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摘 要: 采用热压烧结法制备了 Al88Si自钎剂钎料环，研究了不同烧结时间条件下自钎剂钎料的显微组织和 3003
铝合金钎焊接头显微组织及力学性能． 结果表明，钎料显微组织为 AlSi基体、块状初晶硅相和颗粒状 KAlF4 ; 随着

烧结时间的增长，钎料中钎剂活性降低． 3003 铝合金钎焊接头钎缝组织由 αAl固溶体和针状共晶硅相组成; 随着烧

结时间的增长，钎料的流铺性能越来越差，钎焊接头中裂纹、固体夹杂、未钎满、孔穴等缺陷逐渐增多，钎焊接头强
度降低．
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0 序 言

铝合金由于优良的物理化学性能，良好的加工、
表面处理与耐腐蚀性能［1］，加之地壳中储量丰富

( 8. 0%，仅次于氧和硅) ，在现代工业材料中占有重
要的地位． 随着资源短缺、环境恶化的加剧，在航空
航天、建筑、电气、汽车和船舶等行业以铝代铜、以铝
代钢［2］取得了可喜的成绩． 钎焊作为一种可靠连接
方式，在铝合金发展应用过程中起到及其重要的作

用． 目前发展较为成熟的铝钎料主要是 Al-Si 共晶
钎料［3，4］，其具有良好的润湿性能和加工性能，且钎

焊铝合金接头强度、母材色泽一致性、镀覆性和抗腐
蚀性能都极佳，加之价格十分便宜，受到人们的广泛

青睐． 1956 年美国上市商品化的药芯焊丝，极大程
度上简化了钎焊工艺． 随着铝合金应用范围的逐渐
扩大，人们开始考虑在汽车空调、冰箱制冷、散热器
等行业的铝管焊接时使用环状自钎剂钎料的可行

性．
文中对现阶段在铝管焊接所需环状 AlSi 自钎

剂钎料主要采用挤压—切环或挤压—拉丝—制环等
生产工艺中存在的产品活性低、生产周期长、生产效
率低等问题，采用热压烧结的方式一次成形自钎剂

铝焊环，在大大简化铝焊环制造工艺的基础上，提高

了生产效率和灵活性．

1 试验方法

试验采用 40 目的 Al88Si 粉状钎料和 200 目的
Nocolok钎剂( 主要成分为 KAlF4 ) ． 首先将钎料和钎
剂在 100 ℃的烘箱保温 1 h 进行干燥处理，然后将
钎剂和钎料按 85∶ 15 的质量比混合，在 KQM-X4C /B
型行星式四头快速球磨机中混合 3 min． 采用
SMVB60 热压烧结机制备 Al88Si 自钎剂钎料环，试
验装置如图 1 所示．

图 1 热压烧结模具示意图
Fig. 1 Schematic diagram of hot pressed sintering mould

采用装粉靴将混合粉末装入模具型腔内，上压

头带动凸模往复运动将混合粉压实并排除模具型腔

中混合粉内的气体，重复上述操作直到得到厚度为

3． 5 mm钎料环，最后在 54 kN 压力下快速加热到
500 ℃，烧结一定时间，制备出规格为 18 mm × 13
mm ×3 mm钎料环．
钎焊母材用 3003 铝合金，试样尺寸为 60 mm ×
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30 mm × 1． 5 mm． 钎焊前采用 400 号碳化硅纱布对
铝合金表面进行打磨处理，然后用三氯乙烯去除母

材表面油污后放入 15%的 NaOH 溶液中清洗 15 s，
清水洗净后再用 15%的 HNO3 溶液清洗 10 s以去除
母材表面碱液，清水洗净后再用无水乙醇清洗后自

然晾干．
试验时对接接头间隙取 0． 2 mm，使用 SP-15 高

频感应焊机进行钎焊，钎焊温度 590 ℃，钎焊时间 2
min ± 1 min． 利用 50 kN 液压式万能试验机对钎焊
接头的强度进行测试． 采用 Axio Scope． A1 光学显
微镜和 JSM-7500F扫描电子显微镜对钎料显微组织
和钎焊接头钎缝组织进行观察．

2 试验结果与分析

2． 1 自钎剂钎料的显微组织分析
图 2 为在不同烧结时间条件下制备的 Al88Si自

钎剂钎料的显微组织．

图 2 不同烧结时间的自钎剂钎料显微组织

Fig. 2 Microstructure of self-fluxing filler metals with differ-

ent sintering time

由图 2 中可以看出自钎剂钎料主要由灰白色基
体以及分布在上面灰色块状相组成． 随着烧结时间
的增加，自钎剂钎料的灰色块状相长大．为了便于看

出钎料显微组织组成，采用扫描电子显微镜观察烧

结时间为 2． 5 min的自钎剂钎料显微组织形貌如图
3 所示． 由图 3 中可以看出，灰白色基体为 AlSi，基
体表面不仅分布着灰白色块状相，还有白色小颗粒．
由 Al-Si二元相图可知块状相为初晶硅，而白色小颗
粒为 KAlF4 钎剂．

