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摘要 采用光纤激光焦点旋转的焊接方法进行2
 

mm厚2060铝锂合金薄板填丝(ER4047)焊接试验。利用高速摄

像仪观察焊丝熔滴过渡行为及熔池流动行为,采用光学显微镜、能谱仪、X射线衍射仪、扫描电镜、显微硬度仪及拉

伸试验机对焊缝成形质量、气孔形貌、显微组织、化学成分、断口形貌、硬度及接头强度进行分析。结果表明:旋转

的激光焦点周期性地作用在熔池及焊丝末端,致使熔池长度增加,熔池流动更平稳且波动幅度减小;焦点旋转可以

有效改善焊缝成形,抑制飞溅和气孔的产生;焊缝等轴细晶区的宽度及该区的晶粒尺寸减小,靠近细晶区的柱状晶

尺寸也有所减小。与非激光焦点旋转焊接接头相比,激光焦点旋转焊接接头熔合线附近的显微硬度和强度略有升

高,接头断裂在熔合线附近,断口呈混合断裂特征。
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1 引  言

2060铝锂合金作为一种新型的Al-Cu-Li系铝

合金,具有密度小、比强度和弹性模量高、疲劳性能

优异等特点[1]。用铝锂合金取代常规的高强铝合金

可使结构重量减轻10%~15%,刚度提高15%~
20%,因而铝锂成为现代飞机工业中实现结构减重

和性能提高的优选材料。光纤激光具有波长短、室
温吸收率高、传输柔性好等特点,是实现高效高质量

焊接铝锂合金的较为理想的热源[2-3]。但铝合金光

纤激光深熔焊接存在焊接过程不稳定、容易产生飞

溅和咬边、焊缝成形不良等缺陷[4]。另外,铝锂合金

热膨胀系数大、元素易烧损等材料特性使得接头软

化、热裂纹倾向大和气孔抑制困难一直以来都是困

扰铝锂合金激光焊接应用的主要问题[5]。
相关研究表明:焊前对铝锂合金表面的氧化膜

进行机械及化学铣削处理,可以有效减少焊接气

孔[6];将一束离焦激光用于表面重熔,一束聚焦激光

用于深熔焊接的双光束焊接方式,在无需进行任何

表面预处理的条件下,可以显著减少焊接接头中的

氢气孔[6-8]。另外,通过在焊丝中添加稀土元素Zr、

Ce、Sc等,可以细化焊缝结晶组织,抑制晶界稳定相

过量析出,抑制热裂纹,提高焊缝的强度和拉伸性

能[9-10]。有人采用5087或4047填充焊丝对铝锂合

金进行了激光焊接,他们发现,通过引入合金元素

(如Li、Cu、Mg或Si)可以增加熔池凝固过程中晶界

处低熔点共晶的数量,有利于及时愈合凝固过程中

可能 产 生 的 裂 纹,从 而 降 低 了 液 化 裂 纹 的 敏 感

性[11-13]。Twardowska等[14]发现,焊后热处理(固
溶、淬火和时效处理)可以提升 Al-Li-Cu-Mg-Zr合

金焊接接头的抗拉强度和延伸率。
有人发现,激光焦点高频摆动可以有效调控深

熔小孔的行为,减少焊接飞溅,提高焊接过程的稳定

性[15]。对 AA6061铝合金进行激光焦点高频摆动

焊接时,焦点的高速运动可以打乱AA6061铝合金

的枝晶结构,细化晶粒,提高焊缝的硬度和塑性[16]。
本课题组的前期研究结果表明,采用激光焦点高频

旋转的焊接方式可以主动调控母材的熔化/凝固行

为,稳定焊接过程,大幅减少纯铝非穿透焊接时的气

孔数量和飞溅,改善焊缝的表面质量,提高焊缝的力
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学性能[17]。在此基础上,本课题组采用光纤激光焦

点高频旋转的焊接方式,以4047焊丝为填充材料,
对2

 

mm厚2060铝锂合金薄板进行焊接试验,分析

了激光焦点旋转对焊缝成形质量、焊接气孔、焊缝微

观组织及接头力学性能的影响规律。

2 材料与方法

焊接试验中的基材选用T8态2060铝锂合金,
其 规 格 为 100

 

mm×60
 

mm×2
 

mm。焊 丝 选 用

4047焊丝,其直径为1.2
 

mm。基材表面采用化学

铣削方法进行预处理,先采用 NaOH 溶液(溶液中

NaOH的质量分数为6%~10%)浸泡4
 

min,再在

30%HNO3 溶液中浸泡3
 

min,然后冲洗基材表面

的残留溶液,烘干后放置于干燥箱内。焊前用丙酮

溶液清洗基材表面。
图1为2060铝锂合金激光焦点旋转填丝焊接

试验装置布置示意图。采用YLS-6000光纤激光器

进行焊接试验,光束聚焦参数Kf=8
 

mm·mrad,激
光波 长 为1060~1070

 

