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摘 要: 采用 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 晶态与非晶钎料钎焊紫铜，通过微观手段
对比分析了钎焊温度和保温时间对晶态与非晶态钎料钎焊接头成分和组织的影响． 结
果表明，CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 非晶钎料钎焊接头由界面区、扩散区以及钎缝中
心区组成; 随钎焊温度提高或保温时间增加，晶态钎料和非晶钎料钎焊接头界面区和扩

散区不断增大，母材热影响区和钎缝中心组织也不断粗化，过高的钎焊温度或过长的保

温时间，均会使界面区出现脆性相，但非晶钎料这种影响要小得多; 在相同条件下，非晶

钎料和母材的相互作用明显比相应的晶态钎料剧烈，其钎缝界面区较为均匀、连续，钎
缝中心组织要明显均匀、细小．
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0 序 言

传统铜磷钎料的熔点低、流动性好，钎焊温度接
近银钎料，且具有自钎性和价格低等优点，是 500 ～
800 ℃温度范围内钎焊铜及铜合金取代银基钎料的
理想材料［1］． 但 Cu-P 基钎料由于含有脆性化合物
Cu3P，导致合金在室温下呈脆性，接头强度和韧性
比银基钎料差很多，钎料加工困难，用传统方法很难

制成箔带，这就导致了 Cu-P 基钎料应用的局限
性［2］．
近些年来，采用快速凝固技术制备的非晶型钎

料合金，获得了越来越广泛的应用． 非晶箔带钎料
成形性好、韧性好、成分均匀，而且解决了传统 Cu-P
钎料难以成形的问题［3］． 国内部分单位对非晶 Cu-
P基钎料的成分设计、钎焊工艺等方面的研究取得
了一定的进展［4］，然而对于非晶钎料的钎焊机理的

研究和报道仍较少． 通过采用 CuP7． 7Sn 5． 4Ni14
Si0． 2Zr0． 04 常规与非晶钎料钎焊紫铜，分析对比钎
焊温度和钎焊保温时间对晶态与非晶态钎料钎焊接

头成分和组织的影响，在此基础上探讨非晶钎料的

钎焊机理．

1 试验方法

试验采用的母材为 2 mm 厚紫铜板，CuP 7． 7

Sn5． 4Ni14Si0． 2Zr0． 04 晶态合金钎料用 WK 型非自
耗真空电弧炉制备，CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04
( 质量分数，% ) 非晶合金钎料采用 HVDS-II 高真空
单辊甩带机制备． 采用炉中钎焊的方法对紫铜板搭
接接头进行钎焊连接，对钎焊连接后的接头试样用

小型试样切割机从钎缝中间切开，制备金相试样，腐

蚀剂选用 5 gFeCl3 + 5 mLHCl + 95 mL乙醇溶液． 在
ZEISS光学显微镜下观察钎焊接头的微观组织．

2 试验结果与分析

2． 1 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 非晶合金钎
料钎焊接头界面结构

采用 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 非晶合金
钎料在温度 900 ℃，时间 5 min 的条件下钎焊紫铜
接头微观组织如图 1 所示． 可以看出钎缝主要由三
部分组成: 钎缝中心区、界面区以及扩散区． 其中界
面区是母材向液态钎料溶入冷却凝固后形成的; 而

钎缝扩散区则是钎料向固态母材扩散后形成的． 可
以发现，钎缝界面区与扩散区为良好的冶金结合，无

明显的冶金缺陷，根据前期研究［5］，其结构主要为

α-Cu固溶体组成． 钎缝中心区主要由 α-Cu 固溶体
和磷化物脆性相及各种共晶所组成．
2． 2 钎焊保温时间对钎焊接头组织的影响
采用 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 晶态钎料

与非晶钎料在相同钎焊温度下，钎焊保温时间对钎

焊接头组织的影响如图2所示 ． 图2 a，b为保温时
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图 1 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 非晶钎料钎焊接头

