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Abstract: Titanium-alloy weldments have been extensively used in engineering structures, and
accurate estimation of the fatigue life is beneficial for avoiding catastrophic failures in titanium-
alloy structures. The weld pore is a common defect in these weldments that significantly influences
the fatigue process. In this study, the weld-pore size and depth and its effect on the fatigue life of
Ti-6Al-2Zr-1Mo-1V (TA15) alloy weldments are investigated by adopting fatigue tests and fracture
observations. The results show that fatigue crack initiations occurred at the weld pores for all
specimens. The diameter and depth of all weld pores on fracture surfaces were then measured, and
an indicator, P, was proposed, defined as a combination of pore diameter and depth. It was found
that all the fatigue cracks initiated from the pore have the smallest P indicator, which suggests that
P can be used to judge the location of crack initiation in an individual sample. Moreover, a model
was developed based on P to estimate the fatigue life of weldments, considering the effects of weld-
pore size and depth. Finally, analogous fatigue tests were carried out for model verification, and
results show that the proposed model has a higher accuracy compared with several typical models.
The findings of this study can be helpful in estimating the fatigue life and fatigue design of titanium-
alloy weldments.
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1. Introduction

Currently, titanium alloy is widely used in engineering structures because of its properties [1].
Ti-6Al-2Zr-1Mo-1V (TA15) alloy, a kind of a + 3 titanium alloy, has moderate room temperature
strength, good thermal stability and excellent weldability, and thus increasingly extensive
applications in the aerospace industry, mainly for primary large-scale supporting components [2].
Welding is a common joining method used in these components that has the advantage of being
lightweight, while weldments are always fatigue-prone in structures [3,4]. Therefore, the fatigue
performance of titanium-alloy weldments significantly affects the structure’s durability and
reliability [5], and has become a research focus in recent years.

The fatigue behaviors of titanium alloy have been found to be very sensitive to the following
two factors: first, the fatigue properties of titanium alloy are closely associated with the
microstructure characteristics, such as phase constituent and grain size. The crack nucleation
mechanism is related to different mechanical properties between the a phase and (3 phase. The «
phase is harder than the [ phase; thus, elastoplastic behavior incompatibilities at the /{3 interface
results in crack nucleation [6]. Titanium alloy with a fine microstructure, such as an equiaxed
structure, exhibits better crack-initiation resistance than a coarse microstructure, such as a lamella
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structure [7]. However, in the crack-propagation stage, the lamellar microstructure exhibits superior
crack growth resistance, attributed to a crack path with deflection, bifurcation and secondary
cracking [8,9]. Second, titanium alloy is known to have high notch sensitivity [10]. Thus, surface
integrity and internal discontinuity of titanium alloy components have become two important
concerns for fatigue design engineers. On the one hand, surface integrity, closely associated with the
manufacturing processes, can make a substantial difference to fatigue behaviors [11]. Krahmer et al.
found that the failure mechanisms are different in materials manufactured by milling and punching,
which is related to hardening on the perimeter edges of specimens introduced by manufacturing
processes [12]. Besides, surface integrity could also changes with surface-finishing processes. Kim et
al. reported that surface microcracks introduced during the shot peening treatment could lead to
prior failures near the free surfaces, and the compressive residual stress would prevent further crack
growth [13]. On the other hand, internal discontinuities, such as various defects, are one of the non-
negligible underlying risks leading to fatigue failures, especially in weldments [14]. Titanium is
known to be very reactive towards most atmospheric gases, including oxygen, nitrogen, and
hydrogen, at temperatures above 350 °C, especially in the molten state [15]. The oxides of titanium
alloy have strong absorption of moisture in the air, which can bring atmospheric gas into a weld pool.
Thus, during the welding process any oxides or impurities in the shielding gas or on the material
surface, especially the contact surface, would result in the formation of weld pores [16].
Consequently, the weld pore is the most common welding defect in titanium-alloy weldments. Miki
et al. [17] listed five types of welding defects that notably influence fatigue life: the weld pore,
incomplete penetration, lack of fusion, crack and inclusion. Weld pores are the most likely locations
for the initiation of fatigue cracks, and can cause a reduction in fatigue life, expressly in the high-cycle
fatigue regime. Obviously, when mechanical engineers design a component, its surface integrity and
internal discontinuity should be considered simultaneously [18-20]. This work investigates the effect
of weld pores on fatigue life, which is helpful for fatigue design and analysis in titanium-alloy
weldments, as well as those metals with pore-like defects.

