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Abstract 

This study develops a specific degradation model for the refrigerant cycle in heat pumps. The model allows a 
failure time prediction of the refrigerant cycle with respect to the degradation processes corrosion and fatigue. 
To enhance the model’s accuracy, specific stressors (mechanical stress amplitude, mechanical stress cycles, 
relative humidity and temperature) associated with these degradation processes are derived from measurements 
and simulations and used to estimate the service life. In the modeling approach, the impact of a defect growing 
on the surface of a pipe onto the lifetime of the refrigerant cycle is investigated. A literature model was adapted, 
such that the equation describing corrosion incorporates temperature and humidity. Additionally, an approach 
to describe the crack growth influenced by both, corrosion and fatigue, is introduced. The study utilizes the 
simulation result of the mechanical stresses induced by compressor operation at three different frequencies 
(i.e. 30 Hz, 60 Hz, and 90 Hz), as well as the calculated results of mechanical stresses resulting from thermal 
expansion. To each frequency belongs a specific location in the refrigerant cycle with maximum mechanical 
stresses. At each location of maximum mechanical stresses, its unique stressors are determined. Both, mean 
and maximum values of the stressors are determined to predict the worst-case and mean failure times at the 
specific location. The results show that at the location of maximum mechanical stresses due to compressor 
operation at 90 Hz, the failure time calculated using mean stressor values is 19 years; while using maximum 
stressor values, it is approximately 12 years. For the location of maximum mechanical stresses caused by 
thermal expansion, the failure time calculated with maximum stressor values is 17 years. The simulation results 
are integrated into a more comprehensive analysis from simulation and experimental aging of six heat pumps 
over more than 2 years in the HP Resilience project. 
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1. Introduction 

The global climate is undergoing significant changes, characterized by a rapid increase in the global average 
temperature [1]. It is accepted in the scientific community that the primary driver of these changes since the 
mid-20th century is human activity [2]. The concentration of greenhouse gases in the atmosphere, a major 
contributor to global warming, has risen markedly since the onset of industrialization [3]. In response to climate 
change, the Paris Agreement [4] was established with the objective of limiting the increase in global mean 
temperature to below 2°C relative to pre-industrial levels [5]. 

 
In 2022, German private households used about 67% of their total end energy consumption for heating and 
15% for hot water [6]. Additionally, heating systems that rely on fossil fuels are installed in about 70% of 
residential buildings in Germany as of 2023 [7]. This data indicates a high potential for reducing greenhouse 
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gas emissions in the heating of residential buildings. A study analysing various scenarios for achieving a 
German energy system with a considerable proportion of renewable energy indicates that heat pumps must 
play a significant role in the decarbonization of the heating sector [8][9]. Heat pumps have a thermal energy 
output that is several times higher than the electric energy input, because they can extract heat from external 
energy sources [10]. 

 
In practice, installed systems frequently display faults and efficiency shortfalls relative to laboratory conditions 
[11]. Refrigerant leakage due to a crack in the refrigerant cycle is both common and becomes increasingly 
safety relevant as the use of natural refrigerants, which are flammable, expands [12]. Failure analyses of copper 
tubing in refrigeration systems consistently identify corrosion and fatigue as the dominant degradation 
mechanisms behind leakage [13]. 

To support the industry in extending the service life of refrigerant cycles, a crack-growth model has been 
developed. This model enables the simulation of crack initiation and propagation on the surface of copper 
tubing used in refrigerant circuits, accounting for both, atmospheric corrosion and fatigue, which are both 
influenced by its operational stressors. The evolution of surface defects is represented in two stages: an initial 
phase of corrosion-driven pit growth up to a crack-initiation threshold, followed by fatigue-driven crack 
propagation, during which corrosion continues to contribute to crack deepening. To enhance the accuracy of 
the simulation, stressor values influencing pit and crack growth were quantified and incorporated into the 
model. 

