

  metals-12-01118




metals-12-01118







Metals 2022, 12(7), 1118; doi:10.3390/met12071118




Article



Why Color Matters—Proposing a Quantitative Stability Criterion for Laser Beam Processing of Metals Based on Their Fundamental Optical Properties



Stefanie Kohl 1,2,*, Florian Kaufmann 3[image: Orcid] and Michael Schmidt 1,2,3





1



Institute of Photonic Technologies (LPT), Friedrich-Alexander-Universität Erlangen-Nürnberg, Konrad-Zuse-Straße 3/5, 91052 Erlangen, Germany






2



Erlangen Graduate School in Advanced Optical Technologies, Friedrich-Alexander-Universität Erlangen-Nürnberg, Paul-Gordan-Straße 6, 91052 Erlangen, Germany






3



Bayerisches Laserzentrum GmbH, Konrad-Zuse-Straße 2/6, 91052 Erlangen, Germany









*



Correspondence: stefanie.kohl@fau.de







Academic Editor: João Pedro Oliveira



Received: 22 May 2022 / Accepted: 20 June 2022 / Published: 29 June 2022



Abstract

:

With its excellent automation capability and localized energy input enabling precise, reproducible welds, laser beam welding represents a preferred industrial joining technology. Electro-mobility drastically increases the need for defect-free and automatable copper joining technologies. However, copper welds that are produced with state-of-the-art infrared lasers often suffer from spattering and porosity. Recent publications show distinct improvements using novel beam sources at visible wavelengths, attributing them to increased absorptivity. Nevertheless, this cannot fully explain the steadier process behavior. This wavelength-dependent process stability has not yet been investigated sufficiently. Therefore, we have developed a predictive material-dependent criterion indicating process stability based on the example of copper heat-conduction spot welding. For this purpose, we combined energy balances with thermo-physical material properties, taking into account the wavelength and temperature dependence of the optical properties. This paper presents the key mechanism that we identified as decisive for process stability. The criterion revealed that X-points (unique, material-specific wavelengths) represent critical stability indicators. Our calculations agree very well with experimental results on copper, steel and aluminum using two different wavelengths and demonstrate the decisive, material-dependent wavelength impact on process stability. This knowledge will help guide manufacturers and users to choose and develop beam sources that are tailored to the material being processed.
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1. Introduction


Laser beam welding of metals is a widely used process in various industry sectors, e.g., the automotive industry [1,2]. Since the development of the first high-power beam sources, its applicability has steadily broadened and further expanded through the development of novel beam sources. The change from the pioneering CO2 lasers (   λ = 10   . 6   µ m   ) to solid-state lasers (   λ    ≈    1   µ m   ) realized as thin-disk or fiber lasers based on Yb:YAG and Nd:YAG led to strong increases in efficiency, absorptivity and applicability [2,3]. Due to the rapidly expanding market for electric mobility, copper, with its excellent electrical conductivity, and thus also copper joining—ranging from small applications, such as hair-pins up to large cross-section applications like high-current conductors—has been gaining importance [4,5]. However, copper welding with near-infrared (IR) laser sources suffers from low absorptivity and low reproducibility, i.e., locally varying welding depths, as well as process instabilities, resulting in excessive spatter formation and porosity [6].



In laser-based material processing, process stability signifies a stable or quasi-stationary process. This means that when using a coordinate system that moves with the laser beam velocity or drilling speed, the process appears as stationary, i.e., the process variables are constant or move only slowly. Deviations from this state, so-called process instabilities, typically lead to events that produce negative impacts on the resulting process quality, e.g., melt waves leading to spattering and rough surfaces of the weld seam, or oscillations of the vapor capillary leading to porosity within the weld seam [1,2,7].



To meet this challenge arising during copper welding, high-power beam sources at even shorter wavelengths, especially frequency-doubled Yb:YAG lasers at    λ = 515   nm    (green wavelength region) [8,9] and diode lasers at    λ = 450   nm    (blue wavelength region) [10,11,12] have been developed, as higher absorptivity values at these shorter wavelengths were expected [6,10,13,14]. Initially, their industrial applicability was very limited due to their low laser power, and in the case of the diode lasers, their low beam quality. Meanwhile, commercial systems reach laser powers of 3 kW (green), and even diode lasers (blue) reach 1 kW of laser power at a beam parameter product of    40   mm · mrad    and a fiber with    400   µ m    diameter, enabling their use in a wide range of industrial welding applications [8,15]. First results confirm the anticipated higher absorptivities and show drastic improvements regarding process stability and reproducibility [5,6]. However, the mechanisms leading to this increase in stability are not yet fully understood.



