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Abstract

:

Screw design in the extrusion process has an important effect on the distribution of material through the extruder, resulting in partially filled sections in the processing zone. Accordingly, the local accumulation of material in the extruder leads to variations in material strain conditions and also influences the local residence time of the material in a given screw section. This work evaluates particle dispersion in anode slurry considering three different screw arrangements. The particle size distribution is considered as a quality parameter representing the microstructure of the battery slurry components and their distribution. Numerical simulation of the material flow behavior through a laboratory extruder was performed to investigate the filling ratios and resulting shear rates for different screw designs and process conditions. The importance of process parameters and a suitable screw configuration to achieve specific particle sizes in battery slurry is discussed.
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1. Introduction


The mixing process in battery cell production has a major impact on the performance of the battery as it affects the microstructure in the cells by changing the particle size distribution and dispersion of the electrode components. It also has a major impact on the rheological properties of the electrode pastes, thus affecting the processability of the materials in downstream production steps [1,2,3,4,5,6,7,8]. The mixing step can be performed in either batch or continuous operation depending on the production scale. The continuous process has several advantages over the batch process, mainly because it allows flexibility in both production rates and processing conditions, while at the same time, it allows a reduction in quality fluctuations [1,2]. The integration of a twin-screw extruder as a suitable continuous mixing device in the battery production process has been addressed by various researchers and is widely used in the industry [1,2,9]. Further, extrusion of battery slurries compared to other mixing techniques has shown promising advantages in terms of flexibility, reducing operating costs, and the ability to process slurries with low solvent content [2].



Due to its versatility, the extrusion process can be implemented using different strategies for both anode and cathode slurry production. Here, the process parameters and screw design play an important role in achieving specific product qualities. At the cathode side, Haarmann et al. [9] investigated the effects of different process conditions in an extruder on the rheological properties and particle sizes of NMC622 or Li(Ni0.6Mn0.2Co0.2)O2 slurries. Here, the effects of a solid or wet binder dosing (PVDF or polyvinylidene fluoride) on the continuous mixing step was discussed. Moreover, Haarmann et al. compared two screw configurations with differences in the kneading sections. Although there were no major changes in the viscosity, an effect of screw configuration on particle dispersion was observed. By using wider kneading elements, better dispersion and particle breakage were achieved, especially when using dry binders. Similarly, the significance of the screw configuration was also recently addressed by Wiegmann et al. [10] for anodes. The study investigated the extrusion of graphite anode pastes with low solvent content and evaluated different screw configurations. The implemented screw designs targeted different specific power inputs and showed a crucial effect on the electrode properties, especially on the resulting internal surface area of the anodes, which caused variations in cell capacity.



Since twin-screw extruders generally have closed construction, the evaluation of the mixing efficiency in the process can only be achieved through measurements of the product quality. However, this usually requires long development time and expertise. Therefore, understanding the material flow behavior in the process in relation to different process conditions is of great interest, especially in order to optimize the process for novel and existing battery materials. While experimental analyses can be extensive, process simulations provide a method to support process development and to understand product changes during production.



For the mixing step, depending on the simulation scale to be analyzed, extruders are usually difficult to model due to their geometry and complex design [11]. Different authors have modeled twin-screw extruders based on dimensionless numbers in order to calculate the flow behavior according to empirical correlations for different process configurations [11,12]. This approach has great advantages as it allows the approximation of process information such as filling ratios, pressure gradients and drive power across the extruder screw using simple equations, especially when compared to more complex flow simulations of the entire extruder screw, which provide more detailed information about the process but require more computation. Eitzlmayr et al. [12] presented a model for pharmaceutical hot-melt extrusion (HME) based on empirical parameters, which were obtained through process simulation, and they further discussed the incorporation of the polymer melt rheology. Later, Eitzlmayr et al. [13] introduced a 3D flow simulation framework based on the smoothed particle hydrodynamics (SPH) method to obtain further process information based on single screw elements. Similarly, Lewandowski et al. [14] investigated the pumping efficiency of individual elements for hot-melt extrusion and used 3D FEM simulation to obtain screw coefficients to calculate material flow in the extruder. The simulation was conducted using Polyflow v.15.0 (ANSYS) and then validated experimentally. Both approaches rely on the simulation of individual screw elements that are coupled for larger zone simulations. Moreover, a simulation-based study of the extrusion of battery material using a conical extruder was presented by Paredes-Goyes et al. [15] for solvent-free applications based on the DEM method. It provided an approach to evaluate the particle orientation for different cohesion forces and screw speeds to obtain different representative microstructures. Ellwanger et al. [16] investigated both the local residence time and the thermomechanical stress for protein extrusion using flow simulations based on the moving particle semi-implicit (MPS) method. Thereby, the effects of three standard kneader sections were discussed and then compared against experiments. The results illustrate that under identical process conditions, the material flow varies depending on the screw design.



