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Abstract

:

Investigations on low carbon (non- and low-alloy) steels were conducted in form of load increase tests (LIT) and constant amplitude tests (CAT) to find the correlation among material behaviour, mechanical load, and the type of NDT method. With the help of preprogrammed load-free sequences, the thermal impact on magnetic Barkhausen noise (MBN) measurement can be avoided, so that the cyclic deformation properties of material responses can be interpreted more precisely. The results indicate differences between the change in temperature and the MBN-derived variable during LITs and CATs regarding the demonstration of the incubation stage and the cyclic hardening behaviour.
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1. Introduction


The relationship between load amplitude and fatigue life is usually expressed in terms of S-N or Wöhler curves, the determination of which usually requires a large number of fatigue tests. For stress/force-controlled fatigue tests, a power law relationship according to Basquin [1] is often used for the mathematical description of these curves. For strain-controlled tests, however, the Coffin-Manson relationship is used to describe the low-cycle fatigue (LCF) regime [2,3], while in the high-cycle fatigue (HCF) regime, the total strain-life curve (εa,t-Nf) is separated into a plastic portion (εa,p) described via the Coffin-Manson relationship and an elastic portion (εa,e) related to Basquin’s equation.



The LCF, HCF, and very high cycle fatigue (VHCF) ranges have specific damage characteristics. For a comprehensive characterization of the fatigue behaviour, it is advantageous to use different measurement techniques besides the mechanical stress-strain hysteresis measurement in order to record and, if necessary, separate different mechanisms occurring in the material during the fatigue process.



For example, information regarding the defect density in bulk materials can be obtained via electrical resistance measurement [4,5] and subsurface changes can be sensed via magnetic field sensors [6,7], resulting in a gain in information. It should be noted that numerous developments have been made in sensor technology, whereby physical parameters associated with very localised fatigue damage can also be recorded with high resolution. The detection of non-linear damage accumulation processes in fatigue-loaded materials enables a more detailed understanding of the fatigue behaviour of specimens, components, and structures, which goes far beyond conventional mechanical stress-strain hysteresis measurements [4,5].



Various researchers [8,9,10] have known for a long time that the cyclic deformation in metals leads to heat dissipation by means of thermometry. In addition to thermocouples, thermal imaging infrared (IR) camera systems have been already used for temperature measurement since the 1970s [11], which is now much more widely applied due to the continuous innovation in technology. Regarding the use in fatigue evaluation, damage indicators have been defined to describe the fatigue state of different kinds of materials by means of temperature variables from direct and indirect measurements, which are used to estimate the fatigue strength of metallic materials [5,10,12,13,14,15,16,17,18,19,20,21,22,23,24] and fatigue damage analysis of composite materials [25,26].



