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Abstract | The structures of tungsten and tungsten carbide scaffolds play a key role in 
determining the properties of their infiltrated composites for multifunctional 
applications. However, it is challenging to construct and control the architectures by 
means of self-assembly in W/WC systems because of their large densities. Here we 
present the development of unidirectionally porous architectures, with high porosities 
exceeding 65 vol.%, for W and WC scaffolds which in many respects reproduce the 
design motif of natural wood using a direct ice-templating technique. This was achieved 
by adjusting the viscosities of suspensions to retard sedimentation during freezing. The 
processing, structural characteristics and mechanical properties of the resulting 
scaffolds were investigated with the correlations between them explored. Quantitative 
relationships were established to describe their strengths based on the mechanics of 
cellular solids by taking into account both inter- and intra-lamellar pores. The fracture 
mechanisms were also identified, especially in light of the porosity. This study extends 
the effectiveness of the ice-templating technique for systems with large densities or 
particle sizes. It further provides preforms for developing new nature-inspired 
multifunctional materials, as represented by W/WC-Cu composites. 
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1. Introduction  

Tungsten (W) and tungsten carbide (WC) have ultrahigh melting points, high hardness, 
and outstanding resistance to wear and electrical erosion. These advantages can be 
combined with the high thermal and electrical conductivity of copper (Cu) by forming 
W/WC-Cu composites [[1], [2], [3], [4], [5], [6]]. The excellent combinations of 
properties make the composites highly attractive for multifunctional applications. A 
common use, especially for the W-Cu system, is to serve as high-voltage electrical 
contacts to resist the stringent arc erosion created by completing or interrupting the 
circuit, while simultaneously ensuring an efficient electrical conduction [[3], [4], [5], 
[6], [7], [8]]. Another good case in point is their potential as heat sinks for highly-loaded 
plasma facing components in nuclear fusion devices owing to their good thermal 
conductivity and superior mechanical properties at elevated temperatures [[9], [10], 
[11]]. WC-Cu composites are also promising candidates for thermal barriers between 
plasma facing components and copper-based heat sinks [12,13]. Other applications 
include the warhead and nozzle liners of missiles or rockets which utilize high densities 
and the unique thermophysical-mechanical properties of the composites [14,15]. 

A viable approach to fabricate W/WC-Cu composites is to infiltrate a Cu melt into the 
open pores of W/WC scaffolds [[1], [2], [3], [4], [5], [6]]. This is made possible by the 
large gap in the melting temperatures of W/WC and Cu (the melting points are 3422 °C 
and 2870 °C for W and WC, respectively, but is only 1083 °C for Cu) and the minimal 
mutual solubility or interfacial reaction between them [14,16]. In this scenario, the 
structure of W/WC scaffolds can be eventually inherited by the composites which can 
play a key role in dictating their final properties. These scaffolds are most commonly 
processed with powder metallurgy techniques because of the refractory nature of W 
and WC [[1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15]]. Despite 
its good applicability, such a method encompasses several shortcomings that may 
downgrade the performance of resulting composites. Firstly, the scaffolds generally 
contain a limited fraction of pores, with porosity typically smaller than 50 vol.% [[1], 
[2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15]], to maintain their 
integrity during processing. This leads to a low Cu content in the infiltrated composites 
and accordingly restricts their thermal and electrical conductivity. Secondly, the pores 
in the scaffolds are essentially isometric in geometry and randomly distributed. This 
makes the conduits for thermal and electrical transport rather narrow and torturous 
along any direction in the composites as they are primarily localized in the Cu 
component. Such an isotropic protocol for processing these materials contrasts sharply 
with their property requirements which are directional in most practical service 
conditions [[2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13]]; indeed, this is 
especially true for thermal and electrical conduction properties which are the major 
function of W/WC-Cu composites. 

Differing markedly from man-made materials where the properties are derived largely 
from chemical complexity, natural materials are particularly adept at developing their 
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functionalities based on the optimization of architectures [[17], [18], [19], [20]]. Wood 
is an excellent example of multifunctional scaffolds in nature [[21], [22], [23], [24], 
[25], [26]]. It features a porous structure, comprising the wood cells, vessels, tracheids, 
and sieve tubes, which is highly oriented along the growth direction of plant stems. This 
maximizes the axial stiffness and strength for robust mechanical support, and 
simultaneously enables an effective transport of water, salts and assimilates in an 
“upstem-downstem” fashion. Additionally, wood exhibits limited heat transfer in the 
transverse profile, endowed by its longitudinal pores; as such, wood can function as a 
good heat insulator for some plant species [25,26], which in certain respects is 
analogous of the application of W/WC-Cu composites as thermal barriers. Such 
architecture makes the wood an idealized natural prototype for man-made porous 
materials. Specifically, it may provide inspiration for new W/WC scaffolds for 
subsequent melt infiltration, thus offering the promise of enhanced multi-functionality 
in W/WC-Cu composites. 