To identify these mechanisms, we investigate the relationships that form the basis of this phenomenon. For this purpose, we introduce a material-specific criterion predicting process stability based on the example of pulsed heat-conduction welding, as it represents one of the most basic laser-based welding processes and is widely applied for the joining of thin parts, e.g., foils. For this, we conduct thorough literature research for the optical properties regarding wavelength and temperature, and conduct validation experiments on copper, steel and aluminum using both an IR and green beam sources. On the one hand, this process stability criterion enables quick evaluation of wavelength regimes that are beneficial to laser-material processing of a specific material; on the other hand, the criterion facilitates an analysis of the origin of the strongly changing process stability with wavelength and material.




2. Materials and Methods


2.1. Evaluation of the Optical and Thermo-Physical Properties


While temperature-dependent values for thermo-physical properties are available from commercial databases for pure metals, as well as alloys, there are no such ready-to-use data available in the literature or databases for the wavelength and temperature-dependent absorptivity   A  (   λ , T   )   . Thus, we conducted extensive literature research for the optical properties over a temperature range from room temperature to elevated temperatures at the molten state for copper [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33], aluminum [27,28,29,30,34,35,36,37,38,39,40,41,42,43,44,45,46] and iron [26,27,28,29,30,46,47,48,49,50,51,52,53,54,55]. The wavelength region of interest was defined to cover the full visible spectrum and parts of the neighboring IR spectrum, including the wavelength of IR disk lasers at    λ = 1030   nm   . Therefore, we selected an interval of at least    400 – 1030   nm    for each material. In order to assess the consistency and accuracy of the measurements, we compared various sources in the form of the refractive index, as well as regarding the resulting absorptivities of unpolarized light at normal incidence. To further ensure consistency, we only considered measurements spanning the whole wavelength region of interest for the final selection.



The optical properties of metals in the literature within the wavelength and temperature regime of interest were acquired using a set of different measurement and analysis techniques. Regarding the samples, either polished bulk specimens or thin films are utilized. The thin films are prepared by ultra-high vacuum deposition [20,25,56,57], as especially on transition metals, oxide layers can form even under vacuum conditions and considerably hamper the reflectivity of the specimens. For measurements above melting temperature, bulk specimens are typically contained in ceramic dishes and heated electromagnetically. The targeted temperature is monitored during the measurement using thermocouples [29,58]. To prevent oxidation during the optical measurements, either inert nitrogen atmosphere is employed [26,56] or hydrogen atmosphere, especially using liquid specimens [29]. For noble metals, such as copper, room temperature measurements could be conducted even under normal air atmosphere without impairments from oxidation [20]. Regarding the measurement principles, some works use the Kramers–Kronig relations to extract the complex refractive index from, e.g., reflectivity measurements [25,34], while other works use ellipsometry [29], reflectometry [48,58] or combine the transmission and reflection measurements of thin films [20] to obtain the refractive index purely experimentally. Kramers–Kronig based approaches feature the advantage over fully experimental approaches of being able to check the data for consistency using multiple sum-rule tests; however, they necessitate a consistent data set of at least one optical quantity over ideally the whole frequency domain, which represents a major challenge [34]. Therefore, such approaches could be found only for room-temperature data [25,34,48].



The availability of optical data in general and specifically of data at the elevated temperatures of the metals and wavelength regime of interest in this study were very limited, as no dataset could be found for the full wavelength range of interest for other temperatures than room temperature and one temperature that was slightly above melting temperature. Therefore, we selected one dataset at the solid state that was measured at room temperature, representing the absorptivity at the solid state    A  sol    ( λ )   , and one at the liquid state (Cu: 1873 K, Fe: 1873 K, Al: 1173 K), representing the absorptivity at the liquid state    A  liq    ( λ )   , respectively, for each metal [29,31,35,55,58].



We interpolated all values over the wavelength ranges of interest and calculated the absorptivity values for unpolarized light at normal incidence. All the calculations were performed using Matlab R2019b (MathWorks, Natick, MA, USA) and Maple 2019 (Waterloo Maple Inc., Waterloo, ON, Canada). Due to the noisiness of the data, we performed additional smoothing of the refractive index values taken from Miller [29] using the locally weighted scatter plot smooth function (loess) that were provided by Matlab. As far as the sources provided error ranges, we converted them to those of the absorptivity values using the Gaussian rule of error propagation [59]. In continuative calculations for the process stability criterion, we omitted error calculations.



