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Abstract. Ultrasonic testing was performed to detect the defects in laser additive 
manufacturing (LAM) TC11 titanium alloy. Fatigue property specimens with defects 
and without defect were prepared based on ultrasonic testing results. By analyzing the 
fracture source and measuring the size and location of defects after high-cycle fatigue 
test, the relationship among ultrasonic testing results, defect characteristics and 
material properties was developed. Research reveals that, ultrasonic testing method 
can effectively detect gas pore and lack of fusion defects of LAM titanium alloy, and 
the ultrasonic testing results of gas pores in LAM TC11 titanium alloy are generally 
greater than the size measured on the fracture surface directly, while the lack of fusion 
defect is on the contrary. Influence of defect type, size and location on the mechanical 
properties is disparate. Lack of fusion defect reduces the fatigue life of the specimen 
most significantly. For the specimens with gas pore, fatigue life falls with the increase 
of pore size, as well as the decrease of distance to surface. When the defect size is less 
than 400μm, the fatigue life is more than 105 cycles.The results will provide reference 
for establishing of NDT methods and acceptance criteria. 

Introduction  

Laser additive manufacturing (LAM) is a near-net-shape manufacturing method, which 
overcomes many disadvantages of traditional manufacturing techniques. In recent years, 
LAM technique has experienced rapid development, which has been applied to produce 
some titanium alloy aircraft structure [1-3]. However, the evaluation methods and NDT 
acceptance requirements of LAM components remains unclear, usually refers to the 
detection methods and acceptance requirements of traditional forging or casting. Whereas, 
LAM experiences rapid melting and solidification of metal materials layer by layer, which 
combines the process for preparing the material and forming the part together, the 
manufacturing process is entirely different from traditional metal components. Therefore, the 
microstructure, mechanical properties and defects that may arise of LAM titanium alloy 
components are especially different from forgings and castings [4, 5]. Thus, simply copy the 
evaluation criteria of forgings or castings, will certainly bring some hidden troubles to the 
safety and reliability of components, which will become a constraint factor for the 
application of products. 
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To explicit the corresponding relationship between the results of NDT and the 
characteristics of real defects, as well as the influence of defects on mechanical properties, 
will provide reference for establishing of NDT methods and acceptance criteria. However, 
research on the quality control of AM technology are mainly aiming at the mechanical 
properties of processed components, defect formation mechanism, microstructure, etc, only a 
few studies is about controlling of process parameters to reduce shaping component 
defects[6-8]. Heretofore, research on NDT of AM components is still lack of systematization, 
and research on defect characteristics and its influence on material properties of AM titanium 
alloy have not been reported. 

Experimental research was carried out on the TC11 LAM titanium alloy in this work. 
Ultrasonic testing, fatigue tests and fracture analysis were performed to study the influence 
of defect type, size and location on the fatigue characteristics. The relationship among 
ultrasonic testing results, defect characteristics and material properties was developed, which 
will provide reference for establishing of NDT methods and acceptance criteria. 

1 Experimental 

1.1 Specimen Preparation  

The AM components have remarkable difference in material properties at different forming 
direction. Thus, the fatigue test specimens were prepared along the deposition direction (Z 
direction) and perpendicular to Z direction respectively, to study the influence of defects at 
different deposition directions on mechanical properties. Firstly, a 10MHz immersion 
focusing probe was used to test the LAM TC11 titanium alloy material, the testing sensitivity 
was Φ0.4mm flat-bottomed hole equivalent, and the sound beam incident along and 
perpendicular to Z direction respectively. Then, typical defects were selected according to 
the C-scan image obtained, and rectangular specimens with size of 25mm × 25mm × 100mm 
were prepared. There is one selected defect in middle of each specimens. A second C-scan 
ultrasonic testing was carried out to determine the precise location of the defect. At last, 
fatigue testing specimens as shown in Fig.1 with the defect in the central were machined, the 
minimum diameter and the stress concentration factor of specimen, d and Kt, are 5 mm and 1, 
respectively. 43 specimens were machined with the tensile axis along Z direction, and 26 
specimens with the tensile axis perpendicular to Z direction, including 20 specimens without 
defect for comparison. 
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Fig. 1.Shape and dimensions of fatigue testing specimen (units: mm) 
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1.2 Testing Method  

Fatigue test was performed in an open environment at room temperature by using a 
high-frequency fatigue testing machine (QBG-25). The specimens were tested at a frequency 
of 125 Hz with the stress of 700MPa, and stress ratio of 0.06. After fatigue testing, fracture 
surfaces of all the failed specimens were carefully observed and recorded by stereo 
microscope (SZ61), as well as analyzing of the fracture source. Finally, analyzing of the 
defect property, and precise measurement of the size and location of defects were performed 
on SEM (CamScan3100). 

