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Abstract
The fatigue reliability of plate heat exchangers (PHEs) is increasingly governed by brazed joints as ultra-thin stainless 
steel (STS) plates are adopted to enhance efficiency. However, the peel-mode fatigue behavior of copper-brazed joints, 
particularly under conditions combining ultra-thin geometry, micro-scale fillet features, and Mode-I loading, remains 
largely unexplored. This study presents a systematic characterization of peel fatigue in 316 L (50 μm)–Cu (12 μm)–316 L 
(50 μm) brazed joints through an integrated experimental and finite element framework. Two distinct fatigue regimes were 
identified: high-cycle fatigue (50–100  N; 104-105 cycles) characterized by stable crack growth within the copper layer, 
and low-cycle fatigue (150–200  N; 103-104 cycles) dominated by plastic deformation and accelerated crack initiation. 
Three crack propagation modes were observed, with copper-confined propagation dominating at lower loads. Finite ele-
ment analysis considering fillet radii of 4–9 μm revealed a strong geometry-dependent stress response, where local stress 
increased from 205 to 217 MPa (6%) near yield conditions and from 448 to 580 MPa (30%) in the plastic regime as fillet 
radius decreased. A geometry-sensitive stress–life framework was developed by combining finite element stress mapping 
with experimental force–life data, demonstrating that stress-based evaluation captures fillet effects not evident in force-
based analysis. These results provide quantitative design guidance by linking fillet geometry control to fatigue reliability 
of ultra-thin brazed joints in lightweight thermal systems.

Highlights
	● As authors know, it is the first systematic peel fatigue characterization of ultra-thin (50 μm) Cu-brazed 316 L STS joints.
	● Geometry-sensitive stress vs. life linking microscale fillet radius to fatigue performance.
	● Identification of three distinct crack propagation modes governed by the end of joint morphology (fillet shape’s 

uniformity).
	● Quantitative evidence that fillet radius influence is strongly load-dependent (6% vs. 30% stress increase).
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1  Introduction

Plate heat exchangers (PHEs) are critical components in 
modern thermal management systems, serving applications 
from HVAC and chemical processing to nuclear power 
plants and hydrogen production facilities [1–5]. Their com-
pact geometry, high surface-area-to-volume ratio, and abil-
ity to withstand cyclic thermo-mechanical loading make 
them essential for high-efficiency, long-service-life applica-
tions [6–8]. Typical PHEs comprise multiple thin stainless 
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steel (STS) sheets that are embossed and metallurgically 
bonded to form alternating flow channels [9–11]. The use 
of thin and ultra-thin sheets enables lightweight structures, 
reducing material consumption while enhancing heat trans-
fer efficiency, which is important for energy-efficient ther-
mal systems [7, 8].

Copper-filler brazing has been considered as a pre-
dominant joining method for stainless steel PHEs due to 
its excellent wettability, rapid capillary infiltration, and 
reliable bonding under vacuum conditions [10, 12–16]. 
However, despite these processing advantages, the brazed 
joint remains the most vulnerable region owing to thermal 
expansion mismatch, cooling-induced residual stresses, and 
filler to base metal interactions (ex. intermetallic compound 
layer) [16–19]. Till now, various research works have dem-
onstrated that joining processes fundamentally degrade 
mechanical performance at bonded interfaces, reducing 
yield strength, fracture toughness, and fatigue life compared 
to the base metal [20–26]. The trend toward thinner plates 
to enhance thermal performance has increased susceptibility 
to fatigue cracking at joints, fillets, and stress concentrations 
[27–38]. During industrial operation, PHE plates experience 
repeated pressure pulsations, temperature gradients, flow-
induced vibrations, and repetitive loading cycles [2, 6, 23].

Recent studies on the fatigue behavior of brazed joints 
in PHE applications can be broadly categorized into three 
groups. First, material-focused fatigue studies, such as 
Hanželič et al. [10] and Hayta and Kandemir [16], have 
investigated fatigue performance under uniaxial or strain-
controlled loading, primarily aiming at material selection 
and lifetime prediction. However, these studies are con-
ducted on relatively thick plates (≥ 0.4 mm) and focus 
on bulk material response, without resolving local stress 
concentration effects at the joint scale. Second, geometry-
oriented investigations, such as Jöckel et al. [39], have 
examined the influence of brazing process parameters and 
fillet geometry on fatigue strength under shear and peel 
loading. While these works highlight the importance of 

local geometry, they are limited to millimeter-scale fillet 
radii and defect-driven failure mechanisms, which differ 
fundamentally from ultra-thin, defect-minimized joints. 
Third, structural-level analyses, such as Ma et al. [37], have 
evaluated fatigue behavior using finite element approaches 
based on structural parameters and thermal cycling condi-
tions. However, these studies do not capture the local crack 
initiation mechanisms and geometry-driven stress concen-
tration at the micro-scale fillet region.