In addition to thermometric methods, micromagnetic-based methods can be used as well in this context, such as eddy current testing, incremental permeability, Fourier analysis of the tangential magnetic field, and magnetic Barkhausen noise (MBN) [27]. The material parameters acquired by these methods require further material-physical and mathematical interpretations. Up to now, methods based on magnetics have mainly been used to characterize the state of damage [28]. Seeger [29] was already able to demonstrate the interaction between dislocations and domain walls within ferromagnetic materials in the 1960s by using TEM investigations and described it quantitatively in part. Taylor et al. [30] observed with the Lorentz microscopy method that the interaction of the domains depends on both the dislocation density and structure. In the 1970s, Rastogi [31] studied the influence of alloying elements on the texture and magnetic properties of anisotropic steels and the proposed effects of Mn and S on permeability. Ranjan and Jiles [32] showed that the carbon content as well as external and internal stress fields influence magnetic hysteresis. This phenomenon can also be proved by the MBN signals, as shown in [33,34,35]. The load influence on the measured MBN signal was presented, whereby the material condition in particular plays a role [36]. The authors found that the MBN signal can very sensitively reflect influences due to the dislocation structure and the grain size. The strain dependence of the MBN signal was investigated in [37]. Karjalainen and Moilanen introduced the cyclic deformation curves of cyclic bending tests under different constant deflections with Barkhausen noise amplitude (BNA) in terms of the signal amplitude of parallelly or transversely magnetized measurements [38,39]. In addition, variables based on micromagnetic measurands, e.g., the RMS (root mean square) value of the MBN signal, could be correlated with microstructural changes (especially dislocation reactions) observed by using TEM as well as with hardness or residual stress values. Compared to residual stress values determined by X-ray diffraction, the micromagnetic parameters derived from MBN measurements, according to [40], are more sensitive, which allows an even more qualitative characterization of the residual stress evolution in the early fatigue stage and can thus reveal the subsurface fatigue damage state. Sagar et al. [41] reported a three-stage development of the MBN signal as a function of the fatigue state in low-carbon steels and could attribute this to dislocation structure changes and micro-crack formation. Palma [42] was able to further confirm these observations. Baak et al. [43,44] investigated the MBN response of deep-drilled 42CrMo4 steel during fatigue tests in terms of coercive field strength and max. MBN amplitude, and found the tests difficult to correlate with other material responses.



In this paper, results of different stress-controlled fatigue tests with inserted load-free sequences are shown for two normalized low-carbon steels. Balanced and comparable thermal conditions for different MBN measurements during fatigue tests are guaranteed in this way without disturbing the IR measurement obviously. Moreover, the test duration was not significantly extended in comparison to conventionally continuously conducted tests. Different material responses to fatigue loads are shown and discussed in detail. A mathematical description of the cyclic deformation curve formed by MBN data points is proposed.




2. Materials and Methods


2.1. Material and Machining of Specimens


The tests were carried out on specimens of SAE 1020 (1.1149, C22R) and SAE 5120 (1.7149, 20MnCrS5) steels. The chemical compositions for both materials are summarised in Table 1 according to the manufacturer’s specifications and own measurements, along with the specified limit values according to DIN EN 10083-2 and DIN EN 10084.



Within the framework of the research project (DFG STA 1133/10), the specimens were tested in the normalized condition (SAE 1020: Taust. = 860 °C, SAE 5120: Taust. = 840 °C) and in two quenched and tempered conditions (Ttemp. = 250 °C and 650 °C, ttemp. = 60 min). Within this paper, only results from the normalized condition are introduced. Micrographs of the normalized condition of both steels taken by an OLYMPUS DSX 1000 (EVIDENT Europe GmbH, Hamburg, Germany) digital microscope are given in Figure 1.



Fatigue specimens were manufactured on a WEILER 160 CNC lathe (WEILER Werkzeugmaschinen GmbH, Emskirchen/Mausdorf, Germany) after the mechanical drawing shown in Figure 2. The bar material was cut off with a cold saw and manually centred to facilitate clamping in the three-jaw chuck and the centre of rotation of the lathe. The basic contour of the specimen was generated by five roughing operations with cutting speed vc = 80 m⋅min−1, feed rate f = 0.2 mm⋅rev−1, and depth of cut ap = 0.8 mm.



The cutting parameters for the finishing operations were set up as: cutting speed vc = 80 m⋅min−1, feed rate f = 0.1 mm × rev−1, and depth of cut ap = 0.8 mm.



For both turning operations, a TiAlN/TiN coated cermet insert was used. External cooling was realized with an oil-water emulsion.



The turning process was followed by a half-automated mechanical polishing process using a felt polishing wheel with grinding and polishing paste. Due to the standardized machining processes and constant process parameters, the reproducibility of specimens is guaranteed.




2.2. Test Setup


Stress(force)-controlled constant amplitude tests (CAT), as well as load increase tests (LIT), were carried out uniaxially without mean stress (R = −1) at ambient temperature with a load frequency of 5 Hz and a sinusoidal load-time function on a servohydraulic testing system type EHF-U by Shimadzu (Shimadzu Europa GmbH, Duisburg, DE). The complete experimental setup is shown in Figure 3.



