved shear stress during tension and thus is beneficial to 

rack propagation along lazy S. Besides, hardness gap between the 

HZ and the NZ is small for sample AC-120 0-20 0 ( Fig. 6 (a)). In this

ase, sample AC-120 0-20 0 is more inclined to fracture along lazy S. 

herefore, although lazy S is not the predominant factor account- 

ng for the unusual failure in the NZ for FSW 2198-T8 joints [34] ,

t plays a role in crack propagation and hence may affect tensile 

roperties of the joints. 

The comparable tensile strength for samples AC-80 0-20 0, AC- 

20 0-20 0 and AC-120 0-50 reveals that lazy S hardly affects the 

oint strength ( Table 2 ), considering that they all fracture in the NZ

ith nearly identical hardness ( Figs. 6 (a) and 7 (a–c)). In this case,

t is believed that the joint strength is dominated by the hardness 

nd hence the precipitation evolution in the NZ despite the pres- 

nce of lazy S. However, fracture along lazy S leads to consider- 

ble reduction in the elongation for sample AC-120 0-20 0 ( Table 2 ).

he fracture surface along lazy S exhibits much smaller and shal- 

ower dimples than that of the matrix ( Fig. 9 (a-c)), reflecting the 

educed ductility. Its fracture mechanism may involve nanometer- 

ized dimples created at the interface between the matrix and 

he oxide particles [65] . The influence of lazy S on tensile prop- 

rties of FSW 2198-T8 joints in this study is in agreement with 

he results for FSW Al-Mg-Sc joints [36] but differs from the re- 

ults for FSW 5083Al joints and post weld T6-treated FSW 7075Al- 

651joints [ 38 , 64 ], in which lazy S deteriorated the joint strength

nd elongation. Besides, lazy S exerted no effect on tensile proper- 

ies of FSW 2024Al-T351 joints since the joints did not fail along 
108 
azy S [37] . These divergences are related to variations in density 

nd continuity of the oxide particles along lazy S arising from dif- 

erent welding parameters, tools and material flow during FSW. It 

s noted that lazy S exerts similar effects on the fracture behavior 

nd tensile properties for the air cooled, the water cooled and the 

ost weld aged joints. 

.2. Effect of post weld artificial aging on microstructure and 

echanical properties of the joints 

.2.1. Precipitate and hardness distribution across the joint before 

ost weld artificial aging 

The BM of 2198-T8 alloy consists of T 1 , θ
′ and δ′ / β ′ , with T 1 

eing the predominant precipitate ( Fig. 11 ). Previous studies re- 

ealed that T 1 and θ ′ usually precipitated during artificial aging at 

oughly 130–260 °C and 190 °C, respectively [ 14 , 66 , 67 ], while δ′ / β ′ 
ould form below 94 °C in natural aging process [68] . In addition, 

 1 , θ
′ and δ′ / β ′ would start to dissolve at around 300 °C, 400 °C 

nd 180 °C, respectively [ 26 , 27 , 66 , 68 , 69 ]. Typically, for FSW joints

f precipitation-hardened Al alloys, the HAZ, TMAZ and NZ un- 

erwent different thermal cycles with the peak temperature vary- 

ng around 250–350 °C, 350–450 °C and 475–530 °C, respectively 

 7 , 27 , 70 , 71 ]. Therefore, the precipitates evolves in different ways at

arious zones of the joints. 

The high temperatures in the LHZ (HAZ) mainly cause T 1 to par- 

ially dissolve ( Figs. 11 (b, c) and 12 

(b, c)), accounting for the observed decrease in hardness as 

ompared to the BM ( Fig. 6 (a)). The higher temperatures in the 
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MAZ resulte in further dissolution of T 1 and complete dissolution 

f θ ′ ( Figs. 12 (b, c) and 14 (b, c)). The severe plastic deformation

nd thermal exposure in the NZ lead to complete dissolution of 

oth T 1 and θ ′ ( Fig. 16 (b, c)). 

