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ABSTRACT 
 
The fabrication of 3-D bulk miniature structures from 

nanoscale ceramic powders is not straightforward. 
Expectations for producing novel property combinations in 
this classical category are enormous in recent years. This 
paper addresses material homogeneity issues at the micro 
and macroscale while fabricating dense, small-scale devices 
and microstructures by using nanoscale powders through 
net-shape processing research. For this, a design of 
experiments involving variations in powder injection 
molding conditions were carried out to map the 
homogeneity at the macroscale (part level) and microscale 
(particle level) in microchannel arrays (MCAs). The, 
experiments will help us achieve the overall goal of 
understanding the evolution of homogeneity with materials 
and processing variations for bulk 3D microminiature 
components with nanoscale microstructures and exceptional 
properties.  
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1 INTRODUCTION 
 

 The role of powder technologies for the net shape 
production of complex engineering components from metal 
and ceramic materials continues to grow [1]. One way of 
net-shaping such components is the use of powder injection 
molding (PIM) which is advantageous as far as shape 
complexity, materials utilization, energy efficiency, low-
cost production, and mass manufacturing are concerned [2]. 
Hence it is of great interest to extend the concept of PIM to 
nanoscale particles and microminiature ceramic structures. 
Microsystem technologies have propelled the development 
of micro and multi-scale manufacturing techniques for 
more than a decade [3]. However, scientific studies relating 
to the behavior of nanopowder-polymer systems have 
lagged behind, thereby limiting opportunities in 
microsystem applications. The focus of the proposed work 
is to extend the concept of PIM to nanoparticles and 
microminiature metallic and ceramic structures. 
 

A major area of application for PIM is in microfluidic 
systems [4]. Small particles are required for both geometric 
and performance attributes. Curiously, numerous synthesis 
routes for nanoscale powders have been reported [5], yet 
advantages are poorly realized from these powders. Further, 
scientific studies relating to the behavior of nanopowder-
polymer systems have lagged behind, thereby limiting 
opportunities in microsystem applications. Thus, there 
exists a huge gap between nanoscale powder availability 
and widespread application in microsystems. Shrinking 
component sizes tax our fabrication abilities. In powder 
systems, the rule of thumb is that the powder size must be 
smaller than 5% of the feature dimension to reduce wall 
effects [6]. Features of 1 µm size require particles below 50 
nm. While micromolding with polymers has met with some 
success [7], material homogeneity is a critical in PIM 
because it results in various molding defects in metal or 
ceramic microparts [8]. 

 
 In this study, an experimental platform and 
modeling approaches have been used to carry out the 
research on PIM of ceramic microchannel arrays (MCAs). 
The main objective of this is to investigate the material 
heterogeneity issue through the development of the micro 
injection molding process for MCAs (See Figure 1). MCAs 
have been chosen for this study since they have been widely 
used as the major component and design feature for many 
microsystems in a large variety of applications, such as 
microfluidics, micros optics, micro heat exchangers, micro 
transducers, and medical devices [9].  
 

 

Figure 1: Powder  injection molded alumina 
microchannel arrays (MCAs) used in this study 
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2 EXPERIMENTAL METHODS 
 

2.1 Part Design 
 
 In order to carry out the research, the experimental 
part was carefully designed with specific geometry and 
dimensions. The main study features were the micro 
channel arrays (MCAs), (Figure 2), which were designed 
with different rib thickness and trench width for both 
conducting macro and micro scale homogeneity studies.  

 
 In order to investigate the geometry effects, three 
different rib width and heights were designed into the part 
as 50/100μm, 100/200μm, and 500/500μm separately, see 
Table 1. 
 
 
R, Rib 
Width 

H, Rib 
Height 

W, 
Width 

S, Trench 
Width 

Bulk  
Dimension 

0.05 0.1 2.58 0.18 8 x 2.58 x 1.524 
0.1 0.2 2.76 0.18 8 x 2.76 x 1.524 
0.5 0.5 9.5 0.5 13.8 x 9.5 x 3.175 

 
Table 1. MCA dimensions, mm 

 
2.2 Materials 
 
 The MCA parts were molded with a commercially 
available alumina-polyacetal feedstock (Catamold AO-F, 
BASF) containing about 56 vol.% solids loading. The 
median particle size of the alumina was under 500 nm. 
 
2.3 Processing 
 The experiment platform used for micro powder 
injection molding study consisted of a state of the art PIM 
machine, ALLROUNDER 270C from Arburg. The 
machine had a clamping force up to 800 kN. A precision 
micro mold system was designed with multiple cavities for 
different MCA with the rib sizes of 50, 100, and 500μm. 
The cavities were designed with gas vents and vacuum 
paths to improve degassing for fast melt fill, which are 
critical in the micro injection molding process to reduce 
voids and micro feature short shot. The cavities were fitted 
with temperature and pressure sensors to monitor the mold 
filling 

 After several trial runs, the basic injection molding 
process for alumina MCAs was set. Among these process 
parameters, three of them, volume flow rate, holding 
pressure and mold temperature were chosen as the DOE 
control factors for study to explore the process effects on 
molded part homogeneity issues. Following injection 
molding, in order to remove the polyacetal from the parts, 
debinding was done in a catalytic debinding oven (CM 
Furnaces,  Model 120). The catalyst used for the debinding 
process was gaseous nitric acid – nitrogen mixture for 2 
hours 135°C. After debinding, the parts were sintered in an 
air furnace (Rapid Temp 1716FL from CM Furnace) at 
1610oC for 2 hours. 
 
2.4 Characterization 
 
 Based on the material characterization tools in the 
semiconductor industry, a few material test techniques were 
explored and developed through this research for green 
ceramic material homogeneity study.  They are: 
 
 The Wyko NT8000 laser surface profilometer was 
used in this research to study 3-dimensional micro feature 
profiles and to measure height variations in the MCAs. 
Optical microscopy was performed for an assessment of 
macroscopic defects.  
 