In our previous work [17], we analyzed the material strain for individual screw elements through simulations in the context of wet continuous battery slurry processing. We showed the influence of the filling ratio on the shear rate and flow performance of the product. Since the mixing process mainly affects the microstructure in the battery cells, the analysis of the material strain and the resulting particle breakage is of great interest [18]. On this basis, we investigate further screw configurations, focusing on various kneader combinations in order to enhance the mechanical stress exerted by the extruder. Here, simulations of the process play a key role to gain more information about the different process conditions and their effect on continuous battery slurry production. Therefore, we extend previous simulations in the present study by investigating different screw element combinations and their effect on material strain and residence time, with emphasis on material accumulation in the kneading zone due to screw element interaction. This allows for a detailed analysis of complex screw designs. Furthermore, a digital twin of the twin-screw extruder for proper process characterization and for finding the optimal conditions to achieve specific slurry properties is pursued in this work, with a focus on the effects of the screw design on the dispersion process. Therefore, an analysis of the numerical flow behavior during the extrusion process using a combination of screw elements is evaluated complementary to experiments. By analyzing the material responses to process changes, enhancement of the product’s quality can be achieved.




2. Materials and Methods


Twin-screw extruders (TSEs) are versatile mixing devices due to their modular architecture, especially when considering the design of the screw configuration. In addition, material handling in the extruder can be influenced by process parameters such as the rotational speed of the extruder screw and the flow rate. By controlling these parameters, the mixing performance can be adapted to different material requirements.



2.1. Extruder Type and Screw Configuration


The extruder investigated in this work is the Thermo Scientific Energy 11 twin-screw extruder from Thermo Fisher Scientific (Germany). The barrel diameter (  D b  ) of the extruder is 11 mm. The measured extruder screw diameter (  D s  ) is 10.7 mm, and the inner screw diameter is 6.2 mm. The barrel has a length-to-diameter ratio (L/D) of 40, which corresponds to an extrusion length of 440 mm. The extruder screw can be simplified into an arrangement of multiple screw elements such as conveyors and kneaders. This enables the construction of modular kneading sections that can be adapted to material requirements. This study covers three screw configurations with different kneading section combinations to specifically induce flow resistance and improve mixing efficiency. The experiments were conducted using two kneading zones, i.e., twice the investigated kneading section; this is done to ensure that a slurry is processed in the second kneader, as the first kneading section is primarily for mixing, and subsequently, we assume a homogeneous slurry. For simulation purposes, we focused on the second kneading section, where the evaluated screw configurations (Figure 1) were reduced to two conveying elements on the inlet and outlet sides and a kneading section in the middle. The kneading section consists of 10 kneading discs arranged with either a 30°, 60° or 90° offset angle. The measured width of each kneading disk was 2.5 mm, giving a total kneading section length of 25 mm. Moreover, the length of each conveying element was 11 mm, for a total simulation length of 69 mm.



The main aspect of this study is to replicate various process setups for different screw configurations and to analyze their effect on material distribution throughout the extruder, considering the design of different kneading section. The first configuration (SC1) is used as a reference and consists mainly of kneading disks with an offset angel of 60° combined with three disks with an offset of 30° for easier transition into the kneading zone. The second configuration (SC2) combines six disks with 60° offset with four subsequent disks with 90° offset. This arrangement is called a neutral kneading zone and is characterized by having no axial transport feature, thus increasing the flow resistance. The third configuration consists of six disks with 60° offset and four disks with 60° offset in a backwards arrangement. The backward kneading zone is well known for inducing a high degree of flow resistance into the material [11].



For each of the evaluated screw configurations, the flow rate and the screw speed were varied. Both process parameters have their own effect on the flow patterns in the extruder. For better comparison, the process setups or operating points can be described by Equation (1) [11,19].


    V ˙  *  = SFL =   V ˙   n   D  s  3     .  



(1)







The dimensionless number    V ˙  *   describes the specific feed load (SFL) or the ratio between the flow rate   V ˙   in the extruder and the screw speed n, with the screw diameter   D s   as a geometrical parameter. The extruder is capable of processing materials up to 1000 rpm, yet the maximum mass flow rate is limited by the feed capacity of the screw, which also depends on the screw speed. In this study, the screw speed was varied between 120, 300 and 600 rpm for two different mass flow rates of 0.4 and 0.8   kg   h  − 1    . A full factorial design of the experiment was applied.




