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Fatigue Assessment of Defect-Free and
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This work aims at the development of lifetime estimation procedures for defect-free and defect-containing
brazed joints. Preliminary investigations were performed to measure the influence of specimen geometry on
the joint strength. To estimate the influence of defects on the fatigue lifetime, defect-free specimens were
compared with specimens containing defects. The experiments show that defect-containing specimens
provide considerably lower joint strengths than defect-free specimens. The decrease of the fatigue strength
with increasing defect size can be shown, but the direct comparison of different defects is not possible with
S-N-curves. Based on the experimental results and on theoretical investigations, a procedure was developed
to estimate the lifetime of defect-free and defect-containing brazed joints based on the stress intensity

caused by a defect.
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1. Introduction

Brazing is a method of consistent joining for a wide range of
materials. Besides the reliability, fast processing time and the
low manufacturing costs, especially the comparably low
process temperatures qualify brazing for many industrial
applications, e.g., for the production of power electronic
components, but also in automotive engineering and for power
generation. Simultaneously, brazing provides potentials for
seminal applications, e.g., for the production of structures for
particle accelerators (Ref 1), in aerospace technology (Ref 2),
as well as for heat exchanging systems for hydrogen energy
production (Ref 3). Especially, brazing of steel structures
becomes more economical and efficient with the use of
advanced furnace brazing methods (Ref 4), as, e.g., high
temperature (HT) furnace brazing in vacuum or with a
shielding gas. HT furnace brazing is performed at temperatures
>900° C for the production of highly loaded components,
such as turbo compressor impellers or turbine parts (Ref 5).
Many of the above-mentioned components are exposed to
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complex loading conditions in service, comprising mechanical,
thermal, or thermo-mechanical loads.

Brazings form heterogeneous, anisotropic systems, consist-
ing of the base material, the filler metal, and the diffusion zone.
Under mechanical loading, the properties of the system vary
significantly from those of the individual joining partners. The
different elastic-plastic properties of the filler metal and the
base material lead to a triaxial stress state in the brazing zone,
caused by constraining effects of the base material on the filler
alloy. As a result, large hydrostatic stresses occur in the braze
layer and the ultimate tensile strength of the joint can be several
times higher than the strength of the unconstrained layer
material (Ref 6, 7). The mechanical performance of such
constrained systems under static loading has been studied
extensively in the past (e.g. Ref 8-12).

Considering the integrity of a brazed component, especially
the influence of (brazing) defects is of significant importance.
Typical defects that can occur during brazing are incomplete
gap filling due to local contaminations and poor wetting, pores
due to entrapped gas or air or cracks as a result of residual
stresses due to different thermal expansion coefficients of the
joining partners and/or the presence of hard and brittle phases
in the brazing zone (Ref 13). To estimate the influence of
defects on bulk materials and on welded structures, defect
assessment procedures, such as R6, BS7910, or SINTAP, based
on the so-called failure assessment diagrams (FAD) have been
developed for static loading conditions (Ref 14-17). In our
previous investigations, it could be shown that the FAD concept
can be also used to estimate the influence of defects that occur
during brazing (Ref 18, 19).

To provide structural reliability for brazed components in
service, their behavior under cyclic loading needs to be
considered, too. The fatigue behavior of brazed components
is much more complex in comparison with bulk materials and
has hardly been considered in the literature yet (Ref 20, 21). A
number of studies on the fatigue crack propagation behavior at
or near interfaces in constrained layers (e.g., in adhesively
bonded joints, metal-ceramic joints, or multi-layered materials)
have been published in the past two decades (e.g., Ref 22-24).
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Nomenclature

Roman Symbols

a, mm Crack/defect length

a,, mm Depth of initial notch

Afatigue, MM’ Fatigue fracture surface

Ares, mm> Residual fracture surface

d, mm Thickness of the braze layer

Kg, MPa m'? Critical stress intensity factor in fatigue
K, MPa m'”? Stress intensity in a sharp notch

Kie, MPa m'?
Kimax» MPa m'?