2. Methods/Approach 

Modelling the degradation of refrigerant cycles in heat pumps requires a framework that captures the combined 
effects of corrosion and fatigue under realistic operating and environmental conditions. Unlike many idealized 
laboratory models, heat pumps experience complex and varying loads that must be reflected in the modelling 
approach. Two degradation mechanisms are particularly relevant: atmospheric corrosion, which depends 
strongly on climatic conditions, and mechanical fatigue, which results from the operation of the heat pump. 
Therefore, first the characteristics of the use case are presented. In the second chapter, the adaption of the 
literature model is presented. 

Characteristics of the Use-Case 

In real systems, the two degradation modes, corrosion and fatigue, interact and often reinforce one another, 
meaning that materials degrade faster when exposed to both corrosion and mechanical stress cycling than when 
subjected to only one of these influences. A suitable model must therefore represent this synergistic behaviour 
rather than treating each mechanism independently.  

A key characteristic of the use case is that fatigue does not occur continuously. Mechanical fatigue is primarily 
driven by compressor operation, which induces vibrations, pressure fluctuations, and thermal expansion cycles 
in the piping system. These loads only occur when the compressor is running. Corrosion, on the other hand, 
can occur at any time, provided that temperature, humidity, and chemical pollutants promote the formation of 
a corrosive environment on the pipe surface. As a result, corrosion progresses continuously whenever 
conditions permit, while fatigue progresses intermittently. Any realistic modelling approach must therefore 
separate these two timescales and combine them appropriately. 
 
Another challenge arises from the variability of mechanical loads. In practical installations, heat pumps operate 
at different compressor frequencies, experience temperature-driven expansion and contraction, and undergo 
start-up and shutdown oscillations. Each of these effects results in different stress amplitudes and different 
numbers of load cycles. A flexible degradation model must therefore be able to incorporate multiple stress 
amplitudes and load types rather than relying on a single constant stress level. 
 
Environmental conditions represent another important complexity. Heat pumps can be installed in a wide range 
of climates with varying temperature and humidity profiles. Local weather patterns, seasonal variations, and 
even the operation of the heat pump itself influence surface conditions on the refrigerant pipes. When the heat 
pump is running, parts of the refrigerant cycle heat up while others cool down, directly influencing the local 
surface humidity. Additionally, pollutants such as chloride or sulphur dioxide may be present depending on 
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the installation site, for example near industrial areas, traffic, or biomass combustion. Since corrosion is highly 
sensitive to these environmental factors, the degradation model must incorporate time-dependent climatic 
conditions and be able to predict degradation for site-specific microclimates. 
 
To summarize, a modelling framework capable of representing the degradation of the refrigerant cycle must 
fulfil the following requirements: 

• Synergetic behaviour of corrosion and fatigue must be included. 
• The timescales for both degradation modes must be separated. 
• The modelling approach must incorporate different stress amplitudes. 
• It must be possible to describe the corrosion kinetics dependent on the environmental influences. 

 
The Modelling Approach 

The combined corrosion–fatigue modelling approach is based on a literature model [14] that divide crack 
formation and growth into three phases: pit formation, surface crack growth, and through-wall crack growth. 
For predicting failure, only the first two phases are relevant, since leakage occurs once a through-wall crack 
forms. Figure 1, illustrates the defect growth and its phases. It shows that corrosion influences both phases, 
whereas fatigue only leads to crack growth in the second phase. Also, the transition from the first to the second 
phase is shown. In this work, the chosen stressors for corrosion are temperature and relative humidity, while 
for fatigue it’s the stress amplitudes and the number of stress cycles, which depends on the operation time of 
the compressor. 

The simulation approach is based on evaluating crack growth in discrete time intervals to incorporate the 
varying stressors associated with the different degradation mechanisms. In this work, a monthly interval is 
selected. To account for the distinct timescales of corrosion and fatigue, the contributions of each mechanism 
to crack growth are computed separately within each interval and subsequently summed. The resulting defect 
size then serves as the initial condition for the subsequent interval, ensuring that the evolving geometry 
consistently influences the progression of damage over time. 

