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不等厚 ULC-BH钢激光拼焊接头硬化机制
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摘　要:采用两种激光光斑加热位置 ,对不等厚超低碳烘烤硬化钢板进行激光拼焊 , 分

别测定拼焊接头的显微硬度 ,对比分析其组织性能差异 , 探讨热影响区硬化软化机制.

结果表明 , 光斑偏向厚板时 ,拼焊焊缝两侧组织硬度曲线较为对称;在焊接热循环作用

下 , 热影响区基体中饱和科特雷尔(Cottrell)气团析出细小弥散的 NbC等第二相颗粒 ,

使得热影响区强硬化;光斑置中时 , 容易使薄板热输入过渡 , 析出的第二相颗粒聚集长

大 , 热影响区重新软化 ,容易导致冲压时开裂.
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0　序　　言

激光拼焊广泛应用于汽车车身覆盖件和结构组

件工业生产 ,是汽车车身轻量化(ultralightsteelauto

body, ULSAB)的重要技术组成
[ 1]
.激光拼焊可以

将不同厚度 、强度及表面镀层状况的钢板缝合成冲

压毛坯件 ,降低车身自重 ,降低能源消耗 ,减少尾气

排放 ,改善车身防撞性能
[ 2, 3]
.激光制造拥有高度自

动化和系统集成化 ,有益于提升生产效率 ,降低长期

生产成本 ,作为环境友好型的先进工业制造技术大

量研究.

不等厚超低碳烘烤硬化钢 (ultralowcarbon

bakehardeningsteel, ULC-BH)激光拼焊板焊缝质

量好 ,拥有如前所述的优点 ,但仍存在部分不足有待

改善.激光拼焊 ULC-BH钢焊缝硬度较高 ,容易造

成应力集中;靠近焊缝的薄板热影响区容易过热软

化 ,导致冲压成形时开裂 ,相比均匀厚度钢板 ,冲压

成形性能下降.诸多研究采用模拟改进冲压成形以

适应激光拼焊板的成形性能
[ 4, 5]
.激光拼焊 ULC-

BH钢的热影响区烘烤硬化性因素则考虑较少.

针对不等厚激光拼焊 ,变化激光加热光斑位置 ,

调节厚板和薄板焊接热输入 ,测定接头显微硬度分

布 ,分析光斑位置对焊缝两侧热影响区组织和性能

影响 ,探讨激光拼焊热影响区硬化及过时效机制.

1　试验方法

试验材料为高强度的超低碳钢烘烤硬化汽车用

钢板 ,厚度分别为 1 mm与 1.5mm.化学成分如表 1

所示 ,此类钢板具有较好的成形性能.采用高功率

连续 CO2激光为热源 ,激光束垂直入射 ,激光光束

焦点光斑直径约为 0.75 mm,选取厚板上表面为焊

接时激光束焦平面 ,分别采用光斑置于对接中线和

偏向厚板侧 0.2 mm进行焊接 ,如图 1所示.

表 1　超低碳烘烤硬化钢的化学成分 (质量分数 , %)

Table1　ChemicalcompositionofULC-BHsteel

C Mn P S Al Nb Fe

0.0035 0.11 0.007 0.007 0.035 0.058 余量

图 1　激光光斑偏置补偿示意图

Fig.1　Schematicdiagramofdifferentlaserspotposition

offset

为分析不等厚激光拼焊钢板接头组织和性能 ,

观察接头截面宏观形貌 ,并测量接头截面显微硬度
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曲线.采用金相显微镜和扫描电子显微镜分析接头

微观组织 ,参照已有烘烤硬化机制 ,分析激光焊接过

程 ULC-BH钢接头热影响区硬化和过时效软化.