In this study, highly-porous W and WC scaffolds with unidirectionally-oriented 
architectures, which in many respects mimic wood, were fabricated based on a direct 
ice-templating (freeze casting) technique. W/WC powders were suspended in water and 
assembled into ordered lamellae by freezing. The microstructure, mechanical properties 
and fracture mechanisms of the scaffolds were systematically explored and correlated 
to the initial solid loading of suspensions. We believe these scaffolds can promote the 
development of new multifunctional W/WC-Cu composite materials. 

2. Experimental 
 
2.1. Processing 

Stable aqueous-based suspensions were prepared for ice-templating by dispersing 
submicrometer-sized W and WC powders (Pingyuan Alloy Co., China) with average 
diameters of ∼500 nm and 300 nm, respectively, in deionized water. The powders were 
made electrostatically repulsive by surface charging with anions with the addition of 
0.5 wt.% (relative to the powders) Darvan CN dispersant (R.T. Vanderbilt Co., CT). 
The viscosities of slurries were adjusted by adding different amounts of hydroxypropyl 
methylcellulose (HPMC, Meryer Co., China). The formation of hydrogen bonds 
between HPMC and water molecules functions to increase the flow resistance of 
slurries [27]. The amounts of HPMC additives to suspend W and WC powders were 
determined to be 5.5 and 2.5 wt.%, respectively, with respect to water, in view of their 
different densities (the densities of W and WC are 19.35 and 15.63 g/cm3, respectively). 
Additionally, 1 wt.% poly(vinyl alcohol) (molecular weight of 84−89 kDa, Meryer Co., 
China) and 1 wt.% sucrose were added to bind the powders after removal of the water. 
Specifically, nano-sized Cu powders (∼50 nm in diameter, Huisheng New Materials 
Co., China) accounting for 3 wt.% of solids were added as a sintering aid for the W 
system. The contents of solid powders with respect to the total of solids and water were 
75, 80, 85, and 90 wt.% for W suspensions and 55, 65, 75, and 85 wt.% for WC. 
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Accordingly, by taking the additives into account the total solid loads were 71.3, 76.3, 
81.3, and 86.4 wt.% for W and 53.7, 63.8, 73.9, 84.1 wt.% for WC systems. Slurries of 
the same solid loads but without HPMC additions were also prepared for comparison. 

The mixtures were ball-milled for 48 h and de-aired with drops of defoamer (XP-M-
120, Huaxing Co, China) before use. Bidirectional ice-templating was performed by 
pouring the slurries into square plastic molds in dimensions of 20 mm × 
20 mm × 70 mm. The bottoms of the molds were plugged using polydimethylsiloxane 
(PDMS) wedges with a slope angle of 25° [28]. The molds were cooled from the bottom 
to up by placing them on a copper plate where the other end was immersed in liquid 
nitrogen. Adequate freezing of slurries, with height of ∼40 mm, was accomplished in 
∼1 h, giving an average freezing front velocity of ∼10 μm/s. The frozen samples were 
removed from their molds and then freeze-dried in a vacuum lower than 5 Pa for over 
64 h. The organics in the samples were removed by heat treatment at 800 °C for 5 h in 
flowing argon gas. The W and WC scaffolds were sintered at 1350° and 1800 °C, 
respectively, for 2 h in vacuo. A lower sintering temperature was chosen for W than 
WC despite its higher melting point because of the use of Cu nano-powders as sintering 
aid. Specifically, the W samples were heat treated below 900 °C for 5 h before sintering 
in a flowing atmosphere of 95 vol.% argon and 5 vol.% hydrogen to eliminate possible 
oxidation. The infiltration of W scaffolds with a Cu melt was conducted at 1350 °C for 
1 h in flowing argon gas. 