2 Results and Discussion 

2.1 Ultrasonic Testing Results and Defects on Fracture Surface 

Observing of the fracture surface and analyzing of the fracture source were performed on the 
69 failed specimens. The results reveal that, the main defect types on the fracture surfaces are 
gas pore and lack of fusion. Therefore, those two type defects are the main fracture source as 
well. Fracture appearance of typical defects is shown in Fig. 2. 

As is shown in Fig. 2, the shapes of gas pore defect observed along and perpendicular 
to Z direction are all circular hole. While the shapes of lack of fusion defect are irregular 
plane in the specimens with the tensile axis along Z direction, and in the specimens with the 
tensile axis perpendicular to Z direction, the defect shapes are always long strip, from which 
we can judge that the main plane of lack of fusion defects are always perpendicular to Z 
direction and have plate-like shapes. Statistical analysis of the features of the above defects at 
fatigue fracture surfaces were performed, comparison between ultrasonic testing results and 
actual defect features were performed as well.  

 

  
a) Internal gas pore in Z direction specimen; b) Internal gas pore in perpendicular to Z direction specimen 

  
c) Lack of fusion in Z direction specimen; d) Lack of fusion in perpendicular to Z direction specimen 

Fig.2. Fracture appearance of typical defects in LAM TC11 titanium alloy 
 

gas pore  size 300μm gas pore  size 137μm 
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2.1.1 Non-defective Specimens in Ultrasonic Testing Results 

According to ultrasonic testing results, there are 20 specimens without defect, with the tensile 
axis along and perpendicular to Z direction. By observing the fracture surface of those 
specimens, micro-pores distributed on the internal or edge of fatigue surfaces are the main 
sources of fracture. The average size of internal gas pores is 101μm, while the edge gas pores 
is 85μm. The testing sensitivity was Φ0.4mm flat-bottomed hole equivalent in this work, 
therefore such a small defect cannot be detected. Fracture appearance of micro-pores is 
shown in Fig. 3. 

 

  
Fig.3. Micro-pore on the fracture surface of non-defective specimen according to ultrasonic testing result 

 
2.1.2 Specimens with Defect in Ultrasonic Testing Results 

According to ultrasonic testing results, there are 49 specimens with defect, with the tensile 
axis along and perpendicular to Z direction. By observing of the fracture surface, pores and 
lack of fusion are the main defects.  Pores 
In ultrasonic testing results A-scan signal of gas pores are single clear signal. And in the 
C-scan image gas pore is shown as a circular image with the color uniform in all direction, as 
shown in Fig.4. 
 

              
a″A-scan; b″C-scan image 

Fig.4. Ultrasonic testing characteristics of internal gas pore 
 
According to the statistical analysis of fracture surfaces, the size of single gas pore is 

in the range of 80μm~660μm. Fig.5 shows the comparison between actual size measured in 
the fracture surface and ultrasonic testing results of some typical single gas pores. The data 
from 1 to 6 represents specimens of tensile axis along Z direction, and 7~9 represents 
specimens of tensile axis perpendicular to Z direction. 

gas pore 
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Fig.5. Comparison between actual size and ultrasonic testing result of gas pore 

 
As is shown in Fig.5, the ultrasonic testing results of gas pores in LAM TC11 

titanium alloy are generally greater than the size measured on the fracture surface directly. 
Possible reasons are as follows: a) the defect size estimated by ultrasonic testing was based 
on a simplified formula of reflection of a round plat defect, which assumes a long distance 
between probe and defect and a very small defect size relative to the beam diameter. In this 
test, a focused transducer with small focusing diameter comparable to the defect size was 
used. This leads to a quantitative error. b) It shows that, the smaller the actual size of defect is, 
the greater the quantitative error is. This may due to the too small ratio of defect and 
wavelength (approaching 1:10).  Lack of Fusion 
The typical ultrasonic A-scan signal and C-scan image of lack of fusion defect is shown in 
Fig.6. There is obvious difference from single gas pore, the A-scan signal of lack of fusion 
shows a single significant peak accompanied by several clutter signals around it and the 
indication of defect in C-scan image shows an irregular shape. 