172
Kth,mam MPa m

Fracture toughness
Maximum stress intensity
Stress intensity threshold

AK;, MPa m'? Stress intensity range

Nparisy - Paris exponent

Nini» - Number of loading cycles for crack
formation

Ny, - Number of cycles to fracture

Neots - Total fatigue lifetime

Niaxs - Maximum number of cycles (2 x 10* for
the following investigations)

Number of loading cycles for crack
propagation

N,

prop> ~

Ni, - Number of loadings at the LCF/HCF-SIF
intersection

R, - Load ratio

Sis, MPa m'”? Stress intensity factor

7, mm Specimen length

W, mm Specimen width

Yoo, - Dimensionless factor for the calculation of
Kl,max

Greek Symbols

p, mm Notch root radius

o5, MPa Ultimate tensile strength

oy, MPa Yield strength

AG,om, MPa Applied nominal stress range

AGom200000 MPa  Maximum tolerable nominal stress range
until Npax

Grotchs MPa Maximum local stress in a notch

In their previous works, the present authors investigated the
fatigue crack propagation in braze joints. It was shown that the
joints are characterized by the absence of a clear short crack
regime, a relatively high threshold value AKy, as well as by an
unusually high Paris exponent (Ref 25-27). While for most
metals, the Paris exponent np,,s is known to be between 3 and 4
in the stable crack-growth regime (Ref 28), it was estimated
between 11 and 13 for brazed martensitic stainless steel
components. In addition, a concept for the consideration of
residual stresses in the braze layer on the fatigue crack behavior
of brazed components was developed (Ref 29). However, these
studies do not cover the crack initiation stage and therefore
cannot be used for making predictions of the whole fatigue
lifetime of brazed components.

Considering the influence of pores or partly unfilled brazing
gaps—which can be considered as sharp notches in the brazing
zone rather than cracks—on the fatigue behavior of brazed
joints no information is available in the literature.

In the current work, the fatigue behavior of brazed steel joints
under axial loading was studied. By the combination of experi-
mental testing methods and theoretical models, a method for
estimating the fatigue life of defect-free and defect-containing
brazed joints based on stress concentration factors was developed.

2. Experimental Investigations

2.1 Materials, Brazing Process, and Specimen Preparation

For the following investigations, the soft martensitic stain-
less steel X3CrNiMo13-4 (AISI CA 6-NM) was used as base
material for the brazings. It is characterized by a martensitic-
ferritic microstructure, providing high strength after heat
treatment (Fig. 1a). Due to its excellent mechanical properties
and corrosion behavior as well as its thermal resistance, the
steel is widely used for pumps, compressors, or water turbines.
Brazing was performed using foils of the binary alloy Au-18Ni
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Fig. 1 Microstructure of (a) the base material and (b) the brazed joint

(T =955 °C) with a thickness of 100 pum as filler metal. Steel
plates with the dimensions 300 x 100 x 25 mm were brazed
using a special brazing jig. The brazing process was performed
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Fig. 2 The geometry of (a) the standard round specimens and (b) the T-joint specimen

in an industrial shielding gas furnace (SOLO Profitherm 600) at a
temperature of 1020 °C for 20 min. After brazing, the specimens
were tempered at 520 °C for 5.5 h in nitrogen atmosphere.
Figure 1(b) shows the microstructure of the braze joint.

Besides standard round tensile specimens, round fatigue
specimens with gauge length diameters of @y =4 mm and
@, =5 mm were used for the experiments (Fig. 2a). Further-
more, special T-joint geometry specimens (Fig. 2b) were
manufactured to determine the geometry effect on the joint
strength. This geometry is often realized in technical compo-
nents. The T-joint specimens are characterized by an abrupt
change of the cross section and consequently by the highest
loads, occurring in the braze layer. This geometry was also used
to study the influence of brazing defects on the mechanical
properties. Therefore, defects of different geometries (straight
and semi-elliptical) and sizes were introduced into the brazing
zone by electrical discharge machining (EDM), using a wire
with a diameter of 0.3 mm (Fig. 3).

To investigate the influence of the defect size, specimens
containing straight defects with a size of « = 0.5 mm,
a=1mm, and ¢ =2 mm were prepared. For the semi-
elliptical defects, a ratio of a/c =2/3 with a =0.75 mm,
a=15mm, and ¢ =3 mm was selected. With this, typical
brazing defects like a partly unfilled brazing gap or large pores
should be simulated. With respect to their three-dimensional
geometry, the defects can be considered as sharp notches.