Various wavelength-dependent and partially temperature-dependent fitting methods—especially adapted Drude–Lorentz models for the optical properties—have been proposed in the literature. However, due to interband transitions, none of these fitting models were able to describe   A  (   λ , T   )    with sufficient accuracy over the whole wavelength regime and the metals of interest for this study [60,61,62,63]. These transitions complicate and dominate the optical behavior in this wavelength regime and moreover, their temperature dependence is not yet fully understood, making temperature-dependent fitting inaccurate [63,64]. Therefore, we omitted the fitting of the temperature and the wavelength dependence of the optical properties.



As absorptivity monotonically increases or decreases with temperature at a given wavelength, we can safely assume that waiving the fitting of   A  (   λ , T   )    and using only state-dependent values for the absorptivity (   A  sol    ( λ )    and    A  liq    ( λ )   ) instead introduces only a systematic and therefore reproducible error with a small variation over the wavelength [63,65]. Due to the interband transitions, the use of temperature- and wavelength-dependent fitting models would introduce a hardly-assessable error that fluctuates more rapidly with both temperature and wavelength within the wavelength and temperature regime under investigation.



For the thermo-physical properties, density, specific heat and heat of fusion, the validated commercial material database JMatPro® (version 9.0, Sente Software Ltd., Guildford, UK) was used to export temperature-dependent values from room temperature up to evaporation temperature [66].




2.2. Experimental Setup


For the experimental results, spot welds in 1 mm thick sheets of copper (Cu-HCP), iron (unalloyed steel 1.0330) and aluminum (Al99.5) were produced using a green laser beam at    λ = 515   nm    (TruDisk 3022, Trumpf, Ditzingen, Germany) and an IR laser beam at    λ = 1030   nm    (TruDisk 8001, Trumpf, Ditzingen, Germany), as shown in Figure 1. The beam diameter was set to    d = 300   μ m   ; the beam was stationary; its profile was quasi-Gaussian; and the pulse length was    τ = 5   ms    for both beam sources. The pulse power was chosen such that the resulting welding depth was    d z   = 400   μ m    for both wavelengths and all materials. For this, we conducted parameter studies for all materials with both beam sources varying the laser power and produced quasi-longitudinal grindings of the lines of spot welds. To ensure that the maximum welding depth was acquired, we conducted quadratic fits of the welding depths of at least three measured spot welds, including a maximum weld depth and one neighboring weld spot at each side of it, and calculated the maximum weld depth of each fit. Then, we computed the average of three of these maximums as the measured welding depth. The laser power that was necessary to achieve the desired welding depth was then calculated from piecewise linear fits of the measured and calculated maximum welding depths.



We measured the onset of melting and evaporation visually using a high-speed camera (Phantom v1210, VisionResearch, Wayne, NJ, USA). The framerate was set to 100 kHz, resulting in a spatial resolution of 256 × 256 pixels. The camera recorded alternatingly both with and without the use of an illumination laser at    λ = 808   nm   ,    P  Peak    = 500   W    and a pulse length of    τ = 40   ns    (Cavilux HF, Cavitar, Tampere, Finland). The criterion for the onset of melting was the formation of an initial small melt pool. The criterion for the onset of evaporation was an aspect ratio (depth to radius) of the vapor-induced depletion in the melt pool approaching one.





3. Results


3.1. Process Stability Criterion


Although evaporation-driven deep-penetration welding represents the most commonly used welding process since it enables deep and narrow weld seams, heat-conduction welding can also be employed, particularly when thin sheets up to a thickness of 1, 5 mm or foils are to be joined [1,7]. As heat-conduction represents a very calm and stable process resulting in very smooth, high-quality weld surfaces, compared to deep-penetration welding, it also represents a popular joining process for applications using hard-to-process materials, such as copper [1].



In pulsed or spot heat-conduction welding, a stationary laser pulse impinges onto the material and heats it until a shallow, semi-spherical melt pool forms. Since evaporation is the driving mechanism of unwanted melt ejection due to its accompanying recoil pressure, intensities and pulse durations are typically chosen in such a way that evaporation is minimized.



These restrictions impose lower and upper boundaries to the heat input: although the melting temperature    T m    must be exceeded, the evaporation temperature    T v    should be avoided or only barely reached. Thus, the minimum specific energy input per unit mass from the laser is given by


   E  Min      ( λ ) = E     T 0  →  T m     ( λ ) =   ∫   T 0     T m       c P   ( T )     A ( λ , T )     dT +     H m       A ( λ , T   m  )   ,  



(1)




with    T 0    as room temperature,    c P   ( T )    as the temperature-dependent specific heat,    A ( λ , T )    as the temperature and wavelength-dependent absorptivity at normal incidence and    H m    representing the latent heat of fusion. As described in Section 2.1, we replaced the temperature-dependent absorptivity   A  (   λ , T   )    in our calculations by phase-dependent data    A  sol    ( λ )    and    A  liq    ( λ )    due to limited data availability. The upper limit for the specific energy input per unit mass from the laser is analogously given by


   E  Max      ( λ ) = E     T 0  →  T v     ( λ ) =   ∫   T 0     T m       c P   ( T )     A ( λ , T )     dT +     H m       A ( λ , T   m  )    +   ∫   T m     T v       c P   ( T )     A ( λ , T )      dT .  