 

    
a) A-scan; b) C-scan image 

Fig.6. Ultrasonic testing characteristics of lack of fusion 
 
According to the observing of fracture surfaces, the actual sizes of lack of fusion are 

mainly in the range of 1~3mm. On the basis of ultrasonic testing results, the reflection 
amplitudes of defects in Z direction are in the range of Φ0.8-9.5dB ~Φ0.8 +10dB, which are 
equivalent to FBH of 460~1100μm in diameter, while the reflection amplitudes of defects 
perpendicular to Z direction are in the range of Φ0.8-13dB ~ Φ0.8-9.5dB, which are 
equivalent to FBH of 380~460μm in diameter. It shows that the ultrasonic amplitude of the 
reflection from lack of fusion along the Z direction are larger than perpendicular to Z 
direction, which is due to the shape and orientation of the defect (see Fig 2). 
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It can be seen that the ultrasonic testing results of lack of fusion defects in LAM TC11 
titanium alloy are generally smaller than the size measured on the fracture surface directly. 
Possible reasons are as follows: a) as a result of the irregular surface of defects, the reflected 
signal is partly received by ultrasonic probe, which will lead to the smaller results. b) When 
the surface of defects are smooth, but the defect plane is not perpendicular to the beam 
incident direction, the incident beam will be reflected in a certain angle, leading to a lower 
energy of received ultrasonic beam. c) The focus diameter of the probe used in this work is 
merely 1.1mm, when the size of detects are equivalent to or greater than the size of the 
focusing spot, the amplitude of reflection cannot be related to the defect size, which will lead 
to the smaller results.  

2.2 Influence of Defect Characteristic on Fatigue Life 

Through categorizing of the above specimens according to their defect characteristics, and 
analyzing the distribution and size feature of the fracture source defect of each category of 
specimens, we get the fitted curve showing the relations between defect characteristic and 
fatigue life, as shown in Fig. 7. 

 
2.2.1 Gas Pores with Surface Openings 

As is shown in Fig.7 a), there is an approximate power function correlation between defect 
size of gas pores with surface openings and fatigue life, and with the increase of the size of 
gas pores, the fatigue life decreases. In the fitted curve, we could also see that the overall 
fatigue life of specimens, on which the surface gas pores are above 60μm, is less than 105 
cycles. When the defect size is less than 300μm, the increase of the defect size tends to have 
greater influence on the decrease of fatigue life; while the defect size is more than 300μm, 
this tendency becomes flat.  

 
2.2.2 Near Surface Gas Pore  

For near surface gas pore (pores less than 100μm away from the surface), in the specimen 
data for this research, the gas pore size is basically less than 100μm. No obvious correlation 
between the pore size and the fatigue life were observed, while the distance of the pore from 
the surface and the fatigue life show an approximate direct proportional correlation. The 
fatigue life is in the range of 105

～106 cycles, and the fatigue life falls with the decrease of 
the pore to surface distance, as is shown in Fig.7 b).  

 
2.2.3 Single Internal Gas Pore  

For the single internal gas pore defect (the pore to surface distance more than 100μm), in the 
specimen data for this research, the pore size is basically in the range 80～660μm. No 
obvious correlation between the pore to surface distance and the fatigue life were found, 
while the gas pore size and the fatigue life shows an approximate power function correlation. 
As is shown in Fig.7 c), the fatigue life of the single internal gas pore falls with the increase 
of pore size, the fatigue life is in the range of 104

～2×106 cycles.  
 

2.2.4 Lack of Fusion  

For the lack of fusion defect, in the specimen data for this research, the defect size is basically 
in the range 660 ~ 4800μm, including surface opening and internal defects. The relationship 
between defect size and fatigue life shows in Fig.7 d). From the fitted curve, we could also 
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see that the overall fatigue life of specimens, which has lack of fusion defect on the fracture 
surface, is less than 1.5×104 cycles, and just a few specimen could attain 3.5×104 cycles. 
While, the fatigue life of lack of fusion defect with surface openings is lower than 5×103 
cycles. The size of lack of fusion defect and the fatigue life show no obvious correlation, 
which may be affected by the irregular shape of lack of fusion defect. 

 

  
a) Size of gas pores with surface openings; b) Location of near surface gas pore; 

 
c) Size of single internal gas pores; d) Size of lack of fusion. 