2.2. Anode Slurry


In this work, the processing of water-based anode slurries is investigated due to their advantage regarding safety and handling over organic-solvent-based battery slurries. For the production of anode slurries, usually graphite is used as an active material (AM), and its conductivity is enhanced by adding a conductive additive such as carbon black (CB). Binders and additives are used to ensure stability of the electrode microstructure during production and in the cell. In water-based anodes, carboxymethylcellulose (CMC) and styrene-butadiene rubber (SBR) are commonly used [20]. Accordingly, the produced anodes in this study were water-based with a solid content of 43% (93%wt graphite, 1.4%wt CB, 1.87%wt CMC and 3.73%wt SBR). This formulation yields a slurry density of 1490   kg   m  − 3    . The graphite used in this study was Mechano-Cap®1P1 (HC Carbon Gmbh) with an average particle size of 20–24 µm. The conductive additive used was Super C65 conductive carbon black (Nanografi Nano Technology), and the binders were carboxymethylcellulose sodium salt (Carl Roth) with a degree of substitution of 0.75–0.85 and styrene-butadiene rubber (Nanografi Nano Technology). The anode slurry components were separated into the wet and dry dosing ports and continuously fed into the process. In the first extruder zone, dry components, consisting of graphite, carbon black and CMC, were dosed by mass using a gravimetric feeder. Subsequently, the wet components were introduced into the process at the third extruder zone using a peristaltic pump. Here, diluted SBR-water solution was dosed via the liquid port and adjusted to the target solids content. In addition, the dry components were homogenized using a drum hoop mixer. Moreover, all experiments were conducted with the same batch mixture of dry components to avoid large variations in the feed homogeneity.



After extrusion, anode slurry samples (30 mL) were taken at the evaluated process conditions during continuous production for each screw configuration. Sampling was performed after a minimum of 5 min following each process change to ensure steady flow. The process was run starting at the lowest screw speed, then we changed the mass flow rate before increasing the screw speed to avoid a rapid increase in energy input that could alter the samples.



Analysis of the samples consisted of measurement of the particle size distributions for each setup. This was performed using a LUMisizer (LUM GmbH). The feasibility of this method was evaluated by Yildiz et al. [21]. The working principle of the device is based on measuring variations in light intensity during sedimentation of particles in a centrifugal field. As a result, time-dependent sedimentation profiles are obtained, and particle sizes can be derived. Due to the measurement method, the particle size distributions obtained are light-intensity weighted. To avoid hindered settling due to high particle concentration, we found a suitable dilution of 1:100 anode slurry in water, which yielded a solid volume fraction of approximately 0.190%. The measurement script consisted of a two-step centrifugation procedure analogous to that proposed by Yildiz et al. [21]. The first step applied a rotational speed of 500 rpm for 5 min. Here, sedimentation of graphite and also large carbon black agglomerates was observed based on the time-dependent light transmission profiles, which converged after the first centrifugation step. Afterwards, the centrifugal force was increased to 4000 rpm for 2 h for detection of smaller agglomerates and aggregates (fine particles) in the probes, at the end of which, a clear liquid phase was obtained.




2.3. Process Simulation


In order to evaluate different screw configurations and quantify the effects of the process conditions on extrusion, simulations of the process were performed. The material flow behavior inside the extruder was simulated using the smoothed-particle hydrodynamics (SPH) method. The calculations were performed using the open-source software DualSPHyiscs (v5.0) [22]. In the SPH formulation, fluids are described through finite mass points, also called SPH particles. The fluid flow is then calculated by solving the Lagrangian formulation of the continuity and momentum conservation equations. For this purpose, SPH uses a kernel function to calculate particle interaction. Here, the fifth-order Wendland kernel function is implemented due to its enhanced stability property [22]. Another relevant parameter for the simulation is the particle distance (  d p  ), which affects the number of particles to be simulated and, consequentially, the accuracy of the simulations and the computational effort. In this study, a   d p   of 150µm was used to match the gap size between the screw and extruder barrel. This allows for the simulation of more particles without compromising the simulation time. Depending on the simulated process parameters, the used resolution results in the generation of up to 310,000 particles at a stationary flow state. The simulations were performed on GPU cards, which enabled the simulation of up to 10–15 s process time. This was sufficient to ensure steady flow conditions for all parameter combination.