In the first phase, degradation is dominated by corrosion, a pit growing on the pipe surface is modelled using 
the Faraday Law and an accelerated aging formulation. An environmental acceleration factor 𝑨𝑨𝑨𝑨𝒊𝒊 of the time 
interval 𝒊𝒊 accounts for how temperature 𝑻𝑻 and humidity 𝑹𝑹𝑹𝑹 increase the corrosion rate in the observed 
time interval. This allows pit depth 𝒂𝒂𝒊𝒊  to be computed as a function of time under varying atmospheric 

Figure 1: Schematic illustration of the Modelling approach. 
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conditions. Since the pit depth 𝒂𝒂𝒊𝒊 at the end of the time interval must be determined and the intervals can 
have different atmospheric conditions, a reference time  

𝒕𝒕𝒊𝒊,𝒓𝒓𝒓𝒓𝒓𝒓 = 𝑨𝑨𝑨𝑨𝒊𝒊
𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐
𝟑𝟑𝟑𝟑𝑰𝑰𝑷𝑷

𝒂𝒂𝒊𝒊−𝟏𝟏
𝟑𝟑 , 

for each time interval must be determined, where 𝒏𝒏 is the valence number, 𝑭𝑭 Farday´s constant, 𝝆𝝆 the 
density of the material, 𝑴𝑴 the relative atomic mass, 𝑰𝑰𝑷𝑷 the corrosion current and 𝒂𝒂𝒊𝒊−𝟏𝟏 the pit depth at the 
end of the last time interval. 𝒕𝒕𝒊𝒊,𝒓𝒓𝒓𝒓𝒓𝒓 can be interpreted as the time, the pit would need to grow to the pit size at 
the beginning of the interval at the atmospheric conditions of the time interval. This ensures a continuous 
growth of the pit. To calculate the pit size 𝒂𝒂𝒊𝒊 the following equation can be used 

ai= (
3M𝑰𝑰𝑷𝑷(𝒕𝒕𝒊𝒊,𝒓𝒓𝒓𝒓𝒓𝒓 + ∆𝒕𝒕)

2πnF(𝑨𝑨𝑨𝑨𝒊𝒊)𝝆𝝆 )
1
3
, 

with ∆𝑡𝑡 as the time of a time interval.  
 
The acceleration factor can be defined by an accelerated aging model, in this work the Arrhenius-Peck model 
was used, as it incorporates both stressors on which corrosion in this work should depend [15]. It is defined by 

𝐴𝐴𝐴𝐴𝑖𝑖(𝑇𝑇, 𝑅𝑅𝑅𝑅) = 𝐴𝐴 ( 𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅0

)
𝐵𝐵

𝑒𝑒𝑒𝑒𝑒𝑒 [− 𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵

(1
𝑇𝑇 − 1

𝑇𝑇0
)], 

Where 𝑅𝑅𝑅𝑅0 is the reference relative humidity, 𝑇𝑇0 is the reference temperature, 𝐴𝐴, 𝐵𝐵 are model constants, 
𝐸𝐸𝑎𝑎 is the activation energy and 𝑘𝑘𝐵𝐵 is the Boltzmann constant. 

Transition from pit formation to crack initiation occurs when the pit reaches a threshold depth at which the 
stress intensity factor ∆𝑲𝑲(𝑺𝑺𝒂𝒂, 𝒂𝒂) equals the threshold stress intensity factor ∆𝑲𝑲𝒕𝒕𝒕𝒕 for the material, which can 
be determined by 

∆𝑲𝑲(𝑺𝑺𝒂𝒂, 𝒂𝒂) ≥ ∆𝑲𝑲𝒕𝒕𝒕𝒕.