2.2 Testing Procedures

In order to determine the quasistatic mechanical properties
of the braze joints, tensile tests were performed with an electro-
mechanical testing machine (Schenck Trebel RSA 250 kN).
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Fig. 3 Defect geometries of (a) straight and (b) semi-elliptical
defects

For the simulation of start/stop cycles of highly loaded brazed
components, the fatigue behavior in the LCF regime was
characterized with a servohydraulic testing machine (Schenk
Hydroplus 5666) until a maximum number of loading cycles of
Nuax = 2 x 10* cycles. The tests were performed with a
sinusoidal load, applied with a constant amplitude at a
frequency of 1 Hz and at a load ratio of R = 0.1.

2.3 Behavior of Joints Under Quasistatic Loading

To characterize the influence of different specimen geom-
etries and of different defects on the quasistatic joint strength,
tensile tests were performed. Therefore, standard round spec-
imens according to DIN 50125 were tested. Their values served
as a reference for the further experiments. The average ultimate
tensile strength (c¢) of standard round specimens is 1084 MPa.
Experiments with T-joint specimens show that the change of
the specimen geometry leads to a slight increase of o to
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Table 1 Comparison of joint strength of defect-free
specimens with different geometries and estimated fatigue
strengths to an ultimate number of cycles of N; = 2x10*

Specimen geometry o, MPa AGnom,20000, MPa
Base material 1224 +2

T-Joint specimen 1120+4.8 405
Standard round 1084+ 3.6 720

Table 2 Comparison of joint strength of specimens and
estimated fatigue strengths to an ultimate number of
cycles of Ny =2 X 10* from the S-N-curves for different
defect geometries and sizes

Defect size, AG1om,200005

Defect type a, mm o, MPa MPa
Defect free 0 1120 405
Straight 0.5 ... 270
1 570 180
2 447 135
Semi-elliptical 0.75 . 360
1.5 927 282
3 699 270

1120 MPa. The results of the tensile tests are summarized in
Table 1.

Further tensile tests were performed to study the influence of
the different defects on the joint strength. For all experiments,
the ultimate tensile strength and the maximum tolerable stress
range for the specimens to reach N, without failure
(Achom,20000) Were calculated. As expected, defect-containing
specimens showed considerably lower tensile strengths, com-
pared to the defect-free reference specimens. The decrease of
the tensile strength is closely related to the size and the shape of
the introduced defect. The lowest ultimate tensile strength
of oy=453 MPa was obtained for a specimen containing a
straight defect with a depth of 2 mm. The results are in good
agreement with the results reported in (Ref 6) and are
summarized in Table 2.

2.4 Behavior of Joints Under Cyclic Loading

Fatigue tests were performed to investigate the influence of
the specimen geometry and of defects on the LCF fatigue
behavior. Round-shaped specimens, which serve as a reference,
as well as T-joint specimens, were used (Fig. 4).

The results of the fatigue experiments with defect-free
specimens until Ny, = 2 x 10* cycles show a significant effect
of the specimen geometry on the course of the measured S-N-
curves. For standard round-shaped specimens, the fatigue
strength to 20,000 cycles, AGuom20000, Can be estimated to
720 MPa, whereas the fatigue strength for defect-free T-joint
specimens was 405 MPa. Figure 5 shows the resulting S-N-
curves for specimens containing straight defects, and semi-
elliptical defects with different sizes. The results from the
defect-free T-joint specimens were considered as a reference in
the two diagrams.

As expected, the investigations show that defect-containing
specimens provide significantly lower Ac,om 20000, compared
to the defect-free reference specimens. The reduction of
AGom20000 1s influenced not only by the size of the defect
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Fig. 4 Comparison of the S-N-curves of defect free T-joint speci-
mens and of round specimens
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Fig. 5 S-N-curves for specimens containing (a) straight and (b)
semi-elliptical defects

but also by its shape. Considering the defect geometry, the
decrease of AGy,om 20000 is more pronounced for straight defects
compared to semi-elliptical defects. For example, a straight
defect with a size of ¢ =2 mm led to a reduction of
AGom 20000 to 135 MPa, whereas a joint with a semi-elliptical
defect with ¢ = 3 mm survived AG,om 20000 = 270 MPa dam-
age-free. Furthermore, although Acyom20000 Of the specimen
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Fig. 6 Fractographic investigations of a T-joint specimen, containing (a) a straight and (b) a semi-elliptical defect, (c) of the fatigue fracture
surface, and (d) at the transition between fatigue and residual fracture surface

