Cyclic Fracture Behaviour of Brazed Martensitic Stainless Steel Joints
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Abstract

In the present work, the cyclic fracture behaviour of brazed joints of the soft
martensitic stainless steel X3CrNiMol3-4 was investigated. The fatigue crack
propagation curves (da/dN-AK) were derived for different load ratios R. The
fatigue crack threshold values AKy, were estimated to be 9 MPa mO'S, 7 MPa m®?
and 6 MPa m"’ for the R values of 0.1, 0.3 and 0.5, respectively. In addition,
crack growth curves were derived for different constant loads AF. The Paris
exponent, n, was found to be very high compared to homogeneous materials and
indicating that braze joints have a different cyclic fracture behaviour than bulk
materials. The work was completed by SEM investigations of the fractured
specimens.
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1. Introduction

Brazing stainless steel becomes more economical and efficient with the use of
advanced furnace brazing methods [1]. High temperature (HT) furnace brazing is
a quick and low-cost brazing method to produce strong joints and it is used in the
aerospace and other industries as well as for power generation, e.g. compressor
impellers or turbine parts [2]. These components are used under complex loading
conditions in service, e.g. mechanical, thermal or thermo-mechanical loads [3].
Brazed joints generally have a lower fatigue life than the base metallic materials,
which can be related to the thermal expansion stress during brazing. [4]. Under
mechanical loading, complex triaxial stresses form in the thin brazing zone due to
the different elastic-plastic properties of the filler metal and the base material and
the constraining effect of the base material. As a result, the ultimate tensile
strength of the bond can be several times higher than the strength of the
unconstrained layer material [5]. Defects such as incomplete gap filling, pores or
cracks may be formed during brazing and they can act as stress concentration sites
in the brazing zone. Under cyclic mechanical loading, fatigue cracks can initiate
and propagate from these defects, leading to spontaneous failure [3]. Therefore,
defect assesment of brazed components should be considered.


Martinsm
Underline


Fatigue fracture assesment is also of great importance providing structural
reliability. Understanding the fatigue crack propagation processes in the brazing
zone is significant for service life estimations. The fatigue crack growth behaviour
of materials is generally characterized by measuring the fatigue crack growth
curves (da/dN-AK) at a given load ratio R [6]. The crack growth increment per
cycle, da/dN, can be related to the applied stress intensity range, AK, via the Paris
equation (da/dN=C AK") where C and the exponent n are experimentally
measured material constants [3, 4, 6-10]. Due to the above mentioned stress
triaxiality, fatigue crack initiation and propagation in brazed components are of a
much more complex nature than in bulk materials. Only a few studies on the
fatigue behaviour of brazed joints are reported in the literature [3, 4]. Up to now
no data were found for fatigue crack propagation in brazed components.

The aim of the present study was to investigate the fracture behaviour of HT
brazed specimens of the soft martensitic stainless steel X3CrNiMol3-4 under
cyclic loading. The crack propagation behaviour of brazed steel joints was
investigated on a microstructural level by SEM on fractured specimens.

2. Materials and method

2.1. Base material and filler metals

In this study, the soft martensitic stainless steel X3CrNiMo13-4 was used as base
material. The chemical composition of the martensitic stainless steel
X3CrNiMol13-4 is given in Table 1. As filler metal, foils of the binary alloy Au-
18Ni with a thickness of 100 um were applied.

Table 1. Chemical composition of X3CrNiMo13-4.
Element | C Si Mn P S Cr Mo N Ni
Min. 12.00 | 0.30 | 0.02 | 3.50
Max. | 0.05 | 0.70 | 1.50 | 0.04 | 0.01 | 14.00 | 0.70 4.50

2.2. Brazing, heat treatment and specimen preparation

Cuboidal steel plates with the dimensions 300x100X25 mm were brazed using a
special brazing jig. Brazing was performed in an industrial shielding gas furnace
(SOLO Profitherm 600) at a temperature of 1020°C for 20 minutes. Hydro-Argon
7 (93 vol.-% Ar, 7 vol.-% H,) was used as shielding gas. The addition of
hydrogen to the argon allows removing the oxide film on the stainless steel



surface, which is essential for filler metal wetting. After brazing, the specimens
were tempered at 520 °C for 5.5 h in nitrogen atmosphere. A homogenous braze
joint with a brazing zone width of approximately 150 um was obtained with this
process. The mechanical properties of the base material and of the braze joint are
summarized in Table 2 [3].

Table 2. Mechanical properties of X3CrNiMo 13-4 and X3CrNiMo13-4 — Au-
18Ni braze joints.