In the second phase, both corrosion and fatigue contribute to crack growth. In the modelling approach presented 
here, the two mechanisms are treated independently within each time interval and combined at the end of that 
interval. Fatigue-driven crack growth is computed using established crack-growth equations based on the stress 
amplitude distribution and the stress intensity factor. The adapted equation is given by 

𝑁𝑁 = ∫ ∫ 1
𝐶𝐶(∆𝐾𝐾(𝑆𝑆𝑎𝑎, 𝑎𝑎))𝑚𝑚 𝑓𝑓(𝑆𝑆𝑎𝑎)𝑑𝑑

𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚

𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚

𝑎𝑎𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑎𝑎𝑖𝑖−1
𝑆𝑆𝑎𝑎𝑑𝑑𝑑𝑑, 

Where 𝐶𝐶, 𝑚𝑚  are model parameters, 𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑆𝑆𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚  are the maximal and minimal occurring stress 
amplitude, 𝑎𝑎𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  is the crack size grown by fatigue in the time interval and 𝑓𝑓(𝑆𝑆𝑎𝑎)  is the density 
distribution of the stress amplitudes in the time interval. 

In parallel, corrosion continues to enlarge the pit according to the same corrosion model used in the first phase, 
again adjusted by an environmental acceleration factor. To calculate it only the pit growth ∆𝒂𝒂𝒊𝒊,𝑷𝑷𝑷𝑷𝑷𝑷 in the 
second phase must be calculated by 

∆𝑎𝑎𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑎𝑎𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑎𝑎𝑖𝑖−1,𝑃𝑃𝑃𝑃𝑃𝑃 , 

Where 𝑎𝑎𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃  is the pit size at the end of the time interval 𝑖𝑖 and 𝑎𝑎𝑖𝑖−1,𝑃𝑃𝑃𝑃𝑃𝑃  the pit size in the beginning. 
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The corrosion-induced deepening of the pit and the fatigue-induced crack extension are then summed to 
determine the total crack depth 𝐚𝐚𝐢𝐢 at the end of each interval. The equation is given by 

𝑎𝑎𝑖𝑖 = 𝑎𝑎𝑖𝑖,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + ∆𝑎𝑎𝑖𝑖,𝑃𝑃𝑃𝑃𝑃𝑃  

This process is repeated across successive time intervals with evolving mechanical and environmental loads 
until the crack reaches a critical size, at which the pipe wall can no longer sustain internal pressure and failure 
occurs, which is here chosen to be 𝟎𝟎. 𝟕𝟕 ∙ 𝒅𝒅, with 𝒅𝒅 the thickness of the pipe. 

3. Results and Discussion 

In this section, the micro-climatic loads are first quantified, followed by the determination of the model 
parameters, and finally the presentation of the simulation results. 

Micro climatic loads 

This section quantifies the mechanical and environmental stressors at locations in the refrigerant circuit where 
degradation is expected to occur most rapidly. Since stressor levels—mechanical stress amplitudes, 
temperature, and relative humidity—vary along the circuit, the analysis focuses solely on points exhibiting the 
highest mechanical loading. For these critical locations, the corresponding thermal and hygroscopic conditions, 
including both peak and mean values, are determined to provide the inputs required for subsequent defect-
growth and lifetime modelling. 
 
Mechanical stress 
 
Cyclic stresses in the refrigerant circuit originate primarily from compressor-induced vibrations and thermally 
driven expansion of the copper piping. Pressure-related stress cycles and transient start-up or shut-down 
oscillations were not considered, as simulations confirmed that their amplitudes and cycle counts are negligible 
compared to those occurring during steady operation. The vibration-induced stresses depend strongly on the 
piping geometry and the compressor frequency; therefore, harmonic finite-element analyses were performed 
at 30 Hz, 60 Hz, and 90 Hz to identify the corresponding maximum stress amplitudes and their locations. Each 
simulation provided a representative stress–time waveform, including beat patterns caused by modal 
superposition, which were used to determine both maximum and effective cyclic stress amplitudes. Because 
the compressor operates in a broader frequency range (15–110 Hz), nonsimulated frequencies were 
approximated by the nearest simulated case. Monthly stress-cycle counts were estimated by combining annual 
operating-hour data [16] with monthly heating-demand distributions [17] and by assuming a uniform frequency 
distribution. 

