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Abstract

:

Tungsten (W) has the unique combination of excellent thermal properties, low sputter yield, low hydrogen retention, and acceptable activation. Therefore, W is presently the main candidate for the first wall and armor material for future fusion devices. However, its intrinsic brittleness and its embrittlement during operation bears the risk of a sudden and catastrophic component failure. As a countermeasure, tungsten fiber-reinforced tungsten (Wf/W) composites exhibiting extrinsic toughening are being developed. A possible Wf/W production route is chemical vapor deposition (CVD) by reducing WF6 with H2 on heated W fabrics. The challenge here is that the growing CVD-W can seal gaseous domains leading to strength reducing pores. In previous work, CVD models for Wf/W synthesis were developed with COMSOL Multiphysics and validated experimentally. In the present article, these models were applied to conduct a parameter study to optimize the coating uniformity, the relative density, the WF6 demand, and the process time. A low temperature and a low total pressure increase the process time, but in return lead to very uniform W layers at the micro and macro scales and thus to an optimized relative density of the Wf/W composite. High H2 and low WF6 gas flow rates lead to a slightly shorter process time and an improved coating uniformity as long as WF6 is not depleted, which can be avoided by applying the presented reactor model.
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1. Introduction


To realize commercial fusion power plants, the development of high-performance materials with adequate lifetimes is essential. One of the ultimate reactor-design challenges is to deal with the enormous heat and particle fluxes, plasma erosion, neutron irradiation, and transmutation [1,2,3,4]. Tungsten (W) is currently the main candidate material as it meets most of these requirements [5,6]. Tungsten has a high thermal conductivity, the highest melting point of all metals (3695 K) and a high resistance against plasma erosion. The reason for these properties is the combination of a high atomic number (z = 74) and a high atomic binding energy (approximately 11.8 eV [7]), which is, e.g., approximately 4.6 times the binding energy of lead (Pb) [8]. However, tungsten has the drawback of a high ductile-to-brittle transition temperature (DBTT), which ranges from 300–1200 K, depending on the fabrication process and treatment [9,10]. Furthermore, the DBTT is suspected to increase by several hundred Kelvin due to neutron irradiation within a year of fusion operation [11,12].



Studies have shown that thermal stresses induced by transient events during plasma instabilities can lead to the failure of complete plasma facing components consisting of W sheet material [13]. This is especially problematic for smaller reactor designs, which have even higher material requirements. New materials are being developed to overcome this issue [14]. One of these new materials is a tungsten fiber-reinforced tungsten (Wf/W) composite similar to fiber-reinforced ceramics [12,14,15,16,17,18,19]. Due to the increased toughness and damage resistance below the DBTT [20], Wf/W is expected to provide longer lifetimes compared to pure W. The main benefit here is the extrinsic toughening mechanisms in contrast to only intrinsic ones [21]. It is expected that Wf/W can endure irradiation embrittlement better than conventional materials [11].



To produce Wf/W, potassium doped drawn W fibers are used. The potassium doping acts to suppress recrystallization and thus allows the extrinsic toughening and ductile deformation of fibers even beyond the pure tungsten recrystallization temperature. Details of this can be found in [19,22]. To obtain pseudo-ductility despite of a brittle matrix, energy dissipating mechanisms needs to be enabled [23]. This can be achieved by tailoring a fiber-matrix-interface to have a slightly lower fracture energy than the W fibers. Therefore, as the first step, the W fibers are coated by a thin layer of Y2O3 [21,24]. Currently, physical vapor deposition is used for this.



In the next step, the coated fibers are embedded in the W matrix. In addition to powder metallurgy utilizing 1.5–2.5 mm short fibers [25,26,27], a possible synthesis route is chemical vapor deposition (CVD) on several cm long fibers or textile pre-forms [28,29]. For this work, CVD was used with tungsten hexafluoride (WF6) and hydrogen (H   2  ) as gaseous precursors. They react on surfaces heated above 550 K to solidify W with high purity [30] and gaseous hydrofluoric acid, as described by Equation (1).