Moreover, based on the dissolution and formation temperatures 

f δ′ / β ′ , for the LHZ, TMAZ and NZ, the heat of welding will make
′ / β ′ first dissolve and then re-precipitate from the supersaturated 

olution upon cooling [ 26 , 68 , 69 ]. From the LHZ towards the NZ,

he increased dissolution of T 1 and θ ′ provides higher supersatu- 

ation extent and hence allows enhanced re-precipitation of δ′ / β ′ , 
long with formation of GP zones in the NZ during natural aging 

 Fig. 17 (a)). This is responsible for the small increase in hardness 

 Fig. 6 (a)). Thus, δ′ / β ′ is hardly observed in the bright field images

f the LHZ ( Fig. 12 (b)) but is distinctly visible in those of the TMAZ

nd NZ ( Figs. 14 (b) and 16 (b)), although the presence of δ′ / β ′ is ev-

denced by the SAD patterns in all three zones ( Figs. 13 (a-c), 15 (a–

) and 17 (a–c)). 

It is noted that all precipitates are dissolved in the NZ even 

or sample AC-80 0-20 0 with the lowest heat input ( Figs. 16 (a–c)

nd 17 (a–c)). In this case, the NZ of samples AC-120 0-20 0 and AC-

200-50 with higher heat input will also exhibit complete disso- 

ution of all precipitates, resulting in comparable supersaturation 

xtent and hence similar natural aging response from δ′ / β ′ and GP 

ones as compared to that of sample AC-80 0-20 0. Consequently, 

he NZ hardness is essentially unchanged with variation in weld- 

ng parameters ( Fig. 6 (a)). Similar phenomenon was reported by 

hukla et al. in FSW 2195-T8 Al-Li joints [10] . 

.2.2. Precipitate evolution mechanism and its effect on hardness 

ecovery during post weld artificial aging 

Considering the aforementioned dissolution and precipitation 

emperatures of T 1 , θ
′ and δ′ / β ′ [ 14 , 26 , 27 , 66–69 ], post weld ar-

ificial aging at 180 °C for 24 h will give rise to coarsening of the

re-existing T 1 and θ ′ , dissolution of the pre-existing δ′ / β ′ , as well 

s precipitation of T 1 and θ ′ . 
For samples AC-80 0-20 0 and AC-80 0-20 0-AA, the LHZ is dom- 

nated by T 1 with small numbers of θ ′ ( Fig. 12 ). In this case,

he observed increase in the density and size of T 1 and θ ′ after 

ost weld artificial aging is attributed to coarsening of the pre- 

xisting T 1 and θ ′ , accompanied by precipitation of T 1 and θ ′ . 
owever, the relatively high density of the pre-existing T 1 in the 

HZ ( Fig. 12 (b)) will reduce the solutes available for precipitation 

ue to their coarsening rather than dissolution during post weld 

rtificial aging. Thus, the precipitation of T 1 and θ ′ and the hard- 

ess recovery are limited in the LHZ ( Figs. 6 (b) and 12 ). 

The TMAZ is composed of very few T 1 and some δ′ / β ′ for 

ample AC-80 0-20 0 but contains a high density of T 1 , θ
′ and S ′ 

or sample AC-80 0-20 0-AA ( Fig. 14 ). On the one hand, the almost

omplete dissolution of T 1 during welding, together with the disso- 

ution of δ′ / β ′ during post weld artificial aging, will bring about a 

emarkable increase in the solutes available for precipitation in the 

MAZ as compared to the LHZ. On the other hand, the TMAZ gen- 

rally exhibits high dislocation density because of highly deformed 

rains produced during FSW [ 71 , 72 ]. In the meantime, the nucle-

tion of T 1 is known to be favored by dislocations due to reduced 

train energy associated with the precipitate/matrix interface [73] . 

he above two aspects enable the precipitation of large numbers of 

 1 , θ
′ and S ′ during post weld artificial aging and eventually result 

n higher hardness recovery in the TMAZ as compared to the LHZ 

 Figs. 6 (b) and 14 ). 

