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Abstract: As an advanced heat exchanger for aero-turbine applications, a tubular-type heat exchanger
was developed. To ensure the optimum performance of the heat exchanger, it is necessary to assess
the structural integrity of the tubes, considering the assembly processes such as brazing. In this study,
fatigue tests at room temperature and 1000 K were performed for 0.135 mm-thick alloy 625 tubes
(outer diameter of 1.5 mm), which were brazed to the grip of the fatigue specimen. The variability in
fatigue life was investigated by analyzing the locations of the fatigue failure, fracture surfaces, and
microstructures of the brazed joint and tube. At room temperature, the specimens failed near the
brazed joint for high omax values, while both brazed joint failure and tube side failure were observed
for low omax values. The largest variability in fatigue life under the same test conditions was found
when one specimen failed in the brazed joint, while the other specimen failed in the middle of the
tube. The specimen with brazed joint failure showed multiple crack initiations circumferentially near
the surface of the filler metal layer and growth of cracks in the tube, resulting in a short fatigue life.
At 1000 K, all the specimens exhibited failure in the middle of the tube. In this case, the short-life
specimen showed crack initiation and growth along the grains with large through thickness in
addition to multiple crack initiations at the carbides inside the tube. The results suggest that the
variability in the fatigue life of the alloy 625 thin-tube brazed specimen is affected by the presence of
the brazed joint, as well as the spatial distribution of the grain size and carbides.

Keywords: fatigue variability; alloy 625; thin tube; fractography; microstructure

1. Introduction

Heat exchangers are one of the key components for environmentally friendly gas-
turbine engines with lower emissions and higher specific fuel consumption ratings to meet
environmental requirements and airline operation conditions [1-5]. Advanced heat ex-
changers for aero-turbine applications require compact and complicated shapes to achieve
high efficiency and size limitations. Such a design limitation sometimes necessitates the
use of submillimeter-scale thin tubes to maximize the heat exchange rate in a limited
space. However, the use of such thin tubes requires an additional assembly process called
“brazing” to connect the thin tubes to the inlet and outlet of the heat exchanger. Here,
the mechanical integrity of thin tubes (including the brazed joint) needs to be thoroughly
evaluated to ensure the optimum performance of the heat exchanger. However, it is difficult
to assess the thermo-mechanical strengths of thin tubes and brazed joints under fluctuating
loads, which simulate actual service conditions [6—14].

In the present study, a thin-tube brazed fatigue specimen was designed to evaluate
the fatigue properties of thin tubes including brazed joints at room and elevated (1000 K)
temperatures, considering the actual operating conditions of heat exchangers for the aero-
turbine engine. Here, solid-solution-strengthened Ni-based alloy 625 was chosen as the
thin-tube material. Alloy 625 has been used for a variety of components in the aerospace,
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aeronautics, marine, chemical, and nuclear industries because of its high-temperature
strength, corrosion resistance in a variety of environments, excellent fabricability, and weld-
ability (for tubing) [15-18]. Since alloy 625 components in industry fields were subjected to
high temperature operations for a long duration, it is important to secure the mechanical
properties at service temperature. V. Shankar et al. [19] extensively investigated the tensile
properties at intermediate temperatures with various strain rates. L.M. Suave et al. [20]
investigated the high temperature fatigue properties and clarified the thermal aging ef-
fect on the mechanical properties. Additionally, evaluation of the mechanical properties,
considering the structural integrity, was important to estimate the reliable properties of
the component. For the brazed superalloys, low-cycle fatigue [21,22], creep [23,24], and
thermal cycling [25] have been studied, but high-cycle fatigue has been conducted in few
studies [26,27]. In terms of the structural applications for brazed joints, J. Chen et al. [26,27]
performed a high-cycle fatigue test of alloy 625 joints brazed with the Palnicro-36M™ filler
metal to clarify the effect of single-lap joints under various lap distance-to-thickness ratios.

The alloy 625 thin-tube brazed fatigue specimens used in this study were designed
similarly to the final configuration installed in an actual heat exchanger to reliably assess
the fatigue properties of the alloy 625 thin tubes and brazed joints. A systematic study was
conducted to understand the source of fatigue variability observed in alloy 625 thin-tube
specimens. In particular, an effort was made to interpret the observed fatigue variability
in terms of the microstructural variability of thin tubes, including the brazed joint, using
microstructure analysis and fractography. The thermo-mechanical responses of the thin
tube and brazed joint were also investigated to clarify the fracture mechanism.