组织

Fig. 1 Microstructure of joint brazed with amorphous CuP

7．7Sn5．4Ni14Si0． 2Zr0．04 brazing filler metal

间4 min，晶态钎料与非晶钎料钎焊接头的微观组

织． 从图 2a，b 可见，由于保温时间短，形成的钎焊
接头界面区和扩散区极窄，晶态钎料的界面区还不

连续，而非晶钎料在相同条件下，其界面区则较为均

匀、连续，说明在相同条件下，非晶钎料和母材的相
互作用明显比相应的晶态钎料剧烈; 非晶钎料钎焊

接头钎缝中心的组织相比晶态钎料，要明显均匀、细
小． 对比图 2c ～图 2f均发现了相同的规律，说明在
相同条件下，非晶钎料和母材的相互作用剧烈，其钎

焊接头的组织比相应的晶态钎料均匀、细小，这从组
织角度解释了非晶钎料钎焊接头性能优于晶态钎料

的原因． 对比图 2a，c，e，随着钎焊保温时间增加，晶
态钎料钎焊接头界面区和扩散区不断增大，母材热

影响区和钎缝中心组织也不断粗化． 但仔细分析钎
缝中心组织，当钎焊保温时间明显增加时，钎缝中的

共晶组织反而减少，原因主要是过长的保温时间导

图 2 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 晶态和非晶钎料不同保温时间下钎焊接头组织
Fig. 2 Microstructure of CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 conventional and amorphous brazing seam with different

brazing time
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致合金元素 P 的烧损所致． 对比图 2b，d，f，发现非
晶钎料随着保温时间增加，其接头组织变化亦存在

同样的规律．
钎焊时间为 4 min 时，由于钎料和母材作用不

充分，界面区与扩散区初形成，合金元素扩散尚未充

分进行，故接头强度较低． 随着钎焊时间增加，钎料
和母材作用加剧，合金元素扩散充分，界面区与扩散

区逐步形成了连续致密的 α-Cu 固溶体层，接头强
度提高． 但钎焊时间进一步增加时，由于钎缝和母
材晶粒的急剧粗化，而且强偏析合金元素 Sn，P 在
界面区的含量超过了其固溶度，界面区中产生了脆

性化合物．
2． 3 钎焊温度对钎焊接头组织的影响
采用 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 晶态钎料

与非晶钎料在相同保温时间，不同钎焊温度下晶态

钎料与非晶钎料钎焊接头的微观组织如图 3 所示．
从图 3 可见，随钎焊温度提高，母材向液态钎料的溶
入和钎料向固态母材的扩散不断加剧造成界面区与

扩散区的总厚度不断提高． 钎焊温度为 800 ℃时，
此时钎焊接头的界面区和扩散区尚未充分形成，但

非晶钎料与晶态钎料相比，其界面区要宽且连续致

密，可见其与母材的相互作用明显比相应的晶态钎

料剧烈． 在钎缝中心区，晶态钎料的组织较非晶钎
料的组织粗大且分布不均． 随钎焊温度升高，界面
区和扩散区均增大，钎缝组织粗化． 但从图 3 中发
现，随钎焊温度升高，晶态钎料钎焊接头界面区中出

现粗大黑色柱状组织，由界面向钎缝中心生长，这可

能是钎焊温度升高，合金元素扩散加剧后界面出现

的脆性组织，而非晶钎料钎焊接头中这种现象并不

明显． 这可能也是相同条件下，非晶钎料钎焊接头

图 3 CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 晶态和非晶钎料不同温度下钎焊接头的微观组织
Fig. 3 Microstructure of CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 conventional and amorphous brazing seam with different brazing

temperature



36 焊 接 学 报 第 32 卷

性能高于晶态钎料的原因之一．
钎焊温度为 800 ℃时，由于温度较低，液态钎料

和母材的相互作用还不够充分，因此形成的界面区

与扩散区均较窄，接头强度也较低． 当钎焊温度为
850 ℃时，界面区与扩散区增大，合金元素 P，Sn 向
母材扩散加剧，降低了界面区中磷、锡含量，使界面
区结构主要由连续致密的 α-Cu 固溶体组成，避免
出现脆性的磷、锡化合物相． 但钎焊温度进一步升
高，界面区与扩散区继续增大，钎缝中心合金元素

P，Sn向界面区与扩散区的扩散加剧，使界面区中
磷、锡含量反而升高，甚至超过其固溶度，出现脆性
相，使接头性能降低． 当然，过高的钎焊温度使钎缝
和母材组织晶粒粗化亦使接头力学性能降低．

3 结 论

( 1) CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 非晶钎料钎
焊接头由界面区、扩散区及钎缝中心区组成，扩散区
和界面区主要是 α-Cu 固溶体组成，钎缝中心区主要
由 α-Cu固溶体和磷化物脆性相及各种共晶组成．
( 2) 随钎焊温度提高或保温时间增加，晶态钎

料和非晶钎料钎焊接头界面区和扩散区不断增大，

母材热影响区和钎缝中心组织也不断粗化． 但过高
的钎焊温度或过长的保温时间，均会使界面区出现

脆性相，但非晶钎料这种影响要小得多． 在相同条
件下，非晶钎料和母材的相互作用明显比相应的晶

态钎料剧烈，其钎缝界面区较为均匀、连续，钎缝中
心组织要明显均匀、细小．
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ing Research ＆ Design Institute，Shanghai 200233，China ) ．
p 29 － 32