The first analysed frequency is 30 Hz. The stress amplitude peaks at a pipe, that is connected to the inlet of the 
compressor. The location of the maximum stress amplitude is illustrated in Figure 2. The maximum stress 
amplitude occurring at this frequency is 4.9 MPa. For the mean value of the cyclic loads a beat must be 
determined for this frequency. For this frequency there is no beat observable in the simulated stress time curve. 
Therefore, for the mean value of the cyclic loads of this frequency, it is assumed that the maximum stress 
amplitude occurs in every cycle. The stress amplitudes oscillate with the compressor frequency. 

The second analysed frequency is 60 Hz. The stress amplitude peaks at the pipe, which relates to the outlet of 
the compressor. In Figure 2, the location of maximum mechanical stresses can be observed. The maximum 
stress amplitude observable at this spot is 6.3 MPa. For the mean value of the cyclic loads the cycles in a beat 
have to be determined. There are 3 cycles in a beat for this frequency. Therefore, it is assumed that every 3 
cycles a maximum stress amplitude occurs and the other two are stress amplitudes that have the value of half 
the maximum stress amplitude. The stress amplitudes are oscillating at the according compressor frequency. 
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The last analysed frequency is 90 Hz. The location of the maximum stress amplitude is again located on the 
pipe at the inlet of the compressor, but at a different bend as the 30 Hz maximum stress location. In Figure 2, 
this location of maximum stresses is observable. The maximum observed stress amplitude is 21.3 MPa. In a 
beat there are 4 cycles. That means for the mean value of the cyclic loads, every fourth cycle is a cycle with 
the maximum stress amplitude at that location. The frequency of the stress amplitudes is the same as the 
according compressor frequency. 

Thermally induced stresses were evaluated separately at the steel–copper interface of the compressor outlet, 
where differences in thermal expansion coefficients produce additional cyclic loading. The thermal stress 
amplitude was calculated using 

𝑆𝑆𝑎𝑎 = 𝐸𝐸(𝛼𝛼𝐶𝐶𝐶𝐶 − 𝛼𝛼𝑆𝑆)∆𝑇𝑇, 

where 𝐸𝐸 is the Young´s Modulus, 𝛼𝛼𝐶𝐶𝐶𝐶 and 𝛼𝛼𝑆𝑆 the thermal expansion coefficients of Copper and steel and 
∆𝑇𝑇 the temperature difference. Yielding in mean and maximum amplitudes of 20.5 MPa and 34.1 MPa, 
respectively. Since thermal cycles occur once per compressor start-stop event, their monthly frequency was 
derived from monitored annual cycling data and scaled by monthly heating demand. 

At every location where a maximum cyclic stress amplitude was identified—whether vibration-induced or 
thermally induced—a dedicated crack-growth simulation will be performed. These critical points therefore 
serve as the basis for the subsequent fracture-mechanics analysis and lifetime estimation. 

Temperature 

The temperatures at the locations of maximum stress were determined separately for the cold and hot sides of 
the refrigerant cycle. At the two stress maxima located at the compressor inlet (corresponding to 30 Hz and 90 
Hz operation), the pipe temperature during compressor operation is approximately 3 K below ambient 
temperature. The two stress maxima on the hot side—at the compressor outlet during 60 Hz operation and at 
the steel–copper connection—reach temperatures about 5 K above the heating-flow temperature. Monitoring 
data from 36 residential heat pumps indicate typical heating-flow temperatures that justify assuming a mean 
outlet-pipe temperature of 45 °C and a maximum of 75 °C. The pipe wall is assumed to be isothermal with the 
refrigerant, and its temperature is taken to change instantaneously with compressor on/off states. Ambient 
conditions are represented by the monthly average temperatures recorded in Germany in 2024 [18]. 

