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The ��� mm thickness Ti��Al��9 plates Zere Zelded by the electron beam (E%W) method� 0icrostructures and mechanical 
properties including tensile and Iatigue Iracture behavior oI the joint have been studied� The results shoZn that the joint has 
obviously te[tural and mechanical heterogeneity in the thickness direction� the joint shoZ e[cellent Iatigue resistance though 
the middle layer oI the joint has loZer Iatigue liIe at the same stress and survival rate� The Iatigue crack initiates Irom the Iree 
surIace oI the specimen by the transgranular Iracture mode� The Iatigue deIormation depicted by the dislocations oI the joint in 
each layer  is adapt to the planar�slip mechanism� � 5eI�� � Tabl�� � )ig�
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1. Introduction

Titanium alloy Ti��Al��9 is one oI the important 
base materials in the manuIacture oI aircraIt and 
marine industries >�@� The Ti��Al��9 titanium alloy 
has good Zeldability and corrosion resistance� 
+oZever� in the case oI the heavypiece parts (the 
thickness ��� mm)� there have been IeZ methods 
could be chosen to supply good Zelding Tuality 
besides the E%W and tungsten inert gas Zelding 
(T,*) methods� Actually� the casting� Iorging and heat 
treating states oI the pieces could greatly inÀuence 
the heterogeneity oI the mechanical property oI the 
Zelding joint� 2ur Iormer study revealed that the 
E%W Zelding seam has coarse ȕ phase and spiculate 
Į��phase� and the columnar crystals groZ Irom 
the seam edge to the central line Irom both sides� 
moreover the grain si]e has the trend to decreases 
gradually Irom the upper side to the loZer side in the 
vertical direction� although there may be anomaly 
grain groZth in some local areas� Ior the E%W seam� 
there are also tZo deIect concentration areas located 
near the seam surIace and the nail tip� ,t has been 
knoZn that the seam Iusion ]one oI the Ti��Al��9 
have better tensile strength than that oI the base metal 
because oI the martensite phases in the seam� and 
the Iatigue property oI the joint is determined by the 
near�surIace deIects� moreover the seam ]one have 
better Iatigue strength than that oI the base metal� 
The Iatigue crack propagation rate oI the Iusion ]one 
could be decreased by the ageing process� and the 
severe tortuous cracks have good crack propagation 
resistance� ,t could be seen that the Iatigue property 
oI the Ti��Al��9 joint has been studied in various 
vieZs� hoZever most publication studies Zere done 

to the plate thickness loZer than �� mm >���@� As 
knoZn� the Iatigue properties oI the joint Zill be 
diIIerent in the thickness direction oI the joint� ,t is 
interesting to reveal the heterogeneity oI the Iatigue 
property oI the heavy piece Ti��Al��9 and Iound out 
the characteristics� 

2. Experimental

The Ti��Al��9 heavy pieces (���î���î��� mm�) 
have been heat treated at ��� �& Ior � hr beIore the 
E%W Zelding� The as�Zelded joint Zas divided to 
� layers (layer l�� l� and l�) Ior the Iatigue property 
investigation ()ig� �a)� The Iatigue specimens Zere 
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cut Irom diIIerent layers to characteri]e the Iatigue 
properties in the thickness directions� see )ig� �b� The 
specimens Ior the micrographs Zere polished by the 
abrasive polishing machine� cleaned by the acetone 
and hence etched by the distilled Zater� hydroÀuoric 
acid (+)) and nitric acid +12� combinations� The 
microstructures oI the specimens Zere investigated 
by the optical microscope (A[io ,mager�0�m� 
=E,SS)� The Iatigue properties oI the joint at diIIerent 
layers Zere tested by the +) Iatigue testing machine 
(4%*���� &hangchun� &&4%)� the one�Zay peak 
load is ��� .1� the cycle IreTuency is ��� +]� the 
cyclic ZaveIorm is the sinusoid� Si[ stress levels 
Zere chosen in at least � groups oI tests� The cross�
section morphologies oI the Iatigue Iracture Zere 
observed by the scanning electron microscope (S�
����� +itachi)� and the microstructures oI the Iatigue 
Iractures Zere analy]ed by the transmission electron 
microscope (JE0������ JE2/)�

3. Results and discussions

3.1 Microstructure heterogeneity
The microstructures oI the seam ]one� base metal 

and the heat aIIecting ]one (+A=) oI the joint can 
be seen in )ig� �� The microstructures oI the seam 
]one and the +A= Zere shoZn Irom layer � to 
layer � oI the joint� The gaps betZeen the sampling 
positions oI the micrograph in diIIerent layers are 
�� mm ()ig� �a)� The base metal has eTuia[ed 
structure ()ig� �b)� ,t can also be seen that the seam 
]one has basket�Zeave microstructures� The acicular 
martensite phases interZeave Zith several interIaces 
diIIerentiate the dendrite orientation� )rom layer 
� to layer �� the microstructures oI the seam ]one 
have almost the same morphology and metallurgical 
characteristic� just have diIIerent acicular martensite 
distribution and orientation because oI the diIIerent 
observation positions and vieZ angles� )urthermore� 
the microstructure in layer � has more dendritic 
crystals and the te[ture is ¿ner than those oI the layer 
� and layer �� And the microstructures oI the layer � 
and layer � have Iurther ¿ner te[ture than that oI the 
layer �� The seam te[tures are coincident Zith the as�
knoZn characteristics� hoZever the te[ture diIIerence 
betZeen the area near the nail tip and the area close 
to the seam surIace is bigger because the relatively 
higher thickness� The metallurgical characteristics 
Zere highly inIluenced by the heat input and 
radiation� The layers close to the seam surIace has 
more heat input and the phases has the conditions 
to groZ up beIore the Iormation oI the loZer halI 
seam� moreover the layer � and layer � have better 
heat radiation conditions because being close to the 
radiation helping Iacilities� 

,t can be seen in )ig� �a that layer � has 
Zidmannstatten structure� in Zhich the lamellar 
martensite and a IeZ acicular martensite are the 
main phases� ,n the layer �� the recrystalli]ation 
happened and the microstructure oI layer � began to 
transit to the crumby structure� The layer � mainly 
has crumby structure� and more acicular martensite 
phase could be Iound in layer �� ,n the layer �� the 
microstructure began to transit to basket�Zeave 
structure� ,t is clearly that� in the heat�treated ]one� 
the microstructures have the trend to change Irom 
Zidmannstatten structure� crumby structure to 
basket�Zeave structure in the thickness direction� 
This trend could be attributed to the cooling speed 
increased gradually in the thickness direction� the 
loZer cooling speed gave the condition to Iorm the 
Zidmannstatten structure� the higher cooling speed 
Iacilitate the Iormation oI the acicular martensite� 
hence the basket�Zeave structure Zould Iorm 
Zhen the cooling speed broke the threshold value� 
Zhich has been convinced� The heterogeneity in the 
thickness direction Zill inevitably give inÀuence on 
the mechanical properties oI the joint�

3.2 Fatigue property
The )ig� � shoZed the Iatigue S�1 curves oI 

diIIerent layers (l�� l� and l�) oI the joint� The average 
value oI the specimen and the standard deviation 
Zere calculated by the ne[t Iormulas� in Zhich the x  

)ig� �� 0icrostructures oI the joint� a ² microstructures oI 
the seam ]one and the +A= in the thickness direction� b ² 
microstructure oI the base metal
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represent the average value oI the specimen� the xk is 
the logarithm value oI specimens� Ni is the Iatigue liIe 
oI the specimen and s is the standard deviation oI the 
specimens�
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The standard normal deviation (up) could be got 
by checking the normal distribution Iunction value 
table and the survival probability (� ± pf)� and hence 
the Iatigue liIe Zith the survival probability can be 
calculated by Iormulas�

 � �� �
xp

p p px x u s N= + =  

The xp represent the logarithm Iatigue liIe oI the 
specimens� the Np is the calculated Iatigue liIe� %y 
calculated the Np values oI the specimens represent 
diIIerent layers the P�S�1 curves can be got in )ig� ��

,n )ig� �� the holloZ points represent the Iatigue 
liIe under diIIerent stress levels� The solid points 
represent the average Iatigue liIe under diIIerent 
stress levels� ,t could be seen that the Iatigue strength 
oI the layers are ��� 0Pa (l�)� ��� 0Pa (l�) and 

��� 0Pa (l�)� The layer l� has relatively loZer Iatigue 
strength value� &ompared Zith the tensile properties 
oI the joint ()ig� �d)� it is clearly that the middle 
layers also have relatively loZer tensile strength� ,t 
could be seen in the )ig� �a the middle layers have 
relatively Iiner te[tures� The loZ Iatigue strength 
could only be attribute to the Iorging deIects such 
as the residual casting structures� vorte[ and inner 
crack origination by the Iorging stress� Zhich have 
been coming Zith the base metal� because the Iorging 
stress is relatively high and the Iorging deIects are 
sensitive in the middle layer oI the thick plate� ,t 
could also be seen that all the Iatigue specimens oI 
the � layers survive aIter the ��� tensile ��� 0Pa 
loading cycles� The joint Zelded by E%W has good 
Iatigue resistance capability at the ��� 0Pa� 

The Iatigue liIe points oI the � layers at diIIerent 
stress levels shoZ the same trend� namely the 
distribution oI the points at the loZer stress levels are 
more concentrated� and the data points are dispersed 
under higher stress levels� That means the Iatigue 
liIe oI the specimens have big diIIerences under 
high level stress� Since the cyclic ZaveIorm is the 
sinusoid and the specimens Zere tested at ��� +] 
IreTuency� actually the distribution oI the data 

)ig� �� The Iatigue S�1 curves oI the joint� a ² S�1 curve oI layer l�� b ² S�1 curve oI layer l�� c ² S�1 curve oI layer l�� d ² the 
tensile properties oI diIIerent layers
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points have relation Zith the loading rate� The high 
loading rate and the increasing loading Iorce result 
dispersed distribution oI the data point� and the loZer 
loading rate and loading Iorce could concentrate the 
data point� ,t can also be seen Irom )ig� � that most 
specimens survive aIter loading ��� cycles even at the 
higher stress level (��� 0Pa)� the specimens tested 
at the ��� 0Pa could survive aIter the ��� cycles¶ 
load� The Iatigue liIe oI the second layer� namely the 
middle layer oI the joint� have loZer Iatigue liIe at the 
same stress level� )ig� � shoZ the comparison oI the 
P�S�1 curves oI the � layers� ,t can be seen directly 
that the Iatigue liIe oI the l� layer under the ��� 
joint survival rate is higher than that oI the l�� and the 
Iatigue liIe oI the l� is the loZest one�

The Iatigue crack propagation rate could be 
depicted by the IolloZing Iormula (see table) 
proposed by Paris >�@� The a represents the length oI 
the Iatigue crack� the N is the loading cycle number� 
the da�dN represent the Iatigue crack propagation 
rate� ¨K is the stress intensity Iactor oI the crack 
tip� C and m are the material constants Zhich have 
relationships Zith the e[periment conditions� The 
calculated C and m oI the specimens taken Irom the 
� layers could be seen in Table� through Zhich the 
Iatigue crack propagation rate oI the Ti��Al��9 joint 
could be e[pressed by the Iormula � as Iunctions 
betZeen the da�dN and the ¨K� ,t could be Iound the 
trend by comparing the data in table�� ,I the ¨K is the 
same value� the crack propagation rate oI the layer l� is 
the highest in the � layers� These results could Iurther 
convince the conclusions oI the P�S�1 curves in the 
end oI last paragraph� )urther Zork needs to be done 
to clariIy the precise stress diIIerences oI the � layers� 
though Ze have already could deduce the diIIerences oI 
the stress betZeen the layers are relatively small� Zhich 
cannot change the trend oI the Iatigue liIe comparison oI 
the layers (layer l�� l� and l�)�

 da�dN = C(¨K)m.