LITs and CATs are conducted basically after the same principles as described in [4,5,45,46]. A CAT (Figure 4a) is the conventional way of conducting a fatigue test with unchanged stress amplitude throughout the whole test until a certain stopping criterion is fulfilled. A LIT (Figure 4b), instead, can be seen as a combination of sequentially conducted CATs, where the stress amplitude increases by an identical value, whenever a certain number of load cycles is reached.



In order to make the most of the signal characteristics of the micromagnetics and to separate thermal side-effects from the mechanical influence, test procedures of CATs and LITs were updated with inserted load-free sequences. The emblematic load-time(cycle) functions of both cases are shown schematically in Figure 4c,d. In the present case, each sequence has a duration of 360 s, while sequences with a duration of only 5 s were also applied for early experiments. After the first 104 load cycles, load-free sequences are inserted after every 103 or 104 cycles for LIT or CAT, respectively, until the stopping criterion (a maximum number of cycles in a total of 2 × 106 or specimen failure) is fulfilled. During the first 104 cycles, load-free sequences are inserted more frequently after the logarithmical principle whenever the number of cycles following this formula has been reached: j⋅10i − 1 (when i = 1, 2, 3: j = 1, 2, …, 9; when i = 4: j = 1).



To characterize the microstructure-based fatigue behaviour in detail, the plastic strain amplitude, the change in temperature, and the maximum MBN signal intensity were calculated from the measurands. Technical specifications of the tactile extensometer and the IR camera, as well as the preparation of the fatigue specimens, were already introduced in [5].



To ensure the acquisition of MBN signals, an MBN sensor type µmagnetic by QASS (QASS GmbH, Wetter (Ruhr), DE) was implemented into the test setup. The sensor head consists of an externally triggerable electromagnet for generating sinusoidal alternating magnetic fields, which could send a maximum magnetic flux density of 1200 mT, and a pickup coil to detect MBN in the specimen. A pre-amplifier is connected to the sensor head to amplify the detected signal. The measured MBN signals are amplified by a gain factor of 1000. The sensor head was mounted on an adapter made of copper fixed to a stable x/z-platform, in order to reach the test section in the middle of the vertically clamped fatigue specimen (Figure 3, right-hand side). The lift-off during every test has been kept constant. The intensity of the sinusoidal alternating magnetic field was set according to the producer to 955 mV in terms of the coil voltage and the exciting frequency is 10 Hz to assure a reasonable penetration depth into the subsurface of the specimen. The measurement was always triggered shortly before the end of every load-free sequence when the temperature of the specimen sinks down to a balanced status. Each measurement lasts 1000 ms, 500 ms of which is the window where the triggered magnetic excitation takes place.



The raw signal can be divided after an FFT analysis into frequency and time domains, which constitute together with the signal intensity of a spectrogram. Several signal processing and feature extraction techniques, such as denoising, band-pass filtering (120–500 kHz), smoothing (RMS, root mean square and LOWESS, locally weighted scatterplot smoothing) and time-domain alignment, were applied. The later extracted feature Imax is derived from the peak value of the pre-processed MBN signals in the time domain. It is the mean value calculated from three cycles in the middle of the excitation window.



For continuously recorded measurands, for examples, the change in temperature, the information during pauses would not be used for the evaluation at this moment, though some features, such as thermal conductivity, could be potentially characterized when the heat dissipation due to cyclic deformation stops.