(2)







In this equation, the latent heat of vaporization is not included since evaporation is to be avoided; thus, the mass loss due to evaporation can be neglected. In laser material processing, as soon as the evaporation temperature is reached, the evaporation-driven recoil pressure sets in and strongly influences the process dynamics, even if the overall evaporation rate is very low. Typically, even in strongly evaporation-driven laser-based processes, e.g., deep-penetration welding, the evaporation rates are orders of magnitude smaller, compared to the fusion rate and are often even negligible [67,68].



As can be seen in Figure 2, the absorptivities of both solid and liquid copper decrease almost monotonically with wavelength, as expected. The absorptivity of solid copper shows a sharp reduction at around    λ    ≈    575   nm   , which can be attributed to interband transitions from the d-bands to p-states at the Fermi level [69]. This effect is weaker for the absorptivity of liquid copper, as the energy bands broaden with temperature. Moreover, while for    λ   <   575   nm    the absorptivity of solid copper is higher than the value of liquid copper, for    λ   >   575   nm    it becomes lower.



Looking at the minimum and maximum specific energy inputs that are necessary from the laser for heat-conduction welding, as given in Equations (1) and (2) and shown in Figure 3, both values increase strongly with the wavelength reaching a maximum at around   1  . 1   μ m   , which can be ascribed to the decreasing absorptivity.



Going one step further, as the two specific energies    E  Min    ( λ )    and    E  Max    ( λ )    given in Equations (1) and (2) can be regarded as the energetic boundaries of the theoretical process window, the welding process should work correctly, as long as the energy input ranges within these borders. The likelihood of reaching or passing these borders and producing defects like spatters (upper boundary) or a loss of fusion (lower boundary) will scale with the relative size of this theoretical process window      Δ E    rel    ( λ )   :


     PSC = Δ E    rel    ( λ ) =     E   T m  →  T v     ( λ )     E   T 0  →  T m     ( λ )    =    E   T 0  →  T v       ( λ ) − E     T 0  →  T m     ( λ )     E   T 0  →  T m     ( λ )    .  



(3)







This theoretical process window, as given by the gray area in Figure 3, increases with wavelength. However, no distinctive characteristic is directly noticeable. As the relative size of this theoretical process window acts as a measure of process stability, we decided to define it as the process stability criterion (PSC). Although we are very aware that heat-conduction losses influence the energy balance during welding, especially using highly thermally conducting materials like copper, we decided not to include them in the PSC criterion for three reasons. First, heat-conduction losses strongly depend on the used process parameters and therefore they can only be expressed and quantified in dependence of the process parameters, not as a universal process parameter-independent measure that is only dependent on the used material and wavelength [70,71]. Second, heat-conduction losses only depend on the heat input that is caused by the laser beam but are independent of the laser wavelength itself. Therefore, we can regard the influence of heat conduction as constant and therefore negligible when comparing welds with different wavelengths, but similar overall in terms of energy input and remaining process parameters. Last, it is technically not possible to measure heat-conduction losses sufficiently accurately with the temporal and spatial resolution that such an approach would necessitate to allow for validation and evaluation.



Looking at the values of the PSC, as defined in Equation (3) for copper, shown in Figure 4, we see comparably high values of    ~ 3    for    λ    ≤    575   nm   . Additionally, a sudden and distinct drop to values    <   1    for larger wavelengths can be noticed. Both observations are in accordance with the general trend towards lower absorptivities at larger wavelengths and with the experimental results that show an unstable welding process for IR laser beams at    λ = 1030   nm    and stable results using green and blue laser beams [5,6].



The surprisingly abrupt change of the PSC starting at around    λ    ≈    575   nm    is significantly stronger and more sudden than the change of the absorptivity values around this wavelength, as shown in Figure 2. Investigating further, it turned out that this was no coincidental effect, but the result of an inherent optical property of metals—the so-called X-point. The X-point is a specific wavelength    λ X  ,   at which absorptivity is independent of temperature and at which the sign of the temperature dependence of the absorptivity changes from negative to positive with an increasing wavelength, as given in Equation (4) and shown in Figure 2 [72]:


     ∂ A   ∂ T    (   λ X   )   = 0      with     ∂ A   ∂ T    (     λ   <   λ   X   )     <   0      and     ∂ A   ∂ T    (     λ   >   λ   X   )     >   0    



(4)







The X-point has been proven to be present in both the solid and the liquid state of metals [73]. Its wavelength features no or only slight variations with temperature and its value is assumed to be connected to the melting temperature of the metal [72,74]. While the existence of X-points has been known for decades due to absorptivity and emissivity measurements, they have since rarely been a topic of research, and their physical origin remains not fully understood [72,74]. For copper, values ranging from    560   nm    to    575   nm    were measured [17,75,76] which we can confirm, as can be seen in Figure 2.