  W  F 6  ( g ) + 3  H 2  ( g ) − > W ( s ) + 6 H F ( g )  



(1)







A picture of a possible experimental setup to produce Wf/W layer-wise is shown in Figure 1. The CVD substrate (a W fabric) is placed onto a heating table below a gas shower supplying the CVD precursors. During the deposition process, this setup is located inside of a bell-shaped vessel, to which the gas inlets, the vacuum pumps, and the exhaust gas handling are connected. After a fabric is coated, the process is stopped and the next fabric layer is placed onto the previous one, and so forth. A detailed description of the Wf/W production can be found in [31,32].



One of the major process challenges is that pores can remain in the composite if the solid W matrix growing from adjacent fibers connects and seals off gaseous domains from the precursor supply. These pores in the W matrix between the fibers weaken the mechanical properties of the composite as they lead to stress concentrations, which can lead to premature matrix crack initiation and thus delamination of coated layers [33], as happened in the tensile specimen shown in Figure 2.



The porosity can be reduced by increasing the distance between the fibers; however, a lower fiber volume fraction leads again to a lower fiber-reinforcing effect and thus to lower fracture toughness [34]. Therefore, the current work was motivated by the question regarding whether the porosity in Wf/W can also be reduced by only optimizing the CVD process parameters (temperature, gas flow rates and pressure) without reducing the fiber volume fraction. To answer this question, CVD models were developed utilizing the commercial Finite Element Method (FEM) software COMSOL Multiphysics [35].



The first development step focused on the influence of the CVD process parameters on the W deposition rate, as presented in [36,37].



The second step concentrated on the application of the W deposition rate equations to model and experimentally validate the Wf/W synthesis at the macro- and micro-scales. The scales were modeled and linked via the boundary conditions regarding precursor concentrations and temperature. For a single CVD process parameter set, the coatings within more than 50 fiber gaps were studied in high detail. The fibers varied in their positions and distances and were exposed to spatially varying precursor concentrations (due to precursor consumption). The inner coatings and pore sizes matched very well between experiment and simulation [31,37].



In this article, the macro- and micro-scale models are applied to conduct CVD parameter studies, whereby the fiber positions are kept constant. The micro-scale model is used to study the local effects of the physical parameters (precursor partial pressures and surface temperature). The macro-scale reactor model is applied to study the effects of the CVD process parameters (gas inlet flow rates, total pressure, and heater temperature). The goal is to optimize the local physical parameters regarding the precursor infiltration, inner coating uniformity, and relative density (  ρ  r e l   ), as well as to optimize the CVD process parameters regarding advantageous local physical parameters, coating uniformity along the whole sample, the WF6 demand, and the process time.




2. Model Descriptions


2.1. Micro-Scale Model


2.1.1. Geometry and Boundary Conditions


The geometric shape of the micro-scale model is based on the gaseous area around two adjacent W fibers and the heated surface, on which the first fabric layer is placed during Wf/W production. Figure 3a shows a small section of the fabric. The weft fibers cause the warp fibers to undulate as shown in Figure 3b. Since adjacent weft fibers have a relatively large distance of about 3 mm, the model was simplified to a 2D model with the boundaries shown in Figure 3c. A small warp fiber distance was chosen in order to investigate a scenario, where precursor infiltration and consumption play a major role, so that the parameter studies will provide clearer trends.



Geometry and transport boundaries are shown in Figure 4a. Based on experimentally validated results [31,37], the temperature (T) was set to be spatially constant and the gas volume flow speed was set to zero in this micro scale. Earlier results [31,37] also showed that the major transport mechanism of the gaseous species is driven by vertical diffusion. Therefore, the top-boundary was set to a constant partial pressure (green line) functioning as source for WF   6   and H   2   and as a sink for HF. The side boundaries were set to “no species flux” (red lines). The blue lines represent the solid W reaction surfaces of the fibers and the ground. Here, the species mass fluxes towards (WF6, H   2  ) and from (HF) the surfaces were calculated via the stoichiometry, resulting from Equation (1), in conjunction with the W deposition rate (  R W  , Equation (2), experimentally validated in [36]).