3. Results and Discussion


3.1. Load Increase Tests


At the beginning of the test series, load increase tests (LIT) were carried out in order to roughly estimate the fatigue strength as well as the elastic and elastic-plastic response to cyclic load at the same time. In the latter case, the accumulated damage from previous load steps must be taken into account when comparing to the material response from constant amplitude tests (CAT) at the same stress amplitude. In addition, the respective contribution of strain hardening is lower, as the stress amplitude reached a staircase shape. Nevertheless, the LIT is a convenient and less time-consuming tool for obtaining a “fingerprint” of the material behaviour under cyclic loading. Moreover, it is possible to quantify the pre-accumulated damage by using selected CATs, which have been a part of the StressLife S-N curve calculation method [47].



The results of two LITs conducted on SAE 1020 (Figure 5) and SAE 5120 (Figure 6) in normalized material condition are shown below separately. All calculated material responses derived from the three aforementioned measuring techniques are presented: the plastic strain amplitude εa,p, the change in temperature ΔT, and the maximum intensity of magnetic Barkhausen noise MBN signal Imax. As described in Section 2.1, the tests were not performed with continuous load (as shown in Figure 4a), but with inserted load-free sequences (Figure 4c). For this reason, vertical lines can be seen on the εa,p-N, and ΔT-N curves, which originate from the restart processes after each load-free sequence, the data of which has been excluded from the final evaluation. The duration of each sequence here was set as 5 s for SAE 1020 due to an earlier date of the experiment and 360 s for SAE 5120. The progresses of εa,p-N and ΔT-N curves are shown in a continuous way, while the mean values from each load step of ΔT and Imax are emphasized. A linear correlation between Imax and N in the elastic stage was shown with a grade line on each graph. The fit quality with R2 = 0.93 for SAE 1020 +N and 0.90 for SAE 5120 +N can be confirmed.



Especially when considering the ΔT-N curve, it can be seen that the inserted load-free sequences, as expected and already proven in previous investigations [4,5], do not really disturb the general progress in comparison with conventional pause-free tests, as the ΔT value always recovers to the former trend in the last load sequence again. This can also be seen in the CATs shown in Figure 7 and Figure 8 with the help of imaginary upper envelope curves.



It should be noted here, that εa,p is evaluated from a stress-strain hysteresis loop based on a distance of 25 mm between the two blades of the tactile extensometer. This information may be somewhat conservative, especially if the fracture zone is not directly in the middle of the test section or the fatigue tests are carried out, e.g., under consideration of superimposed mean stresses. Due to the high heat conduction of metallic materials, the recorded change in temperature of the specimen can represent the varying voluminal heat source, even though this information can only be extracted from the specimen’s surface by the thermographic technique. The MBN signal is limited to a small region in the middle of the specimen’s test section, due to the small size of the pickup coil.



In the purely elastic stage (until 3.6 × 104 cycles in Figure 5 and 4.2 × 104 cycles in Figure 6), as the number of load cycles grows, εa,p and ΔT stay close to zero while the mean values of Imax from each load step show a slight linear increase. At the transition to the elastic-plastic stage, where the applied stress amplitude is in the range of the fatigue strength, all material responses start to increase significantly. In the case of SAE 1020, εa,p as well as ΔT start to increase one load step earlier than the MBN signal intensity (σa = 220 MPa vs. 240 MPa), while for SAE 5120, the situation is reversed: Imax indicates the point of transition from elastic to elastic-plastic behaviour earlier than εa,p and ΔT (σa = 220 MPa vs. 240 MPa). Due to the compositional differences between SAE 1020 and SAE 5120, which are mainly related to the Cr and Mn content (Table 1), SAE 5120 shows a higher strain hardening potential in the normalized state, which is reflected by its larger number of cycles to failure as well as the higher load level at fracture by the end of the LIT (SAE 1020: σa = 260 MPa vs. SAE 5120: σa = 300 MPa).