 Quantitative information of the locally distributed 
grain and pore sizes was collected by image analysis on a 
Clemex system. The Clemex system consists of an inverted 
compound microscope coupled with a sophisticated image 
analysis software package. The scope allows to exam 
individual locations with high magnification from relative 
large samples. 
 
 X-ray Photoelectron Spectroscopy (XPS), also 
known as Electron Spectroscopy for Chemical Analysis 
(ESCA), is a widely used technique to investigate the 
chemical composition of surfaces. A Physical Electronics 
QUANTERA Scanning ESCA was used to probe variations 
in powder-polymer distribution by monitoring the Al/C 
ratios across various locations.  
 
 Time-of-Flight Secondary Ion Mass Spectrometry 
(TOF-SIMS) was used for the analysis of surfaces and their 
composition to the depth of a few nanometers with high 
sensitivity (~ 1ppm) and mass resolution. The study was 
done using a Physical Electronics TRIFT II time of flight – 
secondary ion mass spectrometry instrument.  
 
 Owing to the small feature size of MCAs, special 
instrumentation is required for microhardness testing to 
achieve the necessary resolution to infer the density 
distribution in micro-scale. In this research, the analysis 
was carried out on Nanoindenter XP from MTS systems.  
 
 

Figure 2: MCA parts for the present PIM study.
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3 RESULTS AND DISCUSSION 
 
3.1 Optical Microscopy 
 
 In order to monitor the defects and homogeneity at 
the part-level, optical microscopy was performed at several 
magnifications. Figure 3 shows macroscale defects in the 
rib section in a 50 μm MCA due to incomplete mold filling. 
Some of the distortion may have also occurred during  
ejection from the mold cavity. 

 

3.2 Surface Profilometry 
 
 In order to quantitatively map the dimensional 
variations in MCAs, optical surface profilometry 
measurements were performed. Figure 4 show the variation 
in rib height of a cross-sectional view of a 50 μm MCA in 
the green and sintered states. 

 
 It can be the seen that the green samples are 
relatively uniform. In contrast, the sintered samples of the 
same specimen show a larger variation in rib height. In 
addition, the dimensional change from green to sintered 
was larger than the shrinkage level measured in the 
macroscopic regions in the MCAs. The contrasting 
behavior in the dimensions of microchannel ribs in green 
and sintered samples providing additional evidence for a 
polymer-rich surface layer on the ribs 

3.3 Hardness 
 
 Image analysis of sintered MCAs showed 
interesting variations in grain and pore size distributions as 
well as porosity levels. These changes depended on rib 
dimension, relative location as well as process conditions. 
Figure 5 shows an example of such variations in a 50 μm 
MCA 

 
 
3.4 Nanoindentation 
 
 If the surface of the rib is inferred to be polymer-
rich, then it is likely that the core regions of the rib is rich in 
powder, due to particle migration in the melt. In order to 
test this hypothesis, nanoindentation tests were performed 
on green cross-sections. The modulus variation was 
monitored in the above locations to track the potential for 
powder enrichment. The modulus distribution as a function 
of location is shown in Figure 6. It can be seen that there is 
a higher modulus in the rib relative to the rest of the MCA. 
This result further confirms the presence of a polymer-rich 
shell encasing a particle-rich core in the MCA ribs. A 
detailed analysis confirmed that the modulus variations 
were strongly influenced by processing conditions. 

 

Figure 6: Variation in modulus along various 
locations in a  green 50 μm MCA. 

Indentation: The modulus of 50μm Green Samples

0

2

4

6

8

10

50μm Ribs Center Base

Sampling Locations

G
P

a 

Modulus Avg

Figure 5: Grain and pore size variation near the 
top (left) and bottom (right) of  a 50 μm rib. 

Figure 4: Variations in rib height in (top) green  
and  (bottom) sintered 50 μm MCAs. 

Figure 3: Top and side views of macroscale 
defects that can be found  in green MCAs. 
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3.5 XPS 
 
 In order to confirm the presence of a polymer-rich 
surface region in the ribs relative to the bulk, chemical 
analysis was performed using XPS. Figure 7 shows the 
locations in the rib and bulk for XPS analysis in a 50 μm 
MCA in the green state. The Al/C ratio was monitored in 
these locations to track changes in the relative 
concentration of alumina particles and polymer. The Al/C 
ratio as a function of the locations described in Figure 15 is 
shown in Figure 16. It can be seen that there is a lower Al/C 
ratio near the surface of the rib relative to the rest of the 
MCA. This result further confirms the presence of a 
polymer-rich shell encasing a particle-rich core in the MCA 
ribs. 

 

 

 
3.6 TOF-SIMS 
 
 Analysis of MCAs using TOF-SIMS gave results 
that were qualitatively similar to the findings from XPS and 
confirmed the presence of the polymer-rich shell 
surrounding a powder-rich core in the MCAs (Figure 8). 

 

 

4 CONCLUSIONS 
 

This research emphasizes the problems of material 
homogeneity at the macroscale (short shot) and microscopic 
(binder/powder separation) levels during the fabrication of 
microchannel arrays (MCAs) from nanoparticles by PIM. A 
new study protocol have been outlined which can be used 
as a development tool for nanoparticles processing for PIM. 
An experimental understanding of material homogeneity 
issue and models for microsystem design will significantly 
contribute to the technological foundation and future 
development of PIM for microscale applications.   
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Figure 8: Al ion distribution in a green 50 μm 
MCA obtained using TOF-SIMS  

Figure 7: Variation in Al/C ratios along 
various locations in a green 50 μm MCA. 
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