2　试验结果

2.1　焊缝成形

激光拼焊薄板时热输入小 ,焊接速度快 ,拼焊的

焊缝和热影响区相对于普通焊接均要小.然而 ,激

光拼焊大比率不等厚板时 ,两侧板材厚度差异大 ,两

侧钢板散热性能及母材熔化吸收能量差异 ,导致激

光焊缝两侧热影响区的组织和力学性能不均.为了

尽量使焊缝两侧组织性能相近 ,采取激光光斑偏置

厚板措施 ,以补偿厚度导致的焊接热输入的需求差

异.不同光斑位置所用焊接参数:激光光斑偏置厚

板 0.2 mm时 ,激光功率为 5.3 kW,焊接速度为 2

m/min;激光光斑置中时 ,激光功率为 5.5 kW,焊接

速度为 2m/min.置中时熔化厚板光斑面积变小 ,所

需激光功率增加.所得接头截面形貌如图 2所示.

图 2　不同光斑位置所得接头截面形貌对比

Fig.2　Comparisonofcross-sectionsofweldedjointswith

differentlaserspotpositionoffsets

光斑偏置时薄板的热影响区宽度比光斑置中时

小很多 ,薄厚接头过渡平缓.说明采用激光光斑偏

置厚板 ,配比不等厚度两侧板材的激光能量输入 ,恰

当增多厚板能量输入以满足熔化需要 ,同时减少薄

板激光能量输入 ,减轻焊接对其过热影响.是平衡

处理两侧不等厚钢板焊接热输入的有效手段.

2.2　显微硬度

材料的显微硬度能一定程度表征材料强度等力

学性能.为考察激光光斑偏置对焊缝性能影响 ,分

别测定接头截面显微硬度曲线 ,测量直线位置为距

底部 0.5 mm的薄板中心线.所得结果绘成曲线如

图 3所示 ,焊缝组织硬度值均高于母材 ,厚板靠近焊

缝的热影响区硬度高达 160 HV.光斑偏置时 ,显微

硬度曲线在焊缝两侧分布较为对称.光斑置中时 ,

显微硬度曲线在两侧热影响区分布没有对称性 ,薄

板热影响区存在相当宽范围的硬度下降.分析认

为 ,光斑置中时 ,为满足厚板熔化热需求 ,容易致使

薄板过热.与此不同 ,基于不等厚两侧散热能力和

熔化热量差异考虑 ,采用激光光斑偏置厚板措施 ,有

利于平衡两侧热需求 ,获得的不等厚接头两侧组织

性能较为对称.

图 3　显微硬度曲线对比

Fig.3　 Microhardnesscomparisonofcross-sectionsof

weldedjointwithdifferentlaserspotpositionoff-

sets

2.3　显微组织

为了研究不等厚激光拼焊板光斑置中时薄板热

影响区硬度降低原因 ,对其焊缝显微组织进行分析.

各区域组织如图 4所示 ,原始母材为轧制获得的晶

粒均匀铁素体组织 ,平均晶粒尺寸为 16 μm;焊缝金

属为形态较为复杂的准多边形铁素体组织;焊缝两

侧热影响区组织也为准多边形铁素体组织 ,薄板热

影响粗晶区的平均晶粒尺寸为 38 μm,厚板粗晶晶

粒尺寸与之相近为 36 μm.然而 ,薄板过热而产生

大量粗晶粒 ,热影响粗晶区大 ,而厚板热影响粗晶区

小.图 5所示为扫描电子显微镜观察到的薄板热影

响粗晶区和母材组织.薄板热影响粗晶区的多边形

铁素体基体上有大量细小的第二相颗粒析出 ,而母

材铁素体晶粒内没有发现第二相颗粒 ,第二相颗粒

析出是热影响区组织硬化和软化的重要因素.

3　讨　　论

3.1　热影响区硬化微观机制

烘烤硬化钢板母材为晶粒大小均匀的铁素体 ,

铁素体基体内固溶有大量C原子.室温下 ,原本固
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溶于基体的 C原子缓慢向位错等缺陷扩散.激光焊

接时 ,热影响区受热输入和应力应变的双重作用.

