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摘 要: 基于搅拌摩擦焊三维模型的切面分析方法，建立了焊接过程中接头切面的演

变行为，将搅拌摩擦焊接头形成过程分为挤出阶段、迁移阶段、回填阶段和轴肩作用阶
段四个阶段，对搅拌针作用下材料迁移过程进行了分析，指出挤出阶段将原始对接面及

其表面氧化物迁移到后退侧，迁移阶段实现洋葱环层状组织的形成，并实现氧化物的碎

化、弥散，回填阶段完成洋葱环形貌的最终成形． 结果表明，采用切面分析法建立的接
头形成过程四阶段能够较好地解释搅拌摩擦焊接头形成机制以及“S线”等缺陷的产生
原因．
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0 序 言

搅拌摩擦焊 ( friction stir welding，FSW) 凭借其
具有的诸多优势，成为轻金属材料最先进的连接方

法之一． FSW 焊接过程中，搅拌针周围被焊材料的
产热、塑化及流动行为是形成接头的基础［1］． 因此
国外学者针对 FSW 塑性金属流动行为开展大量研
究工作，采用的研究方法包括示踪法［2］、急停法［3］、
微观组织观察

［4］
或者多种方法相结合

［5］． 国内也对
塑性金属流动行为开展大量研究工作． 文献［6，7］
构建了 FSW塑性金属的层状流动模型． 文献［8］通
过示踪试验研究得出“抽吸 －挤压”理论． 文献［9］
采用紫铜作为示踪材料研究了 FSW 焊接过程中塑
性金属在水平面上的二维流动行为． 文献［10］采用
铝箔示踪法研究了 FSW洋葱环形成机制．
纵观国内外学者所开展的研究工作，不论采用

何种试验方法，其研究视角基本都立足于焊接过程

中塑性金属在搅拌针周围的流动轨迹． 而 FSW 焊
接过程中塑性金属流动行为是不可见的，只能通过

各种手段保留焊后接头内部的流动形貌，并通过切

面金相照片体现出来，通过焊接终止后的二维图像去

反推焊接过程中的三维运动行为必然存在极大的难

度，并且分析结果与实际情况的吻合度也难以评判．
由于 FSW接头理论上是由无数个二维切面叠

加而成，而通过对接头切面的金相观察和分析来推

断二维形貌的成形过程相对于推断搅拌针周围塑性

金属的三维流动行为更为容易． 因此以下介绍的研
究工作通过对单个切面的材料流动及成形过程分析

来研究 FSW接头成形机理．

1 FSW模型建立

针对厚度为 6． 35 mm的 7050-T7451铝合金 FSW
过程中实际使用的搅拌头及试件形貌进行建模，图 1
为实际焊接过程中搅拌针与被焊工件的相对位置关

系，图 1中隐藏了对接焊其中一侧工件，以便能够同
时显示搅拌针及被焊工件形貌． 在被焊工件中选择
任一切面 A( 图 1) ，并使切面 A相对工件固定，观察
任意时刻切面 A处搅拌头与被焊工件的相互作用关
系及其演变过程，观察方向如图 1中虚线箭头所示．

图 1 FSW焊接过程模型
Fig. 1 Model of FSW process

从搅拌针根部接触到切面 A 开始，直至最终整
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个搅拌针前缘完全越过切面 A，这个过程中 4 个不
同阶段形貌如图 2 所示． 可以看到，随着搅拌头沿
焊缝的直线运动，搅拌针根部首先进入切面 A，随后
搅拌针作用区的长度及宽度都不断增大，当搅拌针