2.2 Characterization 

The viscosities of the slurries were measured using a NDJ-8S digital rotary viscometer 
(Decca Precision Instrument Co., China). The nominal densities of sintered scaffolds 
were determined using the Archimedes method. Microstructural characterization was 
performed on the top surfaces of freeze-dried green bodies and on the longitudinal and 
cross-sectional profiles of sintered scaffolds for both W and WC systems. The samples 
were extracted from the middle regions of the scaffolds to exclude the influence of 
possible structural heterogeneity along the height direction caused by the difference in 
freezing front velocity [[28], [29], [30]]. The green bodies were examined using an 
Olympus LEXT OLS-4000 confocal laser microscope. The scaffolds were 
characterized by scanning electron microscopy (SEM) using a LEO Supra 55 field 
emission microscope operating at an accelerating voltage of 20 kV. The SEM images 
were analyzed using the Image-Pro software (Meyer Instruments, Inc., TX) to 
determine the microstructural characteristics, such as the thickness and spacing of 
lamellae, the bridges and intersections between them, and the dimensions and 
geometries of the pores. Over 100 lamellae, with a measured area over 5 mm2, were 
examined for each sample in order to quantify the parameters. The three-dimensional 
morphologies of the scaffolds, and representative woods of O. pyramidale (balsa wood) 
and B. schmidtii (birch wood) with markedly differing densities, were scanned and 
reconstructed using an Xradia VersaXRM-500 3D X-ray tomography (XRT) system 
operating at an accelerating voltage of 80 kV. The image processing and analysis were 
conducted using the Avizo Fire 7.1 software. 
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Rectangular samples, with dimensions of 5 mm × 5 mm × 10 mm, were machined from 
the scaffolds using a precision diamond wire saw (STX-202A, Kejing Auto-Instrument 
Co., China) equipped with a diamond-coated stainless wire with a diameter of 0.3 mm. 
The height direction of samples coincided with the long axis of scaffolds, i.e., the 
growth direction of ice during freezing. A low cutting speed of 0.1 mm/min was 
employed to minimize the damage introduced by the cutting process. Uniaxial 
compression tests were performed on the samples at room temperature using an Instron 
E-1000 testing system with a fixed strain rate of 10−3 s-1. At least four samples were 
tested for each set of scaffolds. After testing, SEM imaging was performed to 
characterize the fracture mechanisms. 

3. Results 
 

3.1. Rheological properties of suspensions 

The viscosities of the suspensions were adjusted in order to prevent the gravitational 
sedimentation of W and WC powders during the freezing process because of their large 
densities. This was realized by adding HPMC, a water-soluble methylcellulose ether 
containing methoxy and hydroxypropyl groups [27], as a thickening agent. The 
viscosities of the aqueous solutions are markedly enhanced (Fig. 1(a)), by some six 
orders of magnitude (the viscosity of water is around 10−3 Pa·s), with the addition of 
3 wt.% HPMC (the viscosities for solutions containing more HPMC are unavailable 
here as they can hardly flow). Such trends can be fitted with an exponential-type 
relationship as [31,32]: 

" = $%!"/$ + ',                                                    (1) 

where " and ( are, respectively, the viscosity and the additive amount by weight, 
with , and A, B and C as fitting parameters. The viscosities of final suspensions for 
freezing vary in similar fashion as a function of the solid loads of W and WC (Fig. 1(b), 
(c)). Nevertheless, they demonstrate a much stronger dependence on the content of 
HPMC as compared to the solids loads (as shown by the results in the Supplementary 
Materials), indicating the potency of HPMC in thickening the slurries. 
  



6 

 

 

Fig. 1. (a) Viscosities of aqueous solutions containing varying contents of HPMC. The 
inset illustrates the sedimentation of a solid powder with diameter d in a viscous liquid 
with viscosity "	caused by gravity. (b, c) Variations in the viscosities of suspensions 
and the sedimentation distances of solid powders during the freezing process as a 
function of the solid load for the (b) W and (c) WC systems. The fitting curves for 
viscosities were obtained from Eq. (1) with the goodness-of-fit indicated in the figure. 
The sedimentation distances were fitted according to Eq. (S2) in the Supplementary 
Materials. 

The significantly increased viscosities of suspensions play an effective role in retarding 
the sedimentation of solid powders caused by gravity, as illustrated in the inset in Fig. 
1(a). The terminal velocities for steady-state sedimentation can be obtained, from 
Stokes’ law [33], to be less than 2 μm/h for the W and WC systems (detailed derivations 
are provided in the Supplementary Materials). With respect to the actual case where the 
powders are originally stationary, the sedimentation distance can be accessed by 
integrating the forces of gravity, buoyancy, and the viscous friction by Stokes’ drag. 
The maximum sedimentation distances were determined to be less than 2 μm, i.e., only 
slightly larger than the diameters of powders, over the entire freezing process of ∼1 h 
for all the W and WC suspensions (Fig. 1(b), (c)). By contrast, the slurries without 
HPMC additions exhibit obvious sedimentation within minutes with the powders 
concentrated towards the bottom (Fig. S2 in Supplementary Materials). Such effective 
stabilization of the suspensions makes it possible to assemble the powders into aligned 
lamellae by ice-templating. 