应力应变作用下 ,热影响区位错密度迅速增加 ,固溶

于基体的 C原子向位错扩散距离缩短.同时 ,随热

影响区温度升高 , C原子扩散激活能增加 ,向位错扩

散速度加快 ,最终 C原子钉扎位错 ,形成 Cottrell气

团 ,阻碍位错运动 ,使热影响区硬度增加.是烘烤硬

化钢的高温应变时效性初级阶段.随时效时间延

长 ,进入高温应变时效第二阶段 ,饱和的 Cottrell气

团将析出细小的 NbC第二相颗粒.热影响区由于大

量细小弥散的第二相质点从基体中析出 ,强度和硬

度大幅提升.偏置厚板焊接时 ,热影响区硬度由焊

前的 110 HV增至焊后的 160 HV, 根据德国

DIN50150标准换算 ,其抗拉强度增加 160MPa.

3.2　热影响区重新软化微观机制

激光光斑置中焊接时 ,往往致使薄板热输入过

大 ,扩散激活能迅速增加 ,同时高温时间延长 ,导致

热影响区析出的第二相颗粒大量聚集析出 ,反而使

其硬度下降 ,属于高温过时效.根据第二相颗粒与

滑移位错的交互作用机制 ,同一尺寸第二相在尺寸

很小且与基体保持较好的共格关系时属于位错切过

机制 ,其强度增量随颗粒尺寸增加而增加;而当其尺
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寸增大并与基体的共格关系遭受破坏时属于奥罗万

(Orowan)机制 , 其强化作用随颗粒尺寸增加而递

减
[ 6]
.钢铁材料临界转化尺寸 dc可由以下公式计

算 ,即

dc

ln
dc
2b

=0.209
Gb

2

Kγ
(1)

式中:G为切变弹性模量;b为位错柏格斯矢量的绝

对值;γ为第二相与基体的界面能.以析出 NbC第

二相颗粒为例 , 参照钢铁材料相关数据 , 根据式

(1),计算的铁素体基体中 NbC颗粒的临界转换尺

寸约为 1.6 nm
[ 6]
.过热薄板的粗晶区内第二相颗

粒尺寸为几十纳米 ,远大于此数值 ,故对位错阻碍作

用减弱 ,热影响区硬度降低.

4　结　　论

(1)激光光斑置中时 ,不等厚拼焊板焊缝两侧

硬度分布不对称 ,薄板热影响区硬度降低;光斑偏置

厚板 0.2 mm时 ,焊缝两侧组织的硬度曲线较为对

称.

(2)光斑偏置厚板 0.2 mm时 ,焊缝和热影响

区为准多边形铁素体组织.焊接热循环作用下 ,饱

和 Cottrell气团析出细小弥散的 NbC等第二相颗

粒 ,焊缝和热影响区强硬化.

(3)光斑置中时 ,薄板热影响区容易热输入过

多 ,导致第二相颗粒聚集长大 ,按照 Orowan机制其

强化作用减弱 ,热影响区硬度和强度下降 ,容易在后

续冲压过程开裂.
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Fundamentaltechnologyoffrictionflowwelding　　LUAN

Guohong1 , LIGuang1 , WANGWeibing1 , KANGJu1 , ZHANG

Liguo2(1.BeijingAeronauticalManufacturingTechnologyRe-

searchInstitute, AviationIndustryCorporationofChina, Beijing

100024, China;2.ShenyangAerospaceUniversity, Shenyang

110136, China).p1-4, 8

Abstract:　Onthebaseoftheintroductionofthemethod

andprincipleofthenewconceptoffrictionflowwelding, oneof

thevariantoffrictionstirwelding, thefundamentalresearchof

thisweldingprocesswasconductedbyregardingtotheweldabili-

tyofthedifferentaluminumalloysandtheadaptabilityofvarious

partstructures.Thetestingresultsshowthatfrictionflowwelding

cangetreliablesolidstatejointwithinlimitedthicknessbydiffu-

singoftheheatplasticflowofthemetalmaterialgeneratedbythe

purposeddesignedweldingtoolwithoutcentralpin.Thiswelding

processcanbeusedinjoiningthebuttandlapjointsofthethin
gaugepanelstructures, repairingsurfacedefect, fillingkeyhole

andmodifyingsurfaceperformance.