Regarding the process of heat-conduction welding using wavelengths below the X-point, this means that, compared to using wavelengths above the X-point, less laser energy is necessary to heat the considered material up to the liquid state, but more energy is necessary until the molten material reaches the evaporation temperature. Therefore, the relative size of the theoretical process window size      Δ E    rel     increases and so the process becomes more stable, making the X-point the decisive turning point for process stability. This is valid as the change in absorptivity with temperature     ∂ A   ∂ T     exhibits only a low variation with temperature, apart from small fluctuations in the short wavelength region due to interband transitions that lead to narrow absorptivity peaks which broaden and typically disappear rapidly with increasing temperature [18,36,77].



In the field of laser material processing, the term X-points has appeared in very few publications in the context of distinguishing different wavelength regimes in models for the refractive index, but their distinct influence on laser-material processing itself has never been mentioned or discussed [43,61,78]. The subject of temperature dependence of the absorptivity of copper at visible wavelengths in general has been ignored, even in current simulative studies, using temperature-independent values [79,80,81]. In the few cases of attempts to research or measure data for different temperatures and states at visible wavelengths, the reversed temperature dependence of the absorptivity was either attributed to oxide layers [82] or dismissed as implausible [14]. In many experimental publications on copper welding, this issue is circumvented by stating the increasing absorptivity with temperature and the additional absorptivity jump at the phase change for    λ = 1   µ m   , together with the trend of increasing room-temperature absorptivity with decreasing wavelength [4,83,84,85]. This leads to the misleading expectation that both trends together will hold for shorter wavelengths, in turn leading to even higher absorptivity values for molten copper. Meanwhile, first simulative approaches seem to follow this expectation and assume increasing absorptivity values with temperature even in the green wavelength regime for their analyses [86].




3.2. Validation of the Process Stability Criterion for Copper


In order to confirm this criterion, heat-conduction spot welding experiments of copper specimens were conducted using green    ( λ = 515   nm )    and IR    ( λ = 1030   nm )    high-power Yb:YAG beam sources. Table 1 shows the resulting heat-up time spans from the beginning of the    τ = 5   ms    long laser pulse until the onset of melting and evaporation.



While in the experiments with the IR laser, the onset of melting took almost six times as long as compared with the green laser; the time span until evaporation was reached was only 2.5 times as long for the IR laser, which was in accordance with the respective PSC values, indicating a more stable process using the green laser. Looking at the corresponding standard deviations further shows the increased stability. While for the green wavelength, the melting onset could be measured within the full measurement accuracy of 0.01 ms that the used framerate allowed, meaning the deviation of the melting onset was below the measurement accuracy, the melting onset using the IR radiation deviated much more. For the evaporation time spans, this trend increased even more, with IR reaching a standard deviation four times as high for the green wavelength, resulting in a stronger variation of the reached welding depths. Comparing these results with those using the two different wavelengths on other materials enables an even more quantified validation of the PSC.




3.3. Comparison with the Process Stability Criterion of Iron and Aluminum


To put these findings into perspective, we investigated the absorptivity and calculated the PSC for the most common base metals used in laser beam welding, iron and aluminum. The values are displayed in Figure 5 and Figure 6.



Iron exhibits relatively high absorptivity values decreasing monotonously with wavelength, as shown in Figure 5a. For wavelengths    λ   <   1   . 55   μ m   , the absorptivity values at the solid state are consistently larger than those at the liquid state, which is in accordance with the literature values of the X-point wavelength    λ   X ,   Fe      of iron of    λ   X ,   Fe      ≈    1   . 55   μ m   , suggesting a stable welding process for the wavelength regime under investigation [72,77]. The corresponding PSC of iron, as shown in Figure 6a, shows almost constant values around 1.3 along the whole wavelength range under consideration, which are low compared to the value of copper at the wavelength region    λ    ≤    575   nm   , but still twice as high compared to the value of copper at    ~ 1   μ m   .