nm,传 输 光 纤 的 芯 径 为

200
 

μm,准 直 镜 焦 距 为200
 

mm,聚 焦 镜 焦 距 为

300
 

mm,聚焦光斑直径为0.3
 

mm。采用前置送丝

的方式进行焊接,焊接方向与母材轧制方向一致。
焊接过程中采用氩气作为保护气体,氩气喷嘴轴线

同母材法线的夹角为45°,氩气流量为15
 

L/min,焊
缝背部采用氩气保护,氩气流量为15

 

L/min。设计

楔形镜的楔角,以获取所需激光聚焦点的旋转半径,
通过激光焦点旋转装置控制楔形镜的转动速度。激

图1 激光焦点旋转填丝焊接试验装置布置图

Fig 
 

1 Experimental
 

setup
 

for
 

filler
 

wire
 

laser
 

welding
 

test
 

with
 

laser
 

focus
 

rotation

光填丝焊和激光焦点旋转填丝焊的相关工艺参数如

下:激光功率为3.8
 

kW,焊接速度为3
 

m/min,送丝

角度(焊丝轴线同母材法线的夹角)为45°,送丝速

度为3
 

m/min,光丝间距(激光旋转圆心与焊丝轴线

在试样上接触位置的直线距离)为0
 

mm。在试验

过程中,采用PHOTRON
 

Fastcam
 

1024R2
 

彩色高

速摄像仪观测焊接过程中的熔滴过渡行为。高速摄

像时采用808
 

μm波段光源作为熔池的照明光。
焊后制备金相试样,采用Keller试剂对其进行

腐蚀,然后采用光学显微镜(OLYMPUS
 

GX51)观
察焊缝形貌及气孔缺陷。采用扫描电镜对接头进行

显微组织观察并结合能谱仪(EDS)进行选区成分分

析。采用X射线衍射仪(XRD)分析焊缝内不同区

域的相组成。采用FUTURE
 

TECH-FM300e型硬

度仪对接头进行显微硬度测试,加载载荷为0.98
 

N,
加载时间为15

 

s。
拉伸性能测试基于ASTM 标准E8m进行,试

样尺寸如图2所示。采用CMT5305拉伸试验机进

行拉伸性能测试。

图2 拉伸试样的形状与尺寸

Fig 
 

2 Shape
 

and
 

size
 

of
 

the
 

test
 

piece
 

subjected
 

to
 

tensile
 

test

3 试验结果与分析

3.1 焊缝形貌及气孔缺陷

激光焦点旋转半径和旋转频率对焊缝表面形貌

及截面形貌的影响规律如表1所示。可见,采用激

光焦点旋转填丝焊接工艺后,焊缝成形出现了明显

变化,当旋转频率为150
 

Hz时,焊缝表面随旋转半

径增加而更加光滑。与无旋转条件下相比,当旋转

半径为0.6~0.9
 

mm时,正面焊缝整体更加饱满,
无三角形鱼鳞纹形貌;当旋转半径大于0.45

 

mm
时,焊缝周围飞溅数量明显减少,但当旋转半径为

0.9
 

mm时,焊缝边缘出现了轻微的咬边现象。在

激光填丝焊工艺中无论是否采用旋转工艺,焊缝横

截面的成形均较为一致,均为中间存在束腰的 X
形,其中:当旋转半径大于等于0.3

 

mm时,焦点旋

转填丝焊接头填充饱满,没有出现下塌现象;当旋转

半径为0.9
 

mm时,焊缝中部束腰变宽,接头各位置

的熔宽较为一致。
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表1 不同的激光焦点旋转半径r和旋转频率f 下焊缝前表面及横截面的形貌

Table
 

1 Morphologies
 

of
 

weld
 

front
 

and
 

cross-section
 

under
 

different
 

focus
 

rotation
 

radii
 

r
 

and
 

frequencies
 

f

Radius
 

of
 

laser
 

focus
 

rotation

Morphologies
 

of
 

weld
 

front
 

and
 

cross-section
 

(f=150
 

Hz)

Laser
 

focus
 

rotation
 

frequency

Morphologies
 

of
 

weld
 

front
 

and
 

cross-section
 

(r=0.6
 

mm)