Keywords:　frictionstirwelding;frictionflowwelding;
aluminumalloy

Propagatingfeatureofarcultrasonicanditseffectonbond

area　　HELongbiao1, 3 , LILuming2 , WUMinsheng3(1.Na-

tionalInstituteofMetrology, Beijing100013, China;2.School

ofAerospace, TsinghuaUniversity, Beijing100084, China;3.

DepartmentofMechanicalEngineering, TsinghuaUniversity,

Beijing100084, China).p5-8

Abstract:　Thearcultrasonicweldingtechnologywhich

usesweldingarcastheultrasonicsourcecanrefinethegrainand

improvetheweldingjointquality.Toresearchthefeatureofarc

ultrasonicpropagatinginmoltenpoolandbasemetal, andits

effectonthebondarea, thephoto-elasticsystemwassetup.

Weldingpieceandmoltenpoolweresimulatedwithopticalglass

andwaterchannelrespectively.Withthedirectivepropertyofarc

ultrasonicfield, theinfluenceofarcultrasonicondifferentzone

offusionareawasstudied.Theresultsshowthattherearestrong

oscillatingaroundthebondlineandthemechanicaleffectsoful-

trasonicrefinethestructureoffusionarea.Thestructureinthe

middleofbondzoneisrefinedsmallerthaninthetoezoneforthe

reasonofthedirectivepropertyofarcultrasonic.

Keywords:　arcultrasonic;propagate;refinement;bond

area

Digitalwire-feedingsystemwitharmatureinducedvoltage

feedback　　FUQiang1, 2 , XUESongbai1 , YAOHeqing2 , XU

Yong2(1.CollegeofMaterialsScienceandTechnology, Nanjing

UniversityofAeronauticsandAstronautics, Nanjing210016,
China;2.CollegeofMechanical＆ElectricalEngineering, Ho-

haiUniversity, Changzhou213022, China).p9-12

Abstract:　Therelationshipbetweenarmatureinduced

voltageandwire-feedingmotorspeedinthelimitedunipolar

modeofreversiblepulse-widthmodulation(PWM)speed-control

systemisanalyzed, andareversiblePWMspeed-controlsystem

basedonthedigitalcontrolofadigitalsignalprocessor(DSP)is

designed.Thecontrolmethodcaneliminatetheeffectofload

currentonthespeedofthewire-feedingmotorbyusingsynchro-

noussamplingofarmaturevoltageatthemomentofzerocurrent.

ThedigitalPIregulationmethodisusedforadjustingthePWM

duty-cycletokeepthearmatureinducedvoltageconstantandim-

provethestabilityofwire-feeding.Thetestresultsshowthatthe
ratevarietiesofwire-feedingundertheconditionsofvariable

powernetworkvoltageandchangeofwire-feedingtubefrom

straightstatetoacycleof 400 mmatthemiddleallmeetthe

standardrequirements.

Keywords:　digitalwire-feedingsystem;armaturein-

ducedvoltage;speedcontrol

Optimizationdesignofplasmasprayed Al2O3p/NiCrBSi

compositecoatings　　HANYaowu1 , SUNDaqian1 , LIHong-

mei1 , GONGWenbiao2 , XUANZhaozhi1(1.CollegeofMateri-

alsScience andEngineering, JilinUniversity, Changchun

130022, China;2.CollegeofMaterialsScienceandEngineer-

ing, ChangchunUniversityofTechnology, Changchun130012,

China).p13-16

Abstract:　Bymeansofthequadraticregressioncombina-

tiondesignprocess, theregressionequationsoferosionmasslost

ratewereestablished.Effectsofplasmasprayingparamaterson

theerosionresistanceofcoatingswereinvestigated.Theoptimum
sprayingparameterscorrespondingtotheminimumerosionmass

lostratewereobtainedbyusingMatlabsoftware.Thisworkpro-

videsscientificbasisandtechnologydataforpracticalapplication

ofAl2O3p/NiCrBSicompsitecoatings.