Rp0.2 R AS 0 U max KIC

[MPa] | [MPa] [%] [MPa] = [MPa] | [MPam®]
X3CrNi 13-4 | 920+5 | 975+25 | 17.5+2.5 | 620+5 | 660+ 10 270
XICNII3-4- 1 oy 2 1976415 6405 | 245410 539+7 | 49+1.5
AuNil8

The cyclic fracture behaviour was investigated using Double Cantilever Beam
(DCB) specimens with the dimensions Bx2hxt=90x60x8 mm (Fig 1). For all
specimens, the brazing zone was positioned in the middle of the specimens. After
machining of the DCB specimens a notch was introduced into the brazing zone by
electro discharge machining (EDM) using a wire with a diameter of 0.3 mm. The
stress intensity for mode I loading, Kj, as a function of the specimen geometry and
the applied load can be calculated according to
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where F is the applied force, B and h the specimen geometry as described above,
and a the total crack length measured from the load initiation point.

Fig. 1. Geometry of the DCB specimen.



2.3. Experimental procedures

Fatigue crack propagation tests were performed on a resonant testing machine
(Rumul Type 8601). The load form was sinusoidal constant amplitude. The
specimens were cycled at resonant frequencies in the range of 60-65 Hz at
different load ratios R of 0.1, 0.3 and 0.5, respectively. In order to measure the
crack length accurately, both side faces of the specimens were carefully polished.
The crack length was periodically measured using two travelling light
microscopes on both sides of the DCB specimen. The fatigue threshold value AKy,
is defined as an asymptotic value of the stress intensity factor range AK when the
propagation rate da/dN approaches zero [11, 12]. In this study, AKy was
determined according to the ASTM E647 constant R load reduction test method
[13]. In addition, the crack length as a function of the number of loading cycles
was measured in constant load amplitude tests at R=0.1. Fractured specimens
were investigated by using a Leica M420 stereo microscope and Philips-FEG
XL30 scanning electron microscope (SEM).

3. Results

3.1. Cyclic fracture behaviour

The fatigue crack growth rates, da/dN, as a function of the stress intensity range,
AK, are plotted in Fig 2. It should be noted that the difference in the measured
crack length on the two side surfaces of the specimens was negligible. Hence, the
average crack length was quoted to calculate AK values. The da/dN-AK curves
have a quite linear shape on the double logaritmic scale. The curves could not be
clearly divided into the threshold range, the Paris range and the fast crack
propagation range. Rather scattered data were obtained at low crack growth rates.
The fatigue crack threshold values, AKy, which were defined as the stress
intensity ranges at which the crack propagation rates da/dN achieved values of 10
10 m/cycle, were estimated to be AKy, =9 MPa’’, AKw = 7 MPa’’, AKp = 6
MPa’~ corresponding to load ratios of R = 0.1, R = 0.3 and R = 0.5. The da/dN-
AK curves are shifted to lower values of AK, whereas the slope remains almost
constant. A curve fit according to the Paris equation was performed for crack
propagation rates between 10 and 10 m/cycles. The C and n parameters as
estimated for the different R values are listed in Table 3. According to the high
slopes of the da/dN-AK curves, the obtained Paris exponents, n, are very high
compared to homogenous materials [7, 14]. This indicates that fatigue crack
growth rate of brazed components is rather sensitive to the applied load range. In
addition, it was observed that the Paris exponent increased slightly with an
increasing R value, indicated that crack growth is even more accelerated at higher
load ratios.
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Fig. 2. Fatigue crack propagation (da/dN-AK) curves for R =0.1, 0.3 and 0.5.

Constant load tests at different load ranges of AF =4.6 kN, AF =5.7 kN and
AF =6.8 kN, corresponding to the initial stress intensity ranges of
AK =16 MPa m”’°, AK = 19 MPa m”™® and AK =23 MPa m"”’, respectively, were
performed in order to clarify the crack growth behaviour in brazed components.
Fig. 3 shows the crack length as a function of the number of loading cycles. It can
be clearly seen that a slight increase of the applied load causes a significant
increase of the crack growth rate.

25

B
£
©
R=0.1|

AF = 6.8 kN

AF = 5.7 kN

AF = 4.6 KN

0 5 10 15 20

N [107]

Fig. 3. Fatigue crack growth over number of loading cycles in constant tests at R=
0.1.



Table 3. Threshold values AKy, and calculated C and n parameters at different R
values.