Despite these efforts, a critical gap remains in under-
standing fatigue behavior at the ultra-thin scale (~ 50 μm). 
At this scale, both material size effects and geometric scal-
ing of fillet features become dominant. Micro-scale studies 
on copper foils [30] have shown that mechanical behavior 
deviates significantly from bulk response below ~ 75 μm 
thickness, indicating that conventional fatigue models may 
not be directly applicable. More importantly, existing stud-
ies do not simultaneously address three key aspects: (i) 
ultra-thin sheet thickness, (ii) micro-scale fillet geometry 
(µm-level), and (iii) peel-mode (Mode-I) loading, which 
governs crack initiation in PHE joints. This limitation is 
clearly demonstrated in Table 1, which compares represen-
tative fatigue studies on brazed joints.

  
Previous investigations have been restricted to conven-

tional plate thicknesses (0.4–2.0 mm) and relatively thick 
filler layers (37–110  μm), with loading conditions domi-
nated by uniaxial tension or shear. None of these studies 
simultaneously considers ultra-thin sheets, thin interlayers 
(~ 12  μm), and peel-mode loading, which are critical for 
realistic PHE failure conditions. The present study addresses 
this gap by investigating a fundamentally different regime 
involving 50 μm 316 L sheets with a 12 μm copper interlayer 
under peel-mode loading, which more accurately represents 
the Mode-I crack-driving forces at brazed joint fillets dur-
ing pressure cycling. To the best of the authors’ knowledge, 
fatigue behavior under this combined set of conditions has 
not been systematically examined.

Conventional mechanical testing configurations fail to 
replicate PHE failure conditions. Standard lap-shear tests 
(ASTM D1002) introduce bending moments and mixed-
mode stresses that obscure interfacial behavior, particularly 
in ultra-thin sheets prone to edge tearing [40]. Previous 
studies have shown that fatigue failure in brazed joints is 
governed by Mode-I opening at the fillet rather than nomi-
nal shear stress [12, 16, 30]. This distinction is schemati-
cally illustrated in Fig. 1, which contrasts conventional test 
configurations (axial tension and lap-shear) with peel-mode 
loading that directly represents the crack-driving mecha-
nism at brazed fillets. As shown, only the peel configura-
tion isolates the Mode-I opening condition relevant to PHE 
service environments.

Table 1  Comparison of fatigue studies on copper-brazed STS joints
References Material Plate 

Thickness
Cu 
Filler

Loading 
Mode

Fatigue 
Life 
Range

Hanželič et 
al. [10]

316L STS Not 
specified

37 
μm

Uniaxial 
tension

105~106 
(HCF)

Hayta et al. 
[16] 

316L/304L 
STS

0.4 mm 50 
μm

Strain-
con-
trolled

103~105

Jöckel et al. 
[39] 

X5CrNi18-10 2.0 mm Cu 
110

Peel/
Shear

104~106

Ma et al. 
[37] 

Al alloy 1.0 mm Al-Si Thermal 
cycle

~103 
(LCF)

This work 316L STS 50 μm 12 
μm

Peel 
(Mode-I)

103~105
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Furthermore, while Jöckel et al. [39] demonstrated that 
crack initiation occurs within the first third of the fillet 
radius in conventional-thickness specimens, no study has 
quantified how micro-scale fillet geometry interacts with 
ultra-thin sheet mechanics to govern fatigue behavior. The 
fillet radii in their study (0.26–2.76 mm) are orders of mag-
nitude larger than those in ultra-thin joints (4–7 μm in the 
present study), suggesting fundamentally different stress 
concentration mechanisms.

This study develops an integrated experimental and 
numerical framework to characterize the peel-mode fatigue 
behavior of ultra-thin 316  L (50  μm)–Cu (12  μm)–316  L 
(50  μm) brazed joints. It specifically addresses the com-
bined effects of ultra-thin sheet thickness, micro-scale fillet 
geometry, and peel-mode loading. The specific objectives 
are to: (i) characterize joint morphology and fillet geometry 
through microstructural analysis; (ii) establish monotonic 
and cyclic peel response through systematic mechanical 
testing; (iii) develop and validate a finite element model 
capturing local stress states at the fillet; (iv) construct geom-
etry-sensitive stress–life curves quantifying the effect of 
fillet radius; and (v) compare the results with existing litera-
ture to elucidate thickness-dependent fatigue mechanisms.

2  Materials and Methods

2.1  Materials and Brazing Procedure

In this study, ultra-thin 316 L stainless steel (STS) sheets 
with a thickness of 50 μm and pure copper filler foil with a 
thickness of 12 μm were used. The chemical composition of 
the 316 L sheets is listed in Table 2.