Abstract: The titanium nitride ( TiN ) ceramic surface
layers were in-situ prepared by nitrogen arc melting on the sur-
face of pure titanium substrates． The formation mechanism of the
ceramic layers，the growth morphologies and mechanism of the
TiN phase were investigated． The results show that the nitrogen
arc melting is a non-equilibrium rapid cooling process and the
cooling rate can be as high as 102 ～ 103 K /s． The micro growth
modes of the TiN phase in ceramic surface layers exhibit the di-
versity． The TiN crystal grows up by the spiral dislocation lateral
growth mode at the location of low undercooling in the molten
pool． Because of the undercooling increased at the bottom of the
molten pool，the micro growth mode changes to the alternating
between the continuous growth and the lateral growth．

Key words: nitrogen arc; titanium nitride; morphology;
growth mechanism

Bonding mechanism of brazing of amorphous Cu-P filler
metal ZOU Jiasheng，WANG Chao，XU Xiangping，WANG
Lei ( Provincial Key Lab of Advanced Welding Technology，Jian-
gsu University of Science and Technology，Zhenjiang 212003，
China) ． p 33 － 36

Abstract: The copper joints were brazed with CuP 7． 7
Sn5． 4Ni14Si0． 2Zr0． 04 amorphous filler metal conventional filler
metal respectively． The effect of the brazing temperature and
time on the crystalline composition and microstructure of joints
brazed with the amorphous brazing filler metal were compared
and analyzed by micro-method． The results showed that the joints
brazed with CuP7． 7Sn5． 4Ni14Si0． 2Zr0． 04 amorphous brazing
filler metal consist of centre zone，interface area and diffusion
zone． With the increase of brazing temperature and brazing hold-
ing time，the interface area brazed with both amorphous and con-
ventional filler metal increases，and the microstructures of base
metal and brazinrg seam centre zone would be coarsed． Exces-
sively high brazing temperature or long brazing holding time will
produce brittle phase，but this effect on amorphous filler metals
is much smaller． Under the same conditions，amorphous filler
metals interact with the base metal much more intensely than the
corresponding conventional filler metals． The microstructure in
interface area and centre zone of amorphous brazing seam are evi-
dently uniform and small．

Key words: Cu-P based filler metal; amorphous filler
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metal; microstructure; brazing mechanism

Interfacial characteristics of welded joint between aluminum
alloy and stainless steel by resistance spot welding QIU
Ranfeng1，2， YU Hua1， SHI Hongxin1， ZHAN Keke1， TU
Yimin1，SATONAKA Shinobu3 ( 1． School of Materials Science
and Engineering，Henan University of Science and Technology，
Luoyang 471003，China; 2． Henan Key Laboratory of Advanced
Non-ferrous Metals， Luoyang 471003， China; 3． Graduate
School of Science and Technology，Kumamoto University，Kuro-
kami 2-39-1，Kumamoto 860-8555，Japan) ． p 37 － 40

Abstract: Aluminum alloy A5052 and stainless steel
SUS304 were welded by resistance spot welding with a cover
plate． The welding interface region of the joint was observed with
electron microscopy，and the microstructure and distribution of
the reaction products were analyzed as well． The results reveal
that a serration reaction layer consisting of Fe2Al5 and FeAl3
forms in the welding interface and the reaction layer thickness va-
ries with the welding current and the position at the welding in-
terface． Moreover，the reaction blocks in aluminum alloy near
the welding interface were observed，which were estimated as a
hexagonal AlFeCr having a = 2． 451 nm and c = 0． 758 nm based
on analysis of selected area electron diffraction patterns．

Key words: aluminum alloy; stainless steel; resistance
spot welding; interface reaction layer

Study on cold metal transfer welded lap joints of Mg /Al dis-
similar metals SHANG Jing1，WANG Kehong1，TIAN
Hongjun2，ZHOU Qi1，LI Guangle1 ( 1． School of Material Sci-
ence and Engineering，Nanjing University of Science and Tech-
nology，Nanjing 210094，China; 2． State-owned 5103 Factory，
Nanzhao 474650，China) ． p 41 － 45