端部进入到切面 A后，搅拌针作用区长度基本不再
发生明显变化，而宽度则缓慢增大，直至宽度最大

值，即搅拌针直径． 由于焊接过程中搅拌针存在
2. 5°的倾角，因此沿焊缝深度方向不同位置处搅拌
针影响区宽度达到最大值的时刻并不相同，其先后

次序为由下至上．

图 2 搅拌针进入切面 A过程示意图
Fig. 2 Schematic of stir pin to enter section A

图 3 为搅拌针远离截面 A 的过程，远离过程可
以看做进入过程的逆过程，在这个过程中，搅拌针作

用区长度迅速减小，同时作用宽度也在不断减小．
基于对 FSW模型的分析，将切面 A中搅拌针作

用区面积迅速增大的过程定义为挤出阶段，位于

图 4中 I区，将搅拌针作用区面积迅速减小的过程
定义为回填阶段，位于图 4 中 III 区，在上述两个阶
段之间，搅拌针作用区变化不大，形成一个较为稳定

的迁移过程，定义为迁移阶段，位于图 4 中 II 区，由
于上述三个阶段均在搅拌针作用下完成，因此可以

统称为搅拌针作用阶段． 从回填阶段结束到搅拌头

图 3 搅拌针退出切面 A过程示意图
Fig. 3 Schematic of stir pin to exit section A

轴肩完全离开切面A这个过程定义为轴肩作用阶段．

图 4 FSW焊接过程四个阶段划分
Fig. 4 Stages of FSW process

2 FSW焊接过程分析

在挤出阶段，焊缝靠近上表面的材料首先形成

由前进侧( AS) 向后退侧( RS) 迁移行为，随着搅拌
针作用区范围由搅拌针根部逐渐向端部扩展，焊缝

区材料自上而下依次形成由前进侧向后退侧迁移行

为，且上部的迁移宽度逐渐增大( 图 5) ． 对接焊缝原
始界面及其表面氧化物在该阶段被迁移至后退侧．
当搅拌针前缘完全越过截面 A 时，即进入迁移

阶段，迁移阶段搅拌针作用区所占据的面积最大，同

时迁移阶段与挤出阶段和回填阶段相比持续的时间

也最长． 在该阶段，沿搅拌针外轮廓形成 FSW 接头
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图 5 挤出阶段材料流动行为
Fig. 5 Material flow behavior of extrusion stage

热力影响区及焊核区的初步轮廓，同时该阶段是洋

葱环层状组织的形成阶段，洋葱环芯以下部位在此

阶段完全成形，与焊后切面 A金相形貌相一致( 图 6
中虚线框所示) ． 随着洋葱环结构的形成，挤出阶段
由原始界面迁移到后退侧的氧化物被碎化并沿洋葱

环层状结构弥散分布于焊核中． 当搅拌针作用区底
部回缩至洋葱环芯位置时，迁移阶段结束，随即进入

回填阶段．

图 6 迁移阶段结束及回填阶段开始时刻切面 A形貌
Fig. 6 Section A morphology between migration stage

and back filling stage

图 7 为迁移阶段搅拌针作用区面积达到最大
时，作用轮廓与金相形貌叠加． 图 7 中实线为焊核
区边界，椭圆圈住的 a，b 区与搅拌针边缘的距离在
该时刻达到最小，在该时刻之前和之后均远离搅拌

针，因此可以认为该时刻是 a，b 区域焊缝成形的主
要阶段，保留了迁移阶段搅拌针周围材料形貌． 图 7
中两条虚线为 a，b 焊核区边界向上的延伸，可以推
断，在搅拌针作用区面积达到最大时刻，搅拌针两侧