There are two main methods widely used for estimating the fatigue life of weldments that
consider the effects of non-crack-like defects, such as pores and inclusions. One method is based on
the equivalent initial crack. The non-crack-like defect is assumed to be an existing equivalent initial
crack, and the fatigue life of a welded joint is predominantly controlled by the crack-propagation
process. The effect of non-crack-like defects on the fatigue crack growth rate are then investigated
and modeled for accurate calculation of the stress intensity factor, which is the key to estimating
fatigue crack growth life [21-24]. In this approach, for one type of welded joint the length of
equivalent initial crack is defined as an identical value, and individual differences are not reflected.
The second method considers the fatigue crack-initiation life, which is added to the fatigue crack
growth life as total fatigue life. The effect of weld pores on the fatigue crack-initiation life has been
studied [25,26]. Unfortunately, the fatigue crack-initiation life, and the large number of material
parameters, are difficult to acquire.

Recently, several studies have tried to establish the relationship between total fatigue life and
pore parameters, where the pore size and depth are considered as two important parameters [27].
Some researchers ignored changes in pore depth, and developed models with a form of power
function to characterize the relationship between fatigue life and pore size [28-30]. In other models,
fatigue life was assumed to be solely dependent on the inclusion depth [31,32]. However, the stress
condition was not taken into consideration in these studies, which means that model parameters need
to be reevaluated under different stress conditions. Shimatani et al. [33] developed a stress-
independent model to characterize the relationship between fatigue life, pore size and the stress
amplitude at the crack origin. Unfortunately, this model failed to take into account the effects of both
size and depth simultaneously. Then, Zhu et al. [34-36] modified this model by introducing pore
depth. Nevertheless, the stress amplitude at the crack origin site is often hard to ascertain. Moreover,
for specimens with diverse dimensions, pores with the same size and depth would have different
influences on the fatigue life, which is also not considered. Quantitative evaluation of the effect of
pore size and depth on fatigue life is still an open issue for weldments. Furthermore, existing research
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merely focuses on the effect of the pore where the crack initiates, while there is usually more than
one pore in weldments. It is first necessary to determine which pore is the most possible location of
crack initiation. At present, few studies have reported on this problem.

In view of the chemical reactivity of titanium alloy, special precautions are required to avoid
contamination in the weldments. Accordingly, electron beam welding (EBW) and gas tungsten arc
welding (GTAW) are widely accepted methods for titanium alloy weldments, among which GTAW
is mostly preferred due to its better economy and comparatively easier applicability [37]. GTAW is
performed in an argon gas shield, which can protect the hot metal from gaseous contamination
during the welding process; meanwhile, it has excellent control characteristics because of the
independent methods used to deliver heat and filler material to the joint.

This study investigates, through a quantitative analysis of weld-pore size and depth, the crack-
initiation location and the effect of weld pores on the fatigue life of TA15 alloy weldments made with
the GTAW process. The fatigue life of titanium-alloy weldments can be accurately estimated through
the proposed method, considering the individual differences introduced by weld pores. Moreover,
the findings in this study provide an analysis procedure that can be employed for the selection of
welding method before fatigue design. For this paper, fatigue tests and scanning electron microscope
(SEM) observations were conducted on TA15 alloy joints welded with GTAW. Then, the experimental
results, such as S-N curves, fracture analysis and measurements of weld pores, were scheduled.
Third, the location of crack initiation and the effects of pores on fatigue life are discussed, and
validation of the method is conducted. Finally, conclusions are drawn.

2. Materials and Methods

In this work, the experimental material is TA15 titanium alloy, which is manufactured in China.
Its main chemical components are shown in Table 1. The specimens were designed according to
GB/T3075-2008, as shown in Figure 1. The titanium-alloy plates were milled, and the roughness of all
surfaces were no larger than 3.2 um. Before welding, the surfaces of the titanium-alloy plates were
cleaned using acetone to protect weld zones from oil, moisture, dirt and other impurities. Then, the
titanium-alloy plates were butt-welded along the longitudinal direction, and a shielding gas of argon
was continually provided during the molten pool welding solidification process to prevent the
generation of weld pores. After welding, vacuum annealing (holding 120-180 min at 600 °C and then
being cooled inside the furnace to room temperature) was performed on titanium-alloy plates to
remove residual stresses and stabilize the microstructure. The fatigue specimens were machined from
the gas tungsten arc-welded sheets.

