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Abstract. In this present work, pores in electron beam welded titanium alloys were 
investigated by means of both destructive and non-destructive testing methods. Ultra-
sonic inspection technique was implemented to detect and locate pores as small as 
100μm in EB welds. Specimens with and without defects were fabricated and tested 
for low cycle fatigue properties. Log-normal and Weibull distribution were used to fit 
the failure life distribution of non-defective samples. The results told that the fatigue 
life of a specimen is barely affected by pores (or equivalent size) smaller than 100μm, 
and that a pore as large as 300μm would lead to an 85% reduction of the fatigue life. 
The defect sizes measured on the fractures were correlated to the ultrasonic inspection 
results in order to help determine the criterion of non-destructive testing. It was ob-
served in most of the specimens that the ultrasonic evaluation of a single pore is 
smaller than its actual size.  

Introduction  

Electron beam welding (EBW) is a special processing technology which utilize a high-energy 
electron beam as the heat source to join materials and components. It has incomparable ad-
vantages against other welding method. Due to the high energy density, an electron beam 
weld is usually featured[1] with narrow and deep melting zone, small heat affected zone, 
small residual deformation, easy control of the welding process, good repeatability and sta-
bility etc. In aircrafts of the new generation[2][3], the electron beam welding, as a connection 
technology, is playing an increasingly important role[4][5] in the manufacture of titanium 
alloy, aluminium lithium alloy primary load-bearing structures to address for the require-
ments of light weight, long life, high reliability and low costs. 

It is known to all that defects[6] may develop in the welds, pores in particular. Under 
periodic fatigue loadings, these defects may turn into a stress concentration point and initiate 
a micro crack[7][8], which will enormously accelerate the crack nucleation process and thus 
reduce the fatigue life. A lot of investigations[9] had been carried out to predict the fatigue 
life of a defective weld[10]–[12]. However, few attention was paid to the effective detection 
and evaluation of these defects. Without the information of the position and size of internal 
defects, it is hard to expect an accurate prediction.  

Generally, non-destructive testing is a feasible way to eliminate the potential threat 
of a defective weld. With the help of ultrasound or X-ray, the internal defect can be located 
and quantified conveniently[13]. Though harmful to the structure, a positive detection does 
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not necessarily mean a rejection of the part. Considering the economic efficiency, a critical 
line is required to differentiate the acceptable and inacceptable defects. Therefore, it is vital 
to study the quantitative relationship between the size of the defect and the corresponding 
reduction of the fatigue life. Besides, due to the inherent variability of natural defects, a no-
ticeable difference exists between the actual size of a defect and its evaluation by non-de-
structive testing. A correlation of the actual size to the ultrasonic response is required to 
achieve more accurate prediction of the fatigue life. 

In the present work, the influence of internal pores on the fatigue life of a fatigue 
specimen was investigated. The quantitative relationship was obtained based on the tests re-
sults and the ultrasonic evaluation of the defects. And the actual size of a defect was com-
pared to the ultrasonic evaluation. 

1. Experiments 

The material used in the experiments was TC4-DT, which is similar to Ti-6Al-4V but with 
improved fatigue properties. The mechanical properties of TC4-DT are shown in Table 1. 

Table 1. Mechanical properties of TC4-DT[14] 

Rolling Di-
rection �� / MPa �待.態 / MPa �泰 / % � / % E / GPa �IC  / MPa ∙ m怠/態 

L 902 830 12.2 31.2 111 - 
T 888 814 11.9 30.6 109 - 

T-L - - - - - 95.80 

Multiple samples were prepared for the welding procedure. After welding, each sam-
ple was subject to an ultrasonic C-scan inspection to locate and evaluate any defects in the 
weld. With the accurate position information of the defects, specimens for fatigue tests could 
be fabricated deliberately with defects right in the working zone. High frequency fatigue test 
was performed and the failure life recorded for each specimen. The fracture of every speci-
men was analysed and any defects present were measured. A chart of workflow is shown in 
Fig.1. 