的塑性金属分布范围应当如虚线所界定的区域，但

由于随后轴肩对上表面材料形成的迁移、挤压作用，
使得迁移阶段在上部形成的焊核形貌被破坏，并且

被轴肩作用区所取代．
回填阶段是焊核成形的关键阶段，其过程也相

对复杂． 首先，回填阶段的起始点并非搅拌针作用

图 7 搅拌针作用区面积最大时切面 A形貌
Fig. 7 Section A morphology at largest area of pin-affect-

ed zone

区面积达到最大值时刻． 因为在搅拌针作用区面积
达到最大值之后一段较短时间内，由于搅拌针作用

区面积变化比( 即搅拌针作用区面积单位时间缩小

量与总面积的比值) 较小，通过塑性金属的迁移行

为尚且可以填充于搅拌针作用区缩小形成的新空

隙，因此可以不断形成新的洋葱环，因此这个过程也

归类于迁移阶段． 当搅拌针作用区尖端达到洋葱环
芯位置( 图 6) 后，搅拌针作用区面积变化比迅速增
大，迁移形成的塑性金属材料已经不足以填充新产

生的空隙，为了填补空隙，迁移阶段在焊缝上部形成

的塑性金属区及热力影响区材料开始向焊缝中心回

填，此时不再产生新的洋葱环，而是将原有的层状组

织收拢、闭合，构成洋葱环形貌的上半部，并形成最
终完整的洋葱环形貌．
如图 8 所示，回填阶段形成的焊核区介于洋葱

环芯及搅拌针作用区顶部之间一个较窄的区域内．
搅拌针作用区顶部及洋葱环结构的收拢形成于轴肩

作用区塑性金属的挤压，而洋葱环结构两侧拐点位

置低于搅拌针作用区顶部，又表明回填阶段焊核区

形貌的形成过程受到了搅拌针后部间隙的回抽作

用，而使焊核区上部材料产生了主动收拢回填的效

果． 这种主动回填与轴肩作用区产生的被动挤压如
果不能良好配合则容易在该位置形成疏松或孔洞

缺陷．

图 8 回填阶段成形区位置
Fig. 8 Forming position of back filling stage
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如图 9 所示，由于工艺参数选择不当，导致挤出
阶段未能对原始对接面形成有效的材料迁移，迁移

阶段未能在焊核区下部形成良好的洋葱环形貌，上

述两个阶段的共同影响从而形成了“S线”氧化物残
留缺陷;而回填阶段在搅拌头下压量不足的共同作

用下又未能产生主动回填与被动挤压的有效配合，

从而在前进侧上部形成了孔洞缺陷． 由此可见，焊
接过程中工艺参数选择不当将导致三个阶段不能有

效完成各自的成形过程，而最终得到的缺陷焊缝往

往是由各阶段产生的缺陷叠加而成．

图 9 缺陷焊缝金相形貌
Fig. 9 Metallograph of defective welded

3 结 论

( 1) 基于切面分析法将搅拌针作用阶段划分为
挤出阶段、迁移阶段和回填阶段．
( 2) 挤出阶段搅拌针前缘自上而下将原始对接

面上的材料由前进侧迁移至后退侧，对接焊缝原始

界面及其表面氧化物在该阶段被迁移至后退侧．
( 3) 迁移阶段沿搅拌针外缘轮廓形成焊核区边

缘形貌以及洋葱环层状组织，后退侧氧化物在该阶

段被部分碎化、弥散，分布于焊核区．
( 4) 回填阶段形成洋葱环中心以上组织结构，

并完成搅拌针作用区的最终形貌．
( 5) 挤出阶段流动不充分易导致氧化层不能有

效迁移，迁移阶段流动不充分易导致氧化层不能有

效碎化弥散以及洋葱环不能有效形成，回填阶段流

动不充分易导致隧道甚至沟槽缺陷．
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A GABP optimized algorithm for filler rate of non-heated
wire ZHANG Pengxian1，2，LI Hao1，2，ZHANG Jie1 ( 1． Key
Laboratory of Non-ferrous Metal Alloys，The Ministry of Educa-
tion，Lanzhou University of Technology，Lanzhou 730050，Chi-
na; 2． State Key Laboratory of Gansu Advanced Non-ferrous
Metal Materials，Lanzhou University of Technology，Lanzhou
730050，China) ． pp 77 － 80