No
 

focus
 

rotation

r=0.15
 

mm

r=0.3
 

mm

r=0.45
 

mm

r=0.6
 

mm

r=0.9
 

mm

f=15
 

Hz

f=50
 

Hz

f=100
 

Hz

f=150
 

Hz

f=200
 

Hz

f=250
 

Hz

  另外,在旋转半径为0.6
 

mm的条件下,当采用

低旋转频率15
 

Hz焊接时,激光焦点运动路径导致

焊缝呈麻花状,此时的焊缝成形质量较差,焊缝周边

存在较多飞溅;当旋转频率提高至50
 

Hz后,麻花状

消失,焊缝正面存在不规则的凸起、下塌,边缘存在

未熔化的毛刺;当旋转频率提高至100~200
 

Hz之

间时,焊缝正面光滑,鱼鳞纹变浅,焊缝边缘宽度较

为一致,焊缝周围的飞溅得到了明显抑制;当旋转频

率提高到250
 

Hz后,焊缝表面的鱼鳞纹基本消失,
但焊缝起伏较大,填充均匀性不够理想,并且焊缝边

缘出现了轻度咬边现象。
通过高速摄像图对比分析一个旋转周期内焦点

旋转和非焦点旋转工艺下焊丝及母材的熔化行为,
如图3、4所示。在激光焦点旋转填丝焊接过程中

(旋转半径为0.6
 

mm,频率为150
 

Hz),激光焦点周

期性地作用在熔池、焊丝末端,熔池波动幅度小,保
持平稳,无飞溅产生;而在激光非旋转填丝焊接过程

中,熔池波动较大,有飞溅产生(t+7.5
 

ms)。两者

的焊丝过渡行为均为液桥过渡。由此可知,激光焦

点旋转会改变熔池的流动行为,进而改变焊缝表面

图3 激光焦点旋转填丝焊的高速摄像图。(a)
 

t+0
 

ms;
 

(b)
 

t+1
 

ms;
 

(c)
 

t+2
 

ms;
 

(d)
 

t+3
 

ms;
 

(e)
 

t+4
 

ms;
 

(f)
 

t+5
 

ms;
 

(g)
 

t+6
 

ms;
 

(h)
 

t+7
 

ms
Fig 

 

3 Images
 

taken
 

in
 

filler
 

wire
 

laser
 

welding
 

with
 

laser
 

focus
 

rotation
 

by
 

using
 

a
 

high-speed
 

camera 
 

 a 
 

t+0
 

ms 
 

 b 
 

t+1
 

ms 
 

 c 
 

t+2
 

ms 
 

 d 
 

t+3
 

ms 
 

 e 
 

t+4
 

ms 
 

 f 
 

t+5
 

ms 
 

 g 
 

t+6
 

ms 
 

 h 
 

t+7
 

ms
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图4 激光非旋转填丝焊的高速摄像图。(a)
 

t+0
 

ms;(b)
 

t+1.5
 

ms;(c)
 

t+3
 

ms;(d)
 

t+4.5
 

ms;(e)
 

t+6
 

ms;
(f)

 

t+7.5
 

ms;(g)
 

t+9
 

ms;(h)
 

t+10.5
 

ms
Fig 

 