The vacuum brazing machine shown in Fig.  2(a) was 
used for the brazing process in this study. Prior to braz-
ing, the stainless steel sheets and copper filler were stacked 
between alumina plates, and a steel mass was placed on 
top to ensure uniform contact and alignment during heat-
ing, as illustrated in Fig. 2(c). This configuration was used 
to produce brazed multilayer sheets for material property 
determination, which were later used in tensile testing for 
inverse calibration of the copper interlayer properties. The 
assembled stack was then placed inside the furnace cham-
ber, shown in Fig. 2(b), for brazing.

Brazing was carried out under a vacuum level of approx-
imately 7 × 10− 3 Torr. The brazing temperature control 
profile is presented in Fig. 2(d) and follows the procedure 
reported by Kim et al. [15]. The specimens were first heated 
from room temperature to 1000 °C over approximately 2.5 
h, followed by heating to the brazing temperature of 1110 
°C within 2 h. The temperature was then held at 1110 °C for 
10 min to ensure complete melting and capillary infiltration 
of the copper filler between the stainless steel sheets. After 
the holding stage, the specimens were cooled inside the fur-
nace under vacuum conditions to room temperature.

Table 2  Chemical composition of 316 L stainless steel (wt%)
Element Fe Cr Ni Mo Mn Si C P S
316 L Bal. 16–18 12–15 2–3 < 2 < 1 < 0.03 < 0.045 < 0.03

Fig. 2  Brazing procedure: (a) vacuum brazing machine, (b) chamber 
interior, (c) specimen stacking configuration with alumina plates and 
steel mass, and (d) temperature control profile

 

Fig. 1  Schematic diagrams of brazed joint test methods: (A) butt-
jointed axial tension, (B) lap jointed shear, and (C) peel mode repre-
senting Mode-I opening at the fillet
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The materials used in this study represent the thin-
nest STS plate and Cu filler (12 μm) compared with those 
reported in previous works [10, 16], corresponding to the 
lower bound of materials considered for lightweight plate 
heat exchanger (PHE) applications. A separate specimen 
configuration was used for peel and cyclic peel fatigue test-
ing, as shown in Fig. 3(A). After brazing, the required test 
specimens for both tensile (opening mode) testing and peel 
fatigue experiments were extracted from the brazed plates 
by wire cutting, as illustrated in Fig. 3(B).

2.2  Microstructural Characterization

Optical microscopy (OM) was used to assess copper layer 
uniformity, confirm metallurgical bonding, and verify the 
absence of voids (Fig. 3C). Unlike previous studies that 
reported initial defects and crack-like cavities in conven-
tional brazed joints [39], the ultra-thin joints in this study 
exhibited continuous bonding without visible defects. OM 
imaging enabled visualization of copper infiltration and fil-
let formation, providing geometric boundary conditions for 
FE modeling.

2.3  Monotonic and Cyclic Peel Testing

The peel behavior of the brazed joints was evaluated through 
monotonic and cyclic loading tests. Monotonic peel tests 
were performed using a 2-ton universal testing machine 
under displacement control at a constant crosshead speed 
of 2 mm/min. Tests were conducted on five specimens at 
room temperature. The specimen geometry and dimensions 
consisted of a centrally located brazed interface flanked 
by unbonded 316  L tabs (Fig.  3-D), enabling stable grip-
ping while maintaining a pure Mode-I (opening) loading 

condition. All tests were conducted using a fixture designed 
to promote Mode-I delamination (Fig. 3-E), thereby mini-
mizing bending and shear-induced failure. Prior to testing, 
specimens were carefully aligned to avoid eccentric load-
ing, and a small pre-load (~ 1.5 N) which is less than 1% of 
maximum load was applied to ensure stable contact in the 
grips. Force was measured using the machine’s calibrated 
load cell, and force–displacement data were continuously 
recorded.

Cyclic peel tests were conducted under load-controlled 
loading (R = 0.1) to characterize fatigue resistance. The 
loading levels were selected based on the monotonic 
response and prior literature [10, 16, 39] to capture both 
sub-yield and near-/above-yield regimes. For low-cycle 
fatigue (LCF), 14 specimens were tested at maximum loads 
of 150, 175, and 200 N with a frequency of 0.3 Hz (Fig. 
4-A), representing high-amplitude loading with significant 
damage accumulation per cycle. The grip configuration, 
pre-loading, and post-test conditions are illustrated in Fig. 
4-A (labels 1–3). For high-cycle fatigue (HCF), 8 specimens 
were tested at maximum loads of 50, 75, and 100 N with a 
frequency of 10 Hz using a servo-hydraulic testing system 
(Fig. 4-B), corresponding to lower stress amplitudes with 
a large number of cycles. During cyclic testing, displace-
ment evolution and number of cycles were continuously 
recorded. For each loading level, multiple specimens (2–3) 
were evaluated to ensure repeatability.

