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Abstract: The assessment of fatigue is a crucial concern in welded components and structures. This
study investigates the fatigue properties and models for predicting fatigue crack growth in Ti-6Al-4V
titanium alloy when processed by vacuum brazing with TiCuN:i filler. Fatigue properties and the
impact of the stress ratio were determined through constant amplitude fatigue tests. By utilizing
the results obtained from variable amplitude fatigue tests, various prediction models for fatigue
crack growth were examined: modifications for load interaction, residual stress, and crack closure.
The results indicate that the microstructures in the brazed zone consist of numerous fine, elongated
needle-like Widmanstétten structures. In terms of cycle counting methods, the rainflow method
outperforms the simple-range method. In the stable crack growth rate region, fatigue crack growth
rate increases with the rise in stress ratio in a manner similar to high-strength steels. The Paris model
without any modification obtains good predictions. For models modified with crack closure, the Elber
model yields slightly better prediction results than the Schijve model. Among fatigue crack growth
prediction models, the Willenborg model with residual stress modification produces the best results.
Fracture surfaces within fatigued specimens’ brazed zones exhibit ductile failure characteristics,
where fatigue striations and secondary cracks were observed.

Keywords: vacuum brazing; titanium alloy; variable amplitude loading; fatigue crack growth evaluation

1. Introduction

The excellent properties of titanium alloys have led to a significantly increased demand
for them in the defense, aerospace, transportation, and biomedical industries. Titanium
alloy welding has become an important manufacturing process in order for components
and structures to meet the requirements of use. Vacuum brazing (a type of solid-state
welding) is carried out in a vacuum environment of 1.33 x 10! to 1.33 x 10~% N/m?,
without oxidation problems, and does not require the use of brazing flux. The joint surface
has a metallic luster, and there are no post-weld cleaning or corrosion issues, which results
in excellent joint quality [1].

The fatigue properties of welded structures are influenced by factors other than
the machined components. For instance, in vacuum brazing, when the thickness of the
specimen increases, the brazed contact area becomes larger, resulting in better joint strength
and increased tensile strength. However, in the fatigue life assessment, the thickness
modifications proposed by existing international standards such as Eurocode 3 [2], BS
7608 [3], and IIW [4] are not applicable; hence, the applicability of fatigue life prediction or
fatigue crack growth should be re-evaluated.

Regarding the fatigue behaviors of Ti-6Al-4V joints, Balasubramanian et al. [5] in-
vestigated the fatigue crack growth behavior of Ti-6Al-4V after GTAW, EBW, and LBW
welding. Guo et al. [6] studied TC4 using TIG welding and examined the impact of defect
characteristics on fatigue life prediction. Liu et al. [7] explored the crack closure charac-
teristics of a novel titanium alloy. Wang et al. [8] conducted research on the fatigue crack
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growth behavior of TC2 using TIG welding. It can be observed that the test samples of the
above studies are all fusion-welded. Vacuum brazing is a type of solid-state welding and is
categorized as diffusion welding. The research on fatigue properties of vacuum-brazed
titanium alloys is relatively limited. In addition, the focus of research on vacuum-brazed
titanium alloys is usually on heterogeneous welding, new brazing material properties [9],
or the element effects on microstructures [10]. There is very little research on the fatigue
crack growth characteristics and life prediction of TC4 after vacuum brazing.

Prediction of the fatigue life of components and structures is crucial in both design and
practical applications [11]. Fatigue life prediction via numerical simulation has been applied
in many engineering fields, such as marine structures [12], semiconductor processing [13],
the defense industry, and transportation [14]. Prediction involves factors such as loading
conditions [15-17], microstructures of materials [18], type and size of the defects [19], and
the load spectrum [14,20,21]. The development of the fatigue crack growth prediction
method began in the 1960s, when Paris and Erdogan [22] identified three regions of the
fatigue crack growth rate (da/dN); they found a power law relationship between stress
intensity factor range (AK) and da/dN in the stable crack growth region (region II). The crack
growth rate becomes unstable when entering region III, a process which can be described
by the Forman equation [23].