4 Images
 

taken
 

in
 

filler
 

wire
 

laser
 

welding
 

without
 

laser
 

focus
 

rotation
 

by
 

using
 

a
 

high-speed
 

camera 
 

 a 
 

t+0
 

ms 
 

 b 
 

t+1 5
 

ms 
 

 c 
 

t+3
 

ms 
 

 d 
 

t+4 5
 

ms 
 

 e 
 

t+6
 

ms 
 

 f 
 

t+7 5
 

ms 
 

 g 
 

t+9
 

ms 
 

 h 
 

t+10 5
 

ms

形貌和飞溅行为。
根据本课题组的前期研究结果,在铝合金非填

丝扫描焊接8
 

mm厚1060铝合金中,激光焦点高速

旋转可以引导熔池的熔化和凝固行为,使焊缝表面

的鱼鳞纹由非旋转时的三角形变为圆弧形[16]。但

焦点旋转填丝焊缝表面没有出现圆弧形的鱼鳞纹,
这是因为两者的焊接条件不同,从而导致焊缝熔池

的形状不同。
此次试验为激光填丝穿透焊,熔池呈长圆形。

熔池的形状既与激光功率等热输入条件有关,还与

母材形状及材质有关。由于母材厚度为2
 

mm,并
且焊缝下部的支撑工装加工有氩气保护槽,所以与

8
 

mm非穿透焊相比,母材的散热大大减少,熔化特

性大大增强。另外,铝合金的熔点低,熔池表面张力

小,填充焊丝的加入拓宽了熔池尺寸。因此,激光旋

转在熔池中的扫描轨迹与熔池凝固的固液界面尚有

一定距离,激光的周期性运动只能引起熔池流动,不
会对熔池凝固处的固液界面产生引导作用。在本试

验中,激光旋转对熔池流动的周期性振荡虽然不能

使焊缝表面获得圆弧形鱼鳞纹形貌[16],但却改变了

非旋转填丝焊接时的三角形鱼鳞纹形貌,优化了焊

缝表面的成形。
如图5所示,两种焊接方式下获得的焊缝的横

截面形貌基本相同,均呈现中间存在束腰的X形,
焊缝上部、中部及下部的宽度变化不大。非旋转工

艺接头内存在弥散分布及尺寸不一的气孔,而焦点

旋转工艺接头只是在熔合线附近存在微小气孔,如
图5(d)所示(两种接头都有该类气孔)。通过高速

摄像观察熔池流动和焊丝熔化过渡行为可知,在激

光焦点旋转填丝焊接中,激光焦点高速旋转,导致激

光周期性地作用在焊丝和熔池上,在一定程度上增

加了熔池内部的对流,并增加了熔池的长度,这有利

图5 两种工艺下的焊缝形貌及气孔分布。(a)填丝焊焊

缝横截面;(b)激光焦点旋转填丝焊焊缝横截面

(f=150
 

Hz,r=0.6
 

mm);(c)激光焦点非旋转填

丝焊 接 接 头;(d)激 光 焦 点 旋 转 填 丝 焊 接 接 头;
(e)焊缝内尺寸较大的弥散气孔;(f)熔合线附近尺

 寸较小的气孔

Fig 
 

5 Weld
 

morphologies
 

and
 

pore
 

distributions
 

under
 

two
 

welding
 

processes 
 

 a 
 

Cross-section
 

of
 

the
 

weld
 

in
 

filler
 

wire
 

laser
 

welding 
 

 b 
 

cross-
section

 

of
 

the
 

weld
 

in
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation
 

 f=150
 

Hz 
 

r=0 6
 

mm  
 

 c 
 

welded
 

joint
 

in
 

filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 d 
 

welded
 

joint
 

in
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation 
 

 e 
 

dispersed
 

pores
 

of
 

large
 

sizes
 

in
 

the
 

weld 
 

   f 
 

tiny
 

pores
 

around
 

the
 

fusion
 

line
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于气泡的上浮;另外,熔池的平稳流动也可以有效抑

制保护气体卷入熔池,使接头中的气孔数量大幅减

少,气孔尺寸大幅减小。

3.2 接头的微观组织分析

焦点旋转与不旋转焊接工艺下焊缝的显微组织

如图6所示。可以看出,在激光非旋转填丝焊和激

光焦点旋转填丝焊这两种焊接方式下,焊缝组织从

熔合线附近到焊缝中心均依次为热影响区(HAZ
区)、部分熔融区(PMZ区)、等轴细晶区(EQZ区)、
柱状晶区(CGZ区)。

图6 不同焊接工艺下接头熔合线附近的显微组织。(a)激光非旋转填丝焊;(b)激光焦点旋转填丝焊

Fig 
 

6 Microstructures
 

of
 

welded
 

joint
 

around
 

the
 

fusion
 

lines
 

under
 

different
 

welding
 

processes 
 

 a 
 

Filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 b 
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation

  为了进一步考察激光焦点旋转工艺对接头组织

的影响,对接头各区域内的组织进行对比分析。
图7和图8分别为两种焊接工艺下焊接接头各典型

区域的组织形貌。

图7 激光非旋转填丝焊接接头的显微组织。(a)熔合线附近;(b)熔合线至焊缝中心之间;(c)焊缝中心

Fig 
 

7 Microstructures
 

of
 

welded
 

joint
 

prepared
 

by
 

filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 a 
 

Near
 

fusion
 

line 
 

 b 
 

between
 

fusion
 

line
 

and
 

weld
 

center 
 

 c 
 

weld
 

center

图8 激光焦点旋转填丝焊接接头的显微组织。(a)熔合线附近;(b)熔合线至焊缝中心之间;(c)焊缝中心

Fig 
 

8 Microstructures
 

of
 

welded
 

joint
 

prepared
 

by
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation 
 

 a 
 

Near
 

fusion
 

line 
 

 b 
 

between
 

fusion
 

line
 

and
 

weld
 

center 
 

 c 
 

weld
 

center

  对比图7(a)和图8(a)可以看出,采用焦点旋转

工艺后,在熔合线附近的PMZ区仍可以观察到明

显的粗大晶界,EQZ区宽度范围有所缩小,并且靠

近细晶区的柱状晶尺寸有所减小。激光焦点的旋转

运动可能在一定程度上改变了熔池两侧(宽度方向)