3.2 Microstructure 
 

3.2.1. Unidirectionally porous architectures 

The top-surface morphologies of the freeze-dried W and WC green bodies reveal the 
presence of elongated pores on the transverse cross-sections (Fig. S3 in Supplementary 
Materials). The structural characteristics differ between the two systems and vary with 
the solid loads. Specifically, the struts exhibit decreased ordering and uniformity in 
thickness as they become highly intersected with each other as the solid load increases 
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for the W green bodies. By comparison, all the WC green bodies have well-defined 
lamellae and preferentially aligned pores, but display apparent intersection of struts at 
a high solid load of 84.1 wt.%. 

The main structural features of green bodies are inherited into the scaffolds after 
sintering. As shown in Fig. 2, the longitudinal profiles of both W and WC scaffolds 
demonstrate unidirectional pores along the growth direction of the ice during the 
freezing process. There is a global trend of decreasing porosity, increasing lamellar wall 
thickness, and increasing interconnectivity between lamellae in the form of bridging or 
bifurcation with the increase in solid load. The three-dimensional and cross-sectional 
morphologies of the scaffolds are shown in Fig. 3 and compared with those of 
representative woods with differing densities (Fig. S4 in Supplementary Materials). The 
W/WC scaffolds are similar to natural wood in their unidirectionally porous 
architectures, despite their markedly different constituents and characteristic 
dimensions. In many respects, this represents an implementation of the material-design 
principle of wood rather than a rigid replication of its structure. Although there are 
much more complex designs at differing length-scales in wood, the unidirectionally 
porous architecture offers a prime source for its unique multi-functionality [[21], [22], 
[23], [24], [25], [26]]. Specifically, the WC scaffolds display more directional 
alignment of lamellae than the W system, particularly over the transverse profile. 

 

Fig. 2. SEM morphologies of the longitudinal cross-sections at the middle regions of 
sintered scaffolds with differing solid loads for (a–d) W and (e–h) WC systems. 
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Fig. 3. Three-dimensional XRT volume renderings and corresponding cross-sectional 
slices of sintered scaffolds of the (a) W and (b) WC systems with 76.3 and 73.9 wt.% 
solid loads, respectively. 

3.2.2. Structural characteristics 

Fig. 4 presents schematic illustrations of the structural characteristics of scaffolds for 
quantitative description. There are two types of pores in the scaffolds – the 
unidirectional pores between lamellae and the smaller pores involved within lamellae, 
referred to in the following as inter- and intra-lamellar pores. Here the total volume 
fraction of porosity, *%&%'(, in the scaffolds was determined from the nominal density, 
+, according to *%&%'( = 1 − + +)⁄  with +) as the density of dense W or WC. The 
inter-lamellar porosity was measured by image analysis with the intra-lamellar porosity 
calculated by subtracting inter-lamellar porosity from the total. 
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Fig. 4. Schematic illustrations of the structural characteristics of the W and WC 
scaffolds and magnified views of their lamellae indicating the intra-lamellar pores. 

The lamellar thickness increases with increasing solid load (Fig. 5(a)), specifically in a 
steeper fashion for the W system, with average values ranging from 50 to 140 μm in W 
scaffolds, but less than 35 μm for WC. All the scaffolds exhibit large total porosities 
exceeding 65 vol.% which are negatively correlated with the solid load (Fig. 5(b)). The 
intra-lamellar porosities increase monotonically with increasing solid load, and account 
for a large proportion, up to ∼45 vol.%, for the W system. The inter-lamellar porosities 
show an opposite varying trend yet still contribute the majority of the total porosity in 
the WC scaffolds. The differing constitutions of porosity between W and WC systems 
are directly associated with the degree of densification in their lamellae. The powders 
are loosely packed and poorly interconnected within the lamellae of W scaffolds (Fig. 
5(c)), which contrasts to the dense sintering of WC. Additionally, the aspect ratios of 
inter-lamellar pores display a decreasing trend as the solid load increases, and are 
relatively larger for the WC system (Fig. 5(d)). 
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Fig. 5. Structural characteristics of the W and WC scaffolds. (a, b) Variations in the (a) 
lamellar thickness and (b) inter- and intra-lamellar porosities of the W and WC 
scaffolds as a function of solid load. The data are expressed in the form of 
average ± standard deviation. Vertical columns with their centers along the x-axis 
denoting specific solid loads are used in (b) for clarity. (c) SEM images of the lamellae 
showing differing degrees of densification between the W and WC systems. (d) 
Dependences of the aspect ratios of inter-lamellar pores on the solid loads. 