In order to get a better idea of how Imax varies with an increasing number of load cycles, all butterfly curves for both LITs are given in Figure 9. The pre-processed MBN signal response was plotted against the alternating electromagnetic excitation regarding the coil voltage. From each load-free sequence, the three cycles used to calculate Imax are shown, which are accompanied by slight scattering. The differences between both material conditions can be compared side by side, which provides more details as a supplement to Figure 5 and Figure 6. It can be seen that the maximum peak height is under the influence of either the stress amplitude or the damage progress. Disregarding the curves recorded at sequence No. 72 from LIT on SAE 1020 (Figure 9a, highest curves in red color), which could be caused by a macroscopic crack, the shape of the rest butterfly curves for these both normalized material conditions are quite similar. The peak positions projected onto the x-axis locate mostly in the range between 500 to 600 mV, which is normally considered as a quantity correlated with the mechanical hardness. The peak height of SAE 5120 reaches always a higher position than that of SAE 1020, which indicates that the existance of higher concentrations of Mn and Cr changes the interaction between magnetic domain wall movement and the material defects, e.g., dislocation.




3.2. Constant Amplitude Tests


Following a similar experimental principle explained in Section 2.1, subsequently performed CATs were also carried out with inserted load-free sequences. Figure 7a and Figure 8a show the courses of the change in temperature of both aforementioned materials as a function of load cycle with imaginary envelope curves and the courses of Imax-N are demonstrated in Figure 7b and Figure 8b for selected stress amplitudes. It can be seen that the influence of stress amplitude on the development of material response can be separated more orderly regarding ΔT. As expected, the ΔT-N curves would start with a shorter incubation interval and end up resulting in a higher material response if the CAT is performed at a higher σa, which, in turn, results in a shorter fatigue life. The vertical lines indicate again the inserted load-free sequences, whereby the drop of material response, especially in the initial phase, becomes more obvious due to the logarithmic scaling. With the help of imaginary envelope curves (dashed line), the characteristic cyclic softening and hardening behaviour of the material is still easy to be identified, which is followed up by a fictitious secondary softening process (can only be seen in the ΔT results), characterized through macro-crack propagation and an associated reduction of the effective specimen cross-sectional area.



While the ΔT signal is affected by both processes occurring in the volume and at the surface, the MBN signal responses in particular to the surface-near microstructural processes. This is the reason why only slight differences in the MBN signal can be observed if N = 2–3 × 103 is exceeded, when comparing the cyclic deformation curves for selected stress amplitudes shown in Figure 7b and Figure 8b. Due to the fact that the magnetic Barkhausen noise measurement reacts very sensitively to external influences, such as specimen surface geometry and lift-off, not every MBN result of the corresponding CAT shown in Figure 7a and Figure 8a could be used for a reliable evaluation. The trend curve in Figure 7b and Figure 8b are fit curves generated by a four-parameter modified Langevin function, with which the progress of MBN signal intensity could be satisfyingly represented by Equation (1):


a = y0 + C (coth((x − xc)/s)-s/(x − xc))



(1)




where y0 is the offset, C the amplitude, xc the centre position, and s the scale, with Equation (2):


coth(z) = (ez + e−z)/(ez − e−z)



(2)







It can be argued, that for each MBN measurement result, both the features of the applied sensor system (e.g., the penetration depth of the magnetic field) and the fatigue mechanism of the specimen result together in a similar incubation stage to those of εa,p and ΔT curves shown before. In particular, the initiation of cyclic softening processes (where the incubation stage is exceeded), as well as the change from cyclic softening to cyclic hardening, is indicated very accurately by this measurement technique, especially until the end of the first cyclic softening, which means up to approx. 25% of the fatigue life, even if the quantity of sampling is affected by the frequency of the inserted load-free sequences as shown in Figure 4e. The phase of cyclic hardening is approximated in terms of a plateau-like range which barely changes according to the modified Langevin function, disregarding the scattering.