固液界面的温度梯度,对联生结晶过程产生影响,进
而减小了柱状晶尺寸。

如图7(b)和图8(b)所示,在熔合线至焊缝中心

之间的CGZ区,两种工艺的晶粒尺寸未见明显改

变,说明焦点旋转对柱状晶的生长没有显著影响。
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如图7(c)和图8(c)所示,采用焦点旋转工艺后,焊
缝中心的晶粒尺寸略有增加,二次枝晶间距变小。
这是因为激光焦点旋转行为导致局部重复加热[18],
增加了热输入,从而导致焊缝中心的等轴枝晶组织

出现了一定程度的粗化。

3.3 焊缝内的元素分布

图9为激光非旋转填丝焊接与激光焦点旋转填

丝焊接工艺下焊缝中心的背散射电子图像。可以看

出,在两种焊接工艺下,焊缝中心均出现了元素在晶

界和枝晶间富集的现象,但差别不大。

图9 焊缝中心的背散射电子照片。(a)激光非旋转填丝焊;(b)激光焦点旋转填丝焊

Fig 
 

9 Back-scattered
 

electron
 

images
 

of
 

welds
 

center 
 

 a 
 

Filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 b 
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation

  图10为两种工艺下焊缝中心元素的面扫描结

果。从图中可以看到,焊缝中心为等轴晶,并存在枝

晶形貌。对比图10(a)和图10(b)可以发现,采用激

光焦点旋转工艺后,晶粒尺寸较大,焊缝组织观察结

果与金相显微镜的观察结果一致。从元素的面扫描

结果来看,两种工艺下焊缝中心的合金元素分布不

均匀,合金元素除了在α(Al)基体内富集,还在枝晶

间偏聚。微区成分分析结果显示,在枝晶间偏聚的

元素主要是硅元素、铜元素以及少量镁元素,元素的

分布情况差别不大。

图10 不同焊接工艺下焊缝中心元素的面分布。(a)激光非旋转填丝焊;(b)激光焦点旋转填丝焊

Fig 
 

10 Surface
 

distributions
 

of
 

elements
 

in
 

central
 

areas
 

of
 

welds
 

prepared
 

with
 

two
 

different
 

welding
 

processes 
 

 a 
 

Filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 b 
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation

  图11为两种工艺下焊缝中心的二次电子图像,
从图中可以观察到在枝晶间及晶界上存在多种形态

及尺寸的析出相,且以三角形析出相和长条形析出

相为主。旋转工艺对析出相的位置及形态等没有明

显影响。
对焊缝进行 XRD测试,XRD图谱如图12所

示。经过对比分析可知,旋转工艺的使用基本不会

改变析出相的种类,两种工艺下的主要析出相均为

α(Al)固溶体、θ相(Al2Cu)和T相(AlLiSi)。

3.4 力学性能测试

图13为激光焦点旋转填丝焊和激光非旋转填

丝焊接头横截面上的显微硬度分布。可以看出:在

PMZ区,两者均出现了硬度低值,约为95
 

HV0.1。
在激光焊接过程中,熔合线附近母材的温度较高,导
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图11 焊缝中心的二次电子图像。(a)激光非旋转填丝焊;(b)激光焦点旋转填丝焊

Fig 
 

11 Secondary
 

electron
 

images
 

of
 

welds
 

center  a 
 

Filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 b 
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation

图12 两种焊缝的XRD图谱

Fig 
 

12 XRD
 

patterns
 

of
 

two
 

welds

图13 两种接头的显微硬度

Fig 
 

13 Microhardness
 

of
 

two
 

welded
 

joints

致过时效效应,母材中的强化相熔解,因此PMZ区

的显微硬度显著降低。采用旋转焊接工艺后,PMZ
区的接头软化现象无明显改善。在激光非旋转工艺

下,焊 缝 中 心 的 硬 度 降 到 了 母 材 的 76%,约 为

115
 

HV0.1;在焦点旋转工艺下,整个接头的硬度更

加均匀,约为123
 

HV0.1,是母材的82%,相较非旋

转工艺下的接头显微硬度提高了6.9%。
拉伸试验结果如图14所示。与激光焦点非旋

转工艺下获得的焊缝接头的抗拉强度(349.4
 

MPa)
相比,激光焦点旋转工艺下获得的接头的抗拉强度

略高,为365.0
 

MPa,两者差别很小。拉伸测试结束

图14 焊接试样的拉伸应力-应变曲线

Fig 
 

14 Tensile
 

stress-strain
 

curves
 

of
 

test
 

pieces
 

in
 

two
 

welding
 

processes

后,焊接接头均在熔合线附近断裂,这是因为焊接接

头在熔合线附近发生了明显的强度弱化。接头强度

在一定程度上与接头的显微硬度相匹配,根据测试

结果,PMZ区出现了明显的硬度低值,说明熔合线

附近区域出现了明显的接头弱化现象,该位置是接

头拉伸测试时的薄弱位置。
对拉伸断口进行扫描电镜观察,观察结果如图

15和图16所示。整体来看,两种拉伸断口均表现

为韧窝聚集型沿晶断裂,具有混合断裂的特征。
两种焊接工艺下的焊缝上部与下部均存在较多

微小韧窝,如图15(a)、(c)与图16(a)、(c)所示,韧
窝尺寸及深浅无明显区别,断口中部均呈沿晶断裂

形貌。非旋转焊接试样断口上存在较多气孔,断口

上的气孔都为圆形。

4 结  论

激光焦点的高频旋转使其周期性地作用在焊

缝熔池及焊丝末端,同非焦点旋转填丝焊接相比,
熔池长度有所增加,熔池流动更加平稳且波动幅

度更小,有利于改善焊缝成形、抑制飞溅和减少气

孔缺陷。
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图15 激光非旋转填丝焊试样拉伸断口的SEM图像。(a)区域a;(b)区域b;(c)区域c;(d)气孔

Fig 
 

15 SEM
 

images
 

of
 

tensile
 

fracture
 

of
 

test
 

pieces
 

prepared
 

by
 

filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

 a 
 

Area
 

a 
 

 b 
 

area
 

b 
 

 c 
 

area
 

c 
 

 d 
 

pore

图16 激光焦点旋转填丝焊试样拉伸断口的SEM图像。(a)区域a;(b)区域b;(c)区域c;(d)气孔

Fig 
 

16 SEM
 

images
 

of
 

tensile
 

fracture
 

of
 

test
 

pieces
 

prepared
 

by
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation 
 

 a 
 

Area
 

a 
 

 b 
 

area
 

b 
 

 c 
 

area
 

c 
 

 d 
 

pore

  与激光焦点非旋转焊接工艺相比,激光焦点旋

转填丝焊接工艺获得的接头中的EQZ区宽度、EQZ
区晶粒尺寸和靠近细晶区的柱状晶尺寸有所减小。

与激光焦点非旋转焊接接头相比,激光焦点旋

转填丝焊接接头熔合线附近的显微硬度和拉伸强度

略有升高,接头断裂在熔合线附近,拉伸断口呈混合

断裂特征。
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Abstract
Objective 2060

 

aluminum-lithium
 

alloy
 

is
 

a
 

third-generation
 

aluminum-lithium
 

alloy 
 

which
 

has
 

excellent
 

performance 
 

such
 

as
 

low
 

density
 

and
 

high
 

specific
 

stiffness 
 

It
 

has
 

broad
 

application
 

prospects
 

in
 

the
 

aerospace
 

field 
 

Fiber
 

laser
 

welding
 

technology
 

is
 

rapidly
 

developing
 

because
 

of
 

high
 

welding
 

speed
 

and
 

high
 

efficiency 
 

The
 

lightweight
 

material
 

of
 

the
 

aluminum-lithium
 

alloy 
 

combined
 

with
 

fiber
 

laser
 

welding 
 

can
 

satisfy
 

the
 

lightweight
 

requirements
 

of
 

aircraft 
 

Because
 

of
 

the
 

large
 

thermal
 

expansion
 

coefficient
 

of
 

the
 

aluminum-lithium
 

alloy
 

and
 

easy
 

burning
 

of
 

elements 
 

the
 

problems
 

of
 

cracks 
 

pores 
 

and
 

mechanical
 

properties
 

are
 

concerning 
 

Although
 

the
 

crack-
assisted

 