To account for gas-to-wall interactions, Knudsen diffusion was combined with a mixture-averaged ordinary diffusion as in previous work [31] (Section 3.2.4). As CVD-W grows, the pore entrance becomes smaller, making Knudsen diffusion more relevant. To investigate such transient effects in stationary simulations, the inputs for the fiber radius and the ground surface height were varied. The different starting geometries are shown as different colors in Figure 4b. They can be seen as pseudo time steps in the order black to ggreen to bblue.


   R W  = min  (  R   W  F 6   i n d e p .   ,  R   W  F 6   d e p .   )   



(2)




with   R W   = W deposition rate (nm/s),   R  W  F 6  d e p .    =   R W   being dependent of the WF   6   partial pressure


      R   W  F 6   d e p .   =     1   k 1    p  W  F 6       +   1   k 2   exp     −  E A    R T       [  p  H 2   ]   1 / 2     [  p  W  F 6    ]   1 / 6        − 1       



(3)




with   E A   = 64 kJ/mol,   k 1   = (32.63 ± 2.88)   ×  10  − 9     m s    − 1   Pa    − 1    and   k 2   = (45.79 ± 1.28)   ×  10  − 7     m s    − 1   Pa    − 2 / 3    [38].


   R   W  F 6   i n d e p .   =  k 0   exp     −  E A    R T       [  p  H 2   ]   1 / 2     [  p  W  F 6    ]  0   



(4)




with    E A   =   ( 73.7  ±  0.9 )    kJ/mol and    k 0   =   ( 38.22  ±  4.85 )   ×  10  − 6     m s    − 1   Pa    − 1 / 2   [36]. The equations are for H   2  :WF   6   ratios ≥ 3.



To achieve fast convergence and high model robustness,   R W   was smoothly lowered at a WF   6   gas concentration ≤1 × 10−5 mol/m   3   towards zero at 1 × 10−6 mol/m   3  . In this way, practically irrelevant deposition rates do not have to be calculated inside of the pore when WF   6   is already nearly depleted.




2.1.2. Parameter Study Concept


As stated in the introduction, the aim is to increase the relative density (  ρ  r e l   ) for a given infiltration substrate geometry. To fill the gas domain below the fibers completely with a W coating, the W deposition rate (  R W  ) would need to be much faster at the end of the pore domain compared to the entrance. However, this is not possible in the investigated setup. The reason for this is that T is considered as spatially constant and that the consumption of the precursors will always lead to a more or less strong partial pressure gradient for   p  H 2    and   p   WF 6    . This gradient is always decreasing   R W   from the pore entrance towards the pore end. Therefore, the best achievable result is to obtain the smallest possible   R W   gradient. This is important for understanding the study concept and later discussion. In other words, in this setup the CVD parameters, which lead to the most uniform pore-inner coating, will also lead to the highest possible   ρ  r e l   . Thus, the influence of   p i  t o p    and T on the quotient of   R W   deep inside of the pore (=  R  W , 2   ) and at the pore entrance (=  R  W , 1   ) were investigated. The study concept is summarized in Figure 4c.





2.2. Macro-Scale Model (CVD-Reactor)


The 2D axis-symmetric geometry of the macro-scale reactor model is shown in Figure 5. The gas inlet and outlet are marked in green. The heating table, fibers, and fabric frame are treated as reaction surfaces. The temperature of the heating plate was also applied to the modeled warp fibers. More details can be found in [37] and within the COMSOL Multiphysics model files uploaded to [39].



Fluid dynamics, ordinary and thermal diffusion, and heat transfer are described in [31] (Section 3.1). The difference from the model in [31] is only that some geometric adjustments have been made to estimate a more secure lower limit for     V ˙    WF 6    i n l e t     for which WF   6   does not deplete. In [31], the first fabric layer was modeled and thus the heated ground surface under the fabric was flat. For all subsequent layers, the coatings on the previous fabric layers become a non-planar ground surface under the next fabric layers. Therefore, the flat ground surface was changed to the shape as marked orange in Figure 5c, since this shape has a slightly larger reaction surface and thus leads to a slightly higher precursor consumption. Furthermore, the fabric and ground radius (along the x-axis in Figure 5) was set to half the diagonal of the experimental square fabric and ground (Figure 1). Finally, since the reaction surface area increases during the deposition process, the stationary modeled initial warp fiber radius was increased from its starting radius (75   μ m  ) towards 127   μ m   to examine a time-averaged geometry and not that of the first seconds.