The interconnections between lamellae can be categorized into two different types: 
bridging that is nearly perpendicular to the lamellae, and bifurcation with an inclination 
angle typically lower than 45° with respect to the lamellae (inset in Fig. 6(a)). 
Specifically, an interconnection is seen as a pair of bifurcations when its width exceeds 
the wavelength of the lamellae /, as illustrated in Fig. 6(b). Bridging and bifurcation 
were found to dominate the interconnectivity in the W and WC scaffolds, respectively, 
and show increasing densities in both systems as the solid load increases. 
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Fig. 6. (a) Variations in the area densities of the interconnections between lamellae as 
a function of the solid load for W and WC scaffolds. The insets show representative 
morphologies of lamellar bridging and bifurcation. (b) Schematic illustrations of the 
interconnections between lamellae for quantitative analysis. (c) Variations in the 
parameter m and the structural morphologies of the W and WC scaffolds with solid 
load. (d) Relationship between the parameter m and the aspect ratios of inter-lamellar 
pores for the scaffolds. 

A dimensionless parameter 0has been proposed by Naglieri et al. to describe the 
morphology of ice-templated scaffolds [34,35], viz.: 

0 = 1/(+*/+)                                                      (2) 

where +*  is the area density of interconnections between lamellae. The differing 
structures with lamellar, dendritic or isotropic morphologies can be distinguished by 
comparing the spacing between interconnections and the wavelength of lamellae. The 
scaffold is considered as lamellar type for 0 > 5 where the spacing is markedly larger 
than the wavelength. A dendritic structure is identified when the spacing and 
wavelength are comparable in terms of 1 < 0 < 5 . For 0 < 1 , there are dense 
interconnections with spacing smaller than the wavelength, leading to nearly isotropic 
structure. Here the normalized densities of interconnections were obtained by treating 
a bifurcation as one-half of bridging with +* = +,-*./*0/ + 0.5+,*12-3'%*&0. As shown 
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in Fig. 6c, the parameter 0 demonstrates a general decreasing trend as the solid load 
increases. This leads to structural transitions of dendritic-to-isotropic for the W system 
and lamellar-to-dendritic for the WC system. Additionally, the aspect ratios of inter-
lamellar pores, specifically the ratios of their length to width (Fig. 4), present a good 
correspondence with the parameter 0  (Fig. 6d), indicating its pertinence as a 
descriptor of these structures.  

3.3. Mechanical properties 

The representative compressive stress-strain curves (Figs. 7(a), 7(b)) demonstrate 
markedly improved strengths of W and WC scaffolds with an increase in solid load, 
i.e., due to the decrease in total porosity. The W scaffolds exhibit varying degrees of 
nominal plasticity which decreases with increasing solid load (i.e., decreasing 
porosity); these scaffolds fracture by collapsing into tiny fragments, as shown in the 
inset. By contrast, the WC system displays a fracture mode of splitting into large pieces 
of lamellae with virtually no evidence of plasticity. The compressive strengths range 
from 0.65 ± 0.07 to 4.3 ± 0.5 MPa for the W scaffolds and from 0.81 ± 0.09 to 
15 ± 3 MPa for WC scaffolds (Fig. 7(c), 7(d)). The relatively lower strengths of the 
present W scaffolds, specifically as compared to those made by the reduction of sintered 
WO3 [36], may be associated with the loose packing of W powders within the lamellae 
(Fig. 5(c)). Additionally, the energy absorption density of these scaffolds, denoted in 
terms of the area under stress-strain curves up to the maximum stress before fracture, 
displays an increasing trend as the solid load increases in both systems. 