The SPH method offers great advantages for extruder simulation since it facilitates the evaluation of free surface flows, which is relevant to analyze partially filled sections of the different extruder sections. The implementation of this method for battery applications was discussed in our previous work on single screw elements [17]. In the present study, an inlet condition was added to adjust the material flow rate into the screw section. This is located at the first screw element for inlet purposes. Accordingly, particles leaving the flow domain on the outlet are simply deleted. Furthermore, the present study evaluates the production of anode slurries with a target viscosity of 1  Pas . Thereby, the simulated slurries were computed as a Newtonian fluid with a constant viscosity and a density of 1500   kg   h  − 1    .



In order to quantify and compare the material strain that is applied by the screws, the specific energy input (SEI) is calculated according to


  SEI =    ∑ i   P i   e i    m slurry   ,  



(2)




based on the simulation results, which is given by the sum of the specific local drive power   P i   applied by the extruder screw to each specific volume element   e i   divided by the overall processed material mass   m slurry   [11,23]. The local drive power term can be derived from the local shear forces in cases wherein no further energy losses occur, which is the case in the simulation. Therefore,   P i   is given by


   P i  = η    γ ˙  i 2    



(3)




as the product of the material viscosity  η  and the local shear rate in the screw section    γ ˙  i   [11].



With data obtained from the SPH simulations, the resulting shear rate in the different screw sections can be calculated via the gradient ∇ of the fluid flow velocity    v →  i   [17] according to


    γ ˙  i  = ∇   v →  i  + ∇   v →  i ⊤  .  



(4)







Furthermore, the specific energy input is a performance indicator for the extrusion process and can be calculated for any kind of screw geometry [11].





3. Results


The aim of this work is to evaluate the effects of different flow conditions, resulting from both the operational setup and the module geometry, on the material distribution and the resulting material strain in the extruder. In this way, it is possible to obtain localized process data, such as filling ratio, residence time and shear stress, which help to describe material-specific changes.



3.1. Material Transport Efficiency


Material flow in the extruder is analyzed through flow simulations of the process. Accordingly, depending on the screw configuration, material is retained locally, resulting in different filling ratios across the screw. Examples of the resulting flow profiles (for selected process parameter combinations) are shown in Figure 2 for the screw configuration with backward elements (SC3).



Figure 2 shows the axial component of the velocity field in the screw section at steady state (10 s simulation time) for the simulated process setups. The simulations show the flow behavior at 120, 300 and 600 rpm for mass flow rates of both 0.4 and 0.8   kg   h  − 1    . Based on the resulting flow patterns, it can be observed that material tends to accumulate in the kneading zones, resulting in different filling ratios across the screw. In addition, due to the geometry of the kneader, material that is flowing primarily in the extrusion direction in the kneading zone can partially experience reverse flow, resulting in overall higher flow resistance, which enhances the mixing effects of the kneading zones. Similarly, in the conveying zones, the material flows unaltered in the extrusion direction, resulting in high conveyance but almost no mixing. Furthermore, as shown in Figure 2, lower screw speeds and higher flow rates enhance the material accumulation in the kneading zone.



To quantify the resulting local filling ratio, the screws were discretized uniformly into 2.5 mm wide sections, which stands for the width of the single kneading disks. The fill ratio is then locally determined by the number of SPH particles in each discretized section divided by the maximum number of particles that would fit in a given screw section. This was numerically found to be approximately   14 , 000   particles/mm at the used particle spacing of   0.15   mm. The resulting filling profiles for the investigated screw configurations are shown in Figure 3.



The profiles show that the screw configuration has a significant effect on the material transport behavior. The use of a backward kneading block arrangement (Figure 3c) leads to overall higher filling of the kneading section. In addition, the material accumulates in front of the backward flow element, causing more uneven material distribution in the kneading zone. A higher filling ratio is also obtained by using a neutral kneading block, as shown in Figure 3b, where the kneading section is, in contrast, filled more evenly. For SC1, material retention is less appreciable, resulting in less-filled sections. Furthermore, for all evaluated screw sections, a higher fill ratio is achieved by using a lower screw rotational speed or higher flow rate. Therefore, in order to process more material without reaching exceedingly high filling ratios, the screw speed can be increased to extend the conveying capacity of the screw. However, this is subject to process limitations and also affects the residence time and material strain, which will be discussed below.



The residence time of the material in the extruder can be described by the response time of the device. Due to the flow conditions in the extruder and the interaction between the two shafts, material can be retained longer locally or can flow faster, depending on the screw design. As a result, the time it takes for particles entering the feed zone to reach the outlet cannot be described by a single value but rather as a frequency distribution. The residence time of individual particles affects the overall mixing efficiency of the extruder and, consequentially, the particle dispersion. As discussed above, the geometric differences of different screw elements introduce different local flow resistances, resulting in different local flow conditions within the extruder. Such local information is virtually impossible to measure experimentally. However, flow simulations of the screw sections allow analysis of local residence times and characterization of the effects of process changes such as screw speed, flow rates and screw configuration.