Relative Humidity 

Relative humidity at the critical pipe locations differs from the ambient value because it varies with surface 
temperature. As the maximum steam density increases with temperature while absolute vapor density remains 

Figure 2: Result of the FEM-Simulation; (A) shows the result for 30 Hz (B) shows the result for 60 Hz, (C) shows the 
result for 90 Hz. 

(A) (B) (C) 
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constant, the relative humidity at the pipe surface during compressor operation must be corrected accordingly. 
This adjustment is performed using the Magnus equation. During operation, the pipe surface humidity is 
assumed to instantaneously adopt the temperature-corrected value; once the compressor switches off, it returns 
to the ambient level. Using monthly average ambient humidity data for Germany [19], the calculations show 
that relative humidity at the cold compressor inlet approaches 100% during operation, while at the hot outlet 
it drops to extremely low levels (e.g., 6% at mean outlet temperature and 1.8% at maximum) during operation. 
These strong humidity gradients play a significant role in the subsequent determination of the acceleration 
factor. 

Calculation of the acceleration factor 

To account for the influence of temperature and relative humidity on corrosion, a time-averaged acceleration 
factor must be determined, since the heat pump alternates between operating and idle states. Corrosion growth 
is modelled using the Arrhenius–Peck formulation, and the effective acceleration factor over a given interval 
is obtained as a weighted average of the “on” and “off” conditions. 

Model parameters 

In the following, the model parameters are derived, beginning with those associated with the corrosion model 
and subsequently those governing crack growth. 

Arrhenius-Peck model 

A statistical mass-loss model is employed to estimate corrosion rates under varying climatic conditions, 
because the specific experimental data needed is not available yet. After determining the critical pit size and 
the corresponding required mass loss, the time to reach this mass loss is computed for different combinations 
of temperature and humidity. A calibration factor is introduced to reconcile the Faraday-based and statistical 
mass-loss formulations. Using the calibrated statistical model, crack-initiation times are generated across a 
defined range of climatic conditions, from which acceleration factors are calculated. These factors are finally 
fitted using the Arrhenius–Peck model, yielding the parameters of the accelerated aging model. The parameters 
can be observed in Table 1. With ongoing work, these parameters must be determined by specific experiments. 
                        Table 1: Arrhenius-Peck model parameters 

 

 

 

Faraday Model 

To apply the Faraday mass-loss model, the corrosion current must first be determined. Based on experimental 
data for copper at pH ≈ 5.2—representative of German rainwater—the corrosion current density is taken as 
9 µA/cm² under 100% relative humidity and an assumed temperature of 18 °C [20]. Since only the current 
density is known, the effective corrosion area is estimated from the critical pit geometry. Using a critical pit 
radius of 0.33 mm, the surface area of a half-spherical pit is calculated, with assumptions that corrosion affects 
50% of this area for the mean case and 33% for the maximum case. This yields corrosion currents of 0.123 µA 
(mean) and 0.1845 µA (maximum). 
                         Table 2: Parameters of the Faraday Model. 

 

 

 

Parameter Value Standard deviation 

A 0.021244 0.000114 

B 0.19039 0.025233 
Ea 0.11591 eV 0.018637 eV 

Parameter Value Standard deviation 

IP 0.123 / 0.1845 µA 0.06125 / 0.09225  µA 

n 29 - 
F 96485.33 C/mol - 
M 63.55 g/mol - 
ρ 8960000 g/m3 - 
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In Table 2, the parameters of the Faraday model are displayed. Here it is assumed, that the literature values 
have no standard deviation.  

Crack growth equation 

Table 3 summarizes the parameters used in the crack-growth equation [21][22]. Here it is assumed, that these 
literature parameters do not have an standard deviation. 
                             Table 3: Parameters of the crack growth equation. 