Furthermore, fatigue crack growth in a material can be influenced not only by AK, but
also by stress ratio (R), overload, residual stress, load sequence, crack closure effect, and
other factors. For example, Wheeler [16] studied the hysteresis effect of crack growth rate
after encountering overload loads under constant amplitude fatigue conditions. Willen-
borg [20] modified the hysteresis phenomenon of crack growth rate caused by compressive
residual stress acting on the tip of the crack. The crack closure phenomenon [24] showed
that the fatigue crack surface is still in a closed state, and the crack will not grow until a
significant tensile load appears. In addition, Austen [25] studied the modification of the
effective stress intensity factor range under constant amplitude load, considering both
crack closure and static failure conditions. However, the above models are all based on
homogeneous materials and are theoretical or semiempirical considerations. Moreover, the
suitability of these modification models under variable amplitude loading, as well as in the
case of welded structures, remains to be studied.

Therefore, the main objective of this study is to investigate the effects of mean stress
and overload on fatigue crack growth of a vacuum-brazed titanium joint and to establish
the optimal fatigue crack growth analysis model. The models under investigation are the
traditional Paris model, Willenborg model, Elber model, Schijve model, and Austen model.

2. Materials and Methods

The Ti-6Al-4V alloy exhibits an excellent combination of high specific strength, cor-
rosion resistance, and high-temperature properties. This alloy was utilized as the base
material, with ribbon-shaped TiCuNi alloy serving as the filler material. Chemical compo-
sitions are listed in Table 1. The experimental procedure was as follows: The base metal
plate was situated in a graphite jig, with the filler metal placed between the two base
materials to form a butt weld specimen. The jig was secured and placed at the center of
an upright vacuum furnace. Due to graphite’s rapid and uniform heat conduction, as
well as its low thermal expansion coefficient, it was utilized in place of a common metal
jig. Using a graphite jig for vacuum brazing, the small contact area issue was overcome,
thereby enabling successful completion of the thin plate joint. The vacuum brazing process
parameters were the same as those of the previous study [26] and were optimized for the
highest tensile strength. These included a soaking temperature of 890 °C, soaking time of
60 min, brazing temperature of 975 °C, and holding time of 45 min. Fatigue specimens
were not subjected to heat treatment.
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Table 1. Chemical compositions of the base metal and filler metal.
Chemical Composition (wt.%)
Material
Al \' Cr Fe Ni Ti Cu Ni
Ti-6Al-4V 5.88 3.60 0 0.08 0.08 Bal. 0 0
TiCuNi 0 0 0 0 0 70 15 15

In general, there were two samples for each test condition. The geometry of the
specimen and groove is shown in Figure 1. As a result of the higher strength of the brazed
bead material compared to the base metal, cracks cannot propagate straight along the weld
bead. Therefore, grooves were machined on both sides of the specimen using electrical
discharge machining (EDM). The grooves were made symmetrically at both sides of the
specimen with a depth of 0.35 mm, an angle of 60 degrees, a radius of the groove tip of
0.2 mm, and a stress concentration factor of 3.1.
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Figure 1. The geometry of the specimen and grooves.

After mounting, grinding, and polishing, the metallographic specimens were corroded
by ASTM Kroll’s Reagent for 15-25 s. Subsequently, they were cleaned and dried with
water and alcohol. Observation of the microstructures was carried out at various positions,
namely the brazed bead, heat affected zone, and base material.

The constant amplitude fatigue crack growth test was carried out in accordance
with the ASTM E647 [27] standard. A compact tension specimen was adopted, and the
experiment was performed using an MTS-810 universal material testing machine. Fatigue
pre-cracking was executed with the decreasing stress intensity factor method. After pre-
cracking, fatigue crack growth tests were conducted with sine wave loading of constant
amplitude for various stress ratios, specifically 0.1, 0.3, and 0.5. The selection for R ratios of
0.1, 0.3 and 0.5 was to observe the effect of the stress ratio on the fatigue crack growth rate.

The pre-cracking method for the variable load amplitude test was the same as that for
the constant load amplitude test. The loading histories, comprising transmission (TRN),
bracket (BRK), and suspension (SUS) histories, were provided by the Society of Automotive
Engineers (SAE).

In order to accelerate the experiment, the insignificant smaller loadings in original
histories were eliminated with the trajectory tracking method [28], with track width 56%
(for TRN and BRK) and 31% (for SUS). The data points of the reduced TRN, BRK, and SUS
histories were 103, 313, and 151, respectively. Furthermore, in order to facilitate smooth
action of the hydraulic actuator, the data points of BRK and SUS histories were increased to
414 and 211, respectively, by interpolation. These histories were shown in Figure 2. The
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simplified load history was further adjusted to achieve the specified maximum load and a
minimum-to-maximum stress ratio (R,) of 0.1, and the output rate of D/A (loading) was 10
Hz in the fatigue test.