Table 1. Chemical composition of TA15 titanium alloy wt %.
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Figure 1. Specimens of fatigue tests (dimensions in mm).
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The optical micrographs (OLYMPUS PME3, Beijing, China) of different welded regions, etched
by 5 vol % HF and 12 vol % HNOs in water, are shown in Figure 2. The base metal (BM)
microstructure is an equiaxed o + § structure. The weld zone (WZ) microstructure is a Widmanstadter
structure with serrate and thick acicular a, which can be attributed to the high heat input and fast
cooling during the GTAW process. The heat-affected zone (HAZ) near the WZ consists of a slender
lamellar Widmanstédter structure, while the HAZ near the BM consists of the equiaxed a and
massive o, which shows a gradual change from WZ to BM due to the temperature gradients.

BM HAZ | W2z

Figure 2. Optical micrographs of different weld metal regions of the specimens: (a) base metal (BM);
(b) heat-affected zone (HAZ) near the BM; (c) HAZ near the weld zone (WZ); (d) WZ.

Tensile tests (INSTRON4507, Beijing, China) were performed at room temperature for three
specimens of TA15 alloy and its GTAW joint, respectively, according to ASTM E8/E8M at the strain
rate of 107! s7%, and the mechanical properties are listed in Table 2. Compared with TA15, the tensile
strength of the GTAW joint was essentially unchanged, while its elongation decreased sharply.
Moreover, Vickers microhardness tests were executed for three welded specimens, using a
computerized Buehler hardness tester with a loading of 500 g and a dwell time of 15 s, and the
microhardness values are shown in Figure 3. Note that for each location on the X-axis away from
welded center, there are three test points on the Y axis, and the microhardness of each location is
equal to the mean value of them, as shown in Figure 3.
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Figure 3. Vickers microhardness of specimens.

Table 2. Room-temperature mechanical properties of TA15 and its GTAW joint.

Material Tensile Strength (MPa) Elongation (%)
Base metal 1018.8 15.3
GTAW joint 979.0 5.5

The fatigue tests performed in this work can be seen in Table 3. Fatigue tests were conducted on
an ultrasonic fatigue testing equipment of AMSLER under constant amplitude axial-loading at room
temperature, and the fatigue loadings were in a form of sine curves. After testing, the fracture
surfaces of Group A and B specimens (marked in Table 3), numbered A1-A5 and B1-B5, respectively,
were examined through SEM to investigate the effect of weld pores. As for the rest of the specimens,
they were employed for fitting S-N curves and the SEM observations were not performed on them.

Table 3. Stress conditions of two groups of specimens for SEM observation.

Stress Ratio Stress Amplitude Number of
Snin/Smax (Smax — Smin)/2 Samples
370 MPa
325 MPa
282 Mpa (Group A)
70 Hz 0.06 260 MPa
245 MPa
238 MPa
230 MPa
500 MPa (Group B)
450 MPa
400 MPa
70 Hz -1 360 MPa
345 MPa
330 MPa
320 MPa

Frequency

—= N W DN NN (= NN W NN

3. Results

3.1. S-N Curves and Scatter of Fatigue Life

Relationships between the stress amplitude and the fatigue life of all the specimens are shown
in Figure 4. Each symbol represents the result of one test sample. The sample was regarded as a
runout if it did not fail within 107 cycles. The fatigue life of samples of Group A and B has been
marked in Figure 4. The mean S-N curve was fitted by the experimental data based on the three-
parameter S-N model proposed by Weibull:

Np = S;(Sa - Sac)b (1)

where S, is the fatigue limit, and S; and b are constants related to the materials. The parameters of
mean S-N curves are shown in Table 4. As seen from Figure 4, fatigue life is different under the same
stress condition, which reveals a large scatter. This is due to the effects of various uncertainties such
as loading, environment, defects, material, etc. For welded joints of titanium alloy, the most
important effect factor would be the weld pores.
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Figure 4. Fatigue life (S-N curves) of specimens.
Table 4. Parameters of mean S-N curves.
Stress Ratio S;/x 107 b Sac
0.06 7.7148 -1.1747 238
-1 58.2091 -1.6569 330