The calculation follows a Monte Carlo approach and is based on tracking a sample of individual particles as they enter the kneading zone and measuring the time it takes them to leave the kneader. However, depending on the flow conditions and screw design, different amounts of particles flow through the screw sections, causing variance in the sample size. Therefore, the sample size for each setup was set to be   10  % of the particles entering the kneading section, or at least 100 particles to provide a representative sample size. Sampling occurs at steady state or when no further changes in the filling level of the kneading zone are detected. Figure 4 shows the resulting frequency distributions   q 0   of the residence time  τ  in the kneading zone for all investigated process setups.



It can be observed that the screw configuration has a significant effect on the material residence time. The trends correlate with the ones discussed above for the filling ratio: according to the calculated filling ratios, particles are retained longer in the kneading section with backward elements (SC3) or neutral elements (SC2) compared to SC1. Lower screw speeds and higher mass flow rates additionally increase the residence time. Moreover, since all simulations resulted in partially filled screw sections, the screw speed has a larger effect on the residence time than the mass flow rate. This is in agreement with discussions from Kohlgrüber [11], wherein an analytical correlation for the mean residence time  τ  for both partially and fully filled screw sections was presented. The mean residence time can be approximated by


  τ =    V free  ϕ   V ˙   ,  



(5)




where   V free   correspond to the free volume of the extruder section,   V ˙   is the volume flow rate, and  ϕ  is the filling ratio. Equation (5) explains the variation in residence time for an increasing mass (or volume) flow rate. In the case of a fully filled screw section (  ϕ = 1  ) the equation is reduced accordingly. However, for partially filled sections, the filling ratio term can be correlated to the screw speed, resulting in an inversely proportional relationship between the screw speed n and the residence time   τ ∝  n  − 1    . Since all simulations resulted in partially filled screw sections, this explains the observed effects of screw speed. Thus, the results are in good agreement with theory [11]. Although a direct validation of the SPH studies is currently impossible due to the lack of analytical tools inside the extruder, this highlights that the obtained results are physically viable and that SPH is able to deliver trustworthy information on the flow conditions.




3.2. Specific Material Strain


The process variations and the resulting flow conditions influence the amount of strain that the material undergoes during production. The relationship between fill ratio and shear rate for individual screw elements was discussed in our previous work based on a larger extruder [17]. In the present work, we further characterize the resulting material strain in relation to process parameters, but we also consider different screw configurations. This approach aims to understand the resulting strain conditions due to the interactions between different screw element combinations. Shear rates are calculated according to Equation (4) for all simulation cases based on 20 simulation frames (1 s real time) after reaching steady material flow in the kneader. Figure 5 shows the resulting shear rate distributions withing the kneading zone for the simulated process setups.



Considering changes to the screw speed at a constant flow rate, a shift of the curves to higher shear rate values with increasing screw speed can be observed. This behavior is consistent with the expectations based on analytical models of the mean shear rate for single-screw extruders [24]


    γ ˙  ¯  =   π  D s  n  h  ,  



(6)




where the dependence is described linearly. The term h is the gap size between screw and extruder barrel, and   D s   is the screw diameter. The influence of the screw speed in twin-screw extruders is similar to that in single-screw extruders, yet the effects of possible pressure gradients with twin screws lead to a more complex relationship, as discussed by Vergnes et al. [24]. For the evaluated twin-screw extruder with the applied process setups, the modes of the distributions increase linearly with the screw speed. Slight deviations from linear behavior can be explained by the effects of the screw speed on the filling ratio in the twin-screw section, as previously discussed. Again, this emphasizes the validity of the performed SPH simulations, as the observed trends are in agreement with theory.



Figure 5 illustrates that at a lower mass flow rate (0.4   kg   h  − 1    ), smaller differences between the strain profiles are obtained, while at a higher mass flow rate (0.8   kg   h  − 1    ), especially at lower screw speeds, the screw configuration causes larger differences in the material strain. This also correlates with the obtained filling ratios for these conditions. At lower mass flow rates, low filling ratios are obtained, causing higher material strain due to the predominant extruder wall and screw tip interaction. In contrast, as the mass flow rate increases, the material begins to fill the larger free spaces in the extruder cross section, resulting in lower strain rates for most of the additional material. Thus, the high-shear zones are already occupied by material, and the average strain is reduced. This effect dominates at lower screw speeds, where the effects of the filling ratio are more appreciable. Finally, considering that the investigated kneading zones have the same size, it can be observed that the arrangement of the kneading blocks in general slightly affects the material strain. However, no clear trends can be deduced, as the effects are highly dependent on the process parameters and are presumably related to the resulting filling ratios.