2.4  Material Property Determination

Uniaxial tensile tests were performed on specimens 
extracted from brazed sheets (Fig. 5). Because the copper 
interlayer thickness is only ~ 12 μm and is confined between 
stainless steel sheets, direct mechanical testing of the filler 

Fig. 3  (A) Specimen preparation 
and jig orientation prior to brazing 
(thickness direction view), (B) 
brazed specimens after wire cutting 
(top view), (C) optical micrograph 
of the 316 L–Cu–316 L brazed 
joint cross-section (thickness direc-
tion), (D) specimen dimensions, 
and (E) gripped specimen during 
testing
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material alone is experimentally infeasible. Therefore, the 
copper interlayer properties were determined through an 
inverse calibration procedure based on the experimentally 
measured force–displacement response of the brazed mul-
tilayer specimens.

The inverse calibration workflow, illustrated in Fig. 6, 
employed literature-based stress–strain data for pure copper 
[41] as the initial estimate (PS#0). Iterative FE simulations 
were then performed until the simulated force–displacement 
response converged with the experimental results. The opti-
mized copper behavior was represented by an exponential 
constitutive model:

σ = A · exp (−ε/C) + B · exp (−ε/D) + E� (1)

where, σ is effective stress and ε is effective strain. Param-
eter Set 2 (PS#2) (A = − 140.5 MPa, B = − 1254 MPa, 
C = 0.00774, D = 0.55922, E = 1486  MPa) was selected 
based on validation against experimental data (see Fig. 7).

The copper constitutive parameters used in the FE simu-
lations were determined through inverse calibration using 
experimentally measured force–displacement responses of 
brazed 316  L–Cu–316  L multilayer specimens. Because 
these calibration specimens had already undergone the 

Fig. 6  Inverse calibration workflow 
for determining effective copper 
filler properties: Step 1 provides 
input data; Step 2 performs FE 
simulation; Step 3 validates 
predicted vs. experimental force–
displacement curves; iteration 
continues until convergence

 

Fig. 5  Tensile specimen: (A) design geometry, (B) cross-sectional 
view of 50-12-50 μm multilayer structure, and (C) engineering stress–
strain comparison between heat-treated 316 L and brazed 316 L-Cu-
316 L plates

 

Fig. 4  Experimental setups for fatigue testing: (A) low-cycle fatigue 
configuration showing grip arrangement (1), pre-loading (2), and post-
test condition (3); (B) high-cycle fatigue configuration with servo-
hydraulic system (a tensioned specimen is shown in the blue circle)
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complete brazing thermal cycle and cooling, the calibrated 
parameter set reflects the effective mechanical behavior of 
the copper interlayer in the post-brazing condition, includ-
ing microstructural changes induced by the brazing process. 
Since the calibration was performed using a single multi-
layer specimen configuration, the parameters should be 
interpreted as an effective constitutive representation of the 
copper interlayer for the present joint configuration.

2.5  Finite Element Modeling

FE simulations were performed using ANSYS 2025 (Static 
Structural, ANSYS Inc., Canonsburg, PA, USA). The finite 
element model was constructed using a two-dimensional 
plane-strain formulation to represent two 50 μm thick 316 L 
stainless steel sheets bonded by a 12 μm copper interlayer. 
The plane-strain assumption was adopted because the 
specimen width in the experiments (12 mm) is significantly 
larger than the sheet thickness (50  μm), corresponding to 
a width-to-thickness ratio of approximately 240. The dis-
placement boundary conditions were applied to replicate the 
experimental peel configuration. One end of the lower sheet 
was fully constrained, while a vertical displacement was 
applied to the upper sheet to induce Mode-I opening. The 
interface between the stainless steel and copper interlayer 
was assumed to be perfectly bonded, consistent with the 
defect-free joints observed experimentally. As illustrated in 
Fig. 8(B), a refined mesh was employed in the fillet region 
to accurately capture stress concentration effects, while a 
coarser mesh was used in regions away from the interface to 
reduce computational cost. A mesh convergence study was 
conducted to ensure that the predicted stress values were 
independent of mesh size.