3.2. Fracture Analysis

According to the SEM observations of fracture surfaces, all the specimens of Group A and B had
weld pores, which indicates that weld pores are prevalent in TA15-alloy GTAW joints. In addition, it
was found that all the fractures originated from weld pores, which suggests that the fatigue crack
tends to initiate from weld pores. These results are consistent with those in previous studies [38,39].
Representative fracture morphologies of the crack initiations are shown in Figure 5. From the fracture
morphologies of Group A (Figure 4a,b), it can be seen that the crack initiates from the pore and
propagates around it, and a few secondary cracks are found around the edge of the crack-initiation
pore. Figure 4c,d shows the fracture morphologies of Group B. Compared with that of Group A, the
crack-initiation region is smoother, and friction traces can be easily observed, which are caused by
the crack closure behaviors under the negative stress ratio. Besides, there are more secondary cracks
around the crack-initiation pore, due to the higher stress amplitude. Figure 5e,f gives two typical
fracture morphologies containing pores with different locations. In practice, there are always
multiple pores in welded joints, while only one of them would be the primary crack initiation and
cause the final fracture; the rest of them would be located in the propagation or final fracture regions.
In Figure 5e, the crack initiates from pore A and then propagates through pore B to the right. In Figure
5%, the crack initiates from pore C and there is a pore D located in the final fracture region. In addition,
it is worth noting that the crack initiations would also occur from other sites, for example the left
surface edge in Figure 5e, which are likely caused by cyclic slip; even so, they contribute little to the
propagation of the primary crack and final fracture.
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Figure 5. Typical SEM images: a crack initiation of a Group A specimen in (a) low-magnification and
(b) high-magnification; a crack initiation of a Group B specimen in (c) low-magnification and (d) high-
magnification; (e) a pore (arrows B) at a propagating region in a Group B specimen; (f) a pore (arrows
D) at a final fracture region in a Group A specimen.

3.3. Measurements of Pore Diameter and Depth

In this study, the weld pores are spherical and can be regarded as non-crack-like defects.
Murakami et al. [40] proposed a commonly accepted parameter, Varea, standing for the projected
area of defects, to characterize the size of non-crack-like defects. The relationship between parameter
Varea and pore diameter is as follows:

@)

A

where d is the pore diameter. Therefore, parameter varea can be simplified as the pore diameter.
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Diameters and depths of all pores on fracture surfaces were measured according to the SEM
images. A schematic of the measurements of pore diameter and depth on the fracture surface is
shown in Figure 6,where d is the pore diameter, / is the nearest distance between pore center and
specimen surface, and f is the specimen thickness perpendicular to the direction of principal stresses.

Hence, the value of d and / are in the range of 0—f and 0.54-0.5¢, respectively.
A

A

i A v hl
e
y t

h=min{h,h,}
h,

Figure 6. Schematic of the measurements of pore diameter and depth.

For the purpose of normalization, the relative diameter D and relative depth H are defined as

follows:
d
D=— 3
; ®)
2h—d
4
p— 4)
Apparently, 0 < D < 1.0,0 < H < 1.0, according to the range of d and h. When H approaches to 0, the
pore has a tendency to become a surface pore. When H equals to 1, the pore is located at the center of

H =

the section.
Figure 7 shows the relationship between relative diameter and relative depth of all the observed

pores. Each line represents a sample, and each marker on the line represents a pore on the fracture
surface of the same sample. The solid marker denotes the critical pore, which is defined as the pore
leading to the crack initiation and sample failure. The hollow marker denotes the pore in other

regions.
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Figure 7. Relationships between relative diameter and relative depth of pores in specimens of Groups

A and B.
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4. Discussions

4.1. Location of Crack Initiation

For all specimens in this study, fatigue cracks initiated solely from weld pores. This is due to the
following two reasons: first, the geometrical discontinuity caused by weld pores produces severe
stress concentration around them, and results in a priority of crack initiation from weld pores. Second,
weld pores are mainly located at the WZ where the crack initiation more likely occurs [23]. On the
one hand, it can be seen from Figure 3 that the microhardness of WZ is higher than that of HAZ and
BM, which means that there are higher strength and lower plasticity at the WZ. As a consequence,
WZ metal is more sensitive to defects, and crack initiation easily occurs at this region. On the other
hand, the coarse microstructures in WZ (see in Figure 2) impedes the slip transfer, making it easier
for dislocations to pile up at the boundary of a/f3, which cause a lower crack-initiation resistance in
WZ [8].