From the calculated shear rate distributions for the different process setups, further process-relevant values are derived. First, the mean specific shear stress (   σ ¯  m  )


    σ ¯  m  =   η    γ ˙  ¯    m ˙    



(7)




is evaluated as the mean value of the local shear stress    σ ¯  = η    γ ˙  ¯    divided by the mass flow rate   m ˙  . Additionally, the specific energy input was evaluated according to Equation (2). Thereby, the SEI includes the sum of all local drive power values evaluated according to Equation (3) that occur in the simulation for one second or 20 time steps. Therefore, the SEI represents a more global performance parameter of the individual screw configurations, and    σ ¯  m   represents the mean local stress in the extruder. Figure 6 shows both the specific mean shear stress and the specific energy input in the kneading zone as a function of the screw speed for various screw configurations and mass flow rates.



As shown in Figure 6a, the specific mean shear stress    σ ¯  m   increases with screw speed. In addition, the results indicate that the increase in stress depends on the screw configuration and the mass flow rate. Generally, the screw configuration with backwards elements (SC3) produces the highest stress, followed by SC2 and SC1, respectively. At higher mass flow rates, the differences in    σ ¯  m   caused by the screw configuration are less pronounced than at lower flow rates. Additionally, since a lower mass flow rate results in a lower fill ratio and, thereby, less material being processed, the average stress induced by the screw on the material becomes higher. Similarly, Figure 6b shows that the simulated specific energy input (SEI) also increases with screw speed. Although the dependency on the screw configuration is less pronounced, SEI is still higher at lower flow rates due to the lower filling ratios in the extruder. SEI corresponds to the integral energy input; therefore, SEI includes the high- and low-stress areas in one value, resulting in similar values between screw configurations. Note that both   σ m   and SEI are based on the shear rate calculations, with   σ m   showing larger differences regarding the process setup and screw configuration; this value, however, reflects the mean stress and neglects the width of the shear rate distribution, which may be important for further dispersion evaluation.




3.3. Battery Dispersion Efficiency


In order to analyze the performance of the extruder on battery slurry production and to further study the effect of the process setups on the continuous wet mixing process, an experimental evaluation of the simulated operating points and screw configurations was conducted. In addition, a higher screw speed of 900 RPM was added for the experimental evaluation. For the experiments, a water-based graphite anode slurry with a solid content of   43 %   dry mass was produced and analyzed. The measurements focused on changes to the particle size distribution (PSD) of the battery slurries after extrusion.



Figure 7 visualizes the effect of process parameters changes such as screw speed and flow rate for the analyzed screw configurations on the particle size distribution compared with the baseline distribution of dry components (Feed). Particle size distributions were measured using a LUMisizer (LUM GmbH). As analyses are based on light extinction, the results in multi-material systems have to be interpreted carefully since they neglect the influence of differences in extinction coefficients.



For all the investigated setups, particle dispersion is observed, as the peak for larger particle sizes is reduced while the peak for smaller sizes is increased relative to the feed material. The measurements show that particle dispersion occurs even at low screw speeds, yet the largest changes to particle size distribution are produced by increasing the screw speed. Thus, for a constant mass flow rate, the results indicate that increasing the screw speed causes an increase in fine particles in the mixture and, hence, higher breakage efficiency of the carbon black agglomerates. Sample SEM images comparing the produced anodes at low (120 RPM) and high (900 RPM) showing this effect can be found in Supplementary Materials. Moreover, this effect correlates with the increase in shear stress, since the shear rate generated by the screws increases almost linearly with the screw speed (see Section 3.2). In order to achieve breakage of the agglomerates in the battery slurry, a critical shear stress must be exceeded [18]. In addition, different agglomerate breakage mechanism may occur depending on the stress conditions. For instance, at low shear stress, erosion is more likely to occur, while at higher shear stress, more uniform particle breakage is feasible [18]. Although only empirical correlations exist, the breakage rate generally increases with increasing shear stress, i.e., energy dissipation [25].



