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The potential application of nanoscale materials as novel structural or functional 

engineering materials largely depends on the consolidation of powders into bulk 

nanoscale solids. In general, pressure-assisted sintering is known to be adequate for both 

reaching full density and preventing grain growth [1]. Besides the fabrication of 

nanomaterials into engineering components by hot pressing or Materials 2013, 6 4047 

sinter-forging, another promising objective is the application of nanopowders to the net-

shaping technique as powder injection molding (PIM). In this case, the consolidation of 

the net-shaped powders is only achieved by pressureless sintering. It was reported that Fe 

base nanopowder compacts underwent the densification process strongly depending on 

the state of powder agglomeration [2]. The consolidation was incomplete due to a severe 

influence of particle agglomeration. Consequently, full densification of nanopowder 

compact even at elevated temperature could be achieved by op timizing the agglomerate 

size through either high-pressure compaction or reducing agglomerate size. Based upon 

these findings, Lee et al. [3–5] suggested a new sintering concept for consolidation of 

nanoscale powders, so called nanopowder agglomerate sintering (NAS) process. The key 

concept of the NAS process is based on the optimization of structure design and full 

density processing of nanopowder into nanostructured micro-components. The kinetics of 

this process is found to be controlled by material transport through hierarchical interface 

structures of nanopowder agglomerates [5–7]. From the studies of densification process 

[2,5–8] and diffusion process [9–11] in Fe–Ni nanomaterials, it has been reported that the 

hierarchy-structured grain boundaries consisting of nano grain boundary and agglomerate 

boundary act as high diffusion paths for densification process. In particular, it was found 

that atoms diffuse much faster along agglomerate boundaries compared to nano grain 

boundary. This experimental finding provides a breakthrough for processing full density 

nanopowders by optimal design of the agglomerate structure, i.e., hierarchical interfaces 

in nanopowders. Moreover, based on this processing concept, Lee and his coworkers [3 –

5] fabricated nanograin structured Fe base PIM parts with full density and superior 

mechanical property owing to grain refinement effect. This is a good example or the 
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application of NAS process to processing a net-shaped powder material. 

Another application example of NAS process is recently reported for the 

fabrication of full density Fe nanomaterial [12]. In this paper we review our recent 

investigations on the consolidation of hierarchy-structured nanopowder agglomerates in 

terms of the densification process and microstructural development and also introduce on 

their application studies for processing a net-shaped Fe base nanopowder parts using PIM 

technology and pressureless sintering. In addition, current research on low-temperature 

PIM using hierarchy-structured micro-nano powder feedstock is briefly addressed. 2. 

Optimal Processing of Iron Base Nanopowder Agglomerates Figure 1 shows a schematic 

illustration of densification process by controlling of agglomerate size [13]. The 

agglomerate powder compact exhibits a bimodal pore distribution comprised of 

nanoscale intra-agglomerate pores and micron scale inter-agglomerate pores. While the 

nano-sized intra-agglomerate pores are easily eliminated in the course of sintering, the 

micro-sized inter-agglomerate pores remain and restrain densification (Figure 1a). After 

controlling of agglomerate size distribution, the compact part has homogeneous - or 

narrow pore size distribution (Figure 1b) and can reach full densification after sintering. 

The structural modification of the agglomerated nanopowders by controlling agglomerate 

size might be a key technology to obtain smaller and narrower pore size distribution. This 

chapter describes the full density processing of net-shaped Fe base nanopowder 

agglomerates by controlling agglomerate size in terms of densification process and 

microstructure. Materials 2013, 6  

Figure 1. Schematic illustration of pore size distribution in agglomerated 

nanocrystalline powder (a) without and (b) with controlling of distribution of 

agglomerate size [13].  
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Figure 2 schematically represents the experimental procedure utilized for net -shaping 

process of Fe base nanopowder [3]. The process involves a two-step procedure consisting 

of Fe base nanopowder synthesis by hydrogen reduction of oxide precursors [14 –17] and 

full densification process of PIM nanopowder by pressureless sintering. As depict ed in 

the diagram, the large inter-agglomerate pores should be efficiently minimized by using 

different processing routes which can control the agglomerate size during the entire 

process. Intuitively, two methods for controlling agglomerate size and distri bution are 

suggested; one is the wet milling of as-reduced nanopowder in dispersant containing 

solution [3,5,18] and the other is the mixing of nanopowder with the binder material for 

making PIM feedstock [3,5,18,19]. The wet-milling of nano-agglomerate powder in non-

oxidation atmosphere can lead to increasing of packing density of agglomerate powder 

owing to improvement of particle size uniformity [20]. The maximum packing density 

for random packing of mono-sized spheres is predicted to be independent of the sphere 

size, and this prediction has been verified experimentally [21].  

Figure 2. Experimental procedure for synthesis and net-shaping process of metal 

nanopowders produced by hydrogen reduction of ball-milled oxide powder [3]. 
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