2. Experiments

An alloy 625 tube with a thickness of 0.135 mm and an outer diameter of 1.5 mm
was prepared by repeated drawing and heat treatment processes after initial tubing via
tungsten inert gas welding of a 0.2 mm thick strip roll. Figure 1 shows the geometry of the
newly designed thin-tube fatigue specimen. As can be seen, the thin tube was connected
to the grip (also made of alloy 625) using brazing, in the same way that a tube is brazed
to a tube sheet in an actual heat exchanger. This type of fatigue specimen allows us to
investigate the fatigue behavior of the thin tube, including the influence of the brazed joint.
The filler metal used for brazing was BNi-2, containing boron and silicon as melting point
depressants. The chemical compositions of the alloy 625 tube and filler metal are listed in
Table 1.

Brazed joint m ‘ ‘ ‘
R1

e e =

(unit mm)

Figure 1. Geometry of the thin-tube brazed fatigue specimen.

Table 1. Chemical compositions of alloy 625 and BNi-2 used in this study.

Composition (wt.%)
Ni Cr Fe Co Mo Nb Ti Al C Mn Si B

Alloy 625 614 212 47 01 86 334 018 014 003 0.07 0.20 -
BNi-2 82 7 3 - - - - - - - 45 31




Metals 2021, 11, 1162

30f12

Before the fatigue tests, the microstructure of the brazed specimen was analyzed. The
sample was polished to a 0.04 uM finish using colloidal silica and etched in 15 mL of HCl,
10 mL of acetic acid, and 10 mL of HNOj3. The microstructures were then characterized
using optical microscopy and scanning electron microscopy (SEM) equipped with energy
dispersive spectroscopy (EDS). To measure the local mechanical properties, the hardness
across the brazed joint was measured using a micro-Vickers hardness tester. The applied
load was 4.903 N for the dwell time of 10 s.

Fatigue tests were performed using the MTS 810 system (MTS Systems Corp.,
Eden Prairie, MN, USA). The fatigue specimen shown in Figure 1 was connected to a
ball-joint grip with a pin for the tilt- and twist-free alignment of the specimen along the
loading direction. The applied load was measured using a 2 kN load cell (BCA-200K,
TESTA Corp., Gyeonggi-do, Korea). Fatigue tests were performed under cyclic loading
with a stress ratio (R) of 0.1 and a frequency of 10 Hz. Fatigue tests were performed at six
different maximum stresses (0'max) for the two temperatures as follows: 495, 526, 557, 587,
618, and 649 MPa for room temperature (RT), and 355, 371, 386, 402, 418, and 433 MPa
for 1000 K. Here, three to seven tests were conducted for each test condition. Fatigue test
conditions are summarized in Table 2. After the tests, fractography was performed on the
failed specimens to clarify the failure mechanisms and fatigue variability of the thin-tube
brazed specimens.

Table 2. Fatigue test conditions used in this study.

Test Fatigue Limit . Loading Maximum Stress Level, 0max
Temperature (K) (Cycles) Test Type Stress Ratio, R Frequency (Hz) (MPa)

300 Tension—-tension 01 10 495, 526,557, 587, 618, 649

1000 cyclic loading ' 355, 371, 386, 402, 418, 433

3. Results and Discussion

Figure 2 shows the SEM images of the longitudinal and radial cross-sections of an
alloy 625 thin tube prior to the fatigue test. The EDS analysis indicated that carbides of (Nb,
Ti)C were present in the tube. The size of the carbides distributed outside the tube was
larger than those distributed inside the tube. Carbide streaks along the drawing direction
were also observed, which originated from the drawing process. Figure 3 shows the
metallographs of the radial cross-section of the tube, including the weld zone in Figure 3b.
As can be seen, the grain size appears to be finer in the weld zone than in the other
regions (base metal). Despite the repeated annealing process after every drawing step,
microstructural differences between the weld zone and the base metal are still observed.
Therefore, the grain size distribution through the thickness is quite heterogeneous in the
range of approximately 1-8 grains.

z)] Outside
g Outside

‘. Inside

- e i — o e —

Inside

Figure 2. SEM images of an alloy 625 thin tube prior to the fatigue test: (a) longitudinal and (b) radial
cross-sections.
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Weld zone

Figure 3. Metallographs at the radial cross-section of the tube: (a) typical base metal region and (b)
region including the weld zone.