 
Fig.1. Workflow 
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1.1 Electron beam welding 

Four samples were welded on a high vacuum electron beam welding equipment with an ac-
celerating voltage of 150kV and a rated power of 60kW. Each of the as-welded samples was 
60mm in height and 80mm in width with varied length from 100mm to 400mm. 

For every welding operation, one forged rectangular block was used instead of a pair 
of two closely placed ones. The welding was performed on the parental material with the 
electron beam running right through the central line of the block. Arc-starting, arc-ending 
blocks and backing lock were utilized during the welding.  

Parameters of the welding were as follows  Accelerating voltage 150kV  Beam current 105~110mA  Welding speed 8mm/s 
All the as-welded samples were subject to a double annealing and surface preparation 

for the following ultrasonic inspection. 

1.2 Ultrasonic inspection 

All the samples were inspected by immersed ultrasonic C-scan technique. A USIP40 was 
utilized as the pulser and receiver. A series of focused probes were used with a frequency of 
10MHz. 

Ultrasonic inspections were performed twice before the fatigue specimens were fab-
ricated. The first inspection was on the welded samples from the side surface. The C-scan 
image was acquired revealing the distribution of defects in the welds. Based on the image, 
the cutting plan was designed to include or exclude defects in the final specimens. An exam-
ple is shown in Fig.2.  

 
Fig.2. An example illustration of (a) C-scan image and (b) the cutting plan 

In order to locate accurately and characterize quantitatively the defect, a second in-
spection was performed on the rectangle bar before machined to the final shape. All defects 
in each specimen were evaluated by comparing the amplitudes to a reference FBH of the 
same depth. The results were compared later to the observed value on the fracture of every 
specimen. 

1.3 Fatigue test 

The specimens for the fatigue tests are demonstrated in Fig.3.  

(a) 

(b) 
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Fig.3. Specimen for fatigue tests (a) drawing and (b) final shape 

Low cycle fatigue tests were performed on a PLG-GZ100C 100KN high frequency 
fatigue testing machine with a static load error of less than ±1% and dynamic load error of 
less than ±3%. All tests were carried out at room temperature, and in the tensile-tensile 
loading mode. The frequency was within the range of 110Hz to130Hz. A constant sinusoidal 
load with a maximum stress of 600MPa and stress ratio of 0.1 was imposed on the specimen 
until failure or reaching the timeout limit of 107 cycles. The failure life of each specimen was 
recorded for the following analysis and the fracture was well-kept for observation. 

1.4 Fracture analysis 

Fracture analysis was conducted for every specimen except the non-failed ones. A scanning 
electron microscope was utilized to observe the fracture. The specimens can be classified by 
the fracture into 4 types.  Defectless  Pores  Nails  Lack of fusion 

Typical fracture images were shown in Fig.4. 

 
Fig.4. Typical images of (a) defectless fracture, (b) fracture with pores, (c) fracture with nails and (d) fracture 

with LOF 

(a) (b) 

(a) (b) 

(c) (d) 
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2. Relationship between pores and the failure life 

94 specimens were fabricated and tested for fatigue properties. Of all the failed fractures, 38 
were found defectless, 15 failed from single or multiple pores, 37 from LOF and 4 from nail 
defects. Though pores were the main interest of this work, LOFs and nails are much more 
dangerous for welded structures. Failure lives ranged from 103 to 104 cycles were recorded 
for specimens with LOFs and nails on the fractures. 

2.1 Defectless specimens 

A statistical analysis was made on the life of defectless specimens. Due to the variation on 
the microstructure and surface condition of individual specimens, the fatigue lives may scat-
ter even for the same material and loadings. Factors such as grain size, micro texture and 
internal residual stress will cause the fatigue life to fluctuate. Though the mechanism is not 
clearly understood, the scatter of the fatigue life is a widely accepted fact. 

The probabilistic distribution of the failure life was estimated based on the log-normal 
and Weibull assumption, which are common tools in the fatigue analysis. Fitted results are 
shown in Fig.5, and the goodness of fit listed in Table 2 using the Anderson-Darling statisti-
cal value.  