Keywords:　plasmaspraying;compsitecoatings;quad-

raticregressioncombinationdesign;erosionresistance

Hardeningmechanismoftailoredblandlaserweldingdiffer-

entthicknessULC-BHsteels　　NIJiaming, LIZhuguo, CAI

Yan, WUYixiong(ShanghaiKeyLaboratoryofMaterialsLaser

Processingand Modification, ShanghaiJiaotongUniversity,

Shanghai200240, China).p17-20

Abstract:　Ultralowcarbonbakehardening(ULC-BH)

steelsheetswithdifferentthicknesswereweldedbyusinghigh

powerlaserbeamwithdifferentoffsetsoflaserbeamheatingposi-

tion.Themicrohardnessofcross-sectionoflasertailor-welded

blankwasdetermined, anditsmicrostructurewasobservedwith

opticalmicroscopyandscanningelectronmicroscopy.Thehard-

eningandsofteningmechanism ofheat-affectedzone(HAZ)

wereanalyzed.Theresultsshowthatwithappropriateoffset, the
microhardnesscurveofthecross-sectionissymmetrical.Because

ofweldheatinput, somedispersiveandslightNbCparticlesare
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precipitatedfromthesaturatedCottrellatmospheresofbakehard-

eningsteel, whichhelptohardentheHAZ.However, without

offsetmorelaserpowerisrequiredtomeltthethicksheet, but

thinsheetalsoreceivesmorepower.Surplusheatinputresultsin

theobviousprecipitategrowthandthesofteningHAZofthethin

sidesheet.StampingcrackingalwaysoccursintheHAZofthe

thinsidesheet.

Keywords:　tailoredblandlaserwelding;ultralowcar-

bonbakehardeningsteel;microhardness;differentthickness

Influenceofcurrentconvertingspeedon2219 aluminumal-

loyVPTIGweldjoints　　CONGBaoqiang, QIBojin(School

ofMechanicalEngineeringandAutomation, BeihangUniversity,

Beijing100191, China).p21-24

Abstract:　Anovelarcweldingtechniquewithultrafast-

convertvariablepolaritysquare-waveformforaluminumalloys

wasdeveloped.Theinfluenceofvariablepolaritycurrentconver-

tingspeedontheporosityandmechanicalpropertiesof2219-T87

weldwasstudiedbasedontheconventionalandultrafast-convert

variablepolaritytungsteninertgas(VPTIG)weldingtech-

niques, respectively.Theexperimentalresultsshowthatcom-

paredwiththeconventionalvariablepolaritywelding, weldpo-

rosityisobviouslyimprovedinthecaseofthefastercurrentcon-

vertingspeedandlesszero-crossingtime.Thenumberofgas

poreisreducedandeliminatedindeed.Thetensilestrengthand

percentageelongationoftheweldjointsarerespectivelyenhanced

by8.97% and12.6% duetothesofteningofweldbondarea.

Keywords:　highstrengthaluminumalloy;ultrafastcon-

vert;variablepolarity;weldporosity

Thermaldamageanalysisofvacuumbrazingdiamondwith

Ni-Cralloy　　LU Jinbin1 , 2 , TANG Feng1 , MENG Pu1 ,

WANGZhixin1(1.CollegeofMaterials＆ChemicalEngineering,

ZhongyuanUniversityofTechnology, Zhengzhou450007, Chi-

na;2.CollegeofMechanicalEngineering, NanjingUniversityof

AeronauticsandAstronautics, Nanjing210016, China).p25-

28

Abstract:　Brazingdiamondtoolshasthecharacteristicsof

highprotrudeandstrongbonding, whichwillbesignificantlyde-

gradedinbrazingwiththeexcessivelyhightemperature, andso

thethermaldamageforthediamondwasanalyzed.Thediamond

wasbrazedinvacuumbyusingNi-Cralloy, thenthesurfaceof

samplewasobservedbySEMandEDS, andtheheatstressand

graphitizationonthesurfaceweredetectedwithLaserRaman

spectroscopy.Theresultsshow thatmorecarbide, suchas

Cr3C2 , Cr7C3 , existsonthediamondsurface, andalittlegraph-

itizationandchemicalsoakagetakeplaceonthesurface.The

tensilestressinthetopofdiamondis110 MPa, andthecom-

pressivestressinthebottomofdiamondis520 MPa.

