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Table 1  Deposition parameters of arc additive manufacturing 
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µ 1  ¶·bcd¸¹Uº»¼e 

Fig.1  3-D thermal model and finite element mesh 
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µ 2  ÀÁ\Â^_tu 

Fig.2  Width of multi-layer walls: (a) measuring method and (b) the variation of average wall widths (AW) 

 

 

 

 

 

 

 

 

 

 

 

 

 

µ 3  ÀÁ\Â^_ÃÄÅAµ 

Fig.3  Cross section images of walls deposited with the heat input of 72 kJ/m (a~f), 182 kJ/m (g~l) (the pulse frequency is corresponding 

to Fig.2b): (a, g) 0.5 Hz; (b, h) 5 Hz, (c, i) 25 Hz; (d, j) 100 Hz; (e, k) 1000 Hz; (f, l) 5000 Hz 

 

 

 

 

 

 

 

 

 

 

 

µ 4  QR&;<=>?��ZYÆ*ÇÈµ 

Fig.4  Schematic of molten pool formation in pulsed arc additive 

manufacturing: (a) formation of droplet, (b) droplet 

transition, and (c) expansion of molten pool  
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µ 5  YZ^_5 β2}Zj 

Fig.5  β grain morphologies of walls deposited with different parameters: (a) 72 kJ/m, 5 Hz; (b) 72 kJ/m, 25 Hz; (c) 72 kJ/m, 100 Hz; 

(d) 72 kJ/m, 5000 Hz; (e) 182 kJ/m, 0.5 Hz; (f) 182 kJ/m, 5 Hz; (g) 182 kJ/m, 25 Hz; (h) 182 kJ/m, 5000 Hz 
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Table 2  Thermal gradient and solidification velocity of 

different points in the molten pool 

Point 

number 

Thermal gradient, G/ 

cm·s
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Solidification velocity,  

R/K·cm

-1

 

A 1369.8 0.1184 

B 2215.0 0.0903 

C 3078.2 0.0877 

D 846.8 0.1289 

E 1449.4 0.1080 

F 2015.2 0.0916 

 

 

 

 

 

 

 

 

 

 

 

 

µ 6  OPVWXYZ5 TC4@�2}ZjÉÊ 

Fig.6  Predicted Ti-6Al-4V alloy grain morphology with different  

heat inputs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

µ 7  ÀÁ\Â^_©uËeÌµ 

Fig.7  Temperature field of multilayer walls with different heat  

inputs: (a) 72 kJ/m and (b) 182 kJ/m 
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µ 8  YZ^_5�Í]k 

Fig.8  Microstructures of walls deposited with different parameters: (a) 72 kJ/m, 5 Hz; (b) 72 kJ/m, 5000 Hz; (c) 182 kJ/m, 5 Hz;       

(d) 182 kJ/m, 5000 Hz 
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Influence of Pulse Frequency and Heat Input on Macrostructure and Microstructure of 

TC4 Titanium Alloy by Arc Additive Manufacturing 
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Abstract: The anisotropy caused by columnar β grains are main challenges in arc additive manufacturing of Ti-6Al-4V alloy. In order to 

handle these issues, multilayer walls were deposited with different pulse frequencies and heat inputs. Combined with finite element 

analysis, the influence of pulse frequency and heat input on macrostructure and microstructure of deposited Ti-6Al-4V alloy were 

investigated. The results indicate that with the increase of pulse frequency, the widths of deposited walls decrease rapidly at first, and then 

increase slightly; The columnar β grains transform from columnar into equiaxed β grains and are refined, but α phases have no obvious 

variation. Increasing heat input is beneficial to obtaining equiaxed β grains, but the wall width increases and α phases become coarser. The 

width of the specimen is determined by the dimension of the molten pool, which is influenced by the average heat input and the input heat 

in peak time period. Improving pulse frequency can break the dendrites and reduce the temperature gradient, which is conducive to 

increasing the nucleation rate. Besides, higher heat input can reduce the temperature gradient as well. Therefore, equiaxed β grains are 

formed with the increase of pulse frequency and heat input. The morphology of α phases is mainly associated with the cooling rate. 

Reducing heat input can increase cooling rate and refine α phases. 

Key words: additive manufacturing; pulse frequency; heat input; Ti-6Al-4V; grain refinement 
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