Here the strong cyclic hardening in the form of obvious reduction of ΔT, which is observed by thermometry, was not found in micromagnetic measurement. Noticing that the Imax values are extracted from load-free and thermal balanced status, this phenomenon purely reflects the accumulated change in microscopic structure considering the interactions between magnetic domains and defects, such as dislocations. The accumulated fatigue damage keeps growing while the number of load cycles is getting higher. The plastic strain amplitude would shrink due to cyclic hardening, providing less heat dissipation that results in temperature drop. In contrast to the both phenomena mentioned above, the activity of magnetic domain movement due to alternating magnetization would be saturated, if there are too many obstacles to be overcome.



When comparing both kinds of steels investigated here, it can be clearly seen that SAE 5120 has a fatigue strength of approx. 20% higher than that of SAE 1020 (240 MPa vs. 200 MPa) in the same normalized condition, which can be attributed to the higher proportion of solid solution strengthening caused by the higher concentration of certain alloy elements.





4. Discussion


By conducting fatigue tests in terms of LIT and CAT with inserted load-free sequences combining non-destructive testing methods, such as thermography and micromagnetics, it is expected that different mechanics of material responses to fatigue load can be separated through the elimination of load and temperature influences on the measured signals of MBN in those load-free sequences. Studies have shown that no significant side effects would be introduced by inserting load-free sequences into continuously conducted conventional fatigue tests [4,5,44]. This is fundamental before further conclusions are dropped. The authors have experimentally explored an optimum duration of the load-free sequences. The earlier trials with 5 s could deliver satisfying results and save considerable experimental effort, but for higher heat dissipation, it would not be sufficient to let the specimen cool down to a complete thermal balance state. A load-free sequence of 360 s was therefore selected, and it suits the thermal conductivity of both pieces of steel investigated quite well, so that by the end of each pause, no matter how high the previous temperature has reached, the ΔT-N curve would end up with a nearly flat bottom.



With the help of imaginary envelope curves, the feature of a recoverable ΔT-N course after each pause is revealed. In comparison with continuously conducted CATs [48], a CAT with pauses of only 5 s duration results in a tiny change of the envelope curve, which means it recovers more quickly than those with 360 s (Figure 7a, 240 MPa vs. 230 MPa). Due to the logarithmical growing interval of load cycles between two load-free sequences as introduced in Figure 4e, the material response could reach a slightly higher level even during clear cyclic hardening progress (e.g., Figure 8a, 270 MPa after 104 cycles). Therefore, it can be assumed, that shorter load sequences (in other words more frequently inserted load-free sequences) could result in a somewhat exaggerated higher effect of cyclic hardening in terms of the obvious reduction in the measured material responses when the difference is significant (103 vs. 104 cycles). The true degree of cyclic hardening, if taking the continuously conducted tests as references, could be achieved by deploying a halfway number of ~5000 cycles in each load sequence. Considering the possibility of a continuous data acquisition with an IR camera, the calculated ΔT is still advantageous to the MBN signal for characterizing CATs and LITs in a holistic view.



When reviewing the acquired MBN data by means of the micromagnetic technique, it is common to generate butterfly curves or profile curves [27] by plotting the MBN signal intensity against the applied alternating field strength with a unit of [A/cm] or [mT]. In the frame of this work, the possibility is limited to the coil voltage in [mV] (Figure 9). It would affect the accuracy when the interpretation of peak position on the x-axis is wished, which is normally correlated with mechanical hardness. Since the MBN signal reacts very sensitively to either external or internal mechanical conditions as well as to temperature, the unwished noise and disturbing fake peaks would reduce the quality of smoothing mentioned in Section 2.1, even though the measurements were always only triggered during load-free sequences.



Nevertheless, without the insertion of such pauses, it is hardly possible to separate load and temperature influences from the factual accumulated microstructural changes, which govern the change in the MBN signal intensity. This method could therefore provide a clear added value for the interpretation of the results. It became clear from the results, that the MBN signal responds differently to the damage mechanisms than the temperature because the generated alternating electromagnetic field only influences a limited surface-near area on the detected specimen, of which the information gained is also limited in return. This could be a double-edged sword, since on the one hand, near or sub-surface material degradation are of the most interest for the HCF regime, especially regarding early-stage diagnosis. On the other hand, when it comes to the VHCF regime where the fatigue crack would initiate from the inside of the specimen, the subsurface-sensitive technique could be less useful.