Keywords:　vacuumbrazing;diamond;Ni-Cralloy;

thermaldamage

Ultrasonicresidualstressmeasurementof300 km/hhigh-

speedtrainbody　　LUHao1 , 2 , MAZiqi1 , LIUXuesong1 ,

FANGHongyuan1(1.StateKeyLaboratoryofAdvancedWelding

ProductionTechnology, HarbinInstituteofTechnology, Harbin

150001, China;2.WeldingLaboratory, CSRQingdaoSifang

LocomotiveandRollingStockCo., Ltd., Qingdao266111, Chi-

na).p29-32

Abstract:　Aluminumalloyisusedtomakethehigh-speed

trainbody.Becausethebearingpressureofthebodyislarge,

theresidualstressdistributionisurgentlyneedstomeasurement.

Basedontheacoustoelasticity, theresidualstresscanbemeas-

uredbyultrasonicmethod.Ultrasonicstressmeasurementexperi-

mentalinstallationisestablishedwithcriticallyrefractedlongitu-

dinalwave.Theresidualstressofhigh-speedtrainbodystructure

ismeasuredbythesystem.Thesafetyevaluationvirtualmodelof

weldedstructureconceptisproposed.

Keywords:　ultrasonic;weldingresidualstress;high

speedtrain

Joiningtestofteleroboticweldingrapidtoolchanginginter-

face　　DONGNa1 , LIHaichao1 , CHENYouquan2 , GAO

Hongming1 , WULin1(1.StateKeyLaboratoryofAdvanced

WeldingProductionTechnology, HarbinInstituteofTechnology,

Harbin150001, China;2.DepartmentofMechanicalEngineer-

ing, ArmorTechniqueInstituteofPLA, Changchun130117,

China).p33-36

Abstract:　Accordingtotheequipmentmaintenancein

dangerousenvironment, theremoteweldingrobothastoprepare

muchmorethantheweldingtaskfortheweldingandprocessaf-

terwelding.Rapidtoolchanginginterfacemeetstherequirement

ofkindsoftoolschangingintheremotemaintenance, whichim-

provesthegenerabilityoftheremoteweldingrobotbutenhances

thecomplexityofteleoperation.Sothepracticalapplicationkey

ofrapidtoolchanginginterfaceisfeasibilityverificationofinter-

facejoiningoperation.Thetestingenvironmentiscomposedof

thevideofeedback, forcefeedback, teleoperationjoystickand

human-robotinterfaceetc.Accordingtothefeedbackinforma-

tion, thetooljoiningwastele-handledbythecontrolmodeof

tele-teaching.Theteleoperationtimeandthechangingofthe

forceandforcemomentwasrecorded.Resultsshowthattherap-

idtoolchanginginterfaceiscompetentinthetooljoiningtask.

Keywords:　remoteweldingrobot;rapidtoolchanging

interface;tele-teaching;forcefeedback

LaserbuttweldingofTiNishapememoryalloysheet　　

CHENYuhua, KELiming, HUANGYongde, XUShilong(Na-

tionalDefenseKeyDisciplinesLaboratoryofLightAlloyProcess-

ingScienceandTechnology, NanchangHangkongUniversity,

Nanchang330063, China).p37-40

Abstract:　Thebuttweldingof0.2 mmthickTiNishape

memoryalloy(SMA)sheetwascarriedoutbyusinglowpower

impulselaser, andthetensilestrength, fracturestrain, phase

changeprocessandshapememoryeffectofweldedjointwere

studied.Theresultsshowthatusinglowpowerimpulselasercan

realizegoodbuttweldingofTiNiSMAsheet.Thetensilestrength

ofweldedjointofcoldrolledTiNiSMAachieves97% ofbase

metal, andfracturestrainachieves95% ofbasemetal.When

theweldedjointisannealedafterwelding, itstensilestrengthis