Abstract: AZ31B magnesium alloy and 6061 aluminum
alloy were welded by cold metal transfer ( CMT) welding method
with pure copper ( HS201 ) as the filler metal． Shear strength
and micro-hardness of the lap joint were tested． The microstruc-
ture and fracture morphology of joint were studied by means of
scanning electron microscope ( SEM) and energy dispersive X-
ray ( EDX) ． The results showed that good weld with the highest
shear bonding strength of 27． 9MPa was obtained under the weld-
ing current of 109 A，welding voltage of 10． 9 V，wire feed speed
of 4． 9 mm/s，welding speed of 0． 45 m /min． Intermetallic com-
pounds of Mg2Cu and MgCu2 were formed in the Mg-Cu side
where was oxidized． Al-Cu-Mg ternary intermetallic compounds
and Al2Cu were formed on the Al-Cu side． Micro-hardness in
both sides of fusion zone was suddenly increased due to interme-
tallic compounds． Maximum micro-hardness of Al-Cu side and
Mg-Cu side were 242 HV and 347 HV respectively． The fracture
occurred in the fusion zone of Mg side，and fracture nature was
brittle fracture． Oxidation in the welding process and plenty of
intermetallic compounds distributed continuously in the fusion
zone，and resulted in the fracture．

Key words: cold metal transfer welding: aluminum al-
loy; magnesium alloy; dissimilar metals welding; intermetallic
compounds

Preparation and properties of composite ceramic coating on
AZ31B alloy by thermo-chemical reaction spraying MA
Zhuang，ZOU Jifeng，WANG Wei，LI Zhichao ( Institute of Ma-
terials Processing and Surface Technology，Liaoning Technical

University，Fuxin 123000，China) ． p 46 － 50
Abstract: The spraying composite powder was prepared

by mechanical ball milling and polyvinyl alcohol ( PVA) granula-
tion． Al2O3-based composite ceramic coating was prepared on
the surface of magnesium alloy AZ31B by thermo-chemical reac-
tion spraying． XRD and SEM were used to analyze the composi-
tion and morphology of the spraying composite powder and com-
posite ceramic coating． The thermal shock，compactness，micro-
hardness and wear properties of the composite ceramic coating
were investigated respectively． The results showed that chemical
reaction had happened in composite powder after 12 hours ball
milling and globular structure coated each other was formed after
granulation． Thermo-chemical reaction was carried out in the
process of preparing coatings． New phase such as Al3． 21 Si0． 47，
MgAl2O4 and Mg3． 5 Al9 Si1． 5 O20 were found in the coating． The
melting rate of composite ceramic coating was high and the com-
bination of the coating and matrix was good． Mg element took
place remarkable diffusion in the interface of composite coating．
The thermal-shock times of this coating was 40，the porosity was
15． 1% and the maximum microhardness value reached HV0． 1

1016． The thermal shock，compactness，microhardness and wear
properties of this coating was significantly better than the ones
with common spraying coating．

Key words: magnesium alloy; thermo-chemical reaction
spraying; ceramic coating; performance

Influence of gas shroud on property of plasma sprayed ther-
mal barrier coating WEI Qi，LI Hui，LI Hong，ZHANG
Linwei ( College of Materials Science and Engineering，Beijing U-
niversity of Technology，Beijing 100124，China) ． p 51 － 54

Abstract: The comparative study were carried out on the
microstructure as well as the properties of the coating prepared by
atmospheric plasma spraying and shroud plasma spraying． The
results showed that，compared to the conventional atmospheric
plasma sprayed ( APS ) coating， the shroud plasma sprayed
( SPS) coating contained less unmelted or partially melted parti-
cles and oxide content，and porosity was lower． The SPS coating
presented superior oxidation resistance at 1 080 ℃ than the APS
one． The reason owed to the mitigation of the involvement of the
surrounding air that caused turbulent of the plasma，consequent-
ly，the particles were more fully melted and less oxide formed in
the coating． The finally deposited SPS coating was denser and
contained more Al element，which induced the formation of com-
pact Al2O3 layer at the early stage of oxidation． This compact
Al2O3 layer would slow down the thickening rate of thermally
grown oxide ( TGO) that provides better resistance to the bond
layer，therefore the SPS coating presents higher resistance to high
temperature oxidation．

Key words: plasma spray; thermal barrier coating; oxi-
dation resistance

Influence of welding sequence on welding residual stress dis-
tribution in thick plate joint DENG Dean1，SHOICHI Kiy-
oshima2 ( 1． College of Materials Science and Engineering，
Chongqing University，Chongqing 400045，China; 2． Research
Center of Computational Mechanics，Inc．，Tokyo 142-0041，Ja-
pan) ． p 55 － 58

Abstract: Features of welding residual stress distribution
in an austenitic stainless steel thick plate joint were investigated
by means of experiment and numerical simulation technology．
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