Load (N)
2588

Load (N)
8558

Load (N)
2888

Load (N)
£58

Figure 2. Variable load amplitude histories.

To understand the load sequence effect, the load cycles in the TRN history were
extracted with the rainflow method [28] then reassembled according to the order of the
stress ratio. Two load histories were obtained, as shown in Figure 2. One is sorted from low
to high stress ratio and is called HtoL; the order of stress amplitude is roughly from large
to small. The other history, with a stress ratio from high to low, is called LtoH.

The crack length was measured using the crack opening displacement (COD) method
specified in the ASTM E647 standard. The stress intensity factor range and normalized
crack length («) were calculated using Equations (1)—(4):

AP (2+u)
\/BBNZU (1 _ IX)%

AK = <0.866 + 464 — 133202 + 14.7203 — 5.6o¢4> )

a =% =1.0012 — 49162 x Uy +23.057 x (Uy)* —323.91 x (U )

2
+1798.3 x (Uy)* — 35132 x (Uy)’ @)

oo

0.2 < afw < 0.975 ()

where AP is the load range (Pyax — Piin), B is the specimen thickness, By is the net thickness
of the specimen, a is the crack length, W is the width of CT specimen, E is the modulus of
elasticity, V is the COD value, and P is the load.

Fracture surfaces were examined after fatigue test. If the defect existed at the frac-
ture surface or the crack propagation did not along the brazed region, the test results
were discarded.
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2.1. Method of Fatigue Crack Growth Prediction

The fatigue crack growth of vacuum-brazed Ti-6Al-4V joints was evaluated with TRN,
BRK, and SUS load histories, respectively. Each history was considered as a block.

The fatigue crack growth and fatigue life were predicted with the block loading
method [29], in which the crack growth per loading block Aa/AB was determined, instead
of calculating crack growth by summing growth for each cycle. Two assumptions are made:
(1) the actual loading history can be modeled by a repeating block of loading; (2) crack
length is fixed during a loading block (Aa/AB << a).

The change in crack length per block was calculated through the following steps:

1.  The effective load range at the i loading cycle (AP.p) ; was determined using one of
the following two methods: (1) Only tensile loads cause crack extension; if P,,;, <0,
let P, = 0. (2) If crack closure load, P, is considered and it is greater than zero, then

(Apeﬁf)l = (Pmax)i — (Per)i ®)

2. (AK); or (AK,p); was determined with Equation (1) or according to a specific prediction
model.
3.  The increment of crack length per cycle was determined using the Paris equation:

Aa; = <;I‘\l])i = C(AK)" (6)

In the Elber, Schijve, static fracture, Austen, Forman and Willenborg models, the
increment of crack length per cycle was determined with the modified equation:

Alli = (jﬁ]) ‘ = CO (AKeff);n (7)

where Cp and m are material constants. Cp and AK, correspond to the same closure level.

4. The change in crack length per block, Aa/AB, was calculated. This was obtained by
summing the change in crack length due to each loading cycle, i.

Aa
— = Z Aa; 8)
AB i=1 l
where 7 is the number of cycles per block. Then,
Aa & m
a5 = L o (8Kerp), ©)
1=

5. The crack length after p loading blocks, a, , 1, was determined,

Aa
ﬂp+1 = ap —+ <AB> (10)
P
6.  The blocks to failure, By, were calculated,
i AB
_ 11
Bf . Aa da ( )

where the critical crack length ar was obtained from the fracture toughness, which was
82 MPa+/m [30] in this study.

Various fatigue crack growth prediction models were programmed using Visual Basic
6.0. The simplified TRN, BRK, and SUS load histories were cycle-counted using the simple-
range counting method [31] or the rainflow method [28]. Calculation of cumulative crack
length was carried out using Equations (6)—(11), i.e., summation of crack increments. Crack
growth for each block was estimated by considering the crack closure, overload loading,
and static fracture modifications.
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In Step 2, the value of AK.¢ can be modified according to specific theories: namely, the
Willenborg model, crack closure model, static fracture model, and the Austen model.