 

 

 

Simulation Results 

The following section presents the simulation results for each location exhibiting maximum mechanical stress. 
The heat pump examined in this study employs the copper alloy CU-DHP, a grade characterized by very high 
purity. The refrigerant pipes in the analysed system have a nominal wall thickness of 1 mm. 

Compressor operation at 30 Hz 

The Figure 3 shows the evolution of the defect size over time and indicates that, at this location, the critical pit 
depth required for crack initiation exceeds the defined failure threshold. Consequently, the defect never 
transitions into a crack before leakage occurs, and pit corrosion alone governs degradation. This outcome is 
primarily due to the low maximum stress amplitude, which results in a large critical pit size. The results further 
show that higher stressor values accelerate degradation: the predicted failure time decreases from 

approximately 78 years (mean stressor values) to about 52 years (maximum stressor values). Because the 
failure threshold is author-defined based on the onset of high crack-growth geometry factors, extending the 
calculation beyond this point shows that pit growth would continue for an additional ~30 years under both 
stressor scenarios. 

Generally, it is possible to say, that at this location of maximum mechanical stresses due to normal compressor 
operation at 30 Hz, with the considered stressor values it is unlikely, that at this location leakage occurs, during 
a common lifetime of the heat pump. 

Parameter Value 

C 2.95∙10-12 

m 3.5 
     ∆𝐾𝐾𝑡𝑡ℎ 2.5 MPa√m 

Figure 3:Defect progression at the 30 Hz inlet bend. 
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Compressor operation at 60 Hz 

Figure 4 shows the defect-size evolution for the mean and maximum stressor conditions. As in the previous 
case, the critical pit depth required for crack initiation lies above the defined failure threshold, meaning that 
failure occurs within the pit-growth phase and no crack growth is triggered. The large critical pit size again 
results from the low maximum stress amplitude. Higher stressor values accelerate degradation, reducing the 
predicted failure time from approximately 77 years (mean values) to about 51 years (maximum values). Even 
under the maximum stress conditions, the resulting lifetime remains high, and the continued slow pit growth 

beyond the threshold suggests an even longer effective service life. Overall, leakage at this 60 Hz maximum-
stress location is unlikely during the typical lifetime of a residential heat pump. 

Compressor operation at 90 Hz 
 

Figure 5 presents the defect-size evolution for both mean and maximum stressor conditions. At this 90 Hz 
maximum-stress location, the stress amplitude is substantially higher than at the 30 Hz and 60 Hz locations, 
resulting in a much smaller critical pit size of approximately 430 µm. Once this size is reached, the defect 

Figure 4: Defect progression at the 90 Hz inlet bend. 

Table 4: Defect progression at the location of maximum mechanical stresses at 60 Hz compressor operation. 
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rapidly transitions into the crack-growth phase, where crack propagation proceeds quickly due to the high 
number of load cycles. Consequently, the predicted failure times are significantly shorter: about 12 years under 
maximum stressor values and roughly 19 years under mean conditions. These results indicate that leakage at 
this location is likely within the typical service life of the heat pump. 

Thermal expansion at the compressor outlet joint 

Figure 6 illustrates the defect evolution at the location where thermal expansion induces the highest mechanical 
stresses. Under maximum stressor conditions, the defect enters the crack-growth phase after only ~3 years, 
driven by both high corrosion stressors and a high stress amplitude. In contrast, when mean stressor values are 
applied, the pit-growth phase persists for roughly 20 years before crack initiation occurs, reflecting lower 
corrosion severity and reduced mechanical loading. The failure threshold is subsequently reached after about 
17 years for the maximum-stressor case and approximately 43 years for the mean-stressor case. 

Table 4 summarizes the predicted failure times for each location under both mean and maximum stressor 
conditions. 

Table 4: Predicted failure time by location. 