For the parameter study, the process parameters of the CVD device (T,   P  t o t   , gas flow rates) were varied and their influence on   R W   along the orange-marked line in Figure 5c was investigated.



Examples for flow fields and species-concentration color maps for very similar setups can be seen in previous work focusing on the model validation [31,37].





3. Results and Discussion


3.1. Physical Parameter Study (Micro-Scale)


The results of the variations in    p   WF 6    t o p    ,    p   H 2    t o p    , and T are shown in Figure 6 from left to right. The different starting geometries (pseudo time steps, Figure 4b) are shown as color-corresponding series (black, green, blue).



As described in the study concept (Figure 4c), y-values (  R  W , 2   /  R  W , 1   ) near one result in a high relative density (  ρ  r e l   ) due to a nearly uniform W coating and thus good pore filling. The key outcome of the parameter study is that the most uniform W coating can be achieved by low T, low    p   WF 6    t o p    , and low    p   H 2    t o p     (Figure 6). However,    p   WF 6    t o p     has a lower limit and    p   H 2      an upper limit, beyond which the coating uniformity drops significantly (∇-symbols). The smaller the gap size between the fibers, the smaller the parameter window for avoiding these drops. The reasons for these results will be discussed in more detail in the following subsections. For an easier understanding, it is important to keep the following in mind: since T is spatially constant within one simulation, each y-value is determined only by the effect of the varied parameters on the spatial precursor partial pressure gradients within one simulation (Equation (3)). The flatter these gradients are, the faster the precursors are transported (by diffusion) and the more slowly these precursors are consumed.



3.1.1. Variation of    p   WF 6    t o p    


  R  W , 1    and   R  W , 2    stay independent of    p   WF 6      (Equation (4)) as long as there is enough WF   6  . The corresponding simulation results are shown as Δ-symbols in Figure 6. Within these Δ-symbols, a slight trend can be seen. The reason for this is that a lower gas pressure leads to a faster diffusive flux [36,40], and thus to flatter partial pressure gradients, and thus to a more uniform W coating within the pore. WF   6   is the largest species in the gas mixture so its partial pressure has the biggest impact on the diffusive flux [36,40]. However, the above described trend is outweighed as soon as    p   WF 6      becomes so low that   R  W , 2    is limited and becomes dependent on    p   WF 6      (Equation (3)). This occurrence leads to a decrease in   R  W , 2    and thus can lead to a significant decrease in the coating uniformity. The corresponding data points are marked as ∇-symbols. To conclude, to obtain a high coating uniformity within the pore (and thus high relative density),    p   WF 6      should be chosen low at the inlet; however, it must not become so low within the pore that it limits   R  W , 2   .




3.1.2. Variation of    p   H 2    t o p    


For low    p   H 2     , where   R  W , 1    and   R  W , 2    are independent of    p   WF 6     , two effects overlay. The first is again that a lower pressure enhances diffusion [36,41]. As H   2   molecules are small, this effect is less pronounced compared to the variation of    p   WF 6     . Secondly,   R W   is proportional to the square root of    p   H 2      (Equation (4)). Therefore, with lower    p   H 2     ,   R W   decreases and thus the H2 consumption is lowered, leading again to smaller partial pressure gradients. For very high    p   H 2     ,   R W   becomes so large that WF6 becomes the limiting factor for   R  W , 2    again. The result is the same as for a too low    p   WF 6     : an extreme drop in uniformity. Thus, the sweet spot for the infiltration is a low    p   H 2     , whereby it must be kept ≥3    ·   p   WF 6      to match the reaction stoichiometry (Equation (1)) and to avoid F covering the reaction surface and thus hindering the adsorption and dissociation of H   2   [42].




3.1.3. Variation of T


The coating inside of a pore becomes more uniform by lowering T (y-values go up from right to left). The reason for this is that by lowering T,   R W   is strongly reduced (Equation (2)) and thus also the precursor consumption and precursor partial pressure gradients are flattened. Lowering T also results in a reduced diffusive flux, which in itself would increase the partial pressure gradients. However, as the simulation results show, the influence of T on   R W   dominates. This is probably because T is in the equation of the diffusion coefficient [36,41] only in the base and not in the exponent, as in   R W   (Arrhenius terms in Equation ((3) and (4))).