The fracture morphologies reveal the preferred damage initiation and collapse of W 
scaffolds at the contact area during compression tests (Fig. 8(a), 8(b)). The lamellae are 
microscopically plastic, which is apparent from their bending deformation (Fig. 8(b)) 
due to the metallic nature of W. The existence of minimal Cu in the lamellae, which 
was introduced as a sintering aid and displays little mutual solubility with W, can play 
an additional role in promoting micro-plasticity. The progressive collapse by separation 
between grains within the lamellae leads to a zig-zag fracture profile in the scaffolds. 
Despite this process, the scaffolds are still capable of bearing compressive loads and 
thereby exhibit certain nominal plasticity at the macroscale. In comparison, the WC 
scaffolds tend to undergo brittle rupture with minimal plasticity because of their 
ceramic nature (Fig. 8(c), (d)). The densely sintered lamellae tend to display a high 
fracture resistance, specifically as compared to the breakage of interconnections 
between them. This results in the preferred separation between lamellae, causing the 
splitting fracture of scaffolds. 
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Fig. 7. Mechanical properties of the W and WC scaffolds. (a, b) Representative 
compressive stress-strain curves of the (a) W and (b) WC scaffolds with varying solid 
loads. The curves are shifted horizontally for clarity. The insets show typical 
macroscopic morphologies of the scaffolds after failure. (c, d) Variations in the (c) 
compressive strengths and (d) energy absorption densities before failure of the 
scaffolds as a function of the solid load. 
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Fig. 8. Typical SEM morphologies of fractured samples for the (a, b) W and (c, d) WC 
scaffolds after compression testing. 

4. Discussion 
 

4.1 Processing  

Ice-templating, also known as freeze casting, has been widely used in fabricating 
porous polymer, ceramic and metal scaffolds by providing an effective means to create 
unidirectional micro-pores [29,30,34,[37], [38], [39], [40], [41], [42], [43], [44], [45]]. 
During the directional freezing process of a suspension, the growing ice crystals repel 
and concentrate the particles and additives between adjacent growing crystals. This 
allows for the construction of lamellar architectures in the scaffolds after the 
sublimation of the ice. However, the ice-templating of W and WC systems is 
challenging from the perspective of making stable suspensions because their densities 
are so high, respectively, 19.35 and 15.63 g/cm3. The large settling tendency of heavy 
powders in the slurry can lead to a marked inhomogeneity of the scaffolds and even 
prevent the formation of ice lamellae [46,47]. Specifically, destabilization of the solid-
liquid interface during freezing caused by flocculation may trigger the formation of an 
ice lens and create structural defects in the lamellae [47]. 

Rothlisberger et al. [36,48] and Lee et al. [49] have developed unidirectional W foams 
by reducing ice-templated tungsten oxide (WO3) which has a much lower density 
(7.27 g/cm3) than W and WC. Similar methods have also been employed in fabricating 
cobalt (Co) and iron (Fe) foams using cobaltosic oxide (Co3O4) and hematite (Fe2O3) 
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as preforms [50,51]. However, such strategies may have several limitations compared 
to the direct templating of final products. They are restricted to materials which form 
an oxide that can be reduced back; nevertheless, these materials per se need to be 
inactive to hydrogen or other reducing agents. Additionally, the complete reduction of 
oxides often necessitates a long treatment time and considerable energy input. Here, the 
sedimentation of powders is retarded by improving the viscosities of suspensions with 
appropriate additives, particularly using HPMC as a thickener. Adjustments in viscosity 
have also been shown to be effective in suspending large alumina platelets in aqueous 
slurries [52]. By such means, the feasibility of ice-templating technique can be 
enhanced to a broader range of material-systems, thereby allowing for the easy 
fabrication of unidirectional scaffolds, specifically for solids having large densities or 
particle sizes. 

On the other hand, an increase in viscosity may retard the repulsion of W/WC particles 
from the growing ice front during the freezing process. This tends to increase the 
propensity of particle engulfment which may lead to disordered porous structures and 
irregular shapes of pores [46,47,53]. The engulfed particles may also form bifurcations 
or bridges after subsequent sintering, thereby enhancing the interconnectivity between 
lamellae. Such engulfment is believed to be promoted by HPMC additions in the 
present W/WC systems, but does not impede the formation of unidirectionally porous 
structures in the final scaffolds. Additionally, there is an upper limit of porosity in the 
scaffolds made by ice-templating technique because the solid load in suspension cannot 
be too low so as to maintain the integrity of green bodies. Also, an inferior-limit of 
porosity also exists to avoid the sedimentation of solid powders in suspension while 
keeping satisfied flowability. A wide range of porosity from lower than 20 vol.% to 
around 90 vol.% has been reported for ice-templated ceramic scaffolds [29,39,40,43]. 
The exact values of such limits have not been experimentally accessed in current study. 