Generally, there is more than one pore in welded joints, but only one of them will result in crack
initiation and final fracture. This section will discuss which pore becomes the crack initiation. Crack
initiation is mainly affected by the stress-concentration and physical properties around pores. The
physical properties around pores are identical in one specimen. Hence, the location of the crack
initiation is dependent on the stress concentration around the pores. Stress concentration can be
characterized by the stress-concentration factor, which is defined as the ratio of peak stress at notch
root to nominal stress. The pore with the larger stress-concentration factor tends to initiate the crack
more easily. The stress-concentration factor around a pore is determined by the pore diameter and
depth. Zhao et al. [19] have stated that a pore with larger diameter and smaller depth has a larger
stress-concentration factor. However, in this work, the pore with a larger relative diameter always
had alarger relative depth for almost all samples (see Figure 7). That is, a larger diameter and smaller
depth cannot be achieved simultaneously. In this case, except for sample B3, the pore where the crack
initiated is that with the largest relative diameter. For B3, the pore where the crack initiated is that
with the smallest relative depth. Obviously, there is a competitive relationship between larger relative
diameter and smaller relative depth.

In order to analyze the combined effect of pore diameter and depth on stress concentration in
detail, a series of finite element simulations based on ANSYS were employed. 2-D finite element
models containing pores with different diameters and depths were established, according to the
actual size of specimens. Geometrical features of 2-D finite element models are similar to each other.
Hence, only one example is presented here, as shown in Figure 8. The material matrix is modeled to
be elastic. The model is meshed by 2335 4-node quadrilateral elements.
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Figure 8. An example of the finite element model and stress distribution of a fatigue specimen.
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Results of simulations are shown in Figure 9. Figure 9a shows the variation of stress-
concentration factors with different relative depths. It is observed that stress-concentration factors
decease rapidly with the increase of relative depth when relative depth is small. However, when
relative depth becomes larger, stress-concentration factors tend to decrease at a slow rate, which
indicates that relative depth has little impact on the stress-concentration factor in this case. Figure 9b
shows the variation of stress-concentration factors with different relative diameters. Stress-
concentration factors are essentially constant with the increase of relative diameter when relative
diameter is small. However, when relative diameter becomes larger, the stress-concentration factor
starts to increase at a high rate, which indicates that the stress-concentration factor is significantly
influenced by relative diameter in this case. In this work, the relative depths of most pores were larger
than 0.2 (see in Figure 7), where the stress-concentration factor is governed by the relative diameter.
Therefore, the crack initiated at the pore with the largest relative diameter. However, for sample B3,
the relative depths of pores are small, where the relative depth has a significant influence on the
stress-concentration factors. Thus, the crack initiated at the pore with the largest relative depth.

7 \ \ 3.5 :
§ —&—d=0.2mm § —®—h=0.5mm
Q —a— = Q —a— =
& d=0.15mm & 34 h=0.6mm |
o 6f 1 =
R .2
= S 33f 1
=] B
= 5¢ E =
3 5
(=} =} 32’ 7
1S} 5]
Q 4 Q
2] I ] 72]
2 B 3.1r ]
=] p=]
%) n

3 Il L 3 L Il

0 0.1 0.2 0.3 0.4 0.5 0 0.03 0.06 0.09 0.12 0.15

Relative depth H Relative diameter D
(a) (b)

Figure 9. (a) Variation of the stress-concentration factor with the increase of relative depth where the
pore diameter is equal to 0.2 mm and 0.15 mm; (b) variation of the stress-concentration factor with
the increase of relative depth where the pore depth is equal to 0.5 mm and 0.6mm.