By applying a T of around 673 K, practically perfect coating uniformity can be achieved for the given infiltration geometry (y-values near one). The disadvantage of lowering T is obviously that the process time increases exponentially as well.




3.1.4. Variation of the Substrate Geometry


As the CVD-W would grow (black→green→blue, Figure 4b), the y-values decrease. This is again caused by the partial pressure gradients becoming steeper due to two reasons. First, the reaction surface within the pore and thus also the precursor consumption becomes larger. Second, the precursor supply is slowed down as the pore entrance becomes smaller. The reason for this is that, for a smaller pore entrance, the collisions of the gas molecules with a wall become more frequent, slowing down the diffusive flux [43,44]. This was implemented in the model via Knudsen diffusion [31], which is especially important for simulations at low pressures and with small gap sizes. In the shown setup, the Knudsen diffusion reduced the diffusive flux by up to a factor of 2.





3.2. CVD Process Parameter Study (Macro Scale)


As stated before, a uniform pore infiltration at the micro scale is important to increase the relative density of the composite and thus its strengths and thermal conductivity. However, this is not the only criterion to improve the W     f   /W synthesis. Further criteria are a uniform sample coating also at the macro scale to obtain a flat composite, as well as a low WF   6   demand and a short deposition duration to reduce the production costs.



3.2.1. Variation of T


In Figure 7,   R W   is plotted vs. the heating plate radius (r) along the reaction surface below the fibers. For better comparability regarding the macroscopic coating uniformity,   R W   was normalized by a factor   a 0   towards 100   μ m  /min at r = 0. The higher   a 0   is, the longer the deposition process needs to be run to achieve a similar composite thickness.



In the same way that a low T is advantageous for a good pore infiltration, a low T also improves the macro-scale coating uniformity from the heating plate’s center (r = 0) towards the edge (r = 3.5 cm), as can be seen in Figure 7 (solid line→dash-dotted→dashed). The reason for this is again that with a lower T, the reaction rate and thus also the precursor consumption decreases exponentially, leading to flatter partial pressure (  p i  ) gradients.



The substrate geometry (Figure 5c) leads to different diffusion path-lengths from the pore entrance towards the reaction surface. Therefore, the reaction surface, along which   R W   is plotted, received an alternating precursor supply, resulting in an oscillating   R W   graph. This becomes especially visible when T becomes so high that WF   6   is consumed so fast that there is not enough WF   6   for the outer regions of the sample (873 K (solid line) and r ≥ 1.8). Not enough means that WF   6   limits the reaction so that   R W   is suddenly reduced significantly as also observed in the micro-scale model. Since this would lead, in the case of the W     f   /W production, to large pores and thus a reduced   ρ  r e l   , this should be avoided.




3.2.2. Variation of     V ˙    WF 6    i n l e t    


The result of varying     V ˙    WF 6    i n l e t     is shown in Figure 8. T was kept at 773 K. As long as there is enough WF   6  , its influence on the coating uniformity is small. However, if the WF   6   supply is set too low, the effect on   R W   is the same as for a too high consumption, as discussed for Figure 7, solid line.



Keeping     V ˙    WF 6    i n l e t     as low as possible and as high as necessary optimizes the WF   6   conversion rate and thus reduces the WF   6   demand and cost. A reasonable value also depends on the other process parameters and can be estimated via the reactor model. Further advantages of a lower     V ˙    WF 6    i n l e t     are a slightly improved coating uniformity and a slightly shorter deposition duration needed for a certain coating thickness.



The reason for the improved uniformity is that, with all other process parameters being constant, a reduction in     V ˙    WF 6    i n l e t     leads to a reduced    p   WF 6     , which increases the diffusion speed of all species since WF   6   is the largest molecule. A faster diffusion flattens the   p i   gradients. The reason for the shorter duration is that by reducing     V ˙    WF 6    i n l e t    ,    p   H 2      is increased, which slightly increases   R W   (Equation (4)).