2.2. Willenborg Model

The Willenborg model is based on the assumption that crack growth retardation is
caused by compressive residual stresses acting on the crack tip. At the i loading cycle,
the compressive stress, (ammp)l-, due to the elastic body surrounding the overload, is the
difference between the maximum stress and the corresponding value of the required stress.
The required stress is calculated on the basis that the boundary of the produced yield zone
just touches the overload plastic zone boundary. The actual maximum and minimum stress
at the i loading cycle are:

(Omax)i = (Tmax)i — (Tcomp)i (12)

(Omin®)i = @ min)i — (Tcomp)i (13)

If either of these effective stresses is less than zero, it is set as equal to zero. The
effective stress at the i’ loading cycle, ¢;°, is:

A‘71'6 = (Umaxe)i - (Umine)i (14)

Then, the effective load can be obtained, and the effective stress intensity factor range
at the i" loading cycle is calculated using Equation (1).

2.3. Crack Closure Model

When the tensile stress around the crack tip exceeds the yield strength of the material,
a plastic zone forms, causing crack closure. In the crack closure model [32], the stress
intensity factor range is modified. The effective stress intensity factor range AK is:

AK,fr = UAK (15)
In the Elber model [32]:
U=05+04R (16)
In the Schijve model [33]:
U = 0.55 + 0.35R + 0.1R? (17)

where R is the stress ratio.

2.4. Static Fracture Model

The growth rate of cracks increases as the length of cracks increases [34]. When the
Kinax approaches fracture toughness K., static failure is generated due to dimples of ductile
or cleavage mechanisms and results in an increase in the crack growth rate. In order to
predict the accelerated growth near the final failure, an additional Kg; value was introduced
into the effective maximum stress intensity factor. The corresponding equations were:

AKef = AKinaxe f— AKmineff (18)
AKrmzxeff = Kipax + Kfs (19)

_ Kinax
R = Ke—Komr) )

where K. is fracture toughness, and K is static fracture intensity factor. From Equation (20),
it can be seen that Kg; increases apparently as Kyuqx approaches Kc. This modification by
introducing fracture toughness K. into the static fracture model is similar to that in the
Forman equation [23].
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2.5. Austen Model

The Austen model [25] accounts for both the crack closure and static fracture. The
effective stress intensity factor range is calculated using Equations (21)—(23):

AKef = Kmax,eff - Kmin,eff (21)
AKmax,eff = Kpax + Kfs —Kgr (22)
Asz'n,eff = Kiin 0or K (23)

where Ky, is the residual stress intensity factor and K; is closure stress intensity factor. The
original Kg was proposed by Willenborg. Austen extends the above formula to account for
hysteresis and overload effects, giving K as in Equation (24).

Ky = Zov[1 = da/(Zor = Z)]™ — (KoL — Knax)-(1 = Aa/ Zyeo)™? 29
~Kmax(1 — Aa/Zop)"®

where Z; is the maximum plastic zone size at the i loading cycle, Zo; is the overload

plastic zone size, and Z,, is the reversed plastic zone size due to overload.

Z = (Kax/0y)* /37 (25)
ZoL = (KOL/Uy)2/37T (26)
Zreo = [(Kor — Kuin) /0] * /1270 7)

3. Results
3.1. Microstructures and Tensile Strength

The microstructure of the base material after vacuum brazing was quite similar to the
original material, as shown in Figure 3a. It mainly consisted of white granular o-titanium,
elongated -titanium, and a layered structure formed by the alternating arrangement of
o and (3 phases. The brazed zone exhibited a dark and elongated microstructure, as seen
in Figure 3b. It was observed that the brazing filler material had completely melted. The
average ultimate tensile strength was 1265 MPa, with the fracture located in the brazed
bead [26]. The ultimate tensile strength exceeded those of the base material, laser beam
weldment (LBW), and tungsten inert gas (TIG) weldment [26].

Figure 3. Microstructures. (a) Base metal and (b) brazed zone.



Metals 2023, 13, 1879

8 of 16

3.2. Fatigue Crack Growth Rate under Constant Amplitude Loading

Fatigue crack growth rates of the brazed zone for different stress ratios are shown
in Figure 4. It can be seen that in the stable fatigue crack growth rate region, the fatigue
crack growth rate increases with the rise in stress ratio. This indicates that the higher the
stress ratio or mean stress, the greater the fatigue damage to the material in vacuum-brazed
Ti-6Al-4V alloy. Sullivan [35] indicates that the da/dN increases with R at a fixed AK in
high-strength steel. This observation is consistent with our experiment.