图 3 自钎剂钎料 SEM图像
Fig. 3 SEM image of the self-fluxing filler metal

2． 2 钎焊接头显微组织及 EDS分析
2． 2． 1 钎焊接头显微组织
图 4 所示为不同烧结时间的 Al88Si自钎剂钎料

图 4 不同烧结时间自钎剂钎料钎焊接头显微组织
Fig. 4 Microstructure of brazed joint using self-fluxing filler

metals with different sintering time
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钎焊 3003 铝合金接头钎缝显微组织形貌．
如图 4 中所示，采用 0． 5 min和 2． 5 min烧结时

间制备的钎料钎焊接头钎缝均匀饱满，由钎缝中心、
界面区和母材组成． 在钎焊接头界面区基本上是由
合金元素 Si 向母材铝中扩散后形成的固溶体组织
组成． 由于合金元素 Si的扩散导致钎缝近界面区的
组织与钎料原始组织不同，但钎缝中心还存在着少

量块状初晶硅相．
由图 4 中可以看出随着烧结时间的增长，钎料

的流铺性能大大降低，钎焊接头中裂纹、固体夹杂、
未钎满、孔穴等缺陷增多． 这是由于随着烧结时间
的增长，钎料中 KAlF4 钎剂含量减少导致钎料活性

降低． 如图 5 所示，烧结时间在 0． 5 min时钎料中白
色钎剂小颗粒均匀分布在基体上，烧结时间在 5 min
时钎剂小颗粒数量明显减少，基本不存在大颗粒状

钎剂，而烧结时间达到 10 min 后，钎料基体上只存
在少量钎剂小颗粒．

图 5 不同烧结时间钎料中钎剂含量
Fig. 5 Content of flux in filler metals with different sintering

time

KAlF4 钎剂热稳定性差，在空气中烧结时会发

生化学反应［5］． 但氧化反应主要在干燥空气或氧气
中发生，且 800 ℃以上才明显的察觉，所以氧化反应
不是主要影响因素．
2． 2． 2 钎焊接头 EDS分析

2． 5 min烧结时间制备的自钎剂钎料钎焊 3003
铝合金钎焊接头钎缝 SEM图像如图 6 所示． 图 6 中
特征点 A，B成分分析结果如表 1 所示． 由图 6 中可
以看出，钎缝组织由灰白色基体和银白色针状组织

组成． 结合 EDS 结果分析可知，灰白色基体为 Alα
固溶体，银白色针状组织为共晶硅相．

图 6 烧结时间 2． 5 min的钎焊接头 SEM图像
Fig. 6 SEM image of brazed joint using filler metal with

2． 5 min sintering time

表 1 钎缝化学成分分析结果( 质量分数，% )
Table 1 Ｒesults of chemical compositions in brazing seam

位置 Al Si

A 49． 07 50． 93
B 98． 63 1． 37

2． 3 力学性能
不同烧结时间 Al88Si 自钎剂钎料钎焊 3003 铝

合金接头抗拉强度如图 7 所示． 由图 7 中可以看
出，烧结时间 2． 5 min 以上的钎料，钎焊接头抗拉强
度下降． 这是由于随着烧结时间的增长，钎料铺展
性能下降，直接导致钎焊接头中裂纹、固体夹杂、未
钎满、孔穴等缺陷( 图 4 ) 的增加． 由图 7 还可以看
出，钎料烧结时间为 0． 5 min 和 2． 5 min 时，钎焊接
头抗拉强度在 60 MPa 左右，基本上能满足防锈铝、
纯铝等铝合金工件的使用性能要求．

图 7 不同烧结时间钎料钎焊接头抗拉强度
Fig. 7 Tensile strength of brazed joints using self-fluxing

filler metals with different sintering time

3 讨 论

热压烧结制备自钎剂钎料时，烧结时间对
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Al88Si 钎料的润湿性能影响很大，主要是因为
KAlF4 钎剂热稳定性差，烧结时间增长使得钎料中

钎剂含量逐渐减少． 热压烧结制备钎料时，烧结时
间控制在 2． 5 min以内最佳．

Al88Si钎料的熔化温度( 577 ℃ ) 偏高，仅适用
于钎焊防锈铝、纯铝等少量牌号的铝合金． 开发以
AlSi系钎料为基础的低熔点高强度钎料作为铝合金
钎焊材料发展的热点已取得一些列成果［6 － 13］． 只要
通过改进或开发出匹配的无腐蚀性钎剂，低熔点 Al-
Si系钎料可用此方法热压烧结成所需规格自钎剂钎
料环，从而满足不同牌号的铝管件的连接．

4 结 论

( 1 ) 钎料组织由 AlSi 基体、块状初晶硅和
KAlF4 小颗粒组成． 随着烧结时间的增加，块状初晶
硅长大．
( 2) 钎焊接头组织由灰白色 Alα 固溶体以及银