 
Fig.5. Fitted distribution of failure life of defectless specimens (a) Weibull and (b) log-normal 

Table 2. Goodness of fit and the quartiles 

Distribution A-D Value 
Quartiles of Failure life 

25% 50% 75% 

Log-normal 1.053 962068 1857939 3588041 
Weibull 0.860 1100712 2192174 3781523 

Additionally, the quartile values of the two fitted distribution are listed in Table 2. It 
can be seen that the median life of a specimen is about 2.2×106 cycles. This value can be 
considered as a reference of the specimen set, which is compared to the lives of defective 
specimens. 

2.2 Specimens with pores 

Pores are common defects in electron beam welds. When the escaping speed of evaporated 
or invading gas is smaller than the solidification speed of the melted metal, a volume of gas 
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is trapped in the weld forming a pore defect. Normally, the existence of pores will result in a 
stress concentration. Under periodic loadings, fatigue cracks will initiate from the surface of 
these pores which will result in a reduced fatigue life. Closely located pores will act as a 
multi-initiated crack nucleation and further reduce the final life.  

The fatigue lives and pore sizes of single-pored and multiple-pored specimens were 
listed in Table 3, as well as the corresponding ultrasonic evaluation results. The sizes of pores 
ranged from 30μm to 500μm, and lives before failure were within 104 to 106 cycles.  

Table 3. Specimens with single or multiple pores on the fracture 

No. Type Life/cycles Pore size/μm Ultrasonic evaluation 

K2-1 Single 77000 504 Φ0.4-6.5 

K3-2 Single 104000 307 Φ0.4-7.5 

D-1-2 Single 126000 224 Φ0.4-16dB 

F-1-4 Single 299000 213 Φ0.4-14dB 

J3-4 Single 492000 202 Φ0.4-17.5 

L1-1 Single 3223000 102 Φ0.4-21.5 

D-2-6 Multiplea 39000 177,75,186,132,162,59 Φ0.4-10dB 

D-2-3 Multiple 58000 318, 428, 144, 125, 84, 330, 344 Φ0.4-9dB，Φ0.4-14dB，
Φ0.4-18.5dB 

D-2-5 Multiplea 75000 59，135 Φ0.4-13dB，Φ0.4-10dB 

D-2-4 Multiple 77000 125,319,158,112 Φ0.4-11dB 

D-2-1 Multiple 143000 210，122，178 Φ0.4-8.5dB，Φ0.4-14dB 

K3-1 Multiple 159000 275，140 Φ0.4-10dB 

F-2-3 Multiple 958000 225，73 Φ0.4-13dB 

D-1-1 Multipleb 1160000 35，125 Φ0.4-16dB 

F-1-3 Multiple 1738000 133，79 Φ0.4-14dB 

Note a: At least one pore was located on the surface 

Note b: At least one pore was located subsurface 

It was demonstrated in Ref.[15] that the influence of a pore on the fatigue life of the 
weld could be inferred from the Paris Equation. A power function could be used to describe 
the relation between the fatigue life and the area of the pore in the cross-section, expressed 
as �� = 稽�−�畦態−�替  (1) 

where �� denotes the life before failure, B is a parameter relating to the position of the pore, 
σ the stress, m the Paris coefficient and A the projective area of the pore.  

The influence of pores upon the specimen fatigue life was estimated quantitatively 
by fitting the life against the pore size. For a single pore, the diameter measured in the fracture 
was used, while for multiple pores, an equivalent diameter ��was introduced. By definition, 
the equivalent defect has an area that is equal to the sum of all area of pores in the cross-
section, expressed as  �� = √∑ ��態 (2) 

where �� is the diameter of the ith individual pore in the fracture.  
The relationship of fatigue life against the pore size was illustrated in Fig.6. 
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Fig.6. Curve of fatigue life against the pore size 

Based on the experimental data, a curve fit was made using a variant of Eq.(1),  �� = 系�� (3) 

where C and k are parameters to be estimated and d the equivalent diameter. 
The estimations and standard errors of the two parameters are shown in Table 4, as 

well as the goodness of fit indicated by R-Square.  