While the situation for iron in this wavelength regime turns out to be rather stable, the behavior of aluminum resembles more the situation of copper. Looking at the absorptivity curves of solid and liquid aluminum, as shown in Figure 5b, interband transition peaks dominate both curves. Whereas the peak for the solid aluminum is very steep and located at    ~ 800   nm   , the peak of the liquid state is broader with a maximum at    ~ 650   nm   . Apart from these overlying peaks, the absorptivity for solid aluminum generally decreases with wavelength, while the absorptivity for liquid aluminum increases slightly with wavelength. Due to the strong interband transitions in both the solid and liquid state, X-point determination proves to be challenging, as the shifted peaks lead to three intersection points of the two curves instead of the expected single one. Although even in the thoroughly conducted literature study no explicitly stated values for the X-point of aluminum could be found, we were able to calculate estimates based on temperature-dependent absorptivity measurements [37,75]. According to these estimates, the X-point features a comparably strong temperature dependence and should be positioned at    λ   X ,   Al      ≈    950   nm   .



Looking at the PSC of aluminum, as given in Figure 6b, its values are overall comparably high and generally decrease with wavelength. The interband transition peak is still present, but due to its peak position right between the wavelengths of interest, its influence on the values at these wavelengths can be regarded as negligible. Within the visible wavelength region, the values are slightly higher than for the wavelengths above the interband transition peak at    ~ 800   nm   , suggesting a more stable welding process using green radiation than using IR.



To validate these findings, we carried out spot welding experiments on iron and aluminum using the same setup as for the previous copper experiments, as given in Table 2. For iron, the ratio of the time spans until melting and evaporation is reached remain rather constant for both used wavelengths. This agrees very well with the hardly varying values of the PSC. Regarding aluminum, the absolute values of the measured time spans vary quite considerably. However, the ratio of the time span until melting to that until evaporation decreases strongly, changing the wavelength from green to IR, which is also in agreement with the corresponding PSC values.



To compare these findings on the three different metals using a more quantitative approach, we used the definition of the PSC as    PSC =     E   T m  →  T v     ( λ )     E   T 0  →  T m     ( λ )      and the fact that the energy input into the material can be regarded as linear following    E  abs      ( t ) = P    Laser   ⋅  A ( λ , T )    ⋅    t   . This enables the conclusion that the ratio of the time spans of the phase changes (phase change ratio, PCR)    PCR =     t   T m  →  T v       t   T 0  →  T m        should scale with their corresponding energies, leading to the expectation that the ratio     PSC   PCR     should be constant, i.e., independent of the used wavelength and material. We calculated these ratios for all experimentally assessed materials and wavelengths, as shown in Figure 7, and achieved an average value for this ratio of     PSC   PCR   = 0.178 ± 0.024  .



Considering that heat losses, especially due to convective heat transfer, are neglected in these calculations, these values are in excellent accordance with the proposed PSC. Regarding the used wavelengths, the values that are reached for IR are consistently slightly lower than those for the green wavelength. However, as the time spans that are necessary to reach the melting and evaporation temperature are also consistently longer for IR than for the green wavelength for all the metals under investigation, we can attribute this differing effect to the also consistently differing amount of energy loss due to conductive heat transfer, as the heat conduction-relevant product of   ∝    Δ T    ⋅    Δ t    is correspondingly smaller for IR.





4. Discussion


In laser material processing, the improvement of the copper welding process by changing the wavelength from IR to green lasers has fully met the expectations regarding the three distinctive categories of absorptivity, reproducibility and process stability. The increased absorptivity becomes apparent from the analysis of the wavelength and temperature-dependent optical properties and clearly improves the process by enabling larger welding depths, higher feed rates and more quickly overstepping the energy-input threshold to deep-penetration welding.



The surge in reproducibility can also be traced back to increased absorptivity. Especially for copper spot welding or copper heat-conduction welding, reproducibility, meaning that consecutive spot welds or weld lines feature a steady welding depth, represents the most important quality feature. Using IR radiation, even hardly visible surface irregularities, such as scratches, which are normal for technical surfaces, often lead to a loss of fusion [87]. This is caused by the very low absorptivity of copper at room temperature in this wavelength regime in combination with its drastic increase with temperature and the very high thermal conductivity. These factors hinder absorption and heating very effectively when the already small absorptivity value at room temperature of 2% is even further reduced by surface irregularities. This effect is also visible in the up to more than three times higher standard deviation for the time spans until melting and evaporation temperature is reached for IR in comparison to green, as given in Table 1. Especially for spot welding, the opposite effect has also been reported [87]. Whenever surface irregularities lead to a slight increase in absorptivity, the relatively large time span to reach evaporation is shortened drastically, leading to a faster and stronger onset of evaporation and pronounced spattering during these single spot welds. This results in a much less uniform and reproducible size of the spot welds using IR radiation, compared to using green laser beams [87]. Both effects can be fully explained with the larger values of the process stability criterion and the changing temperature-dependence of the absorptivity.