10 F

10+

daldN{mm/cycle)

105 F

5 10 15 20 25 30 35
\KleF‘aV‘mj.

Figure 4. Influence of stress ratio on fatigue crack growth.

In Figure 5, a comparison is made between the da/dN-AK curves obtained in this
experiment and those reported by Balasubramanian [5]. The self-welding GTAW, EBW, and
LBW produce similar slopes in da/dN-AK curves. The order of crack growth rate is GTAW
> EBW > LBW. However, in this experiment, due to the use of hard brazing filler with
different chemical compositions from the base material, the slope is different. The crack
growth rate is between those of GATW and LBW. The coefficients in the Paris equation are
C =4.16 x 1078 and m = 2.96 for a stress ratio of 0.1 in this study.

107
@
2
O 104}
£
E R=0.1
5 —— VB(This study)
8 osl ——GTAW
——EBW
——LBW
10°¢ L 1 L L
10 15 20 25 30

AK (MPavm)

Figure 5. Influence of welding method on fatigue crack growth [5].

Figure 6 depicts the plotting of da/dN vs. AK, using the Elber and Schijve modifica-
tions; it is an experimental result with effective stress intensity factor range (AK,p) as the
label of the horizontal axis. The value of AK,x was calculated using Equations (15) and (16)
in the Elber model and using Equations (15) and (17) in the Schijve model. As shown in
Figure 6a, the influence of the stress ratio can be effectively modified with the Elber model,
i.e., Equation (16). The Schijve model exhibits a slightly worse modification than the Elber
model, as shown in Figure 6b.
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Figure 6. Influence of AK,4 on fatigue crack growth. (a) Elber model and (b) Schijve model.

3.3. Fatigue Crack Growth Rate under Variable Amplitude Loading

To investigate the effects of load interaction [17], three standard load histories were
adopted: the transmission (TRN), bracket (BRK), and suspension (SUS) histories. Their
characteristics are as follows: TRN had an abrupt change in the mean load, BRK had an
almost constant mean load (or narrow-band random vibration), and SUS had a history with
large variations at the beginning and end quarter sections but with a nearly constant mean
load and small amplitude differences in the middle section.

Figure 7 shows the crack length vs. block number in the Ti-6Al-4V vacuum-brazed
joints with the TRN, BRK, and SUS loading histories. The fatigue lives are 2406, 1314, and
6059 blocks for the TRN, BRK, and SUS loading, respectively.

40

—=—TRN
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w
o
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=
ol
T

[y
o
T

L

0 1000 2000 3000 4000 5000 6000
Number of Blocks

Figure 7. Experimental fatigue crack growth curves.

3.4. Prediction of Fatigue Crack Growth

Fatigue crack growth was predicted by various models. The codes of the fatigue
analysis models are shown in Figure 8.

Code: X-Y-ZZ

X: Cycle counting method
R, Rainflow
S, Simple-range

Y: Crack growth rate equation
P, Paris equation
F, Forman equation

ZZ: Modification model
W, Willenborg model
S, Static fracture model
E, Elber crack closure model
Sc, Schijve crack closure model
A, Austen model

Figure 8. Code of fatigue analysis model.
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3.4.1. Transmission, Bracket, and Suspension Histories

The fatigue crack growth of vacuum-brazed Ti-6Al-4V joints was predicted with
TRN, BRK, and SUS load histories, respectively. This was carried out to investigate the
influence of different characteristics of loading history on the crack growth. Each history
was considered as a block because compressive load could transmit through the crack
surface and result in the absence of stress concentration at the crack tip. It could not induce
crack growth; thus, the loading history was shifted to the tensile region, and the ratio of
minimum load to the maximum load, R,, was set to 0.1. The maximum load was set to
3340 N. The experimental results are presented in Table 2.

Table 2. Experimental fatigue lives.

. Py Pin Fatigue Life
History (N) (N) (Blocks)
TRN 3340 334 2406
BRK 3380 338 1314
SUS 2565 256 6059

Figure 9 shows the effect of the cycle counting method on the fatigue prediction. It can
be seen that the predicted life of the simple-range method is longer than the experimental
value with these three histories; among them, the predicted life in the SUS history has the
largest deviation. The predicted life of the rainflow method is closer to the experimental
life; therefore, this cycle counting method is used in the subsequent analysis.