To characterize the combined effect of pore diameter and depth on stress concentration and
crack initiation, an indicator needs to be defined. The changes of stress-concentration factor with
relative depth in Figure 9a can be represented by the function 1/vH, and that in Figure 9b can be
represented by the function D3. Therefore, an indicator P can be expressed as follows:

p=¥ (5)

Figure 10 shows the indicator P of pores in samples with multi-pores on the fracture surfaces.
Each line represents a sample and each marker on the line represents a pore in the fracture surface of
this sample. The solid markers denote the critical pores, and the hollow markers denote the pores in
other regions. It can be seen that the crack initiated from the pore with the smallest indicator P for all
samples, which shows that P can be regarded as an indicator to judge the crack initiation. That is, in
an individual specimen, the pore with the smallest P would be the most likely location of the crack
initiation. In this study, we provided an expression (Equation 5) of P based on the finite element
analysis. The expression has been accessed by the pore data in this study, and the results show that
it satisfied the data well. Nevertheless, it needs to be noted that pores in this study solely refer to the
pores observed on the fracture surface, and an individual specimen generally contains many other
pores. Similar work would be encouraged to obtain all pores’ geometrical characteristics by non-
destructive techniques in order to find a more suitable expression of P, if the detection threshold and
measurement accuracy can reach a high level.
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Figure 10. Indicator P of all pores in specimens of Groups A and B.

4.2. The Effect of Pore Diameter and Depth on Fatigue Life

It has been revealed that weld defects in propagation and fracture regions have little influence
on fatigue life [33]. Therefore, only the effect of the critical pore will be discussed in this section.
Generally, fatigue life varies under the same stress condition due to the effects of uncertainties, such
as loading, environment, defects, material, etc. For titanium alloy-welded joints, the most important
factor influencing the scatter of fatigue life is considered to be the weld pores [40]. Therefore, the
deviation between the actual fatigue life and mean fatigue life can be considered a good indicator for
characterizing the effect of critical pores on fatigue life. However, it can be observed from Figure 4
that the scatter of fatigue life under different stress conditions is different. The scatter of fatigue life
is larger under smaller stress conditions. The reason is that when under a smaller stress condition,
the effect of stress becomes weaker and the effect of various uncertainties, particularly weld pores,
becomes more significant. To eliminate the effect of stress condition on fatigue life scatter, an
indicator F is defined as the relative deviation between the actual fatigue life and mean fatigue life:

(6)

where Ny is the actual fatigue life of specimens, and Nj is the mean fatigue life calculated by an
arbitrary S-N model under a corresponding stress condition. In this work, the three-parameter S-N
model proposed by Weibull was taken as an example (see Equation (1)). Obviously, a larger value of
F means a longer lifetime of the specimen.

Fatigue life is strongly influenced by the stress concentration around the critical pore, which can
be characterized by the indicator P. Figure 11 shows the relationship between the indicator P of
critical pores and indicator F. It can be seen that there is a linear relation in the semi-logarithm
coordinate between them. The line in Figure 11 is the fitting curve using a linear regression method,
and the regression model is obtained as follows:

F=mnP+C (7)

where m = 0.166, and C = -1.234. A common indicator for evaluating the goodness of fitting is the
coefficient of determination R?. This describes how well the regression model represents a set of real
observations, which ranges from 0 to 1. Perfect regression occurs when R? = 1, which means that the
dependent variable is entirely determined by the independent variables involved in the regression
model. The R? here is equal to 0.628, which indicates that the InP can explain 62.8% of the
information of indicator F. It means that the scatter of fatigue life of welded joints is mainly caused
by the weld pores. The remaining 37.2% of the information of indicator F can be interpreted by other
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factors, which means that the scatter of fatigue life is also caused by other uncertainties, such as
material organization, stress, experimental environment, etc.

1 T I A T S

o Test results of welded joints, R=0.06
v Test results of welded joints, R=-1

S
n

Life parameter F
S

Pore parameter P

Figure 11. The relationship between life indicator F and pore indicator P.

Bringing Equations (6) and (7) into Equation (8), a model for fatigue life estimation of welded
joints considering the effect of pores is obtained as follows:

VvH
Ny = N, mln§+C+1 8)

where m and C are constants related to the base metal material and welding method. The values of
m and C can be fitted by experimental data.

4.3. Method of Validation

This study provides a method to estimate the fatigue life of titanium-alloy weldments. Non-
destructive inspection can be used to obtain the diameter and depth of all pores in an individual
weldment. The pore with the smallest indicator P would be the most possible location of crack
initiation, i.e., the critical pore. According to the indicator P of the critical pore and the stress
condition, fatigue life can be estimated in advance based on Equation (9). In order to validate the
performance of the method proposed in this study, analogous fatigue tests were carried out under
the stress amplitude of 282 MPa with a stress ratio of 0.06. For each specimen, cycles to the final failure
were recorded, and the depth and diameter of pores on the fracture surface were measured according
to the SEM images. The tests and calculated results are shown in Table 5. The pores with the marker
* represent the critical pores.