Optical microscopy observations revealed that the cop-
per fillet geometry in the brazed joints typically falls within 
the range of approximately 8.9–13 μm (fillet diameters), and 

Fig. 8  (A) Fillet geometry 
variations (R = 4, 6, 7, and 9 μm) 
considered in FE modeling, (B) 
mesh distributions and representa-
tive stress distribution (R = 9 μm) 
during peel delamination

 

Fig. 7  (A) Stress–strain behaviors of copper with different parameter 
sets, (B) validated force–displacement comparison with experimental 
data
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the radii (R) used in the FE simulations as shown in Fig. 
8(A) (R = 4, 6, 7, and 9 μm), were therefore selected as rep-
resentative values within this micro-scale geometric range 
to investigate stress sensitivity to fillet morphology. Nota-
bly, these radii are one to two orders of magnitude smaller 
than the fillet radii reported for conventional brazed joints 
(0.26–2.76 mm) by Jöckel et al. [39], highlighting the fun-
damentally different geometric scale associated with ultra-
thin joints.

Thermally induced residual stresses generated during 
the brazing thermal cycle were not explicitly considered in 
the present FE analysis. The sheets used in this study are 
extremely thin (50 μm stainless steel with a 12 μm copper 
interlayer) and were not rigidly constrained during vacuum 
furnace brazing. As a result, the structure exhibits high com-
pliance, allowing deformation and stress relaxation during 
cooling rather than accumulation of significant residual 
stresses. In addition, brazing was performed under uniform 
furnace heating conditions, minimizing temperature gradi-
ents within the assembly. Therefore, the present analysis 
focuses on the mechanical stress concentration induced by 
fillet geometry under peel loading. Furthermore, the copper 
interlayer properties used in the FE model were calibrated 
using experimental responses of brazed multilayer speci-
mens, ensuring representation of the effective post-brazing 
mechanical behavior of the joint system.

The applied loading conditions and boundary constraints 
were defined to be consistent with the experimental peel 
tests, ensuring direct comparability between the simulated 
stress distribution and experimentally observed fatigue 
behavior.

3  Results

3.1  Joint Morphology and Fillet Geometry

Figure 9(A) shows representative optical micrographs 
revealing continuous copper filler across the joint. Despite 
nominal 12 μm thickness, local fillet diameter varied from ~ 
8.9 to 13.0 μm, corresponding to fillet radii of approximately 
4 to 7 μm. FE-SEM and EPMA analysis (Fig. 9B) confirmed 
a well-defined Cu-rich interlayer with limited interdiffusion. 
Importantly, unlike the crack-like initial defects (up to 0.4 
mm depth) reported in conventional brazed joints by Jöckel 
et al. [39], no such defects were observed in the ultra-thin 
joints, indicating that the manufacturing process produced 
higher-quality bonding at this scale.

This defect-free morphology ensures that the observed 
fatigue behavior is governed primarily by geometry and 
stress concentration effects rather than manufacturing-
induced defects, enabling clearer interpretation of intrinsic 
fatigue mechanisms.

3.2  Monotonic Peel Response

Figure 10 compares experimental and FE-predicted mono-
tonic peel responses. Experimental curves show yielding at 
~ 82 N followed by stable propagation under Mode-I load-
ing. The FE model reproduces initial stiffness and overall 
trends with predicted yield at ~ 84  N, validating the cali-
brated material properties.

This agreement indicates that the calibrated copper 
interlayer properties effectively capture the mechanical 
response of the brazed joint under Mode-I loading. The 

Fig. 9  (A) Optical micrographs 
showing fillet thickness variation 
(from about 8.9 to 13.0 μm), (B) 
FE-SEM and EPMA elemental 
maps confirming Cu-rich interlayer 
with limited interdiffusion
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stable post-yield behavior suggests that crack propagation 
is governed by continuous plastic deformation within the 
copper layer rather than abrupt interfacial failure, which is 
consistent with the defect-free joint morphology observed 
in Fig. 9.

Figure 11 summarizes cyclic peel fatigue behavior. 
Fatigue life data reveal a strong inverse relationship between 
maximum force and cycles to failure. HCF lives ranged 
from ~ 44,000–141,000 cycles at 50–100 N, while LCF 
lives decreased to ~ 2,800–22,000 cycles at 150–200 N. 
These fatigue life ranges are comparable to those reported 
by Hayta and Kandemir [16] for strain-controlled testing 
of 0.4 mm thick plates (103–105 cycles), suggesting simi-
lar damage accumulation rates despite the different loading 
modes and geometric scales. This trend can be attributed to 
the increasing contribution of plastic deformation at higher 
load levels. In the HCF regime, deformation is relatively 
limited, allowing gradual damage accumulation and longer 
fatigue life. In contrast, in the LCF regime, elevated stress 
levels intensify local plastic deformation at the fillet, accel-
erating crack initiation and propagation. This behavior high-
lights the strong sensitivity of ultra-thin joints to local stress 
concentration under Mode-I loading.