Often, the increased process stability is also attributed to the overall increase in absorptivity, like for the reproducibility, or it is not explained at all [6,88]. Process stability is a decisive prerequisite, especially for continuous welding processes to reach uniform weld depths and even, high-quality weld surfaces. Following our results concerning the changing absorptivity values with regard to wavelength and temperature, our process stability criterion and the connection to the X-point, we argue that it is primarily the changing temperature dependence of the absorptivity with wavelength and much less the overall increase in absorptivity with wavelength that is responsible for the increasing process stability. The decreasing absorptivity with temperature leads to the effect that the warmer the melt surface, the less efficiently it absorbs. This means that in heat-conduction welding, unwanted crossing of the deep-penetration threshold is effectively hampered, like it is for spot-welding. In deep-penetration welding, where temperatures on the surface of the vapor capillary reach evaporation temperature and the temperature profile can be patchy due to the wavy surface geometry, this decreasing absorptivity with temperature will also have a damping effect on this dynamic, leading to a more stable vapor capillary and melt flow, which is confirmed by current experimental investigations [89]. If the absorptivity values for the green wavelength increase with temperature as much as they do for the IR radiation, it becomes obvious by looking at the process stability criterion attaining similar values that this would lead to similarly instable processes, but at lower overall laser powers. Looking at the relative size of the theoretical process window, we could demonstrate that the changing temperature dependence of the absorptivity with temperature represents no disadvantage but shows very advantageous effects on process stability in laser beam welding.



Although our results concentrate on pulsed heat-conduction welding, their implications can be transferred to several other laser-based material processing methods. The powder-bed fusion of metals using a laser beam (PBF-LB/M) represents a line-by-line and layer-by-layer welding process for the generation of free-form parts that are typically conducted in heat-conduction welding mode right at the energy input threshold to deep-penetration welding [90,91,92]. When evaporation intensifies, spattering and powder denudation increase due to the higher evaporation flow velocities, leading to higher porosity and reduced quality [93,94]. Therefore, process stability plays a crucial role for the quality of the built parts. However, due to local geometry variations and the drastic difference in thermal conductivity from powder to bulk material, local heat transport can vary considerably. Therefore, lasers in the visible wavelength regime are expected to have even larger beneficial effects on the powder-bed fusion of copper alloys, since these changes in heat transport will have less impact on process stability, leading to less spattering and porosity. First investigations confirm these expectations [95,96].



In deep-penetration welding, the high beam intensities that are used within the interaction zone lead to the formation of a vapor capillary due to the evaporation-driven recoil pressure resulting in characteristic deep and narrow welds. Due to multiple reflections within the vapor capillary, the total absorptance, which can be modelled analytically in a very basic approach as      1   −   R   N    with reflectivity   R   and number of incidences  N  is typically much higher than the absorptivity of a single incidence    A = 1   −   R    [2]. Therefore, the influence of the increased absorptivities due to the wavelength change onto the overall heat input will not be significant. However, it must be kept in mind that due to the non-normal incidence at the vapor capillary, laser–material interaction behaves in a more complex way, and the absorptivity value that is calculated for normal incidence cannot be applied. Thus, the shape and stability of the vapor capillary will be influenced by the reverse temperature dependence of the optical properties. Apart from the damping effect of the inverse temperature-dependence of the absorptivity onto the process dynamics, i.e., stabilizing the vapor capillary and leading to a more stable melt flow, as just described, first investigations of the resulting cross-sectional areas report on considerably narrower welds at the same weld depth for green, compared to IR for copper [6]. However, almost no difference is observed for stainless steel, which is in full accordance with the results of this study [6]. It is assumed that for green laser wavelengths more of the laser energy is deposited to deeper areas at the bottom of the vapor capillary, compared to IR. However, so far, no further explanation has been given for the origin of these changes. Here, we made a first step towards understanding these differences in behavior of the vapor capillary, but further studies are necessary to investigate this in more detail.