Figure 4 shows the SEM images of the cross-section for the as-brazed fatigue specimen.
Here, Figure 4b,c presents enlarged images of the areas labeled in Figure 4a. A typical
brazing microstructure of Ni-base alloys is apparent, comprising various intermetallic
phases [28,29]. An EDS analysis in an athermal solidification zone (Figure 4b) demonstrated
that the phases marked by 71, Z2, and Z3 are nickel boride, Ni-Si-B ternary intermetallic,
and eutectic of y-nickel and fine nickel silicide, respectively. The microstructure at the
interface between the filler metal and the base metal shown in Figure 4c consisted of
phases marked by Z4 and Z5, which are chromium boride, and the y-nickel solid solution,
respectively. In addition, the microhardness profile across the brazed joint was measured,
as displayed in Figure 5. The microhardness in the tube was approximately 182 HV. In the
filler metal region, however, the hardness increased to as high as 710 HV. This high hardness
value is attributed to intermetallic constituents, including nickel boride, chromium boride,
and nickel silicide, which are known for hard and brittle phases.

Fatigue tests were conducted at RT and 1000 K on the thin-tube brazed specimens,
and the S-N curves are plotted in Figure 6. Each fatigue test condition shows different
variabilities in the fatigue life (N¢). For the RT fatigue tests, the maximum variability in
N¢ was found at oax = 495 MPa, which exhibited maximum and minimum N values of
2,891,024 and 444,361 cycles, respectively. For the 1000 K fatigue tests, however, an even
higher maximum variability in N¢ was found at o max = 402 MPa, which showed maximum
and minimum N¢ values of 781,877 and 31,909 cycles, respectively. In addition, such a
variability in N¢ does not seem to show any particular relationship with the level of the
maximum stress applied, particularly for the 1000 K fatigue tests. The fatigue strengths
determined at N; = 1 x 10° cycles were 511 and 371 MPa at RT and 1000 K, respectively.
The modified fatigue strengths with various standard deviations are listed in Table 3.
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Figure 4. (a) SEM image of the brazed region; (b,c) enlarged SEM images of the areas marked in (a).
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Figure 5. Microhardness profile across the brazed region.
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Figure 6. S-N plots for all fatigue data tested at RT and 1000 K.

Table 3. Modified fatigue strength at 10° cycles with various standard deviations.

Fatigue Strength (MPa)

Standard Deviation Reliability (%)
RT 1000 K
o 490 357 84.2
20 468 343 97.7
30 446 329 99.9

Because the thin-tube fatigue specimen has an unusual geometry, i.e., a thin tube
brazed to the grip (Figure 1), further analysis was performed to clarify whether the
brazed joint affected the variability of the fatigue life. In Figure 7, the fatigue fracture
locations of all tested specimens are plotted as a function of Ny for different applied
stresses (0max)- Here, the fracture location (%) is the percentile fracture location rela-
tive to the distance from the grip section: 0% for fracturing at the brazed joint and 50%
for fracturing in the middle of the thin tube. As can be seen, the fatigue fracture at RT
was mainly near the brazed joint for high omax (approximately omax > 557 MPa and
Nt < 400,000 cycles), while the fatigue fracture was either near the brazed joint or in the
thin tube for low omax (Nf > 400,000 cycles). However, the fatigue fracture at 1000 K was
mainly in the thin tube away from the brazed joint, regardless of the magnitude of o max.
This result implies that the presence of the brazed joint affects the fatigue life mainly for RT
fatigue at a high omax.
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Figure 7. Variations of the fracture location as a function of fatigue life (N¢) for different omax values at (a) RT and (b) 1000 K.