The differences in the porous morphologies between W and WC scaffolds are mainly 
caused by the differing solid loads and viscosities of suspensions for freeze casting 
along with their distinctly different sintering temperatures. Specifically, the larger 
tendency of sedimentation for W powders due to its higher density than WC leads to 
decreased ordering of lamellar structure in freeze-cast scaffolds [46,47]. Additionally, 
the sintering temperature of W scaffolds is only ∼0.39 times of its melting point owing 
to the use of sintering aid (by comparison, the value is ∼0.63 for the sintering of WC 
scaffolds). This is responsible for the relatively lower degree of densification in the 
lamellae of W scaffolds. 

4.2 Strength 

The strength of a cellular solid is determined by its relative density or porosity with a 
dependence associated with the architectural arrangement. Based on the mechanics of 
the Gibson-Ashby model [54], the strength of an open-cell foam with random pores 
varies in power-law fashion as a function of the porosity P as: 
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9/94 ∝ (1 − *)5.7,                (3) 

where denotes the strength of a fully dense solid. In the case of unidirectional pores, as 
represented by honeycomb structures, the out-of-plane strength of the foam scales 
linearly with its relative density in the form as [54]: 

9/94 ∝ (1 − *).                                                     (4) 

The strength of the present W and WC scaffolds cannot be captured by either of the 
above relationships (Fig. 9(a)). This is probably because the inter- and intra-lamellar 
pores are, respectively, aligned and randomly organized. Their effects can be integrated 
by assuming a unidirectional foam comprising walls of an isotropic cellular material 
(inset in Fig. 9(b)). In this scenario, the strength of the lamellar wall, , 9( , can be 
described by the following derivation: 

9(/94 ∝ [(1 − *%&%'()/(1 − **0%8-)]5.7,                                  (5) 

where and are, respectively, the total and inter-lamellar porosities. The term within the 
square brackets indicates the relative density of lamellae; as such, the strength of the 
entire foam can be associated with that of the wall by taking the unidirectional pores 
into account as: 

9/9( ∝ (1 − **0%8-)                (6) 
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Fig. 9. Relationships between the compressive strengths and porosities for the W and 
WC scaffolds and the quantitative descriptions (a) following the Gibson-Ashby model 
for open-cell foams with isotropic and unidirectional pores [54], respectively, and (b) 
based on the present model by taking both inter- and intra-lamellar pores into account. 
The insets illustrate the different types of pores involved in the analytical models. 

Accordingly, the correlation between the strength and porosity of the scaffolds can be 
obtained by combining Eqs. (5) and (6) as: 

9/94 ∝ (1 − *%&%'()5.7/(1 − **0%8-)9.7          (7) 

Li and Dunand have established a similar relationship for ice-templated titanium foams 
by treating the material as a composite and applying the rule-of-mixtures [55]. By 
comparison, the present model generates results with a simpler expression and further 
has clearer physical implications in terms of the mechanics of cellular solids. The 
strengths of the W and WC scaffolds, normalized by their maxima, depend on their 
porosities in a similar fashion to that presented in Eq. (7) (Fig. 9(b)), validating the 
above analysis. Nevertheless, it is noted that the fitted lines do not pass through the 
origin, but intersect with the vertical axis on the negative side. This implies that the 
scaffold may become incapable of bearing any load when its porosity exceeds a critical 
level. The thresholds can be fitted to be, respectively, ∼87 vol.% and ∼89 vol.% for W 
and WC systems by considering inter-lamellar porosities accounting for, respectively, 
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70 vol.% and 95 vol.% of the total. Such a trend conforms to the difficulty for the foam 
to maintain its integrity in the presence of excessive porosity; this is also consistent 
with the behavior of ice-templated scaffolds with low solid loads where the lamellae 
are poorly interconnected [56,57]. 

4.3 Fracture Mechanisms 

The failure strain, i.e., the strain at the peak stress before fracture, increases with 
increasing porosity for the W scaffolds (Fig. 10(a)), but displays an opposite trend for 
the WC system (Fig. 10(b)). This results from their differing fracture mechanisms and 
specifically the distinctly different effects of porosity (insets of Fig. 10). The lamellae 
of W scaffolds become thinner and possess a larger interspace between them as the 
porosity increases. As such, the deformation, e.g., by bending, and breakage of 
individual lamellae are much easier to occur at lower stresses, and thus are less prone 
to cause the failure of the entire scaffolds. This makes the scaffolds capable of 
undergoing more stable collapse and generate larger nominal plasticity. 