3.2.3. Variation of     V ˙    H 2    i n l e t     and   P  t o t   


The variations of     V ˙    H 2    i n l e t     and   P  t o t    are shown in Figure 9 and Figure 10, respectively.



An improved coating uniformity can be achieved by increasing     V ˙    H 2    i n l e t     and reducing   P  t o t   , as both favor diffusion and thus again flatten   p i   gradients along r. A shorter process time can be achieved by increasing both,     V ˙    H 2    i n l e t     and   P  t o t   , since both lead to a higher    p   H 2      and thus   R W  . Therefore, increasing     V ˙    H 2    i n l e t     only has benefits as long as   R W   stays independent of    p   WF 6     . Furthermore, a higher     V ˙    H 2    i n l e t     rinses away the produced HF more effectively, which lowers   p HF   and thus additionally enhances the gas diffusion and thus the coating uniformity at all length scales.





3.3. Applying the Improved Parameters


In Figure 11, the result of applying the improved parameters is shown. As can be seen, there are only few small pores left. Further improvement is only possible if the technological challenges can be overcome to produce more uniform W fabrics with smaller deviations in fiber spacing and to place these fabrics as closely as possible on top of each other. Approaches currently being developed involve the use of filaments woven to yarns [45] and a coiling of the fabric layers under tension [29].





4. Summary and Conclusions


The goal of the present work was to optimize the CVD process parameters with respect to W coating uniformity, the WF   6   demand and the deposition duration. This was motivated by the fact that for the investigated experimental setup, an increased coating uniformity leads to a higher relative density of the W     f   /W composite, which leads to improved material properties such as higher fracture strength and higher thermal conductivity.



For the present article, COMSOL Multiphysics models (experimentally validated in [31,36]) were applied to conduct parameter studies regarding the chemical vapor deposition/infiltration of W between W fibers. At the macro scale, the CVD device process parameters (temperature, gas inlet precursor flow rates and total pressure) were varied. At the micro-scale, the precursor partial pressures at the upper model boundary and the temperature were varied. The best parameter set was applied successfully in a new W     f   /W synthesis.



Advantageous CVD process parameter trends, valid also for other geometries and setups, are summarized in Table 1. The arrows point into the directions in which a process parameter (columns 2 to 4) should be set to achieve the criteria (column 1) of the same row.



The more uniform the W coating becomes (macroscopically along the sample and microscopically between the fibers), the faster the precursors can be supplied to the reaction sites and the slower these precursors are consumed there.



A higher T enhances this supply due to faster diffusion [36,41]; however, this is outweighed by an even higher increase in the consumption rate due to the exponentially increase in   R W   (Equation (2)). Hence, a higher T makes the process faster but reduces the coating uniformity. The arrows representing the influence on the criteria in Table 1 point in the same direction regarding   P  t o t    and T. However, the influence of   P  t o t    is less and the reasons for the directions are partly different:   R W   and the consumption rate increase also with   P  t o t   , but not as quickly as with T (due to the    [  p   H 2    ]   1 / 2    term in Equation (4)). Furthermore, a higher   P  t o t    increases the precursor amount near the gas inlet and at the fabric center, but reduces the precursor supply rate towards the ground surface below the fabric and towards the fabric outer edge. The reason for this is a slower diffusion. It should be pointed out that this is only valid if   R W   is not limited by    p   WF 6     . Otherwise, increasing   P  t o t    can improve the coating uniformity.



Regarding     V ˙    WF 6    i n l e t     and     V ˙    H 2    i n l e t    , the criteria uniformity and process time can be improved in parallel, as long as   R W   is not limited by a too low    p   WF 6     . The reason for this is that by changing the gas inlet flow rates at a constant   P  t o t   , the partial pressures are also changed. In addition, if   R W   is independent of    p   WF 6     , decreasing     V ˙    WF 6    i n l e t     and increasing     V ˙    H 2    i n l e t     improves both the precursor supply (faster diffusion due to smaller WF   6   molecules and better rinsing of HF) and the process speed (higher    p   H 2      leads to higher   R W  , Equation (4)).