The HCF dataset consists of eight specimens distributed 
across three load levels (50, 75, and 100  N), correspond-
ing to 2–3 specimens per level. Although this sample size 
limits rigorous statistical characterization (e.g., reliability 
bounds), the fatigue life results show consistent trends with 
increasing load. Therefore, the S–N curves presented in this 
study illustrate the geometry-sensitive stress–life relation-
ship rather than statistically validated design curves.

3.3  Crack Propagation Modes

Three dominant crack propagation modes were identified 
(see Fig. 12(a-c):

Mode 1  Crack initiates and propagates entirely within the 
copper layer—associated with uniform fillet morphology 
and strong interfacial bonding.

Mode 2  Crack initiates in copper, redirects to SS–Cu inter-
face, then propagates into STS—suggests internal defects or 
locally weakened regions.

Mode 3  Crack initiates directly at SS–Cu interface near 
joint edge—correlated with non-uniform fillet distribu-
tion. These failure modes are qualitatively similar to those 
observed by Jöckel et al. [39] in conventional peel speci-
mens, where cracks initiated from initial defects in the fil-
let region and propagated either intergranularly through 
the brazing material or along the interface. However, the 
ultra-thin joints exhibited predominantly Mode 1 behavior 
(copper-confined propagation) due to the absence of macro-
scale initial defects, suggesting that defect-free ultra-thin 
joints follow more predictable failure paths.

The occurrence frequency of each crack propagation mode 
observed at different applied load levels is summarized in 
Table 3.

The observed transition from Mode 1 dominance at 
lower loads to increased occurrence of Mode 2 and Mode 3 
at higher loads indicates that crack propagation behavior is 
governed by the interplay between applied stress and local 

Fig. 10  (A) FE model mesh con-
figuration, (B) experimental force–
displacement curves showing yield 
at ~ 82 N, (C) simulated response 
with yield at ~ 84 N validating 
calibrated properties
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geometry. As the load increases, stress concentration at the 
fillet and interface becomes sufficient to alter crack paths, 
promoting interface-involved failure modes. Consistent 
with Table  3, Mode 1 dominates at lower loads, whereas 
Mode 2 becomes more prevalent with increasing load, and 
Mode 3 appears only occasionally, indicating increased sus-
ceptibility to interface-related crack initiation.

3.4  Stress vs. Force Relationships and S-N Curves

Figure 13 presents FE-derived stress vs. force relationships 
at the fillet region. The load-dependent geometry effect is 
significant:

Near-yield regime (Fmax ≈ 90 N): 217 MPa for R = 4 μm 
versus 205  MPa for R = 9  μm (6% difference), and Plas-
tic regime (Fmax = 150 N): 580 MPa for R = 4 μm versus 
448 MPa for R = 9 μm (30% difference).

This load-dependent amplification of geometry effects is 
consistent with findings by Jöckel et al. [39], who reported 
that the local stress approach successfully rationalized 
fatigue data across different fillet geometries. However, the 
magnitude of the effect is substantially larger in ultra-thin 
joints due to the micro-scale fillet dimensions. This result 

Table 3  Occurrence of crack propagation modes observed at different 
applied load levels
Load level (N) Number of specimens Mode 1 Mode 2 Mode 3
50 2 2 0 0
75 3 2 1 0
100 3 2 1 0
150 5 2 2 1
175 5 2 2 1
200 4 1 2 1

Fig. 13  Stress–force relationships for different fillet radii, showing 
load-dependent amplification of geometry effects in the plastic regime

 

Fig. 12  Crack propagation modes: 
(A) Mode 1-copper-confined 
propagation, (B) Mode 2-copper 
to interface to STS, (C) Mode 
3-interface-initiated propagation 
to STS

 

Fig. 11  (A) Crack initiation point and propagation morphology, (B) 
fatigue life data showing strong inverse relationship between maxi-
mum peel force and cycles to failure
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demonstrates that geometric effects become increasingly 
dominant in the plastic regime, where small variations in 
fillet radius lead to significant differences in local stress. 
Consequently, fatigue behavior in ultra-thin joints is sensi-
tive to micro-scale geometric features under elevated load-
ing conditions.

Figures 14 and 15 present the S-N curves showing sys-
tematic fillet radius dependence. The stress-based frame-
work successfully captures geometric sensitivity not 
evident in force-based evaluation, similar to the local stress 
approach validated by Jöckel et al. [39] for conventional 
brazed joints. This confirms that local stress at the fillet is 
the governing parameter for fatigue failure. These results 
indicate that force-based evaluation alone is insufficient to 
capture the geometry-dependent fatigue behavior in ultra-
thin joints.