process
 

can
 

effectively
 

suppress
 

cracks 
 

the
 

pores
 

and
 

mechanical
 

properties
 

still
 

need
 

to
 

be
 

improved 
 

Moreover 
 

the
 

filler
 

wire
 

welding
 

process
 

causes
 

problems
 

such
 

as
 

high
 

light
 

wire
 

matching
 

and
 

complicated
 

melting
 

and
 

solidification
 

behavior
 

of
 

the
 

wire 
 

In
 

this
 

study 
 

focus
 

rotation
 

and
 

filler
 

wire
 

were
 

adopted
 

in
 

the
 

fiber
 

laser
 

welding
 

 denoted
 

as
 

laser
 

welding-FRFW 
 

of
 

2
 

mm-thick
 

2060
 

aluminum-lithium
 

alloy
 

to
 

analyze
 

the
 

impact
 

of
 

laser
 

focus
 

rotation
 

on
 

the
 

weld
 

formation 
 

porosity 
 

distribution
 

of
 

microstructures
 

in
 

the
 

weld 
 

and
 

the
 

mechanical
 

properties
 

of
 

the
 

welded
 

joint 

Methods The
 

test
 

specimen
 

was
 

a
 

piece
 

of
 

2060-T8
 

aluminum-lithium
 

alloy 
 

We
 

used
 

4047
 

welding
 

wires
 

with
 

a
 

diameter
 

of
 

1 2
 

mm 
 

The
 

YLS-6000
 

fiber
 

laser
 

was
 

used 
 

The
 

core
 

diameter
 

of
 

the
 

transmission
 

fiber
 

was
 

200
 

μm 
 

the
 

focal
 

length
 

of
 

the
 

collimating
 

lens
 

was
 

200
 

mm 
 

and
 

the
 

focal
 

length
 

of
 

the
 

focus
 

lens
 

was
 

300
 

mm 
 

The
 

wedge
 

angle
 

of
 

the
 

wedge
 

prism
 

was
 

designed
 

to
 

obtain
 

the
 

required
 

laser
 

focus
 

rotation
 

radius 
 

A
 

laser
 

focus
 

rotating
 

device
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was
 

used
 

to
 

regulate
 

the
 

rotational
 

speed
 

of
 

the
 

wedge
 

prism 
 

We
 

adopted
 

the
 

process
 

parameters
 

as
 

follows 
 

laser
 

power 
 

3 8
 

kW 
 

welding
 

speed 
 

3
 

m min 
 

wire-feeding
 

angle 
 

45° 
 

wire-feeding
 

speed 
 

3
 

m min 
 

laser-wire
 

distance 
 

0
 

mm 
 

Furthermore 
 

a
 

color
 

high-speed
 

camera
 

was
 

used
 

to
 

observe
 

the
 

droplet
 

transfer
 

behavior
 

in
 

the
 

welding
 

process 
 

When
 

the
 

welding
 

was
 

completed 
 

we
 

prepared
 

metallographic
 

specimens
 

for
 

analyzing
 

the
 

weld
 

morphologies
 

and
 

porosity 
 

Scanning
 

electron
 

microscopy
 

was
 

used
 

to
 

observe
 

the
 

microstructures
 

of
 

welded
 

joints 
 

A
 

scanning
 

electron
 

microscope
 

and
 

an
 

energy
 

dispersive
 

spectrometer
 

 EDS 
 

were
 

used
 

to
 

analyze
 

the
 

ingredients
 

of
 

any
 

selected
 

area 
 

Further 
 

X-ray
 

diffraction
 

 XRD 
 

was
 

used
 

to
 

analyze
 

phase
 

compositions
 

in
 

different
 

areas
 

within
 

the
 

weld 
 

We
 

used
 

a
 

hardness
 

tester
 

to
 

measure
 

the
 

microhardness
 

of
 

the
 

welded
 

joints
 

with
 

the
 

load
 

of
 

0 98
 

N
 

loaded
 

for
 

15
 

s 
 

The
 

tensile
 

properties
 

of
 

welds
 

were
 

tested
 

based
 

on
 

the
 

ASTM
 

E8m
 

standard 

Results
 

and
 

Discussions The
 

weld
 

morphology
 

considerably
 

changed
 

after
 

applying
 

laser
 

welding-FRFW
 

 Fig 
 

1  
 

The
 

surface
 

of
 

the
 

weld
 

was
 

smooth
 

with
 

shallower
 

fish
 

scale-shaped
 

ripples 
 

the
 

width
 

of
 

the
 

entire
 

weld
 

became
 

more
 

uniform 
 

and
 

the
 

spatters
 

around
 

the
 

weld
 

were
 

effectively
 

suppressed 
 

The
 

laser
 

focus
 

periodically
 

acted
 

on
 

the
 

weld
 

pool
 

and
 

the
 

end
 

of
 

the
 

welding
 

wire 
 

and
 

the
 

weld
 

pool
 

was
 

stable
 

with
 

a
 

small
 

fluctuation
 

range
 

and
 

no
 

spatter
 

 Fig 
 

3
 

and
 

Fig 
 

4  
 

and
 

there
 

were
 

only
 

tiny
 

pores
 

around
 

the
 

fusion
 

line
 

 Fig 
 

5  
 

The
 

laser
 

focus
 

periodically
 

acted
 

on
 

the
 

welding
 

wire
 

and
 

weld
 

pool 
 

This
 

action
 

can
 

make
 

the
 

weld
 

pool
 

longer 
 

making
 

it
 

easier
 

for
 

bubbles
 

to
 

move
 

upwards
 

and
 

escape
 

the
 

weld
 

pool 
There

 