Fig.7 Influence of defect characteristic on fatigue life 
 

Based on the above analysis, the influence of defects on the fatigue life of LAM TC11 
titanium alloy could be summarized in Table 1. It shows in Table 1 that, lack of fusion 
produces maximum influence on fatigue life. The high cycle fatigue life falls to lower than 
5×104 cycles in the specimen which include lack of fusion defect greater than 650μm. The 
high cycle fatigue life is basically 104

～105 cycles for the specimen including surface 
opening gas pores, and the size of pores are in the range of 60～680μm. Single internal gas 
pore with the size smaller than 400μm has less influence on mechanical properties, the 
fatigue life is greater than 105cycles. 

In conclusion, the influence of defect type, size and location on the fatigue life is 
disparate. Lack of fusion defect reduces the fatigue life of the specimen most significantly. 
For the specimens with gas pore, fatigue life falls with the increase of pore size, as well as the 
decrease of distance to surface. When the defect size is less than 400μm, the fatigue life is 
more than 105 cycles. 

For the specimens with the same size of defect, the fatigue life perpendicular to Z 
direction is slightly shorter than along Z direction. 
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Table 1.Influence of Defects on Mechanical Properties in LAM Titanium Alloy 

Type Size′μm″ 
Distance to edge
′μm″ 

Fatigue life (×104 cycles″ 
0              1 10 100     1000 

Non-defect
ivenote1 

          

Single 
internal gas 

pore 

＜100 ＜250         

′100,200″ ＞100         

′300,400″ ＞1000         
661 1000         

Surface gas pore′size range 60μm～680μm″         

Lack of fusion′size range 650μm～3500μm″         

note 1：A few specimen has internal gas pore smaller than 100μm, or edge gas pore smaller than 85μm. 

3 Conclusion 

 Ultrasonic testing method can effectively detect gas pore and lack of fusion defects of 
LAM titanium alloy, and the ultrasonic testing results of gas pores in LAM TC11 
titanium alloy are generally greater than the size measured on the fracture surface directly, 
while the lack of fusion defect is on the contrary.  Micro-pores were observed on the fracture surface of non-defective specimens according 
to ultrasonic testing results, the size of micro-pores is between tens of micrometers and 
one hundred micrometers. In addition, edge pores are easier to cause fracture than 
internal pores.  Influence of defect type, size and location on the fatigue life is disparate. Lack of fusion 
defect reduces the fatigue life of the specimen most significantly. For the specimens with 
gas pore, fatigue life falls with the increase of pore size, as well as the decrease of 
distance to surface. When the defect size is less than 400μm, the fatigue life is more than 
105 cycles.  Fatigue life perpendicular to Z direction is slightly shorter than along Z direction. 

References  

 [1] Wang Huaming, Zhang Shuquan, Wang Xiangming, et al. Progress and challenges of laser direct 
manufacturing of large titanium structural components[J]．Chinese Journal of Lasers, 2009, 36(12): 
3204-3209. 

[2] Yang Guang, Gong Shuili, Suo Hongbo, et al. Microstructure characterization of multi-deposited TC18 
alloy by electron beam rapid manufacture[J]. Aeronautical Manufacturing Technology, 2013, (8): 71-74. 

[3] Chua C K, Chou S M, Wong T S. A study of the state-of-the-art rapid prototyping technologies[J]. The 
International Journal of Advanced Manufacturing Technology, 1998, 14: 146-152. 

[4] Li S J, Murr L E, Cheng X Y， et al. Compression fatigue behavior of Ti–6Al–4V mesh arrays fabricated by 
electron beam melting[J]. Acta Material, 2012, 60: 793–802. 

[5] Zhang Fengying, Chen Jing, Tan Hua, et al. Research on forming mechanism of defects in laser rapid 
formed titanium alloy[J]. Rare metal materials and engineering, 2007, 36(2):211-215. 

[6] Carroll B E, Palmer T A, Beese A M. Anisotropic tensile behavior of Ti–6Al–4V components fabricated 
with directed energy deposition additive manufacturing[J]. Acta Material, 2015, 87: 309-320. 

[7] Li W, Yuan H, Wang P, et al. Micro-defect effect on gigacycle fatigue S-N property and very slow crack 
growth of high strength low alloy steel [J]. Materials Science and Technology, 2013,29(9):1101-1110. 

[8] Wang Huaming, Li An, Zhang Lingyun, et al. Mechanical properties of titanium alloy TA15 fabricated by 
laser melting deposition manufacturing[J]. Aeronautical Manufacturing Technology,2008, (7): 26-29. 