with the smallest straight defect (¢ = 0.5 mm in Fig. 5) is
expected to be the closest to the defect-free specimens, the
smallest semi-elliptical defect (a = 0.75 mm in Fig. 5) exhib-
ited the highest tolerable stress range of AGpnom 20000 = 360
MPa, and almost reaches AG,omp20000 Of the defect-free
reference specimen (Table 2).

2.5 Fractographic Investigations

After the fatigue tests, the fracture surfaces of the T-joints
were characterized by stereo microscopy. All specimens clearly
fractured in the brazing zone as residual filler alloy was
detected on both parts of the fractured specimens.

Figure 6(a) shows a specimen containing a straight defect
with a size of 0.5 mm, that failed after Ny= 3,318 loading
cycles AGuom =405 MPa. A specimen containing a semi-
elliptical defect with @ = 0.75 mm, exhibited 19,819 loading
cycles at the same loading amplitude (Fig. 6b). The fracture
surfaces can be clearly divided into a fatigue fracture surface
(Afatigue) and residual fracture surface (4es). An increase in the
number of cycles to fracture leads to an increase in Apyigue.
While Agyigye amounts 24.18% for the specimen shown in
Fig. 6(a), it increases to 32.49% for higher N; (Fig. 6b). For the
specimens containing semi-elliptical defects, the a/c ratio
changed slightly from 0.67 to approximately 0.55 to 0.6 until
final fracture as determined from the fatigue fracture areas.

SEM investigations have shown that 4p;gy. is characterized
by a smooth fracture surface and contains fatigue-induced
deformation features, as, e.g., striations (Fig. 6¢). SEM inves-
tigations at the transition from fatigue to residual fracture
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surface show a pronounced increase of the striation spacing
from <100 to ~1000 nm, what is in good agreement with the
measured crack growth curves (Ref 26). The residual fracture
surface is characterized by ductile deformation features like
dimples (Fig. 6d).

2.6 Correlation of Fatigue Life with AK

In cases of joints with large brazing defects the nominal
stress is not a suitable parameter to correlate the fatigue life, as
can be seen from the test data (Fig. 5). Therefore, a lifetime
prediction or a safety analysis for a component containing
brazing defects cannot be done in a reasonable way based on
S-N-curves.

As shown in Ref 24, the loading state of a crack-like defect
in a thin layer can be characterized by the global stress intensity
factor (SIF) of a crack with the same geometry and size in a
corresponding homogeneous body. In Fig. 7, the data shown in
Fig. 5 are plotted as a function of AK(a,), the latter being the
range of the SIF of a hypothetical crack of the same length as
the defect, ¢ = a,, under mode I loading. The SIFs for the
defects in the tests specimens are calculated as follows:

For a straight crack of length a emanating from the corner of
a T-Joint, the SIF is given by (Ref 29)

Ki = 2293 - Gpom - VIV - % +0.0338 - Yy (a/W) (Eq 1)
For a/W > 0.01, the non-dimensional function Yy (a/W) is
given by
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Ya(a/W) =1-0.5454 - (%) 15.8863 - (%)2

89417 (L) 115809 (£)'. (Eq2
- 8947 () 115809 (1) (Ba2)

Note that Eq 1 and 2 can also be used as a conservative
estimation of the SIF for short cracks in the range a/W < 0.01,
as discussed in section 3.2.

For the semi-elliptical defects with a/c = 2/3 emanating
from the corner of a T-Joint, the SIF as derived in Ref 18 can be
approximated by the following formula:

Ky =2.293 - Gpom - VW - Yie (a/ W) (Eq 3)
with

an 0.196 a
Yee(a/ W) = (W) -[0.9644 —0.5641 - (W)] (Eq 4)

With a = a,, the test data from Fig. 5 can be represented as
a function of AK(a,) using Eq 1-4. The results are shown as
SIF-N-curves in Fig. 7. Obviously they collapse in a relatively
narrow scatter band, called in the following the SIF-N-curve.
The correlation between log(N,,) and AKj(a,) is approximately
linear and follows the regression line

AK (ay) = 70.533 — 11.781 - log Nyor. (Eq 5)

The good correlation between Ny is somewhat surprising
since the total life of a notched specimen is expected to depend
on many more parameters than just AK(a,). However, there are
theoretical reasons for AK(a,) to be the main influencing factor
of N, as shown in section 3.1.