Location of 
maximal stress 

Stress source Stress amplitude(s) Failure time 
(mean stressors) 

Failure time 
(max stressors) 

30 Hz Compressor vibration ≈ 4.9 MPa ≈ 78 years ≈ 52 years 

60 Hz Compressor vibration ≈ 6.3 MPa; 3-cycle 
beat 

≈ 77 years ≈ 51 years 

90 Hz Compressor vibration ≈ 21.3 MPa; 4-cycle 
beat 

≈ 19 years ≈ 12 years 

Thermal stress Thermal expansion ≈ 20.5 MPa (mean); ≈ 
34.1 MPa (max) 

≈ 19 years ≈ 19 years 

 

Figure 5: Defect progression at the compressor outlet joint. 
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Discussion 

This section evaluates the proposed degradation model for a heat-pump refrigerant cycle and discusses its 
results at four critical stress locations. The underlying literature model describes defect evolution driven by 
corrosion and fatigue, assuming hemispherical pit growth. Because real pit geometries may vary, failure times 
can differ accordingly. 

Two major adaptations to the literature model were required. First, an accelerated aging model based on 
monthly climatic averages was integrated into the pit-growth formulation. This raises the question of whether 
averaged humidity values sufficiently represent the actual corrosion process, which depends on the intermittent 
formation of electrolyte films. Second, corrosion was included during crack growth to account for intervals 
with few mechanical load cycles—an assumption supported by the results at the thermal-expansion stress 
location. In contrast, at locations with high cycle counts (normal compressor operation), corrosion has 
negligible influence on crack growth. 

Overall, the adjusted model captures the degradation behavior plausibly. Higher stressor values consistently 
accelerate defect growth, and locations with low mechanical stress amplitudes (30 Hz and 60 Hz) show long 
lifetimes, while the 90 Hz and thermal-expansion locations degrade significantly faster. One inconsistency 
arises: the model predicts faster pit growth on the hot side of the refrigerant cycle despite its low operating 
humidity. This mismatch likely stems from overestimation of temperature effects in the accelerated aging 
model and could be resolved using dedicated experimental calibration. 

The 90 Hz location shows the shortest lifetime (~19 years under mean conditions), which aligns well with 
expert expectations of air source heat-pump service life (15-20 years) [21][22]. For thermal-expansion stresses, 
the predicted lifetimes vary widely (17–43 years), driven by large differences between mean and maximum 
stress amplitudes and cycle counts. Only a small proportion of heat pumps fail at this location. However, for 
failures within the refrigerant cycle, the position experiencing the highest mechanical stresses during 90 Hz 
compressor operation is the dominant failure point. 

4. Conclusions 

A physics-of-failure framework was developed and applied to predict service life of heat pump refrigerant 
cycles under coupled atmospheric corrosion and cyclic mechanical fatigue. The two-phase approach—
corrosion-driven pit growth to crack initiation followed by fatigue-driven crack propagation while corrosion 
continues interval-wise—captures the dominant mechanisms under realistic stress spectra and micro-climatic 
loads. Using location-specific stresses from harmonic analysis and thermal expansion, monthly operating 
shares and cycles, and surface humidity/temperature corrections via the Magnus relation, the model yields 
plausible service-life estimates: over 50 years at low-stress vibration locations (30/60 Hz), approximately 19 
years (mean stressors) and 12 years (max stressors) at a high-stress 90 Hz location, and approximately 43 years 
(mean stressors) or 17 years (max stressors) at the thermal expansion joint. The outcomes are consistent with 
expert assessments of typical lifetimes and with known mechanics. Future work should parameterize the 
corrosion acceleration with targeted pit-depth experiments across T/RH, validate predictions against 
accelerated tests on instrumented systems, and refine transient surface micro-climate and pit-geometry 
assumptions. Extending the framework to internal corrosion scenarios is possible with appropriate adaptation 
of the micro-environment and kinetics. 
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