were
 

four
 

zones
 

distributed
 

from
 

the
 

fusion
 

line
 

to
 

the
 

center
 

of
 

the
 

weld 
 

HAZ 
 

PMZ 
 

EQZ 
 

and
 

CGZ
 

 Fig 
 

6  
 

When
 

focus
 

rotation
 

was
 

applied 
 

the
 

obvious
 

thick
 

grain
 

boundary
 

could
 

still
 

be
 

observed
 

in
 

the
 

PMZ
 

near
 

the
 

fusion
 

line 
 

Further 
 

the
 

width
 

of
 

the
 

EQZ
 

was
 

reduced 
 

and
 

the
 

sizes
 

of
 

column
 

grains
 

near
 

the
 

equiaxed
 

grain
 

zone
 

became
 

smaller
 

 Fig 
 

7 a 
 

and
 

Fig 
 

7 b   
 

The
 

main
 

precipitated
 

phases
 

are
 

α
 

 Al 
 

solid
 

solution 
 

θ
 

phase
 

 Al2Cu  
 

and
 

T
 

phase
 

 AlLiSi  
The

 

low
 

hardness
 

appeared
 

in
 

the
 

PMZ
 

in
 

both
 

cases Fig 
 

13  
 

In
 

filter
 

wire
 

laser
 

welding 
 

the
 

strength
 

at
 

the
 

weld
 

center
 

was
 

reduced
 

to
 

approximately
 

115
 

HV0 1 
 

When
 

focus
 

rotation
 

was
 

applied 
 

the
 

strength
 

of
 

the
 

entire
 

welded
 

became
 

more
 

uniform
 

and
 

increased
 

to
 

approximately
 

123
 

HV0 1 
 

Compared
 

with
 

that
 

of
 

the
 

filler
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

the
 

microhardness
 

of
 

the
 

welded
 

joint
 

prepared
 

by
 

filler
 

wire
 

laser
 

welding
 

with
 

focus
 

rotation
 

was
 

increased
 

by
 

6 9% 
 

According
 

to
 

the
 

tensile
 

test
 

results
 

 Fig 
 

14  
 

the
 

tensile
 

strength
 

of
 

the
 

welded
 

joint
 

of
 

laser
 

welding-FRFW
 

was
 

365 0
 

MPa 
 

which
 

is
 

slightly
 

higher
 

than
 

349 4
 

MPa
 

 the
 

joint
 

of
 

filter
 

wire
 

laser
 

welding  
 

Fracture
 

of
 

each
 

welded
 

joint
 

occurred
 

in
 

the
 

area
 

near
 

the
 

fusion
 

line
 

of
 

the
 

welds 
 

Fractures
 

of
 

the
 

welded
 

joints
 

obtained
 

in
 

both
 

welding
 

processes
 

were
 

dimple-aggregation
 

type
 

intergranular
 

fractures
 

with
 

features
 

of
 

mixed
 

fractures 

Conclusions Because
 

of
 

the
 

high-frequency
 

rotation
 

of
 

the
 

laser
 

focus 
 

the
 

laser
 

focus
 

could
 

act
 

periodically
 

on
 

the
 

weld
 

pool
 

and
 

one
 

end
 

of
 

the
 

welding
 

wire 
 

Based
 

on
 

the
 

laser
 

welding-FRFW 
 

the
 

weld
 

pool
 

was
 

longer
 

and
 

more
 

stable 
 

which
 

can
 

improve
 

the
 

weld
 

morphology 
 

suppress
 

spatters
 

and
 

reduce
 

the
 

number
 

of
 

pores 
 

The
 

width
 

of
 

the
 

EQZ
 

and
 

sizes
 

of
 

the
 

grains
 

in
 

EQZ
 

as
 

well
 

as
 

the
 

sizes
 

of
 

the
 

columnar
 

grains
 

near
 

the
 

equiaxed
 

grain
 

zone
 

on
 

the
 

weld
 

were
 

reduced
 

in
 

the
 

laser
 

welding-FRFW 
 

The
 

microhardness
 

near
 

the
 

fusion
 

line
 

and
 

tensile
 

strength
 

of
 

the
 

welded
 

joint
 

were
 

slightly
 

increased
 

compared
 

with
 

the
 

filter
 

wire
 

laser
 

welding
 

without
 

focus
 

rotation 
 

Moreover 
 

the
 

fracture
 

of
 

the
 

welded
 

joint 
 

with
 

features
 

of
 

mixed
 

fractures 
 

occurred
 

near
 

the
 

fusion
 

line 
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