The effect of the mass flow rate on the dispersion is analogous: When comparing the measured results at the same screw speed, an increase in mass flow rate resulted in a lower presence of fine material in the slurry. This can be explained by the increase in material flow in low-shear stress zones, as the filling ratio increases with the flow rate, as discussed in Section 3.2. Thus, the probability of larger agglomerates being processed in the narrow gaps of the extruder is reduced. Furthermore, a significant effect of screw configuration on the particle size distribution can be observed at lower flow rates. For the configuration with backward elements (SC3), the increased flow resistance can amplify the effects of the upstream kneader block and, combined with longer residence times, results in more breakage. For the other two screw configurations, however, this effect is less pronounced. Here, the use of the reference (SC1) or neutral (SC2) kneading block resulted in similar breakage performance. Despite the enhanced distributive mixing effect of neutral elements, the reduced breakage efficiency for both configurations can be explained by their similar dispersing effect [11]. In addition, the importance of screw configuration becomes more apparent at higher screw speeds, for which the shear stress is overall higher. For higher mass flow rates, the differences between screw configurations are less pronounced. This may be due to the overall lowered dispersion performance.



Finally, by comparing the particle size measurements at different process operating points, it is possible to summarize the effects of the process parameters on the dispersion efficiency. The dispersion index


   DI CB  =    Q 3   (  x D  )    x  50 , CB     



(8)




proposed by Weber et al. [23] is employed for this analysis. The mean particle diameter   x  50 , CB    of the left peak (fine material) in the slurry and its volume fraction    Q 3   (  x D  )    (here,    x D  = 3   µm) are considered. The dispersion index is a general measure of the amount of finely dispersed carbon black aggregates in the mixture. In order to evaluate the effects of the individual process setups, the initial value of the dispersion index prior to extrusion for carbon black in the premix   DI  CB , 0    is subtracted, which in this study was equal to 0.52 µ  m  − 1    for all experiments; this allows for a more objective assessment of the net increase in dispersion caused by the process. The resulting curves are shown in Figure 8, where the effects of screw speed, flow rate and screw configuration are visualized. It should be noted that changes in particle dispersion are mainly attributed to carbon black breakage, as for the investigated process conditions no large variation in the graphite particle sizes occurred (see Supplementary Material).



The results confirm that at constant flow rate, the increase in screw speed induces a higher degree of dispersion, which can be correlated with the increase in mean shear stress as shown in Figure 6. A similar effect can be seen with respect to the mass flow rate, since for the same screw speed, a lower flow rate results in a higher degree of dispersion, corresponding to the increase in shear stress as previously discussed. Furthermore, the effects of the screw configuration are also more appreciable for lower flow rates; here the dispersion of carbon black was higher when using backward elements (SC3) in comparison to SC1 and SC2, thus correlating also with the higher mean shear stress as shown in Figure 6. Accordingly, at higher flow rates, the screw effects are less pronounced, and the changes in the dispersion index are similar for all screw configurations.



The specific feed load (SFL) combines the effects of both screw speed and flow rate in a dimensionless number according to Equation (1). Plotting the dispersion index as a function of the inverse of the specific feed load yields a linear, dimensionless correlation for the extruder performance. Accordingly, it is possible to estimate the dispersion efficiency of the extruder based on target production rates. This correlation fits all investigated process conditions and screw configurations well, while a higher flow rate results in a slightly higher slope. However, the processing range at higher flow rates is shorter due to process limitations. Accordingly, it is possible to estimate and control the dispersion efficiency of the extruder based on the presented dimensionless correlation. Therefore, in order to increase the production rate while maintaining product quality, a higher screw speed must be applied, but this is limited by the process constraints of the extruder.





4. Discussion


The objective of this work was to analyze the effects of screw configuration and process parameters on the continuous production of lithium-ion battery slurries. An SPH-based simulation study of the slurry flow at different process conditions was performed and quantitatively evaluated. Material transport through the extruder and the resulting local filling ratios of different screw sections were characterized. The results showed that the screw design has a significant effect on the degree of filling of the extruder, especially in the kneading zone. The use of a counterflow kneading element (SC3) induced, as expected, a higher degree of filling in the kneading zone compared to the other evaluated kneader configurations. However, the simulations showed that, depending on the process parameters, uneven filling of the upstream screw element can occur, resulting in material accumulation only at the beginning of the downstream screw element. An increase in the filling ratio of the kneading section was also observed by using a neutral kneading block (SC2). In this case, more homogeneous filling of the kneading zone was obtained. Finally, the lowest filling levels were obtained with the reference screw (SC1).



Similar to the different filling ratios, the screw configuration also has a significant effect on the residence time. For the simulated mass flow rates and screw speeds, the residence time of particles in the kneading zone ranged from about   100   ms to about   10   s according to the obtained residence time distributions. The results showed that, in general, a higher degree of filling correlates with a longer residence time in the kneading zone. Thus, the particle retention characteristics of neutral (KB90) and backflow (KB60-R) elements were significantly higher compared to the reference screw designs. Since all configurations in the evaluated process range resulted in a partially filled section of the kneading zone, the effect of screw speed was higher than the effect of mass flow rate, which is consistent with the literature.