Abstract: For the process of submerged arc welding filled
with non-heated wire，the filler quantity of non-heated wire is
one of the main parameters that affects the microstructure and
mechanical properties of welded joints． First，through a lot of
welding experiment，the effect of the filler quantity of non-heated
wire on the microstructure and mechanical properties was investi-
gated． On the basis of the heat balance law in welding process，
the balance equation of heat dynamic distribution for the process
of submerged arc welding filled with non-heated wire was estab-
lished． Then the relational expression was formulated for the fill-
er rate of non-heated wire． At last，the nonlinear mapping rela-
tionship between the welding current I，arc voltage U，welding
speed v and filler rate of non-heated wire vl was realized based on
artificial neural network． Experimental results showed that，the
optimized algorithm of BP neural network based on genetic algo-
rithm ( GABP ) can realize adaptive control for the process of
submerged arc welding filled with non-heated wire． The linear
correlation between filler rate of non-heated wire in actual weld-
ing process and the expectative output comes up to 0． 991 88．
This shows that the algorithm of GABP can meet requirement for
welding process and properties．

Key words: submerged arc welding filled with non-heated
wire; heat dynamic distribution; genetic algorithm; BP neural
network

Simulation and experimental verification of double-pass
welding temperature field for DP590 steel XING Shu-
qing1，HAO Fei2，YAN Bo3，MA Yonglin1 ( 1． School of Materi-
al and Metallurgy，Inner Mongolia University of Science and
Technology，Baotou 014010，China; 2． Inspection and Mainte-
nance Center， PetroChina LNG Jiangsu Co．，Ltd， Nantong
226400，China; 3． Technology Center，Baotou Iron and Steel
Co．，Ltd，Baotou 014010，China) ． pp 81 － 84

Abstract: DP590 steel has been widely applied in the
field of automobile industry． In present paper，the double-pass
welding process in single-sided of CO2 gas shielding was simula-
ted by using parametric programming language and life-and-death
cell technology． The numerical simulation results were compared
with the experimental results obtained with the same precondi-
tions． The results showed that the simulation result of tempera-
ture distribution within the sample is generally consistent with the
measured temperature value． Compared with that of the first
welding pass，the thermal cycling of the second pass has a grea-
ter impact on microstructure across the heat-affected zone． Be-
cause of the great influence of reheating temperature on the
multi-pass welding process，it will be more advisable to maintain
the temperature of the steel at around 200 ℃ at the beginning of
second welding pass．

Key words: DP590 dual-phase steel; CO2 gas shielded
welding; numerical simulation; temperature field

Optimum design of magnesium alloy welding parameters
with GTAW under magnetic field SU Yunhai，JIANG
Huanwen，WU Deguang，LIU Zhengjun ( School of Material Sci-
ence and Engineering，Shenyang University of Technology，She-
nyang 110870，China) ． pp 85 － 88

Abstract: During the welding of AZ31 magnesium alloy
plate by GTAW，AC longitudinal and conversion magnetic field
were used． The magnetic field current and magnetic field fre-
quency can be adjusted during welding process． Orthogonal ex-
perimental design was used to study the effect of parameters on
the properties and microstructure of welded joint． The properties
of tensile strength and hardness of welded joint were tested． The
microstructure of magnesium welded joint was analyzed by metal-
lographic microscope at the same time． The results show that the
optimal properties of magnesium alloy welded joint are obtained
when welding current is 80 A，magnetic field current is 2 A，and
frequency is 20 Hz．

Key words: magnesium alloy; welding process under
magnetic field; parameters optimum design

Factors affecting deformation induced martensitic transfor-
mation of SUS304 stainless steel YANG Jianguo1，2，CHEN
Shuangjian1，3，HUANG Nan1，FANG Kun1，YUAN Shijian1，
LIU Gang1，HAN Cong5 ( 1． State Key Laboratory of Advanced
Welding and Joining，Harbin Institute of Technology，Harbin
150001，China; 2． Institute of Process Equipment and Control
Engineering， Zhejiang University of Technology， Hangzhou
310032，China; 3． Shanghai Institute of Applied Physics，
Shanghai 201800，China) ． pp 89 － 92