35L
40
=5t E30H
£ 3
30
S %25‘(
c [
g 3 1
E 4
é 20 § 20{
o s}
nr 15‘[
10 {
1 1 1 L 1 1 1 1 1 1 1 1 L 1 1 1 10 1 " L 1 I I
0 500 1000 1500 2000 2500 3000 0 200 400 600 800 1000 1200 1400 1600 0 2000 4000 6000 8000 10,000
Number of Blocks Number of Blocks Number of Blocks
(a) (b) (0)

Figure 9. Effect of cycle counting method on fatigue crack growth curve. (a) TRN, (b) BRK, and
(c) SUS.

Regarding the crack closure modification, Figure 10 shows a comparison of the results
of the Paris, Elber, and Schijve models. It is evident that the prediction by the Paris model
is closer to the experimental data, while the Schijve model shows the largest deviation.
The Elber model yields slightly better prediction results than the Schijve model. The
modification of crack closure models was less pronounced in the vacuum-brazed specimen
with these standard loading histories.

Among three variable-amplitude loadings, the predicted life for the SUS history
exhibits the largest deviation, probably due to the characteristics of the loading history. The
SUS loading history has relatively small amplitude variations and is nearly constant in the
middle section, making the influence of crack closure effects negligible.
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Figure 10. Effect of crack closure modification on fatigue crack growth curve. (a) TRN, (b) BRK, and
(c) SUS.

1000 2000 3000 4000 5000 6000

Figure 11 shows a comparison of the Paris model, static fracture model, and Austen
model. The static fracture model addresses the modification of crack growth in the higher
crack growth rate region. Because the AK,g is higher than AK, it predicts a shorter fatigue
life than the Paris model. On the other hand, the Austen model accounts for the acceleration
of crack growth in the later stages, along with an additional consideration of crack closure.
The Austen model predicts a longer fatigue life than the Paris model. Among these three
models, the result of the static fracture model is too conservative, while the Paris and
Austen models have their own advantages and disadvantages.
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Figure 11. Effect of static fracture model and Austen model on fatigue crack growth curve. (a) TRN,
(b) BRK, and (c) SUS.

The features of loading history affect the applicability of the prediction model. The
characteristics of TRN, BRK, and SUS histories were described in Section 3.3. Regarding
the Austen model, with the TRN loading history, the increase in fatigue life due to crack
closure was more significant than the decrease in fatigue life caused by late-stage crack
growth. With the BRK loading history, both static fracture and crack closure effects needed
to be considered. However, with the SUS loading history, if the Austen model is used with
simultaneous consideration of crack closure and static fracture effects, the predicted results
would overestimate the fatigue life of the specimens.

In Figure 12, a comparison is made between the Paris model and Forman model. The
latter was developed to model unstable crack growth (Region III) behavior, although it is
more often used to model mean stress effects. This equation predicts the sharp upturn in
the da/dN versus AK curve as fracture toughness is approached. From Figure 12a, it can
be observed that the predictions from the Forman model deviate significantly from the
experimental results. If the Forman model were used directly to assess the fatigue life of
materials, it would produce unrealistically long fatigue life predictions in the early stage of
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crack growth, due to the smaller K values. Only when the K value is sufficiently large can
the Forman model adequately describe the crack growth behavior.
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Figure 12. Fatigue crack growth curve of Forman model. (a) TRN, (b) BRK, and (c) SUS.

Number of Blocks

In Figure 13, the results of the Paris and Willenborg models are compared. The
Willenborg model is based on the assumption that crack growth retardation is caused by
compressive residual stresses acting on the crack tip. This model uses an effective stress,
which equals the applied stress reduced by the compressive residual stress, to determine
the effective stress intensity factor.
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Figure 13. Fatigue crack growth curve of Willenborg model. (a) TRN, (b) BRK, and (c) SUS.

The Willenborg model predicts slightly slower crack growth and longer fatigue life
than the Paris model. Its predictive results are closer to the experimental data for the TRN,
BRK, and SUS histories. In addition, it is found that the Willenborg model produces the
best results among all the prediction models in this study.

3.4.2. Load Sequence Effect

Load interaction effects on the fatigue crack growth were first recognized [35,36] in
the early 1960s. The application of a single overload will cause a decrease in the crack
growth rate, and its effect remains for a period of loading after the overload. Figure 14
shows a comparison of the TRN, HtoL, and LtoH histories; it reveals that the sequence
effect indeed influences the fatigue life of the specimens. It is important to keep in mind
that the abbreviation HtoL means that the sequence of load amplitude is roughly from
large to small. The larger stress in the early stages of the HtoL history produces residual
compressive stress field and increases the fatigue life. The fatigue life of the HtoL loading
history is longer than that of the TRN history.
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Figure 14. Effect of load sequence on fatigue crack growth curve.