R AKy (MPa m'?) C n
0.1 9 1.309E-22 11.17
0.3 7 4.071E-23 12.17
0.5 6 7.234E-22 12.64

3.2. Microstructural and fractographic investigation

In order to characterize the fatigue crack propagation behaviour more precisely,
the cross section of the DCB specimen was investigated by SEM after the test
was stopped and the specimen was removed from the machine. Figure 4a shows
the crack path beginning from the notch. The fine two phase microstructure of the
AuNi18 filler metal, consisting of a Au rich solid solution (bright) and a Ni rich
solid solution (grey) can be clearly seen. The crack initiated in the filler metal
close to the steel/filler metal interface. Subsequently, it propagated along the
centre line of the filler metal layer. In the following, several changes of the crack
propagation path were observed. In Fig. 4b, jumps from one interface to the
opposite one as well as from the interface to the filler metal center line can be
seen.

Fig. 4. SEM images of the cross section of the DCB specimen.



The fracture surfaces are depicted in Fig. 5. The macroscopic fatigue fracture
patterns of the specimen were characterized by stereo microscopy (Fig. 5a). In
contrast to bulk materials, no smooth fatigue fracture area could be observed.
Instead, a stepped fracture pattern could be seen, which is in accordance to the
observed crack path in Fig 4b.

Fig. 5. Stereo microsco (a) and SEM image ) of fracture surfaces. The
arrow indicates the direction of crack propagation.

SEM investigations revealed ductile deformation features containing ductile
dimples (Fig. 5b) on the fracture surface. Also at a higher magnification, the



stepped nature of the fracture pattern is clearly evident. Some pores that formed
during the brazing process were also observed on the fracture surface (Fig. 5c).

4. Discussion

In general the Paris exponent n is between 3 and 4 for most metals in the mid-
growth rate regime. The n values for brazed martensitic stainless steel
components as determined in this work are approximately 3 times higher (Table
3). Such high values are known only from brittle materials like ceramics, for
which n values as high as 50 and above are reported [7, 14]. However, the fatigue
damage mechanism is quite different from the one of ceramics. In fact,
fractographic investigation showed plastic deformation features on the fracture
surface (Fig. 5b) indicating ductile material damage during cyclic loading similar
to the one in bulk metals. On the other hand, the measured threshold values, AKy,,
of brazed steel joints are significantly higher than those of bulk metallic materials.
This indicates the presence of special shielding mechanisms in the vicinity of a
crack in a thin plastic layer embedded in elastic material, including crack closure
[19].

Phenomenologically, the high slope of the da/dN-curve which corresponds to the
high n-values results from the relatively narrow band that is left between the
relatively high thresold on the left hand side and the relatively low maximum AK-
value that can be reached under cyclic loading on the right hand side. The latter as
well as the generally relatively high crack growth rates in the intermediate range
are probably related to the complex triaxial stress state in the brazing zone, which
is a result of the different elastic-plastic properties of the filler metal and the base
material. The cyclic axial loading of brazed components leads to a perodically
changing triaxial stress field in the filler metal layer, i.e to a state of multiaxial
fatigue. As a result, a fatigue crack is not only subjected to mode I loading, but
pronounced stresses parallel to the crack can occur, which increase the von-
Mises-stress significantly, leading to increased stress and strain intensities at the
crack tip and hereby to increased crack propagation rates [15]. Furthermore, it is
known that in thin constrained metal layers under mode I loading high stresses of
about four to six times the yield of the metal develop at a distance of several foil
thicknesses ahead of the crack tip. These high stresses can lead to the formation
of nanometer sized cavities at adjacent triggering sites (e.g second phase particles
or interface pores) well ahead of the crack tip [16, 17, 18]. These cavities grow
with increasing load and coalesce with each other, hereby forming larger cavities,
before coalescence takes place near the main crack tip. These mechanisms have
only been observed and described for constrained metal films subjected to static
loading, but the damage and fracture behaviour of brazed joints under cyclic
loading can be expected to behave similarly. After crack initiation, new cavities
develop and grow ahead of the crack tip at microstructural inhomogenities such



as large second phase particles which concentrate along the center line of the
filler metal or close to the steel-AuNil8 interface during every loading cycle. The
fatigue crack then propagates along these predamaged zones and coalesces with
the cavities. This leads to a more pronounced increase of the crack length during
every loading cycle as it would be the case in an undamaged material. It is
possible that these mechanisms are very sensitive towards the stress intensity
range, which would be a further explanation for the high n values. However,
further investigations are required in the future.

5. Conclusions

In this present work, the fracture behaviour of HT brazed specimens of the
martensitic stainless steel X3CrNiMo13-4 was investigated under cyclic loading.
The influence of the load ratio R on the fatigue crack growth rates was underlined
where crack growth rates are accelerated and AKy, decreased with increasing R
values. According to the steep slopes of the da/dN-AK curves, the obtained Paris
exponent, n, was very high compared to homogenous materials. This observation
was explained by the triaxial stress state in the filler metal, which is a result of the
different elastic-plastic material properties of the filler metal and the base
material.
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