白色针状共晶硅组成．
( 3) 随着烧结时间的增加，钎剂发生水解反应

导致钎料流铺性能降低，钎焊接头中裂纹、固体夹
杂、未钎满、孔穴等缺陷增加，接头强度降低．
( 4) 此热压烧结法制备 Al88Si自钎剂钎料环性

能可靠，满足铝合金管的焊接要求．
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Electrostatic probe analysis of current-carrying region in
constricting TIG arc with insulating sheet LI Yuanbo1，2，
ZHU Liang1 ( 1． State Key Laboratory of Advanced Processing
and Ｒecycling of Non-ferrous Metals，Lanzhou University of
Technology，Lanzhou 730050，China; 2． Key Laboratory of Ma-
teria1 Processing Engineering，Xi ＇an Shiyou University，Xi ＇an
710065，China) ． pp 55 － 58

Abstract: The shape and current density of current-carry-
ing region in constricting TIG arc with insulating sheet were ana-
lyzed by the low disturbance electrostatic probe． The floating po-
tential and ion saturation current of probe were obtained separate-
ly in sections at different location along arc axial direction． The
results show that the insulating sheet is over the arc root to make
the arc not be constricted; with the constriction of insulating
sheet，the current-carrying region pinches in the direction of con-
striction and potential gradient increase． When the constriction
effect on arc root is intensified，both of the current density and
temperature of current-carrying region are enhanced，and the
heat is much moreconcentrated near the center of current-carrying
region section．

Key words: constricting TIG arc with insulating sheet; e-
lectrostatic probe; diagnostic of plasma

Effect of sintering time on microstructure and mechanical
properties of self-fluxing filler metal LI Xiupeng，LONG
Weimin，SHEN Yuanxun，PEI Yinyin，DING Tianran，ZHANG
Guanxing ( State Key Laboratory of Advanced Brazing Filler Met-
als ＆ Technology，Zhengzhou Ｒesearch Institute of Mechanical
Engineering，Zhengzhou 450001，China) ． pp 59 － 62

Abstract: Al88Si self-fluxing filler metal ring was pre-
pared by hot pressed sintering． Microstructures of self-fluxing
filler metal at different sintering time were analyzed． And the mi-
crostructure and mechanical properties of brazed joint withself-
fluxing filler metal at different sintering time were also studied． It
was suggested that microstructure of self-fluxing filler metal is
composed of matrix phase AlSi，block primary crystal silicium
andgranularKAlF4 ． The activity of flux decreases with the in-
crease of sintering time． The microstructure of 3003 Al alloy
brazed joint is composed of α-Al solid solution and aciculareutec-
tic silicium． The wettability of self-fluxing filler metal gets worse
and the amount of the crack，solid inclusion，incompletely fill-
ing，and voids increase with the increase of sintering time，which
decreased the tensile strength of aluminum alloy joint．

Key words: self-fluxing filler metal; aluminum and alu-
minum alloy; AlSi filler metal; sintering time

Analysis of motion accuracy reliabilityfor arc welding robot
based on ADAMS/View LI Chang，WANG Bingchen，HA
Xing，YU Xiaoguang ( School of Mechanical Engineering ＆ Au-
tomation，University of Science and Technology Liaoning，Ans-
han 114051) ． pp 63 － 66

Abstract: The inner transmission accuracies of the arc
welding robots would cause cumulative errors on the motion paths
of welding gun，and which inevitably causes low welding quality．
Therefore，it was a key problem how to control the transmission
accuracies and different random errors of the welding robots in
improving the original designqualities of welding robot． A motion
accuracy reliability analysis method was introducedfor the arc
welding robot with ADAMS /View software． A Monte Carlo para-
metric virtue prototype of the robot was built and its different er-
ror distributions were simulated by the pseudo-random number
sub-function program by using multiplicative congruential meth-
od，and then a large sample data in the dynamic welding process
were obtained． The robot motion reliabilities can be calculated
based on these data． It showed that the advantages of this method
include simplicity ( no need to solve complex dynamic mathemat-
ical models) ，high accuracy，and efficiency．

Key words: arc welding robot; motion reliability; ran-
dom error analysis; virtual prototype
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050043，China; 3． School of Mechanical Engineering，Suzhou
University of Science and Technology，Suzhou 215009，China) ．
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Abstract: The FEM were founded to simulate the tensile
behavior for butt joint of 6063 aluminum alloy by TIG welding
basedon the software of ABAQUS． The effects of HAZ width and
thickness on deformation of joint were studied． Andthen the e-
quivalent model of aluminum alloy TIG welded joint was estab-
lished，which was validated by the thin-walled tube with weld
seam． The results indicate that the stress states of welded joints
with uneven mechanical properties are complicated compared to
the base material． There is sudden change of thetriaxial stress
between the base material and HAZ and between the weld metal
and HAZ． At the same time，the position of the maximum triaxi-
alstress is transferredfrom the boundary between the base material
and HAZ to the boundary between the weld metal and HAZ with
the increase of the width of HAZ． The triaxialstress of the welded
joint depends on both the thickness of specimen and the geomet-
rical dimension of welded joint． The equivalent model of alumi-
num alloy welded joint is 20mm in width． The fine model and the
equivalent model for aluminum alloy thin-walled tube with weld-
ing line are in goodagreement．

Key words: aluminum alloy TIG welded joint，deforma-
tion，FEM analysis，equivalent model
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Petroleum Bureau Science Ｒesearch Institute，Langfang 065000，
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