Table 4. Estimated parameter of fitted curve 

Parameter C Parameter k 
R-Square 

Estimation Standard Error Estimation Standard Error 
1.87×1011 2.55×1011 -2.37 0.29 0.91 

As can be seen, the fatigue life reduced drastically when the pore size grew from 
100μm to 300μm. It is reasonable to assume that pores smaller than 100μm have little influ-
ence on the fatigue life. However, when a pore as large as 300μm is in the weld, the fatigue 
life is reduced to around 300000 cycles, 15% of the defectless life approximately.  

Apart from internal pores, surface and subsurface pores were observed on some of 
the fractures. Though quantitative conclusions were not drawn in this work due to the insuf-
ficiency of raw data, a qualitative probe could be made from a few available examples. For 
instance, one of the specimen failed after 75000 cycles from a crack initiated from a surface 
pore of only 58μm. In comparison, an internal pore of the same size would be almost ne-
glectable. Therefore, it is reasonable to believe that pores located closely to the surface have 
a much more significant impact on the fatigue properties.  

3. Correlation to ultrasonic indications 

The physical size of pores measured on the fracture was correlated to the ultrasonic charac-
teristics, namely the amplitude and the C-scan image.  

For single pores, the ultrasonic indications are distinctive, which is a single round 
spot in the C-scan image and single peak response in the A-scan waveform. Typical results 
of a single pore are shown in Fig.7. 
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Fig.7. Ultrasonic characteristic of a single pore (a) C-scan image and (b) waveform 

Usually, the ultrasonic evaluated size of single pore is smaller than the observed size, 
as shown in Table 3. This is mainly because the reflection of a flat bottom hole is stronger 
than a sphere of the same size. For example, a Φ220μm pore gives an amplitude that is -
16.5dB lower than that of a Φ0.4mm referencing flat bottom hole, equivalent to a Φ159μm 
FBH in value.   

For multiple pores, the ultrasonic C-scan image is often featured with a lot of scat-
tered round indications, and multiple peaks are observed on the waveforms, as shown in Fig.8 

 

 
Fig.8. Ultrasonic characteristics of multiple pores (a) C-scan from the top (b) C-scan from the side of a weld 

and (c) the waveform 

The correlation of multiple pores to their ultrasonic responses are much more com-
plicated in that   Deep pores are masked by shallower ones,  Closely located pores tend to give a single combined response,  Defects detected by ultrasound may not be in the fracture,  The microstructure and texture of the material would affect the ultrasonic evaluation. 

Of all factor, the former two are the main contributors to the inaccuracy of ultrasonic 
evaluation. Therefore, the measured sizes of multiple pores are poorly associated to their 
ultrasonic evaluations. 

4. Conclusion 

Specimens with and without defects were fabricated for fatigue test. Defective specimens 
were inspected by ultrasonic C-scan to determine the position and size of the defect. Low 
cycle fatigue tests were performed on each specimen under the same condition of 
σmax=600Mpa and R=0.1. The probabilistic distribution of the fatigue life of defectless spec-
imens were fitted to Weibull and Log-normal function, and a median life of 2.2×106 was 
estimated.  

On the basis of the defectless specimens lives, the influence of pores on the fatigue 
life of a specimen were studied quantitatively, in which a power function was used to describe 
the relationship between the pore size and the corresponding failure life. The fatigue life of 
a specimen is barely affected by pores (or equivalent size) smaller than 100μm. While a pore 
as large as 300μm would lead to an 85% reduction, compared to the defectless specimens, of 
the fatigue life to around 300000 cycles.  

The defect sizes measured on the fractures were correlated to the ultrasonic inspection 
results. It was observed in most of the specimens that the ultrasonic evaluation of a single 
pore is smaller than its actual size. 

(a) (b) 

a) b) c) 
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