Figure 16 shows crack growth behavior exhibiting two 
stages: prolonged low-rate growth followed by exponen-
tial acceleration. This two-stage behavior is consistent with 
fatigue crack growth in conventional brazed joints, where 
Jöckel et al. [39] reported that crack initiation occupied 
approximately 42% of total fatigue life in shear specimens. 
However, in ultra-thin peel specimens, the transition to rapid 
propagation appears more abrupt, likely due to the limited 
ligament area available for stable crack growth. The initial 
low-rate growth stage corresponds to stable crack propa-
gation within the copper layer, where plastic deformation 
redistributes stress at the crack tip. The subsequent rapid 
acceleration stage occurs when the remaining ligament 
becomes insufficient to sustain the applied load, leading to 
unstable crack propagation and final failure.

Fig. 15  Stress vs. life (S-N) curves demonstrating fillet radius effect: 
larger radii reduce local stress and improve fatigue resistance

 

Fig. 14  (A) Experimental force–
life (F–N) data, (B–D) stress–life 
(S–N) curves at different displace-
ment levels for fillet radii of 6, 7, 
and 9 μm
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4  Discussion

The present study reveals several key differences between 
ultra-thin and conventional brazed joint fatigue behavior: 
(1) Defect sensitivity: Jöckel et al. [39] reported that crack-
like initial defects (up to 0.4 mm depth) had considerable 
influence on fatigue life in conventional joints. In contrast, 
the ultra-thin joints in this study exhibited excellent bond-
ing quality without such defects, indicating that the vacuum 
brazing process produces higher-quality joints at the micro-
scale, possibly due to more uniform heat distribution and 
filler flow in thinner assemblies. (2) Fillet geometry scale: 
The fillet radii in conventional studies (0.26–2.76 mm in 
[39], comparable scale in [10, 16]) are 30–300× larger than 
those in ultra-thin joints (4–13 μm). This dramatic difference 
in geometric scale suggests that stress concentration mecha-
nisms may differ fundamentally—while conventional fillets 
approximate continuum stress concentration factors, ultra-
thin fillets approach the scale of individual grains, poten-
tially introducing microstructure-geometry interactions. (3) 
Loading mode relevance: Previous studies [10, 16] primar-
ily employed uniaxial tension or strain-controlled loading, 
which may not accurately represent PHE service conditions. 
The peel-mode loading in this study more directly replicates 
the Mode-I crack-driving forces at brazed joint fillets during 
pressure cycling, as emphasized by multiple investigators 
[12, 16, 39]. (4) Fatigue life ranges: Despite the differences 
in geometry and loading mode, the fatigue life ranges in this 
study (10³~10⁵ cycles) are comparable to those reported by 
Hayta and Kandemir [16] (10³~10⁵ cycles) and Hanželič 
et al. [10] (10⁵~10⁶ cycles for HCF). This suggests that the 
fundamental damage mechanisms, crack initiation at stress 

concentrations followed by propagation through the cop-
per layer, are similar across scales, though governed by 
different geometric parameters. This consistency in fatigue 
life range and crack propagation behavior with previously 
reported experimental studies provides validation of the 
present results, confirming that the proposed experimental 
and numerical approach captures the essential fatigue mech-
anisms in brazed joints across different scales.

The combined results demonstrate that fatigue failure 
of ultra-thin brazed joints under peel loading is governed 
by local stress concentration at the fillet rather than applied 
force alone. This finding extends the conclusions of Jöckel 
et al. [39], who showed that local stress approaches success-
fully rationalized fatigue data for conventional brazed joints 
with various fillet geometries. The microstructural obser-
vations, excellent bonding without voids or intermetallic 
phases, establish that geometry, not material defects, gov-
erns fatigue behavior in well-manufactured ultra-thin joints. 
This has important implications: fatigue reliability can be 
significantly improved through brazing process control tar-
geting fillet geometry, without requiring material changes. 
This interpretation is directly supported by the stress–force 
relationships shown in Fig. 13, where the effect of fillet 
radius increases from 6% near yield to 30% in the plastic 
regime. This result confirms that geometric effects become 
increasingly dominant as plastic deformation develops, pro-
viding a mechanistic basis for the observed fatigue trends. 
Furthermore, the agreement between the present stress-
based trends and those reported for conventional brazed 
joints supports the validity of the local stress approach, 
while extending its applicability to ultra-thin configurations.

The two fatigue regimes reflect fundamentally different 
damage mechanisms. In HCF (50 ~ 100 N), the copper layer 
accommodates cyclic deformation through plastic strain, 
enabling stable crack growth and extended life (104~105 
cycles). In LCF (150 ~ 200  N), loads exceed yield, pro-
nounced stress amplification at the fillet drives rapid failure 
(103~104 cycles). This transition is analogous to the elas-
tic-plastic transition observed in conventional fatigue test-
ing, but occurs at the micro-scale fillet rather than in bulk 
material.