To conclude, regarding W      f   /W production, advantageous process parameters are a low T, resulting in still acceptable process times, a high H   2  -, and a low WF   6  -gas flow rate. With the reactor model, one can predict how low the WF   6   gas flow may be set, which is dependent on the reactor and substrate geometries and on the other process parameters. It is very important that   R W   stays independent of    p   WF 6     , since otherwise the micro- and macroscopic coating uniformity as well as the relative density are significantly reduced. If these conditions are fulfilled, a low   P  t o t    gives a small advantage to the coating uniformity. On the other hand, higher values result in a slightly faster process. Therefore, to decide on   P  t o t   , more information might be useful: a higher   P  t o t    also leads to a finer CVD-W grain structure ([37], Chapter 6), improving the fracture strengths of the composite matrix (strength vs. grain size for CVD-W: [46], for non-CVD-W: [47,48]; Hall–Petch relation: [49,50]). Another advantage of the reactor model for the W      f   /W production is that the needed deposition duration per fabric layer (CVD-substrate) can be estimated well, allowing one to optimize the vertical fabric packing density and thus improve fiber volume fraction and fiber reinforcement [37].



Additionally, for other W-CVD processes, the results should be useful. High H   2  - and low WF   6  -gas flow rates without depleting WF   6   should help in every process, whereby at very high H   2   flow rates one needs to preheat the gas flow to avoid an inhomogeneous convective cooling of the substrate, which would lead to a more uneven coating again. Depending on which criterion (uniformity, speed, grain size) is important, T and   P  t o t    can be adjusted, as recommended in ([37], Chapter 6) and Table 1.
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Nomenclature




	   E A   
	Activation energy [J mol     − 1   ]



	    k 0  ,  k 1  ,  k 2    
	Constants for deposition rate equations [m s    − 1    Pa    − (  n H  2 +  n WF  6 )   ]



	   P  t o t    
	Total pressure [Pa]



	   p i   
	Partial pressure of species i [Pa]



	R
	Gas constant [8.314 J mol     − 1    K     − 1   ]



	   R W   
	Deposition rate of W [m s    − 1   ]



	    R  W , 1     
	  R W   at the pore entrance [m s    − 1   ]



	    R  W , 2     
	  R W   deep inside the pore [m s    − 1   ]



	   R   WF 6  d e p .    
	  R W  , dependent on    p   WF 6      [m s    − 1   ]



	   R   WF 6  i n d e p .    
	  R W  , independent on    p   WF 6      [m s    − 1   ]



	r
	heating plate radius [cm]



	T
	Temperature [K]



	   Δ t   
	Deposition duration [s]



	    V ˙  i   
	Volume flow rate of species i [sccm]



	   ρ  r e l    
	Relative density [-]







Abbreviations




	CVD
	Chemical vapor deposition



	FEM
	Finite element method



	W
	Tungsten



	W      f   /W
	Tungsten fiber-reinforced tungsten
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Figure 1. Picture of a W     f   /W production step: a fabric mounted on a previously coated fabric layer grown on the heating table inside of the CVD chamber. 
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Figure 2. Fracture surface of a W     f   /W tensile test specimen delaminated due to large pores, with (a) being a close-up of (b), with (b) being a SEM image perpendicular to the warp fiber axes, and with (c) being a photo perpendicular to a delaminated layer. The viewing angles are sketched in the center. Details can be found in [33]. 
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Figure 3. (a) Close-up of an uncoated W fabric showing a weft and several warp fibers. (b,c) Sketches for cross-sectional slices perpendicular to the warp fiber axes. The micro-scale model boundary was added to (c). 
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Figure 4. Setup and concept for the parameter study regarding the infiltration of a single symmetric pore adjacent to two W fibers. (a) Micro-scale model boundaries for species transport. (b) Visualization of three different geometries (pseudo time steps) of the stationary W infiltration simulation resulting in (shrinking) pore entrance sizes of 39.8, g20.9, and b11.4   μ m  . The positions of   R  W , 1    and   R  W , 2    are also shown. The quotient (  R  W , 2    divided by   R  W , 1   ) is used as an evaluation quantity for the coating uniformity. The meaning of the possible results for this evaluation quantity is summarized in (c), the study concept. 
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Figure 5. (a) Reactor model geometry of the CVD device with a close-up of the gas shower in (b) and with a closer look at the fibers of the new layer (floating circles) in (c). Below the fibers, the W domain is shown, which consists of the fibers from the previous layer and the CVD-W grown around these fibers (its surface is marked in orange). 