Abstract: Tensile tests of SUS304 stainless steel speci-
mens were performed with different strain rates at different tem-
peratures． Moreover，the martensite induced by deformation was
analyzed by ferrite measuring instrument，optical microscopy and
XRD． Experimental results show that the transformation of mar-
tensite is closely related to uniformity of microstructure，strain
rate and temperature． At room temperature，the amount of mar-
tensite induced by deformation increases with the increasing of
tensile strain． For the tailor-welded tube endured 30% circum-
ference strain in hydroforming process at temperature，the a-
mount of martensite is higher in fusion zone than that in HAZ，
and it is fewer in the base metal，i． e．，the higher the uniformi-
ty，the less the amount of martensite transformation induced by
deformation from austenite． The amount of martensite decreases
with the increasing of testing temperature． Tensile tests at 275 ℃
indicated that martensite transformation induced by deformation
can be restrained in the process of plastic deformation at this
temperature，the volume fraction of martensite is almost 0 under
such conditions．

Key words: deformation induced martensitic transforma-
tion; strain rate; microstructure heterogeneity; temperature; in-
fluencing factor

Forming process study of friction stir welding joint
ZHAO Huaxia，DONG Chunlin，LUAN Guohong ( Beijing Aero-
nautical Manufacturing Technology Research Institute，Aviation
Industry Corporation of China，Beijing 100024，China) ． pp 93
－ 96

Ⅴ



MAIN TOPICS，ABSTRACTS ＆ KEY WORDS 2012，Vol． 33，No． 12

Abstract: Based on the section analysis of three-dimen-
sional model of friction stir welding，the evolution of the joint
section of the welding process was established． The forming
process of friction stir welding was divided into extrusion stage，
migration stage，backfilling stage and shoulder effect stage． The
first three stages which were affected by stir pin were analyzed．
The analysis of the material migration processes of the first three
stages pointed out that the original surface and the residual ox-
ides were migrated to the retreat side in the extrusion stage，the
onion ring structure was formed，the oxides were fragmentated
and dispersed in the migration stage and the onion ring structure
was fully formed in the backfilling stage． The studies showed that
if the above three stages could not effectively complete the form-
ing processes，the superposition effect of a variety of defects
forming mechanisms would lead to the formation of the final de-
fects． The results show that the four stages of the forming process
established by using the section analysis can be used to explain
the forming mechanisms of FSW joints and the causes of the“S
line”and other defects．

Key words: friction stir welding; section analysis; joint
forming; defect

Effects of welding heat source parameters on residual stress
and distortion in thin plate joint WANG Nengqing，TONG
Yangang，DENG Dean ( College of Materials Science and Engi-
neering，Chongqing University，Chongqing 400045，China) ． pp
97 － 100

Abstract: The thermo-elastic-plastic finite element meth-
od ( FEM) has been widely used to predict temperature field，re-
sidual stress distribution and deformation． However，how to
choose the parameters of moving heat source model for given
welding conditions heavily depends on a analyst＇s experience． It
is necessary to clarify the influence of heat source parameters on
residual stress and deformation． Therefore，an attempt was made
to examine the influence of heat source parameters on residual
stress and deformation in a thin plate joint using thermo-elastic-
plastic FEM with Goldak heat source model in the current work．
The simulation results show that the heat source parameters have
no significant effect on residual stress，but have effect on welding
deformation to some extent．

Key words: heat source; welding residual stress; weld-
ing deformation; numerical simulation

Effects of laser shock wave on salt spray corrosion of X70
pipeline steel welded lines WU Yongzhong，KONG Dejun，
LONG Dan，FU Guizhong ( College of Mechanical Engineering，
Changzhou University，Changzhou 213016，China) ． pp 101 －105