Regarding laser-beam drilling with short laser pulses, a situation similar to deep-penetration welding is expected. The common influence of multiple reflections will lead to similar changes of the shape of the borehole, as observed for the cross-sections of deep-penetration welding. Due to the high intensities that are used, plasma formation sets in rapidly, and correspondingly, the pulse intensity reaching the surface of the work piece decreases drastically [97,98]. Therefore, assuming overall similar absorptivities, high absorptivity values for solid material with negative temperature dependence are expected to be more beneficial for the overall heat input and ablation efficiency than low absorptivities with positive temperature dependence. Further in-depth investigations are needed to analyze this behavior more profoundly.
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Figure 1. Schematic and photographic views of the used experimental setup: (a) schematic front view of the setup. The beam of the processing laser (visualized red) impinges on the specimen from the top. The welding process is monitored using a high-speed camera. To ensure sufficient illumination, an additional, defocused IR illumination laser (visualized blue) at    λ = 808   nm    is used. (b) Photograph of the experimental setup. 
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Figure 2. Absorptivity of solid (solid line) and liquid copper (dashed line) measured at room temperature and at 1873 K. The vertical blue, green and red lines indicate the wavelengths of commercial high-power blue, green and IR beam sources at    450   nm   ,    515   nm    and    1030   nm   , respectively, as a guide to the eye. The vertical black dash-dotted line indicates the X-point at    ~ 575   nm   . For the data of solid copper, the measurement accuracy is not explicitly given in the source. 
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Figure 3. Minimum (dashed line) and maximum (solid line) specific energy per unit mass of copper for heat-conduction welding of copper calculated with Equations (1) and (2). The specific energies increase with wavelength, due to the decreasing absorptivity values shown in Figure 2. The resulting theoretical process window is indicated by the gray area. The vertical blue, green and red lines indicate the wavelengths of commercial high-power blue, green and IR beam sources at    450   nm   ,    515   nm    and    1030   nm   , respectively, as a guide to the eye. 
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Figure 4. The process stability criterion (PSC), defined as the relative size of the theoretical process window      Δ E    rel    ( λ )    for heat-conduction welding of copper. The vertical blue, green and red lines indicate the wavelengths of commercial blue, green and IR beam sources at    450   nm   ,    515   nm    and    1030   nm   , respectively, as a guide to the eye. The vertical black dotted line indicates the X-point at    ~ 575   nm   . 
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Figure 5. Absorptivity of iron (a) and aluminum (b) in the solid (solid lines) and liquid state (dashed lines). The vertical blue, green and red lines indicate the wavelengths of commercial blue, green and IR beam sources at    450   nm   ,    515   nm    and    1030   nm   , respectively, as a guide to the eye. The vertical black dotted lines indicate the X-points at    ~ 1   . 55   µ m    and    ~ 950   nm   . Please note the varying scaling. For the data of solid aluminum, the measurement accuracy is not explicitly given in the source. 
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Figure 6. Process stability criterion of iron (a) and aluminum (b). The vertical blue, green and red lines indicate the wavelengths of commercial blue, green and IR beam sources at    450   nm   ,    515   nm    and    1030   nm   , respectively, as a guide to the eye. The vertical black dotted lines indicate the X-points at    ~ 1   . 55   µ m    and    ~ 950   nm   . Please note the varying scaling. 
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Figure 7. Ratio of the process stability criterion (PSC) over the phase change ratio (PCR) for the experimentally investigated metals copper, iron and aluminum and the two beam sources in the green    ( λ = 515   nm )    and IR    ( λ = 1030   nm )    wavelength regime. The grey indicates the range of the mean value of the ratio and its standard deviation    (    PSC   PCR    = 0   . 178   ±   0   . 024   )    . 
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Table 1. Heat-up time spans until melting and evaporation is reached for copper. The laser powers were chosen such that the spot welds featured equal mean welding depths.
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	    Green    ( λ = 515   nm )     
	IR

   ( λ = 1030   nm )   





	Laser power
	969 W
	2986 W



	Time span until the onset of melting
	0.03 ms ± 0.01 ms
	0.17 ms ± 0.03 ms



	Time span until the onset of evaporation
	0.50 ms ± 0.03 ms
	1.27 ms ± 0.12 ms



	Process stability criterion (PSC) value
	2.95
	0.62










[image: Table] 





Table 2. Heat-up time spans until melting and evaporation is reached for iron and aluminum. The laser powers were chosen such that the spot welds featured equal mean-welding depths.
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Iron

	
Aluminum




	

	
Green

   ( λ = 515   nm )   

	
IR

   ( λ = 1030   nm )   

	
Green

   ( λ = 515   nm )   

	
IR    ( λ = 1030   nm )   






	
Laser power

	
360 W

	
467 W

	
1049 W

	
1636 W




	
Time span until the onset of melting

	
0.06 ms ± 0.01 ms

	
0.10 ms ± 0.01 ms

	
0.02 ms ± 0.01 ms

	
0.09 ms ± 0.01 ms




	
Time span until the onset of evaporation

	
0.47 ms ± 0.07 ms

	
0.95 ms ± 0.02 ms

	
0.74 ms ± 0.06 ms

	
2.34 ms ± 0.28 ms




	
Process stability criterion (PSC) value

	
1.30

	
1.28

	
5.88

	
3.39
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