3. Theoretical Considerations

3.1 Relation Between Fatigue Life and AK

As mentioned above, the total fatigue life of a notched
component, Ny, can be divided into the number of load cycles
required to form a crack at the notch tip, N, and those
required for crack propagation up to the critical crack length,
Nprop» 1.€.,

60
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O straight defect, a =1 mm
504 X straight defect, a = 0.5 mm

[ ) semielliptical defect, a=3 mm
O semielliptical defect, a = 1.5 mm
[ 03] semielliptical defect, a = 0.75 mm

S
<)
©)
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Fig. 7 SIF-N-curves for the estimation of the fatigue life of defect
containing T-joint specimens
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(Eq 6)

The transition from crack initiation to propagation cannot be
clearly defined and is difficult to be detected experimentally.
However, for the purpose of the present investigation, there is
no need for a sharp distinction between these two phases of
fatigue damage. N, can be obtained analytically quite
uniquely. The fatigue crack propagation behavior of these
brazings has been studied in Ref 24-26. It was found that the
da/dN- versus AK-curves for brazed specimens do not exhibit
the usual sigmoidal shape, but a Paris-type behavior in the
entire range of crack growth. Correspondingly, the da/dN-curve
can be approximated by
da — NParis
o C-AK
the entire range of AK, i.e., from the threshold value Ky, to
the critical SIF in fatigue, AKg. For R = 0.1, the parameters
in Eq 7 were determined to be

Niot = Nini + Nprop-

(Eq 7)

C=1309 x 10 and npyis = 11.17. (Eq 8)
AKj, is obtained by

K
A1<fc = 1 _fCR (Eq 9)

where Ky, is fracture toughness in fatigue and a. is the critical
crack length, which is determined by the equation

AK(a = a;) = AKs. (Eq 10)
From Eq 7-10, the propagation life is obtained to be
i da
= | ————. Eq 11
Yoo = | & a@ (Fatl

an

Considering straight defects, Eq 7-10 inserted in Eq 11
result in the crack propagation life shown in Fig. 8. One can see
that the propagation life as a function of AK{(a,) is nearly the
same for all the considered defect sizes. The reason for this
surprising behavior is the high value of the exponent np,s,
which leads to an enormous acceleration of the crack growth
rate as a approaches the critical length a.. Therefore, AK(a,)

60

—I—aO:O.S mm
50 —O—a0=1mm
+a0=2mm

40

n

AK (a ) [MPa m*’]

prop

Fig. 8 Calculated crack-propagation life as a function of AK(ay,)
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has more significant influence on Ny, than AK(a.). The same
holds for other crack geometries such as the semi-elliptical
cracks. So the above finding that N, depends on AK(a,) only
is likely to hold not only for the straight cracks considered in
Fig. 8 but also for any crack shape.

In LCF, Ny, is known to be governed by the local plastic
strain range Ag,. A dimensional analysis suggests a functional
dependence of the form

AK? (an) )

Agy = f<7

Eq 12
Fooy-d (Eq 12)

where E is Young’s modulus of the base material, o, the
yield stress of the layer, and d the thickness of the layer.
Thus,

Nini = f (AK (an),d).

Since Njy; as well as Nyrop are functions of AK(ay), it follows
from Eq 6 that the total life of a notched brazing is mainly a
function of AK(a,), too. This is the theoretical reasons for the
correlation shown in Fig. 7.