Based on comparison with existing literature and the 
present experimental-numerical results, the following 
design guidelines are proposed for ultra-thin brazed joints: 
(1) Maximize fillet radii within manufacturing constraints, 
the present study shows that increasing fillet radius from 4 
to 9 μm reduces local stress by 6% near yield and 30% in 
the plastic regime. (2) Ensure fillet uniformity to prevent 
localized stress concentrations that promote Modes 2/3 fail-
ure, as non-uniform fillets redirect cracks toward interfaces. 
(3) Use peel-mode testing for fatigue characterization of 
PHE joints, as this loading mode more accurately represents 

Fig. 16  Crack growth response showing two-stage behavior: pro-
longed low-rate growth followed by exponential acceleration preced-
ing failure
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service conditions than uniaxial tension or lap-shear testing. 
(4) Apply stress-based (not force-based) criteria for fatigue 
assessment, as demonstrated by both this study and previous 
work on conventional joints [39]. (5) Consider thickness-
dependent mechanisms when extrapolating fatigue data 
from conventional to ultra-thin joints, as the micro-scale fil-
let geometry introduces unique stress concentration effects. 
This is further evidenced by the S-N curves (Figs. 14 and 
15), where stress-based evaluation reveals clear geometric 
sensitivity that is not captured in force-based representa-
tions, reinforcing the importance of local stress as the gov-
erning fatigue parameter.

One limitation of the present study is associated with 
the determination of material properties of the copper inter-
layer. Due to the ultra-thin thickness of the filler layer and 
its confinement between stainless steel sheets, direct mea-
surement of its local mechanical properties after brazing 
is experimentally infeasible. Therefore, an inverse calibra-
tion approach based on the force–displacement response 
of brazed multilayer specimens was adopted to determine 
the effective constitutive behavior. While this approach 
captures the overall mechanical response of the joint, the 
calibrated properties should be interpreted as an effective 
representation for the present configuration, and may not 
fully account for local variations within the fillet region. 
Further validation using advanced micro-scale characteriza-
tion techniques would help improve the accuracy and gen-
erality of the material model.

5  Conclusions

This study presents, to the best of the authors’ knowledge, 
the first systematic characterization of peel mode fatigue 
behavior in ultra-thin 50 μm copper brazed 316 L stainless 
steel joints through an integrated experimental and numeri-
cal framework, with comprehensive comparison to existing 
literature on conventional brazed joints. It addresses the 
combined effects of ultra-thin sheet thickness, micro-scale 
fillet geometry, and peel mode loading, which are not simul-
taneously considered in existing studies. The main conclu-
sions are summarized as follows:

1.	 Microstructural characterization confirmed that the 
brazed joints exhibit continuous copper interlayers with 
micro-scale fillet radii of approximately 4 to 7 μm and 
defect free bonding. This distinguishes them from con-
ventional brazed joints where crack-like initial defects 
are often present, indicating fundamentally different 
defect sensitivity at the ultra-thin scale.

2.	 Monotonic and cyclic peel testing demonstrated that 
fatigue behavior is governed by Mode I loading at the 

fillet rather than applied force. Two distinct regimes were 
identified. High cycle fatigue in the range of 50 to 100 
N corresponds to stable crack growth within the copper 
layer with lives on the order of 104 to 105 cycles, while 
low cycle fatigue in the range of 150 to 200 N is domi-
nated by plastic deformation and rapid failure with lives 
on the order of 103 to 104 cycles.

3.	 Finite element analysis successfully captured the local 
stress distribution at the fillet region and confirmed that 
stress concentration is strongly dependent on micro-scale 
fillet geometry under peel loading conditions, providing 
a consistent mechanistic basis for the observed fatigue 
behavior.

4.	 A geometry sensitive stress-life relationship was estab-
lished, showing that the influence of fillet radius is 
strongly load dependent, increasing from approximately 
6% near yield to 30% in the plastic regime. This dem-
onstrates that geometric effects become increasingly 
dominant as plastic deformation develops and extends 
the applicability of the local stress approach to ultra-thin 
joints.

5.	 Comparison with existing studies showed that although 
fatigue life ranges are comparable to those reported for 
conventional joints, the governing mechanisms differ 
due to micro-scale geometry and peel mode loading. 
This agreement with previous experimental observations 
validates the present approach while highlighting the 
thickness dependent nature of fatigue behavior.

 
Overall, the results demonstrate that fatigue performance 

in ultra-thin brazed joints is governed by local stress concen-
tration at micro-scale fillet features rather than applied force 
alone. These findings emphasize the critical importance of 
geometry control and stress based evaluation for the reliable 
design of fatigue critical plate heat exchanger joints.
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