The NZ is characterized by δ′ / β ′ and GP zones for sample AC- 

0 0-20 0, while it presents many coarse equilibrium θ but a low 

ensity of T 1 , θ
′ , S ′ for sample AC-80 0-20 0-AA ( Figs. 16 and 17 (a–

)). The reasons for such precipitate evolution during post weld ar- 

ificial aging are elucidated as follows. Firstly, even if the NZ is the 

one where the deformation during FSW is maximal, there are few 
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islocations left after welding due to the highest temperature and 

he associated dynamic recrystallization [ 71 , 72 ], which will pro- 

oke a strong delay in aging kinetics of T 1 [73] . Secondly, during 

ging for Al-Cu alloys, the representative precipitation sequence is: 

upersaturated solution → GP zones → θ ′ ′ → θ ′ → θ [ 74 , 75 ]. Schueller 

t al. [76] reported that GP zones commonly transformed into θ ′ 
hen aged below the solution temperature of θ ′ ′ , i.e., approxi- 

ately 220 °C. Shower et al. [77] indicated that for unmodified 

l-Cu alloys, θ ′ to θ phase transformation could occur at 200 °C, 

ausing a rapid decrease in strength. Moreover, they pointed out 

hat the temperature and time required for θ ′ to θ transforma- 

ion was a function of Cu diffusivity and interfacial energy of θ ′ , 
oth of which were affected by microalloying [77] . In this case, 

or FSW 2198-T8 joints in the present study, it is believed that the 

re-existing GP zones in the NZ will progressively transform into 

during post weld artificial aging at 180 °C for 24 h ( Figs. 16 (e)

nd 17 (a)). The formation of many coarse θ consumed large quan- 

ities of solutes and hence lowers the precipitation potential of 

ther strengthening precipitates. As a result, a much reduced pre- 

ipitation of T 1 , θ
′ and S ′ , especially T 1 , and corresponding lower 

ardness recovery is observed in the NZ as compared to the TMAZ 

uring post weld artificial aging ( Figs. 6 (b) and 16 ). 

The above discussions indicate that aging kinetics for FSW 

198-T8 joints is strongly related to the volume fraction of both 

riginal precipitate dissolution during welding and coarse particles 

ormed during aging, and to the dislocation density inherited from 

elding. Precipitate observations made in this study for FSW 2198- 

8 joints are summarized in Table 4 . In addition, a schematic dia- 

ram of bright field image close to < 110 > Al for precipitate evolu- 

ion in FSW 2198-T8 joint is presented in Fig. 19 , since the pre-

ipitates involved in this joint, such as T 1 and θ ′ , exhibit charac- 

eristic morphologies when viewed along this orientation. In sum- 

ary, the BM is composed of T 1 , θ
′ and δ′ / β ′ with T 1 being the

ain strengthening precipitates. Under air cooling condition, the 

HZ is dominated by partial dissolution of T 1 and θ ′ . From the LHZ 

hrough the TMAZ to the NZ, further dissolution of these precip- 

tates continues until no precipitates remain in the NZ and thus 

llows increased precipitation of δ′ / β ′ and GP zones during natu- 

al aging. Post weld artificial aging leads to coarsening of relatively 

igh density of pre-existing T 1 in the LHZ and formation of coarse 

quilibrium θ in the NZ, which lower the precipitation potential 

f strengthening precipitates and hence result in limited precipita- 

ion. In contrast, the TMAZ shows significant precipitation of T 1 , θ
′ 

nd S ′ during aging due to almost complete dissolution of original 

recipitates and high dislocation density inherited from welding. 

nder water cooling condition, all original precipitates are com- 

letely dissolved in the NZ with precipitation of fewer δ′ / β ′ and 

ore GP zones streaks during cooling as compared to air cooling 

ondition. These precipitate evolution behaviors well explain the 

orresponding hardness changes for FSW 2198-T8 joints. 