(Eq 13)

3.2 LCF at Structural Hot-Spots in Brazed Components

Even without a crack or defect, the T-shape of the specimen
shown in Fig. 2(b) causes a stress-concentration similar to a

(a) a
KI A
Eq. 12
.’/,— —= II
Koo
I
(b) a

Fig. 9 (a) Geometry and (b) Kj(a) for a short crack in a braze layer
emanating from a corner (schematic)
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notch. In the case of a brazing, the local notch radius, which in
homogeneous materials is crucial for the magnitude of the
stress concentration, is very difficult to define. Therefore, it is
suitable and conservative to assume that a crack-like defect of a
short initial length is present anyway. The SIF of a crack
emanating from a sharp notch is characterized by a steep rise in
the short crack range (I in Fig. 9) and a much flatter behavior in
the long crack range (II in Fig. 9), with a relatively narrow
transition range in between. Equations 1 and 2 only cover range
I1. Based on similar considerations for homogeneous materials
(Ref 30), it is suggested in Ref 29 to characterize the stress state
of a nominally defect-free T-joint with undefined local geom-
etry by a notch-intensity factor Kpy, which is defined as an
extrapolation of Kj(a) in range II to @ = 0 (Fig. 9). Physically,
Kin represents the maximum K that can occur at a short crack-
like defect near a hot-spot. Mathematically, it is obtained from
Eq 1 and 2 by setting @ = 0, which results in

Ky = Ki(a=0) = 0.422 - Gpom - V. (Eq 14)

By means of Eq 14, the fatigue life obtained by the tests on
defect-free T-shaped specimens (Fig. 4) can be included in the
SIF-N-correlation. The comparison is shown in Fig. 10, from
which one can see that the corresponding AKyy-N data are
located well within in the scatter band of the SIF-N-curve
(Eq. 5) obtained from the notched specimens. This indicates
that in the LCF regime a structural hot-spot can be considered
as a sharp a crack loaded by a SIF K.

4. Discussion

4.1 Fatigue Assessment Using SIF-N-Curves

The SIF-N-curve allows to estimate the influence of defects
or structural hot-spots characterized by a high ratio of the defect
length a and the tip radius p (a/p > 0) on the integrity of
brazed components. As described above, such defects can, e.g.,
arise from incomplete wetting and gap filling during brazing. In
this case, AK has to be calculated for an equivalent or
conservatively estimated crack of the same geometry and size.

Structural hot-spots can be treated analogously by deter-
mining the notch-intensity factor AKpy. It is obtained by

60

504

40

172
AK  [MPam ]

Fig. 10 Fatigue life of defect-free specimens as a function of AKy,
in comparison with SIF-N-curve according to Fig. 7
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calculating K(a,) for the initial defect sizes a and extrapolating
the resulting curve to a = 0.

Strictly speaking, the SIF-N-curves shown in Fig. 7 is only
applicable for the defect- and braze-parameters used for the
presented experiments (d =0.1 mm, p=0.15mm, and
R =0.1). If the deviations of the actual parameters are
substantial, corresponding experimental data are required.
However, to some degree it is possible to generalize the
presented results, at least as approximations.

In homogeneous materials, the notch root radius is crucial
for the crack-initiation life, since it affects the local stresses and
strains. In the case of a notched brazed specimens, the situation
is more complex, since the width of the braze layer and the
mismatch of the material parameters represent additional
characteristics. The experimental finding that the SIF-N-data
of defect-free T-joint specimens fit very well to the data from
straight or elliptical notches indicates that the root radius of
notches in brazings are of minor importance. Parameters related
to the brazing, like the thickness d of the layer, are of more
importance.

The effect of the width of the braze layer, d, on the da/dN-
curve has been considered theoretically in Ref 27. It was found
that the AKy, is proportional to ¢ and that the da/dN-curve is
roughly proportional to 1/d. This affects the SIF-N-curve in the
high-cycle regime and the endurance limit.

It has also been shown that the fracture toughness is
associated with a certain critical strain in the layer (Ref 19). In
general, the latter is proportional to K#/d, so K is proportional
to d"%. It can be expected for physical reasons that K¢, and the
SIF-N-curve in the LCF-regime are about proportional to d'
as well. Therefore, the SIF-N-curve shown in Fig. 7 is expected
to be conservative if the actual layer thickness d is larger than
the one of the specimens used here, which is about 0.1 mm.

The motivation of the present investigation was the safety
assessment of brazed components for start/stop-loading cycles
that can occur during service of, e.g., compressor or turbine
parts, which are relatively few in number and correspond in
general to a load ratio R~0. For practical reasons, the
experimental fatigue tests were performed at R =0.1. The
fatigue data in the LCF-regime are expected to be affected by R.
For R < 0.1, they are conservative, but for R > 0.1 they are
likely to be non-conservative.