Table 5. Results of verification tests.

. Pore Pore Actual . Calculated
Specimen Pore . ) ) Indicator . .
Diameter Depth Fatigue Life Fatigue Life
Number Number
(mm) (mm) (Cycle) (Cycle)
P11 0.2674 * 0.6210 * 539.9
A\ P12 0.1205 0.3231 5.412 x 10° 4197.4 6.312 x 10°
P13 0.1122 0.3891 5842.2
P21 0.1607 0.4770 2192.5
V2 8.154 x 10° 7.826 x 10°
P22 0.1514 * 0.2514 * 1741.6

It can be seen from Table 5 that the fatigue cracks both initiated from the pores (P11 and P22)
with the smallest indicator P for the two specimens, which is consistent with the conclusion in Section
4.1. Moreover, the fatigue life calculated by Equation (8) is close to the actual fatigue life. In order to
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further validate the proposed model, the fatigue life calculated by Equation (8) was compared with
the results calculated by several similar models, including the model in [23] (Equation (2)), the model
in [26] (Equation (5)), and Equation 1 (three-parameter S-N model), respectively. The formula of the
model proposed in [23] is as follows:

Ny = Cy(area)™ 9)

where area is the area of critical pore, C, and m, are constants related to the base material,
welding method and stress condition which were fitted by the experimental data of Group A. Here
C = 4.524 x 10*, m = —0.7402. The formula of the model in [26] is as follows:

{oq(area)/*2DP} N, = C; (10)

where o, is stress amplitude, D is a depth-related parameter of the pore, and a, § and C; are
constants related to the base material which were fitted by the experimental data. Here a = 2.89,
B =-0.21, C=1.823 x 102

Comparisons of actual results and the calculations by Equation (8) (M1), the model in [23] (M2),
the model in [26] (M3), and Equation (1) (M4), are shown in Figure 12. Figure 12a shows the fatigue
life results of the samples V1 and V2, respectively, and Figure 12b shows the average relative errors
between actual fatigue life and calculated fatigue life. It can be seen that the fatigue life calculated by
M1 is closest to actual fatigue life, and has the smallest average relative error compared with other
models. The observations of Figure 12 indicate that the model proposed in this study has a higher
estimation accuracy of fatigue life.

10°
108 : : : : | 70%
Vi .
60%;
ol V2 S 60%
()
@ 2
]
I = 30%)
= &0
2 <
Actual life M1 M2 M3 M4 M1 M2 M3 M4
Calculation method Calculation method
(a) (b)

Figure 12. Comparison of actual results and calculated results by the model in this study (M1), the
model in [23] (M2), the model in [26] (M3), and the S-N model (M4): (a) fatigue life; (b) relative error.

5. Conclusions

In this study, the location of crack initiation was analyzed through quantitative analysis of pore
size and depth. Additionally, the effect of pore size and depth on the fatigue life of welded joints of
TA15 titanium alloy was investigated. The main conclusions obtained in this work are summarized
as follows:

*  For all specimens, fatigue crack initiations occurred at the weld pores.

*  Anindicator P was proposed to combine the effect of pore diameter and depth. An expression
(Equation (5)) of P was provided based on the finite element analysis, and it has been accessed
by the measurements of diameter and depth of pores on fracture surfaces in this study. Results
showed that all the fatigue cracks initiated from the pore with the smallest P, which suggests
that P can be used to judge the critical pore.

* A model based on S-N curve and indicator P was established to evaluate quantitatively the effect
of pore size and depth on fatigue life, and it can be applied under arbitrary stress conditions and
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specimen thicknesses. The indicator P could explain 62.8% of the information of indicator F,
which means that the scatter of fatigue life of welded joints is mainly caused by the weld pores.
The model was validated through analogous fatigue tests. The results showed that the indicator
P successfully judged the critical pore, and the calculated fatigue life were well consistent with
the actual fatigue life. Moreover, the proposed model has been proved to have a higher accuracy
for fatigue life estimation in comparison with several typical models.
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