Beden et al. [37] investigated the effect of the stress ratio and load sequence on the
fatigue life by using six different load histories. In their study, case 1 involves a sequence
of low-to-high stress amplitudes (similar to the LtoH history in this study), while case 2
involves a sequence of high-to-low stress amplitudes (similar to the HtoL history in this
study). Based on Beden's results, it was found that the fatigue life in case 1 is lower than that
in case 2. Their experimental results are consistent with those of this study. This indicates
that the load sequence within a block does influence the fatigue life. As mentioned in the
literature [37], the first larger tensile stress produces an overload effect on the material,
and the resulting residual compressive stress field leads to a decrease in the effective stress
of the subsequent loading, which reduces the crack growth rate and increases the fatigue
life. On the contrary, with the LtoH loading history, the overload effect is smaller, and the
fatigue life of the specimens is shorter than that of the TRN history.

3.5. Fractography

Fatigue failure can be divided into three stages: crack initiation, crack propagation,
and rapid fracture. In the fracture surfaces of the specimens subjected to TRN, BRK, or
SUS loadings, fatigue striations were observed in the crack propagation zone, and ductile
dimples appeared in the rapid fracture zone as shown in Figures 15 and 16. Specimens
subjected to cyclic loading with highly variable amplitude (TRN history) tend to have a
more evenly distributed dimple/fibrous microstructure on the fracture surface, compared
to those subjected to nearly constant amplitude (BRK history).

Figure 15. Fractographs in the crack propagation zone. (a) TRN, (b) BRK, (c) SUS.
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Figure 16. Fractographs in the rapid fracture zone. (a) TRN, (b) BRK, (c) SUS.

4. Conclusions

This study investigated fatigue properties and models for predicting fatigue crack

growth in vacuum-brazed Ti-6Al-4V joints. Based on the results, the following conclusions
can be drawn.

In utilizing TiCuNi filler and an optimal vacuum brazing process, the microstructures
of the base metal consisted of white, granular «-titanium, elongated (3-titanium, and
a layered structure composed of interwoven « and (3 phases. In the brazed zone,
numerous fine, elongated needle-like Widmanstétten structures were observed, with
no apparent cracks or defects on either side of the weld.

During the stable crack growth stage (Region II), the higher the stress ratio, the greater
the fatigue crack growth rate. The trend is similar to that found in steels.

The rainflow cycle counting method outperforms the simple-range cycle counting
method.

The Paris model without any modification can obtain a good prediction.

Regarding crack closure modification, the Elber model yields slightly better predictive
results than the Schijve model.

Among all fatigue crack growth prediction models, the Willenborg model, which
accounts for residual stress modification, produces the best and most conservative
results.

When considering the load sequence effect, the load history reassembled with larger
tensile load in the early stages results in lower effective stress of the subsequent loading
and leads to higher fatigue life.

Fracture surfaces at fatigue propagation zone of the vacuum-brazed Ti-6Al-4V joint
exhibited ductile fracture characteristics, where fatigue striations were observed.
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Nomenclature

a crack length

B thickness of specimen

C constant of Paris equation

Co reference compliance

E Young’s modulus

K stress intensity factor

Ke critical stress intensity factor

Ky static fracture intensity factor
K, closure stress intensity factor

Kinax maximum stress intensity factor
Kiin minimum stress intensity factor

Kop opening stress intensity factor

m exponential of Paris equation

P load

Prax maximum load

Pin minimum load

R stress ratio, the ratio of the minimum value to the maximum value of cyclic stress

the ratio of the minimum load to the maximum load during the variable
amplitude load process

v crack opening displacement

w width of CT specimen

da/dN  fatigue crack growth rate

Ty crack tip plastic radius
Aa amount of crack growth
AK range of stress intensity factor

AKyr  range of effective stress intensity factor

AKopy  range of opening stress intensity factor

AKy,  threshold range of the crack growth stress intensity factor
AP range of load

Ao range of stress
Aogr  range of effective stress
€ strain
o stress
T max maximum stress
O min minimum stress
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