.2.3. Effect of post weld artificial aging on tensile properties of the 

oints 

Indeed, post weld artificial aging enhances the hardness 

hroughout the weld ( Fig. 6 (b–d)), which accounts for significant 

mprovement in tensile strength for FSW 2198-T8 joints ( Table 2 ). 

owever, post weld artificial aging gives rise to formation of grain 

oundary precipitates and PFZs ( Figs. 12 (d), 14 (d) and 16 (d)), caus-

ng the change in fracture feature from dimpled fracture to inter- 

ranular fracture ( Fig. 9 (c, d)) and thus resulting in deterioration in 

oint ductility ( Table 2 ). 

Similar results were reported in FSW joints of peak aged 1424 

l-Li alloy [26] . However, different from varying levels of hardness 

ecovery across FSW 2198-T8 joints in this study ( Fig. 6 (b–d)), post 

eld artificial aging led to full recovery of hardness in all zones for 

SW 1424 Al-Li joints [26] . This is attributed to the nature of the 
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Table 4 

Summary of precipitate evolution in various zones of FSW 2198-T8 joints. 

Region Sample Precipitate evolution 

BM — T 1 , θ
′ and δ′ / β ′ 

LHZ AC-800–200 T 1 and θ ′ partially dissolved 

AC-800–200-AA (1) pre-existing T 1 and θ ′ coarsened 

(2) T 1 and θ ′ precipitated 

TMAZ AC-800–200 (1) T 1 further dissolved and θ ′ completely dissolved 

(2) δ′ / β ′ reprecipitated 

AC-800–200-AA (1) The pre-existing T 1 coarsened and δ′ / β ′ dissolved 

(2) T 1 , θ
′ and S ′ precipitated 

NZ AC-800–200 (1) T 1 , θ
′ and δ′ / β ′ completely dissolved 

(2) δ′ / β ′ and GP zones reprecipitated 

AC-800–200-AA (1) pre-existing δ′ / β ′ dissolved 

(2) T 1 , θ
′ and S ′ precipitated 

(3) θ formed 

WC-800–200 (1) T 1 , θ
′ and δ′ / β ′ completely dissolved 

(2) δ′ / β ′ and GP zones reprecipitated 

Fig. 19. Schematic diagrams of TEM bright field micrographs in < 110 > Al orientation showing precipitate evolution of FSW 2198-T8 joints. 
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ain precipitate, i.e., δ′ , in 1424 Al-Li alloy [26] . δ′ can completely 

issolve even in the HAZ during welding because of its relatively 

ow dissolution temperature. Also, δ′ has very low interface energy, 

uggesting that it precipitates easily throughout the matrix. Thus, 

ense and homogeneous precipitation of δ′ occurred from the HAZ 

o the NZ during post weld artificial aging, which explained the 

ull recovery of hardness in these zones for FSW 1424 Al-Li joints 

26] . 