 

Fig. 10. Variations in the failure strains of the (a) W and (b) WC scaffolds as a function 
of the total porosity, and schematic illustrations of their fracture mechanisms with the 
effects of porosity. 

By contrast, the separation of lamellae in WC scaffolds with lower porosities becomes 
increasingly difficult as a result of the enhanced interconnectivity between them. Local 
rupture of lamellae is thus a more likely scenario without the global splitting fracture 
of scaffolds (Fig. 8(d)). Moreover, the vertically aligned lamellae display decreased 
structural ordering in the transverse profile (Fig. S3 in Supplementary Materials), but 
are intersected with each other. This configuration helps inhibit the extension of 
splitting cracks throughout the entire scaffolds [56], thereby playing an additional role 
in retarding the final fracture. 
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4.4 Potential applications 

From a materials science perspective, the unidirectionally porous architecture of wood 
plays an important role in deriving its extraordinary multi-functionality [[21], [22], 
[23], [24], [25], [26]]. The replication of such design motif in the present W and WC 
scaffolds offers new possibilities towards enhanced properties in their infiltrated 
composites. This is particularly promising for W/WC-Cu composite systems which can 
be readily processed by melt infiltration of Cu into the scaffolds [[2], [3], [4], [5], [6], 
[7], [8], [9], [10], [11], [12], [13], [14], [15],48,58]. Fig. 11 shows an example of W-
Cu composites made by such means; our studies on the processing and properties are 
currently in progress. The composites feature a lamellar arrangement of constituents 
which resembles the design motif of nacre, another well-known prototype for 
biomimetics [18,23,35,48,52,[59], [60], [61], [62]]. 

 

Fig. 11. SEM morphology of a W-Cu composite made by infiltration with a Cu melt into 
the present W scaffolds. The light and gray phases are W and Cu, respectively. 

The large porosity of over 65 vol.% in the scaffolds makes it possible to achieve a high 
Cu content in the composites exceeding the benchmark for traditional powder 
metallurgical techniques, i.e., typically lower than 50 vol.%, while still maintaining a 
good connectivity of individual components. This could improve the thermal and 
electrical conductivity of the composites and thereby extend their applications. 
Additionally, the unidirectional architectures may enable the optimization of material 
performance along specific directions. Specifically, the preferred alignment of W/WC 
and Cu is expected to maximize the longitudinal stiffness and conduction properties, 
and simultaneously lead to good barrier behavior in the transverse section. Moreover, 
cracks propagating perpendicular to the lamellae are expected to be deflected and/or 
bridged by uncracked ligaments [35,52,[59], [60], [61], [62]], thereby bestowing 
enhanced fracture toughness properties in this orientation. 

5. Conclusions 

We have fabricated a suite of scaffolds with differing porosities for W and WC systems 
by means of direct ice-templating of their stable suspensions containing varying solid 
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loads. These scaffolds possess unidirectionally porous architectures which in many 
respects replicate the design protocol of wood; they represent promising preforms for 
the development of new multifunctional nacre-like materials such as W/WC-Cu 
composites. Based on a systematic investigation focused on the processing, 
microstructures, and mechanical properties of these scaffolds, the following 
conclusions can be made: 

(1) The sedimentation of W/WC powders can be effectively retarded by adjusting the 
viscosities of suspensions, specifically using HPMC as a thickener. These viscosities 
increase markedly with increasing HPMC content following a power-law relationship. 
This allows for the direct ice-templating of W/WC and other material systems with high 
densities and large particle sizes. 
(2) The WC scaffolds display a more ordered alignment of lamellae than for the W 
system. An increase in solid load leads to the thickening of lamellae and enhanced 
interconnectivity between them, along with reduced porosities and pore aspect ratios. 
This is accompanied by the dendritic-to-isotropic and lamellar-to-dendritic transitions 
of structural morphologies in W and WC systems. 
(3) The mechanical properties of these scaffolds are dependent on both the inter- and 
intra-lamellar pores which are, respectively, unidirectional and isotropic. A strength-
porosity relationship, established by integrating their effects in terms of the mechanics 
of cellular solids, can well describe the experimental results. The scaffolds are deemed 
to become too weak to withstand any load for the case of excessive porosity over a 
specific critical level. 
(4) The W and WC scaffolds exhibit distinctly different fracture mechanisms in the 
form of progressive collapse vs. brittle splitting. The increase in porosity promotes the 
collapse of individual lamellae without inducing global fracture for the W system, but 
causes easy splitting between lamellae for the WC system, thereby resulting in opposing 
variations in their failure strains. 
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