The shape and the intensity of the MBN butterfly curves can be correlated with cyclic softening and hardening, providing very detailed information on material behaviour under cyclic loading, if the feature extraction method is appropriate. In the frame of this paper, Imax is the chosen quantity, which has shown its potential to describe material responses during LITs and CATs, and moreover, to indicate differences in the chemical compositions of the materials investigated. For describing the Imax-N relationship, a four-parameter modified Langevin function was used to deliver a good fit curve in the logarithmical scale which has this special “S” shape. The feature of the S-shape trend curve is contained in the four parameters, which could be used to extract further parameters for describing any single CAT and feed this into fatigue life calculation. While the S-shape curves of Imax describe the CATs for SAE 1020 in good conformity with the ΔT-N curves regarding the inflection points after incubation phases, they seem to have a “delay” of the increase for SAE 5120. Perhaps the better-dispersed perlites (Figure 1b) have offered more obstacles that could pin the domain walls more easily and thus inhibit the detection of MBN signals. This assumption still needs to be examined by more statistical experiments.



Regarding the description of the cyclic deformation behaviour of CATs, the Imax-N results look different from those reported in [38,39]. One possible reason is, that the previous results were acquired from strain-controlled cyclic bending tests, which cannot be directly compared with the results from stress-controlled tests as shown in this paper. The reported 3-stage-development of MBN-N curves in [41] cannot be verified, too, even if the materials in the reference and in this paper have a comparable composition and the type of fatigue tests conducted were also stress-controlled CATs. Since it was not clearly described if the MBN measurements were conducted under any thermal influence, it can be only assumed that the smaller number of data points could have led to such variation. The same assumption can also be made to explain the different results shown in [42], which claimed that the MBN response during CAT would decrease after the first significant increase and then stay constant. However, the data there were sampled with an interval of approx. 2 × 105 cycles, which is enormous. The explanation for the plateau-like phase after the cyclic softening considering plastic deformation can be confirmed by this reference. Since the experimental method applied is similar to what has been shown in [44], the contrast in results could be attributed to the material properties. The normalized (non- and low-alloy) low carbon steels investigated here should have totally different levels of residual stress as quenched and tempered 42CrMo4 (with more C and alloying elements), let alone followed by a deep-drill process. Moreover, the load-free sequences were inserted more frequently in the first 104 load cycles in this paper than in [44], which provides a significantly better resolution during the first cyclic softening.




5. Conclusions


Within the framework of the present research, it was shown that NDT techniques regarding quantitative thermography and micromagnetics are capable of characterizing the cyclic deformation behaviour from LITs and CATs on low-carbon steels. It can be summarized that:




	
In contrast to conventional fatigue tests, an improved test strategy combining pre-programmed load-free sequences with adequate duration can improve the reliability of the acquired magnetic Barkhausen noise signals, so that the calculated feature Imax is purely correlated to the accumulated microstructural interaction.



	
The inserted load-free sequences have led to noticeable changes in the ΔT-N courses in comparison to the results of continuously conducted tests, but still in a reasonable range, thus that the results obtained by this measuring technique are seen as reliable references for MBN results.



	
The variable ΔT, determined thermometrically by an IR camera, responds to the fatigue load in good accordance with the conventional cyclic deformation curves characterized by plastic strain amplitude εa,p.



	
The measuring principle and the material responses recorded by means of micromagnetics are different from those of temperature and mechanical stress-strain measurements. The variable Imax, which is determined by complicated processing methods of the measured MBN signals, demonstrates a higher sensitivity to load increase in particular in the earlier stage during LITs before the first significant material response. A good incremental linear correlation between Imax and the load cycle (i.e., the stress amplitude) in the purely elastic phase can be confirmed with R2 ≥ 0.90 for both investigated materials.