Figure 5. (a) Reactor model geometry of the CVD device with a close-up of the gas shower in (b) and with a closer look at the fibers of the new layer (floating circles) in (c). Below the fibers, the W domain is shown, which consists of the fibers from the previous layer and the CVD-W grown around these fibers (its surface is marked in orange).



[image: Metals 11 01089 g005]







[image: Metals 11 01089 g006 550] 





Figure 6. Parameter study results:   R  W , 2   /   R  W , 1    (explained in Figure 4b,c) vs.    p   WF 6    t o p    ,    p   H 2    t o p     and T. The results are plotted either with a Δ or a ∇ symbol, depending on whether the deposition rate deep inside the pore (  R  W , 2   ) are independent of    p   WF 6      (Equation (4)) or dependent on    p   WF 6      (Equation (3)), respectively. The constant parameters, if not varied, were T = 873 K,    p   WF 6    t o p     = 2 kPa,    p   H 2    t o p     = 8 kPa, marked as red lines, and   p HF  i n l e t    = 2 kPa. The series correspond color-wise to the different geometries, as shown in Figure 4b, representing the pseudo time steps. 
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Figure 7. Influence of different T on   R W   vs. r along the reaction surface below the fibers (a zoomed section is marked orange in Figure 5c).   R W   is normalized by a constant (  a 0  ). The other process parameters were     V ˙    WF 6    i n l e t     = 300 sccm,     V ˙    H 2    i n l e t     = 2500 sccm, and   P  t o t    = 12 kPa. The strongly oscillating parts of the graph are caused by WF   6   depletion below the fibers. 






Figure 7. Influence of different T on   R W   vs. r along the reaction surface below the fibers (a zoomed section is marked orange in Figure 5c).   R W   is normalized by a constant (  a 0  ). The other process parameters were     V ˙    WF 6    i n l e t     = 300 sccm,     V ˙    H 2    i n l e t     = 2500 sccm, and   P  t o t    = 12 kPa. The strongly oscillating parts of the graph are caused by WF   6   depletion below the fibers.



[image: Metals 11 01089 g007]







[image: Metals 11 01089 g008 550] 





Figure 8. Variation of     V ˙    WF 6    i n l e t     with   T  H e a t e r    = 773 K,     V ˙    H 2    i n l e t     = 2500 sccm,   P  t o t    = 12 kPa (otherwise, same caption as in Figure 7). 
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Figure 9. Variation of     V ˙    H 2    i n l e t     with T = 773 K,     V ˙    WF 6    i n l e t     = 300 sccm,   P  t o t    = 12 kPa (otherwise, same caption as in Figure 7). 
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Figure 10. Variation of   P  t o t    with   T  H e a t e r    = 773 K,     V ˙    WF 6    i n l e t     = 300 sccm,     V ˙    H 2    i n l e t     = 2500 sccm (otherwise, same caption as in Figure 7). 
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Figure 11. Metallographic polish of an improved W     f   /W sample sliced perpendicularly to the warp fibers. The CVD parameters used were   P  t o t    = 12 kPa,   T  H e a t e r    = 773 K,     V ˙    WF 6    i n l e t     = 200 sccm,     V ˙    H 2    i n l e t     = 2500 sccm. It should be noted that for a different CVD device or other geometries, these parameter values need to be recalculated via the presented model. 
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Table 1. Advantageous CVD process parameter trends regarding certain criteria.
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Criteria

	
CVD Process Parameters (*)




	
  T  

	
     V ˙    WF 6   inlet    

	
     V ˙    H 2   inlet    

	
   P tot   






	
low tot. WF   6   demand

	
−

	
↓

	
−

	
−




	
fast process

	
↑

	
(↓)

	
(↑)

	
↑




	
high   ρ  r e l    and coating uniformity in the micro- and macro-scale

	
↓

	
(↓)

	
↑

	
↓








* as long as   R W   is not limited by a too low    p   WF 6     .
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