Abstract: The surface of X70 pipeline steel welded line
was treated by laser shock wave，and the corrosion performances
before and after laser shock processing were analyzed by salt
spray corrosion test in artificial atmosphere． The surface mor-
phologies，chemical elements and phase constituent were ob-
served with SEM ( scanning electron microscope) ，EDS ( energy
dispersive spectrometer) and XRD ( X-ray diffraction) ，respec-
tively，and the effects of laser shock processing on the corrosion
mechanism were discussed． The results show that tensile residual
stress exists in the surface of X70 pipeline steel welded lines in

primitive state，which improves stress corrosion crack with the
interaction of corrosive medium Cl-． Spelling corrosion occurs
with the interaction of boundary corrosion． The grain refinements
are produced in the welded lines by laser shock processing，and
the strengthened layer is formed on the surface，which improves
corrosion resistance of the welded lines．

Key words: laser shock processing; X70 pipeline steel;
welded line; salt spray corrosion

Characteristics of Ni-Cr-Co-W-Mo-Ta-B brazing filler
LI Wen1，2，JIN Tao2 ( 1． College of Materials Science and Engi-
neering，Shenyang Ligong University，Shenyang 110159，China;
2． Institute of Metal Research，Chinese Academy of Sciences，
Shenyang 110016，China) ． pp 106 － 108

Abstract: Ni-Cr-Co-W-Mo-B alloy powder was prepared
by gas atomization． The particle morphology and element distri-
bution of the powder were investigated by SEM． The melting
characteristics of the Ni-Cr-Co-W-Mo-Ta-B powder were evalua-
ted by DSC． The Ni-Cr-Co-W-Mo-Ta-B flexible insert alloy cloth
was obtained through a thermal rolling technology． The bonding
strength at room temperature and stress rupture life at 1 010 ℃ /
248 MPa were measured． The results indicate that Ni-Cr-Co-W-
Mo-Ta-B particles existas ball-shape and the element distribu-
tions are homogeneous in the particles． The liquidus temperature
of the alloy is 1 127 ℃ ． The tensile strength at room temperature
and stress rupture life at 1 010 ℃ /248 MPa of the completed
joints are almost identical to those of the superalloy substrate
when the Ni-base superalloy was bonded by the transient liquid
phase ( TLP) bonding using Ni-Cr-Co-W-Mo-Ta-B powder as an
insert alloy．

Key words: Ni-Cr-Co-W-Mo-Ta-B powder; Ni-base su-
peralloy; TLP bonding; mechanical properties

Study of pulse combustion welding rod for vertical weld
WU Yongsheng，WANG Jianjiang，XIN Wentong，LIU Haodong
( The Institute of Advanced Materials，Ordnance Engineering
College，Shijiazhuang 050003，China) ． pp 109 － 112

Abstract: A new type of manual SHS welding rod called
the pulse combustion rod is introduced，which is used in the ur-
gent repair of war． Firstly，the problems and insufficiency of the
normal manual SHS welding rod ( normal combustion rod for
short) are analyzed in the vertical weld． The pulse combustion
rod is designed with structure and constitution presented． Then
vertical weld experiment is carried out，in which low carbon steel
is used as the base metal． By analysis with SEM，XRD and
EDS，the results show that weld seam is composed of Fe-riched
phase and Cu-riched phase，with a few of α-Fe but a little of Fe-
Ni，ε-Cu and Cu0． 81Ni0． 19 contained in Fe-riched phase，and
with much ε-Cu but a little of Cu0． 81Ni0． 19，α-Fe and FeNi
contained in Cu-riched phase． Dendritic Fe-riched phase distrib-
utes in the solid solution of Cu-riched phase． The weld seam al-
loy has a good bond with the base metal． The aim of double sides
forming is obtained by single side welding． The mechanical prop-
erties test of weld joint presents that tensile strength is up to
367MPa and the hardness of weld alloying zone is 143． 8 HV．

Key words: pulse combustion welding rod; vertical
weld; microstructure and property
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