To investigate the material strain in the extruder, shear rate distributions were calculated, which showed a strong dependence on the process conditions, again correlating with the effects on the filling ratio. At high screw speeds and low mass flow rates, i.e., at lower filling ratios in the kneading section, the magnitude of the shear rates in the flow is increased, thereby promoting higher local stress for particle dispersion. Thus, at higher filling ratios, the probability of material being processed in the high-shear areas is reduced. The screw configuration showed a significant effect on the mean shear stress, especially at low flow rates, for which the backwards configuration showed the highest mean shear stress. In contrast, for higher flow rates, the influence of the screw configurations was less pronounced. In general, the results showed the dependency of the mean shear stress for different process setups, thus demonstrating that processing material at a lower flow rate and higher screw speed increases the amount of strain in the flow, thereby promoting higher local stress for particle dispersion.



In addition to the simulations, an experimental analysis of the slurry quality after extrusion was conducted. For this purpose, graphite anode slurries were processed under the same process conditions that were simulated. The slurry quality was evaluated by measuring the changes to the particle size distribution. The results are consistent with the previously discussed dependence of material strain on filling ratio: at lower mass flow rates and higher screw speeds, i.e., at low filling ratios, the break-up of larger carbon black agglomerates is promoted, resulting in an increased amount of finely dispersed particles after extrusion. Both effects were summarized using the dimensionless flow number or specific feed load (SFL). It was shown that a high flow number induces a lower degree of dispersion. Therefore, low flow rates and high screw speeds should be used to improve dispersion for the extrusion of battery slurries. The presented dimensionless correlation allows the estimation of the dispersion degree of conductive material in the slurries directly from the process parameters for the evaluated extruder. It is therefore a valuable tool for scaling production rates while maintaining the desired degree of dispersion. Since a higher flow rate reduces the degree of dispersion in the slurry, increasing the screw speed to maintain a constant SFL can be used to mitigate changes in particle dispersion. The same simulation procedure can be applied to other extruder scales, for which the results should be comparable under the same process conditions. Furthermore, if other materials such as cathodes are considered, similar behavior is expected as long as the changes to the degree of dispersion can be attributed to the conductive material. For the same process parameters, similar shear rates should be obtained; however, depending on the formulation of the paste (viscosity), the shear stress may change. The present work covers one anode formulation in order to concentrate on the process parameters.



Further studies should aim to close the gap between the presented shear rate distributions and the experimentally observed changes to the particle size distribution. Population balance equations pose a promising way of coupling the results of the presented SPH simulations (process conditions) and the desired slurry quality (particle dispersion). Such a multi-scale approach would result in an end-to-end modeling framework for simulating slurry dispersion in twin-screw extruders for battery applications.
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Figure 1. Overview of modeled screw configurations for inducing flow resistance. Standard configuration (a) with 30° and 60° offset angle disks (low resistance), neutral configuration (b) with 60° and 90° offset angle disks (moderate resistance), and backflow configuration (c) with 60° and reversed 60° offset angle disks (high resistance). 
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Figure 2. Rendering of the material distribution and resulting axial velocity in response to changes to the process parameters for a screw configuration with backflow kneading section (SC3) for both   0.4   and   0.8  kg   h  − 1     at respectively 120, 300 and 600 RPM. 
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Figure 3. Resulting filling ratios in the screw with respect to configuration and process parameters: (a) standard, (b) neutral and (c) backflow configurations. 
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Figure 4. Residence time distribution in the kneading zone for different process variations and screw configurations: standard (SC1), neutral (SC2) and backflow (SC3) configurations. 
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Figure 5. Effects of screw configuration and process parameters on the shear rate distributions in the kneading section: standard (SC1), neutral (SC2) and backflow (SC3) configurations. 
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Figure 6. Effect of the screw speed on the specific mean shear stress (a) and the total specific energy input (b) for the evaluated kneading sections for mass flow rates of both   0.4   (SC1–SC3) and   0.8  kg   h  − 1     (SC1*–SC3*): standard (SC1), neutral (SC2) and backflow (SC3) configurations. 
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Figure 7. Effects of the process parameters and screw configuration on the particle size distribution (equivalent diameter x*) of the produced anode slurry compared to the feed distribution: standard (SC1), neutral (SC2) and backflow (SC3) configurations. 
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Figure 8. Effect of the screw speed (left) and specific feed load (right) on the carbon black dispersion index for the evaluated kneading sections for both mass flow rates of   0.4   (SC1–SC3) and   0.8  kg   h  − 1     (SC1*–SC3*): standard (SC1), neutral (SC2) and backflow (SC3) configurations. 
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