To further investigate the relationship between the fracture location and the fatigue
life at RT, fractography was performed for the two specimens, which showed a differ-
ence of approximately seven times in fatigue life even under the same test conditions
(0max = 495 MPa). Here, the short-life tube specimen fractured near the brazed joint at
444,361 cycles, whereas the long-life tube specimen fractured in the middle of the tube at
2,891,024 cycles, as shown in Figure 8a,b, respectively. Figure 9 shows the fractography
of the two specimens tested at RT and omax = 495 MPa. In Figure 9, the crack initiation
sites are indicated by arrows. The fracture surfaces of the short-life specimen presented in
Figure 9a,b show typical brittle fractures with multiple crack initiations (indicated by the
arrow in Figure 9b) almost everywhere near the surrounding filler metal surfaces. These
initial cracks circumferentially formed on the surfaces of the filler metal seem to propagate
toward the inside of the thin tube, leading to premature fatigue failure. The gradual change
in the fracture type from the transgranular quasi-cleavage fracture in the filler metal layer
of the outer tube to the relatively dimpled fracture of the inner tube indirectly supports
crack propagation. The microhardness profile displayed in Figure 5 indicates that the filler
metal layer in the vicinity of the brazed joint is brittle, as expected, compared with the thin
tube, owing to the presence of various intermetallic compounds (see Figure 4). Moreover, a
certain degree of stress concentration is expected at the brazed joint owing to the geometric
discontinuity (a notch effect) between the thin tube and the grip. The stress concentration
factor of the fillet in the brazed joint can be calculated quantitatively using the factor of k¢
shown in Equation (1) [30]:

k= 0.268 (20) +0.998 (1)
where k ris the stress concentration factor and Dy and r the outer diameter and radius of
fillet, respectively. By Equation (1), the ky is calculated at 1.40, which is well-coincident
with S.H. Kang et al.’s study [31]. They verified the local mechanical response of alloy 625
brazed tubes with BNi-2 filler metal by considering the geometry and the local material
properties of the brazed part, using a finite element method. Under these circumstances,
the stress caused by cycling loading tends to be unevenly distributed in the brazed joint,
and the incompatible deformation response of the filler metal layer (due to the presence
of different intermetallic compounds) facilitate crack initiation on the surfaces of the filler
metal near the brazed joint, causing a relatively short fatigue life.
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(b)

Figure 8. (a) Short-life (444,361 cycles) and (b) long-life (2,891,024 cycles) tube specimens at RT and
Omax = 495 MPa.

Figure 9. Fracture surfaces for (a,b) short-life (444,361 cycles) and (c,d) long-life (2,891,024 cycles)
specimens tested at RT and omax = 495 MPa.

In contrast to the short-life specimen, the long-life specimen, which fractured in the
middle of the tube (Figure 8b), exhibited single crack initiation near the outer surface, as
shown in Figure 9¢,d. It can be seen that the initial crack formed a facet perpendicular to the
loading direction (Figure 9d), which is typical for high-cycle fatigue. Unlike the short-life
specimen, which displays simultaneous crack propagation from the filler metal layer of the
outer tube to the inner tube, the long-life specimen shows a single crack propagating from
the outer tube surface through the thickness, then spreading out to the neighboring area.

The fatigue lives at 1000 K also exhibited large variability, as shown in Figure 6.
However, almost all fatigue fractures were observed in the region of the thin tube and not
in the brazed joint, as shown in Figure 7b. Accordingly, fractography was performed for
the two specimens, which showed a difference of approximately 10 times in fatigue life
(Nf=781,887 and 78,621 cycles for the long-life and short-life specimens, respectively) at
1000 K and omax = 402 MPa. As shown in Figure 10, both specimens displayed failure
in the tube region away from the brazed joint. Figure 11 presents the fracture surfaces
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for the short- and long-life specimens tested at 1000 K and omax = 402 MPa. Regarding
the short-life specimen, multiple crack initiations both at the outer surface and carbides
inside the tube were observed, as indicated by the arrows in Figure 11b,c. In particular,
cracks initiated at the outer surface (arrow in Figure 11b) showed progress through the
tube thickness. Metallographs (Figure 12a,c) taken directly underneath the fracture surface
presented in Figure 11a indicate that the grain size at the crack initiation site (marked with
an arrow) is very large (only approximately two grains through the thickness). In addition,
based on the non-uniform microstructure distribution compared to the surrounding area,
the crack initiation site corresponds to the weld zone. Hence, during cyclic loading at
1000 K, the heterogeneous grain distribution can cause premature fracture, particularly in
the weld zone.

(a)

(b)

Figure 10. (a) Short-life (78,621 cycles) and (b) long-life (781,887 cycles) tube specimens at 1000 K
and omax = 402 MPa.