	
Imax could describe the cyclic deformation behaviour of CATs satisfyingly by a modified four-parameter Langevin function, especially until the end of the first cyclic softening, which means up to approx. 25% of the fatigue life. This can be attributed to the surface-near way of data acquisition which makes the extracted information strongly affected by fatigue-induced changes and relaxation of residual stresses.



	
Imax has its limitation in interpreting cyclic hardening behaviour.








It is our goal to improve the hardware system as well as the data processing method in the future, in order to get a more robust process of dealing with the higher amount of data and to make the most of the derived butterfly curves, which offer the possibility of describing the entire fatigue life by means of magnetic Barkhausen noise. In addition to round specimens, flat specimens could also be investigated to make the best use of the features of MBN.
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Figure 1. Micrographs of (a) SAE 1020 and (b) SAE 5120 in normalized condition. 
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Figure 2. Dimensions of the applied fatigue specimen. 
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Figure 3. The applied fatigue testing system with measuring techniques. 
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Figure 4. Schematic load-cycle procedures with an emblematic material response for continuously conducted (a) load increase test (LIT) and (b) constant amplitude test (CAT) as well as for tests with inserted load-free sequences: (c) LIT and (d) CAT, along with (e) the positions of the inserted load-free sequences. 
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Figure 5. Results of LIT on SAE 1020 steel in normalized conditions conducted with a starting stress amplitude of 100 MPa and a staircase-shaped increase of 20 MPa after every ΔN = 6000. 
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Figure 6. Results of LIT on SAE 5120 steel in normalized condition conducted with a starting stress amplitude of 100 MPa and a staircase-shaped increase of 20 MPa after every ΔN = 6000. 
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Figure 7. Cyclic deformation curves extracted from various CATs regarding (a) the change in temperature and (b) the maximum signal intensity of the magnetic Barkhausen noise at each load-free sequence for SAE 1020 in a normalized condition. 
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Figure 8. Cyclic deformation curves extracted from various CATs regarding (a) the change in temperature (2 × 270 MPa, 2 × 260 MPa, 2 × 252 MPa, 1 × 246 MPa) and (b) the maximum signal intensity of the magnetic Barkhausen noise at each pause for SAE 5120 in a normalized condition. 
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Figure 9. Development of the MBN butterfly curves during LITs on (a) SAE 1020 and (b) SAE 5120 in the normalized condition. The MBN signal intensity IMBN with an arbitrary unit is plotted against the excitation coil voltage in mV. For each load-free sequence shown here, a cluster of three butterfly curves overlapped. 
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Table 1. Chemical composition of SAE 1020 and SAE 5120: values according to DIN standards as benchmarks for producer’s information and own analysis.
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Material

	

	
C

	
Si

	
Mn

	
P

	
S

	
Cr

	
Mo

	
Ni






	
SAE 1020

	
DIN EN 10083-2

	
0.17–0.24

	
≤0.4

	
0.40–0.70

	
≤0.030

	
0.020–0.040

	
≤0.40

	
≤0.10

	
≤0.40




	
Producer

	
0.21

	
0.24

	
0.46

	
0.013

	
0.023

	
0.12

	
0.013

	
0.12




	
Own analysis (+N)

	
0.236

	
0.287

	
0.480

	
0.014

	
0.018

	
0.118

	
0.014

	
0.114




	
SAE 5120

	
DIN EN 10084

	
0.17–0.22

	
≤0.4

	
1.10–1.40

	
≤0.025

	
0.020–0.040

	
1.00–1.30

	
-

	
-




	
Producer

	
0.18

	
0.24

	
1.23

	
0.015

	
0.026

	
1.05

	
0.022

	
0.10




	
Own analysis (+N)

	
0.195

	
0.273

	
1.314

	
0.016

	
0.024

	
1.060

	
0.024

	
0.093
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