4.2 Estimation of the Entire SIF-N-Curve

The SIF-N-curve given by Eq 5 holds in the range covered
by the experimental data, which is about 22 < AK < 40 MPa
m®™>. In terms of AK(a,), the total possible range of finite
fatigue life is AKy, < AK(a,) < K.{1 — R), which means, for
the properties of the present brazing as given in Ref 26, about
9 < AK; < 45 MPa m®>. Obviously, a large part of the total
range of finite fatigue life is covered by LCF. The relatively
narrow missing parts can be covered approximately by the
following semi-empirical extrapolations.

As mentioned before, the crack initiation life can be estimated
by Eq 6 from the total life (Eq 5) and Npop. In mathematical
terms, the relation between N, and AK(a,) shown in Fig. 8 is
found by linear regression to be approximately

log AKi(a,) = 1.6721 — - log Nprop- (Eq 15)

NPparis

By Eq 1, 5, and 15, one obtains N;,; as a function of AK(a,)
for straight defects. The corresponding fraction of fatigue
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initiation life with respect to the total life, N;;/Niyy, is shown in
Fig. 11. For AK > 25 MPa m"° nearly the entire life is spent
in the initiation phase. For decreasing AK (Fig. 11) the fraction
of Nj,; decreases. As AK approaches the fatigue crack growth
threshold AKi, Nini/Npropis obviously bound to approach zero.
The relatively small gap between the lowest experimental data
point, 22.5 MPa m®?, and AKy, can be bridged with sufficient
accuracy by a linear interpolation, as shown by the dashed line
in Fig. 11. This interpolation enables the SIF-N-curve to be
estimated from (Eq. 15) even in the HCF-regime up to
endurance. The resulting curve is shown in Fig. 12. For
comparison (Eq 15), which is a lower bound of the total life is
also shown. Therefrom one can see that the interpolation affects
only the transition from the SIF-N-curve of the LCF-range
(Eq 5 to 15), which represents a lower bound in the HCF range.
An alternative, conservative way to estimate the total SIF-N-
curve (from the low-cycle to the high-cycle regime) is to
neglect the transition by just using Eq 5 for N < N;s and Eq 15
for N > N, where Nj; is N at the intersection of these two
curves (Fig. 12).

The gap on the lower end of the SIF-N-curve, i.e., between
the highest experimentally covered AK; and the critical fatigue
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Fig. 11 Portion of Initiation life with respect to total life, Nini/Niot,
as a function of the SIF
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Fig. 12 Total fatigue life estimated from the LCF-tests data and
calculated propagation life
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load range K. {1 —R), which is the cut-off of the curve at
K.(1 —R), can be bridged by another interpolation. For this
purpose, using a straight line is expected to be sufficient in
general, since this lower range of LCF is usually of minor
practical importance. The entire obtained SIF-N-curve is shown
in Fig. 12.

The course of AK as a function of the total service life N
shows that the corresponding coordinate in the SIF-N-diagram
has to be located on the left-hand side of the graph in Fig. 12 to
guarantee the safe life of the component. Vice versa, for a given
nominal stress and a required service life, the SIF-N-curve
allows to determine the maximum tolerable defect size.

5. Conclusions

In the scope of the performed experiments, a method was
developed to estimate the fatigue lifetime of brazed components
under the influence of brazing defects. Based on cyclic loading
experiments, the influence of the specimen geometry and of
different defects was determined. The resulting S-N-curves
show that brazing defects considerably affect the joint strength,
but a direct comparison of different defect types based on S-N-
curves is not possible. To estimate the influence of different
defects, fracture mechanical investigations were performed.
The results show that the total life of notched brazings is
correlated by AK{(a,). This approach allows structural hot-spots
to be treated analogously using the notch SIF K. Theoretical
investigations show that in the LCF-regime, total life is
dominated by initiation process, whereas in the HCF-range,
total life is dominated by crack propagation life. This behavior
allows the entire SIF-N-curve to be determined and the amount
of experimental investigations to be reduced significantly. For
different brazing conditions, e.g., for different layer thick-
nesses, the applicability could already be shown, but further
experiments must be performed to investigate the influence of,
e.g., different heat treatments.
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