Such an improvement in joint strength and a reduction in 

oint ductility after post weld artificial aging have been found 

n FSW joints of conventional peak aged precipitation-hardened 

l alloys as well [ 12 , 14 , 18 ]. However, different from the case of

SW 2198-T8 joints in this study ( Fig. 6 (b–d)), post weld arti- 

cial aging resulted in the largest hardness recovery in the NZ 

or FSW joints of conventional peak aged precipitation-hardened 

l alloys, although small hardness recovery was also observed in 

he LHZ [ 12 , 14 , 18 , 23 , 78 ]. Typically, FSW of conventional peak aged

recipitation-hardened Al alloys brought about almost complete 

issolution of precipitates in the NZ [ 14 , 18 , 23 , 78 ]. During post

eld artificial aging, the NZ exhibited formation of large numbers 

f fine precipitates but seldom showed coarse equilibrium particles 

 14 , 18 , 23 , 78 ], which was in contrast to the observations for FSW

198-T8 joints in this study ( Fig. 16 (e)). This difference is presum- 

bly due to the fact that the temperatures or time used for post 

eld artificial aging of FSW joints of conventional precipitation- 

ardened Al alloys are insufficient to cause extensive formation of 

oarse equilibrium particles in the NZ [ 18 , 23 , 78 ]. Furthermore, the

ging kinetics of the main precipitates in these joints, such as θ ′ , 
re believed to place weaker reliance on dislocations as compared 

o those of the predominant precipitate in FSW 2198-T8 joints, i.e., 

 1 [ 25 , 73 ]. Thus, in the NZ with low dislocation density [ 71 , 72 ],

ubstantial precipitation of strengthening phases could still hap- 

en during post weld artificial aging for FSW joints of conventional 

recipitation-hardened Al alloys [ 14 , 18 , 23 , 78 ]. 

.3. Reason for unsuccessful improvement in tensile properties of the 

oints by water cooling 

As compared to air cooling condition, water cooling has negli- 

ible influence on the NZ hardness ( Fig. 6 (b–d)). This can be ex- 

lained as follows. Although water cooling leads to decreased heat 

nput during FSW [27] , the heat input in the NZ is still enough

o dissolve all precipitates, allowing subsequent formation of δ′ / β ′ 
nd GP zones during natural aging ( Fig. 18 ). This result is in agree-

ent with the case of the NZ for the air cooled joint ( Figs. 16 (a–

) and 17 (a)). Nevertheless, as compared to that of the air cooled 

oint, the NZ of the water cooled joint exhibits lower density of 
′ / β ′ but higher intensity of the streaks from GP zones ( Figs. 16 (c)

nd 18 (b); Figs. 17 (a) and 18 (c)). Kumar et al. [22] studied the ef-

ect of Li on natural aging response of Al-Cu-Li-Mg-Ag-Zr alloys. 

hey pointed out that Li in solid solution acted as vacancy traps 

ttributing to its high vacancy binding energy, causing a significant 

ecrease in free vacancy available for encountering other solutes 

uch as Cu, thereby retarding the formation of GP zones. On the 

ther hand, these Li-vacancy pairs would serve as δ′ / β ′ nucleation 

ites and facilitated the formation of δ′ / β ′ . In addition, Zhang et al. 

13] indicated that for FSW 2014Al-T6 joints, water cooling reduced 

he solid solution degree of solutes in the NZ as a result of lower 

elding peak temperatures. In this case, as compared to that of 

he air cooled joint in the present study, the relatively lower solid 

olution degree of solutes, including Li, in the NZ of the water 

ooled joint will bring about increased free vacancy concentration 

nd hence account for the increase in GP zone intensity in spite of 

he decrease in δ′ / β ′ density ( Figs. 16 (c) and 18 (b); Figs. 17 (a) and

8 (c)). 
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Considering that both δ′ / β ′ and GP zones contribute to the 

trength, the difference in their relative content between the NZ 

f the air cooled joint and that of the water cooled joint accounts 

or the marginal difference in the NZ hardness. Generally, the heat 

nput and plastic deformation extent in the NZ change with vari- 

tions in welding parameters, which will result in different solid 

olution degrees of solutes and free vacancy concentrations and 

ence different relative contents of δ′ / β ′ and GP zones in the NZ 

 13 , 22 ]. This can explain the comparable NZ hardness for sam- 

le WC-120 0-20 0 and the slight lower NZ hardness for samples 

C-80 0-20 0 and WC-1200-50 as compared to air cooling condi- 

ion. These marginal differences in the NZ hardness between the 

ir cooled joints and the water cooled joints for different weld- 

ng parameters eventually lead to corresponding differences in the 

oint strength ( Fig. 6 and Table 2 ), since both the air cooled joints

nd the water cooled joints fracture in the NZ ( Fig. 7 ). A recent

tudy on FSW 2219/2195 joints by Xie et al. [79] revealed that the 

oint corrosion resistance was closely related to the precipitates 

nd solid solution degree of solutes. Thus the changes in precip- 

tate content, solid solution degree of solutes and grain size in the 

Z induced by water cooling FSW can considerably alter the cor- 

osion behavior of the joints. 