3.3 Fatigue fracture surface analysis
)ig� �a shoZn the Iatigue crack origination ]one 

oI the specimens taken Irom the � layers� Zhich Zere 
tested at ��� 0Pa� )ig� �b is the representative results 
oI the microstructure oI the Iatigue Iractures at ��� 
0Pa� The arroZs in )ig� �a point to the Iree surIace� 
The results indicate that the Iatigue cracks oI the � 
layers originated at the Iree surIaces by the transgranular 
Iracture mode� because the Iatigue striations could be 
Iound in the morphologies oI the Iatigue propagation 

)ig� �� The comparison oI the P�S�1 curves oI diIIerent layers

Table.  &alculated constants oI the crack propagation rate

Specimen 1o� C m

/ayer l�

� ����Â��±�� ����
� ����Â��±�� ����
� ����Â��±�� ����

/ayer l�

� ����Â��±�� ����
� ����Â��±�� ����
� ����Â��±�� ����

/ayer l�

� ����Â��±�� ����
� ����Â��±�� ����
� ����Â��±�� ����

)ig� �� )atigue Iracture surIace observation oI the layers in the 
thickness direction� a ² Iatigue crack origination� b ² Iatigue 
striations and dislocations observation
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regions in all � layers ()ig� �b)� That means the � 
layers have the same Iracture mode at ��� 0Pa� The 
microstructures oI the Iatigue Iracture surIaces can 
be seen in the right side oI the )ig� �b� /oZ�density 
dislocation Zalls can be Iound in the specimen oI the 
layer l� in )ig� �b� and the dislocation blocks can also 
be Iound betZeen the dislocation Zalls� The e[plicit 
dislocation Zalls can be Iound in the specimen oI the 
layer l� either� there are dislocation lines in diIIerent 
slipping directions Zhich could be seen betZeen the 
dislocation Zalls� no dislocation blocks Zere Iound 
betZeen the dislocation Zalls� The loZ�density 
dislocation Zalls also Zere Iound in the specimen oI the 
layer l�� hoZever there are IeZ dislocation lines Zere 
Iound betZeen the dislocation Zalls�

The results shoZn that the deIormation mechanisms 
oI the joint at � layers under high cycle Iatigue are all 
planar�slip deIormation mechanism� ,n the � layer� 
some oI the dislocations shoZ the dislocation Zall 
characteristics� and the dislocation Zall is Iormed by 
lots oI short dislocations having the same orientation� 
The grain boundaries� the sub�grain boundaries and the 
phase boundaries are the ]ones in Zhich the dislocation 
Zalls tend to easily Iorm� The interactions betZeen 
the boundaries and the dislocations usually be very 
complicated� The dislocation Zalls could react Zith 
the solo dislocation� the grain boundaries and the phase 
boundaries� as Zell as the sub�grain boundaries� Zhich 
Zould be harmIul Ior the Iatigue liIe oI the specimens�

4. Conclusions

The Ti��Al��9 ��� mm thick part Zere Zelded by 
the E%W method under vacuum condition� The joint 
has heterogeneity not only in the microstructure but 
also in Iatigue properties�

,n the thickness direction� the microstructure 
oI the seam has basket�Zeave microstructures� 
including acicular martensite and dendrite phases� 
The dendrite crystals have the trend to become 
Iiner and Iiner in the thickness direction Irom the 
upper seam surIace to nail tip direction surIace� The 

microstructures oI the +A= have the trend to change 
Irom Zidmannstatten structure� crumby structure to 
basket�Zeave structure�

The Iatigue strength under ��� cycle load oI the 
layer l� is loZer than those oI the layer l� and layer 
l�� The Iatigue liIe oI the l� layer under the ��� joint 
survival rate is higher than that oI the l�� and the 
Iatigue liIe oI the l� is the loZest one� The Iatigue 
crack propagation Iunctions have been got by the 
Paris Iormula and the e[perimental conditions�

The Iatigue crack oI all the � layers originated on 
the Iree surIace and have transgranular Iracture mode 
Zith the crack propagation� The dislocation Zall 
structure could be Iound in the specimens taken Irom 
each layer� The Iatigue deIormations oI the joints 
develop Zith the changing oI the dislocations in the 
planar�slip mechanism�

 
Acknowledgement
This work is supported by the funding of the projects
No.2016B070701025, No.2014B070705007,
No.2017A070701026, No.2017GDASCX-0113,
Pangang project-2014-03 and 2015-10�

5. References
�� =hang +T� +e P� )eng J& and Wu +4� (����) ,nterIacial 

microstructure and strength oI the dissimilar joint Ti�Al�T&� 
Zelded by the electron beam process� Mater. Sci. and Eng. A 
���� ���±���

�� %arreda J/� Santamar +ma )� A]piro] ;� ,risarri A0� and 
9arona J0� (����) Electron beam Zelded high thickness 
Ti�Al�9 plates using ¿ller metal oI similar and diIIerent 
composition to the base plate� Vacuum� 62 � �������

�� +u 0J and /iu J+� (����) EIIect oI ]onal heat treatment on 
residual stresses and mechanical properties oI electron beam 
Zelded T&� alloy plates� Trans. Nonferrous Met. Soc. China 
��� �������

�� /u W� Shi <W� /ei <P  and /i ;<� (����) EIIect oI electron 
beam Zelding on the microstructures and mechanical 
properties oI thick T&��'T alloy� Materials and Design 34 � 
���±���

�� /i 4+� +u S% and /i ;= et� al�� (����) 0icrostructure 
+eterogeneity and )atigue Property oI WeldJoints oI T&� 
Titanium Alloy� Mat. Eng. China �� �����

�� Paris P�� Erdogan )� (����) A &ritical Analysis oI &rack 
*roZth /aZs� Journal of Basic Engineering, Transaction of 
the ASME� 85 � ���������

ɉȱȾȼɂɓȿɇɇə ɍɌɈɆɅȿɇɈȲ ɆȱɐɇɈɋɌȱ ɉɊɂ ȿɅȿɄɌɊɈɇɇɈ 
ɉɊɈɆȿɇȿȼɈɆɍ ɁȼАɊɘȼАɇɇȱ ɌɈȼɋɌɂɏ ɉɅАɋɌɂɇ ɋɉɅАȼɍ Ti��Al��9

=hang <P� 'ong &/� Wang <4� +ou %� <u &� )ang WP� ;u W+
ɐентр сучасниɯ матеріалів� Ʉитайсько�украʀнський інститут зварювання ім� ȯ�Ɉ� ɉатона� 

Ƚуанчɠоу� ������� Ʉитай� E�mail� Zangyg#TZi�gd�cn
ɉластини Ti��Al��9 товɳиною ��� мм ɛули зварені ȿɉɁ� ȼивчено мікроструктури та меɯанічні властивості� включаючи 
поведінку зразка при розтягуванні та втомленні� Ɋезультати показали� ɳо зразок має� очевидно� текстурну та меɯанічну 
неоднорідність у напрямку товɳини� зразок демонструє відмінну стійкість до утомлення� ɯоча середній ɲар зразка 
має менɲий термін утомлення при однаковій напрузі� Ɍріɳина утоми починається від вільноʀ поверɯні зразка через 
трансгранулярний реɠим руйнування� Ⱦеɮормаɰія утоми� зоɛраɠена дислокаɰіями зразка в коɠному ɲарі� адаптується 
до планарного ковзаючого меɯанізму� Ȼіɛліогр� �� таɛл� �� рис� ��
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