(Nb,Cr)Carbid

500 um

Figure 11. Fracture surfaces for (a—c) short-life (78,621 cycles) and (d,e) long-life (781,887 cycles) specimens tested at 1000 K
and omax = 402 MPa. The arrows in (a,b,d,e) indicate the crack initiation sites. (c) presents the enlarged image of the area
highlighted in (b).
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Figure 12. Microstructures directly underneath the fracture surfaces fatigue-tested at 1000 K and omax = 402 MPa for (a,c)

short-life (78,621 cycles) and (b,d) long-life (781,887 cycles) specimens. The arrows indicate the locations of the fatigue crack

initiation.

For the long-life specimen, a single crack initiation was observed near the outer
surface, as shown in Figure 11d,e. Here, the initial surface crack is indicated by an arrow in
Figure 11e. Metallographs (Figure 12b,d) obtained directly underneath the fracture surface
presented in Figure 11d show homogeneous grain distribution over the tube. This indicates
that, for the long-life specimen, if the inhomogeneity of the weld zone does not directly
lead to fracture at the beginning of the fatigue test, the effect of grain size on the fatigue life
is reduced owing to homogenization by long-term exposure at 1000 K.

Combining the results of the fatigue life variability for the alloy 625 thin-tube brazed
specimens tested at RT and 1000 K, the following factors were found to affect the fatigue
variability: the brazed joint (particularly, the filler metal layer at the joint) and the spatial
distribution of the grain size and carbides. The presence of the brazed joint shown in
Figure 1 (and the filler metal layer provided in Figures 4 and 5) can cause a notch stress
concentration effect. Hence, the filler metal layer in the brazed part can act as a crack
initiation site, particularly for the RT fatigue and under high omax, because the various
intermetallic phases in the filler metal layer, as well as the geometrical effect of the brazed
part, cause local deformation incompatibility under cycling loading. The fatigue crack
initiation in the filler metal layer (near the brazed joint) occurred at high omax values
(approximately > 557 MPa) and resulted in short fatigue lives (N; < 400,000 cycles), as
shown in Figure 7a. In this case, multiple cracks initiated circumferentially in the filler metal
layer and propagated inward into the thin tube, as shown in Figure 9a,b. The largest fatigue
life variability at RT was found when one specimen failed near the brazed joint, whereas
the other specimen failed in the tube region, as shown in Figure 8, at omax = 495 MPa,
which seems to be in a transient stress range between the brazed joint failure and the tube
failure (see Figure 7a). This result indicates that the presence of the brazed joint causes
variability in fatigue life, particularly for low omax values.
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For 1000 K fatigue, however, no apparent brazed joint failure was observed, as shown
in Figure 7b. This is because the deformation incompatibility among different intermetallic
phases in the filler metal layer was fully accommodated (even under cycling loading) at
such a high temperature [32]. In this case, the spatial distribution of the grain size and
carbides seems to affect the fatigue life variability. The presence of a large near-surface
grain (corresponding to the weld zone), which has approximately 1-2 through-thickness
grains and can facilitate the initiation of a fatigue crack near the outer surface, as shown in
Figure 11b,c, leads to a short fatigue life. In particular, the fatigue life will be even shorter
if multiple crack initiations at carbides inside the tube occur simultaneously, as shown in
Figure 11b,c, in addition to the crack initiation at a large near-surface grain.

4. Conclusions

Variability in fatigue life at room temperature and 1000 K was investigated for brazed
alloy 625 thin-tube specimens. The fatigue life variability was found to be influenced by
the presence of the brazed joint (and its properties), as well as the spatial distribution of
the grain size and carbides.

At room temperature, a correlation between the fracture location and fatigue life was
observed. Specimens tested at omax > 557 MPa exhibited failure near the brazed joint and
relatively short fatigue lives (typically, N¢ < 400,000 cycles). For omax < 557 MPa, however,
a short-life specimen failed at the brazed joint, whereas a long-life specimen failed in the
middle of the tube. The brazed-joint failed specimens showed multiple crack initiations
circumferentially in the filler metal layer and growth of cracks through the thickness of the
tube, leading to a short fatigue life.

At 1000 K, all test specimens failed in the middle of the tube. Specifically, the short-life
specimen showed fatigue crack initiation and growth at a location with only 1-2 through-
thickness grains. Crack growth seemed to be further facilitated by multiple crack initiations
at the carbides inside the tube. In conclusion, homogeneous grain distribution within the
tube and small grains through the tube thickness can prevent premature fracture, leading
to a long fatigue life.
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