The unsuccessful improvement in joint strength by water cool- 

ng for FSW 2198-T8 joints in this study differs from the result for 

SW joints of peak aged 1424 Al-Li alloy [26] and typical cases 

or FSW joints of conventional peak aged precipitation-hardened 

l alloys [ 15 , 17 , 20 , 21 , 80 ], in which water cooling managed to im-

rove the joint strength. Unfortunately, explicit reasons for the im- 

rovement in tensile strength of FSW 1424 Al-Li joints by water 

ooling were not mentioned in literature [26] . For FSW joints of 

onventional peak aged precipitation-hardened Al alloys, the frac- 

ure location generally corresponded to the LHZ in air cooling and 

ater cooling conditions, which commonly lied in the HAZ for 

he former and in the TMAZ or TMAZ/NZ boundary for the lat- 

er [ 15 , 17 , 21 , 80 ]. Moreover, water cooling enhanced the LHZ hard-

ess due to lower precipitate coarsening level and narrower PFZs 

 15 , 17 , 20 , 21 , 80 ], and consequently resulted in higher joint strength

s compared to air cooling condition [ 15 , 17 , 20 , 21 , 80 ]. 

. Conclusions 

1) FSW 2198-T8 joints were successfully produced at 800 rpm–

20 0 mm/min, 120 0 rpm–20 0 mm/min and 1200 rpm–

50 mm/min in both air cooling and water cooling conditions, 

and no welding defects other than lazy S were observed in the 

NZ. 

2) Under air cooling condition, the LHZ was located in the HAZ. 

The BM consisted of T 1 , θ
′ and δ′ / β ′ . T 1 and θ ′ partially dis- 

solved in the LHZ, causing the sharp decrease in hardness. From 

the LHZ through the TMAZ to the NZ, these precipitates further 

dissolved until no precipitates remained in the NZ, which al- 

lowed greater natural aging response from δ′ / β ′ and GP zones 

and thus accounted for the slight increase in hardness. 

3) After post weld artificial aging, hardness recovered across the 

joint with varying levels of improvement. In the TMAZ, the al- 

most complete dissolution of original precipitates during weld- 

ing provided substantial solutes available for precipitation, and 

the high dislocation density inherited from welding favored the 

nucleation of T 1 . These two factors enabled significant precip- 

itation of T 1 , θ
′ and S ′ during aging and hence resulted in 

largest recovery in hardness. However, during aging, the coars- 

ening of relatively high density of pre-existing T 1 in the LHZ 

and the formation of coarse θ in the NZ lowered the precipi- 

tation potential of other strengthening precipitates, leading to 

smaller recovery in hardness. 
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4) As compared to air cooling condition, the LHZ was shifted into 

the TMAZ by water cooling, while marginal differences in the 

NZ hardness under both conditions were observed since all pre- 

cipitates completely dissolved in the NZ even under water cool- 

ing condition. 

5) For the air cooled joints, the intrinsic tensile strength hardly 

changed with a joint efficiency reaching 81.3% whereas the 

elongation varied for different welding parameters, which was 

linked to failure in the NZ with nearly identical hardness 

rather than the LHZ with large hardness gap, and fracture 

along lazy S. After post weld artificial aging, the joint strength 

was effectively enhanced with a maximum joint efficiency of 

87.3% achieved. As compared to air cooling condition, the joint 

strength was not improved by water cooling, since the frac- 

ture under both conditions occurred in the NZ with comparable 

hardness. 
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