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Preface 
 
 

The International Congress on Advanced Materials Science and Engineering (AMSE-2019) 
covered the diverse topics of fields and many professors, company executives, researchers and young 
scientists came to Osaka this July for this material scientific event.   

At first glance, the conference topics in AMSE are so diverse that experts may wonder or 
hesitate if they could get any new information on their own fields by participating in the conference.  
Scientific interactions are complex and it is difficult to expect immediate results and new discoveries, 
which should be aimed at in a very specialized research conference. On the contrary, the AMSE 
conference and other similar conferences will be beneficial very much in the sense that one can ask 
elementary and basic questions, current status of applications in unfamiliar intermediate regions of 
research, where it is often difficult to bring questions out for researcher outside of their expertise.  
The AMSE and similar conferences could have valuable ideas in terms of applicability and 
applications for technical matter talking with very comfortable atmosphere of such a conference; even 
researchers may find different or new ways of theoretical understandings of their own special field.  
Hence, advantages of the conference depend on views and perspectives in their own specialty, and as 
personal opinions, interesting ideas, applications and projects essential for improving human societies 
and ecological systems have been obtained. 

The information of scientific theories and technologies is useful for mankind; knowledge first 
set people free from fears and disasters from living in a severe natural environment; however, as fire 
gave people freedom and destructions simultaneously, mass consumption and production by human 
societies created massive wastes and environmental problems.  Although fossil fuels, atomic energy 
and technologies promised a bright future, environmental and human health issues, extinction of 
species have seriously damaged our ecological systems, which may not be resolved in the near future.  
In order to solve problems of energy and accompanying wastes, scientists need to cooperate and test 
theories and technologies from all fields of sciences.  It may not be easy to find optimal technologies, 
chemical and biological approaches appropriate for resolving environmental and ecological problems, 
and nobody could say definitely whether or not we can nail down true causes to resolve problems.  
A possibility to solve problems for ecological systems on Earth may come from interactions of all 
sciences, and hence, conferences for mutually beneficial interactions with comfortable atmosphere to 
ask questions freely would be helpful to all expertise of sciences.  May sciences be successful for 
building peaceful ecological societies on the Earth. 

 

 
Hiroshi Uechi, Honorary Chairman of AMSE-2019  
Professor 
Osaka Gakuin University, Japan 
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Special Issue based on the AMSE Conference held in Osaka, Japan 2019 
 

One of the main objectives of the AMSE Conference is to provide a forum for the discussion 
of a wide range of topics in modern material engineering research focusing on modelling, theory, 
experiments and applications. AMSE-2019 was held between the 22nd July and 24th July in the 
historic City of Osaka. It attracted more than 500 participants from 22 countries, with USA, China 
and Japan representing the three principal contributors to the program with Japan heading the list of 
papers presented at the meeting. 

The topics covered in AMSE-2019 included Semiconductor and Superconductor Materials, 
Electronic and Optical Materials, Magnetic Materials, Information Materials, Artificial Intelligence, 
Nano Materials, Biomaterials and Bio-engineering, Soft tissue Mechanics, Polymer Materials, 
Composites Materials, Mechanical, and Manufacturing, 3D, 4D Printing Materials, Surface Science, 
Structural Materials, Carbon and Graphene, Environment and Green Materials. The program included 
more than 22 sessions 221 speakers gave informative presentations. 21 early career scientists 
delivered their talks at Young Scientists Forum, 5 more young authors contributed papers for this 
conference proceedings. 

The Honorary Chairmen of the AMSE 2019 were Professor Masayoshi Tanaka of Kobe Tokiwa 
University, Professor Nigel Brandon of Imperial College London, Professor Hiroshi Uechi of Osaka 
Gakuin University, Dr. Yoshitake Masuda of AIST and the organizing committee consisted of ISTCI 
and FLC Event 

AMSE 2019 invited six distinguished experts at Keynote Forum on the first day of the conference: 

• Dr. Nigel Brandon of Imperial College, The University of London gave a presentation on 
The Role of Electrode Microstructure in Fuel Cells and Batteries 

• Dr. Raymond Oliver of Northumbria University, Newcastle presented a lecture entitled The 
Art and Application Space for Elastic Responsive Biopolymers and 3, 4 D Interactive Material 
Systems through Additive Soft Micro Fabrication 

• Dr. Suong Van Hoa of Concordia University, Canada and the Canada Center for Composites 
presented a lecture dealing with 4D Printing of Composites 

• Dr. Alan Kin Tak Lau of Swinburne University of Technology, Australia delivered a 
presentation on Recent Development in Advanced Composite Materials Research 

• Dr. Huiling Duan of Peking University, China gave a presentation on Irradiation Hardening 
and Embrittlement in Structural Materials 

• Dr. A.P.S. Selvadurai of McGill University, Canada presented a lecture on Poro-
Hyperelasticity: The Mechanics of Fluid-Saturated Soft Materials 

The present volume is a compilation of the papers presented at the AMSE 2019 and prepared 
from the final papers submitted by the authors. It is hoped that this initiative will lead to other 
successful international meetings that will form the venue for discussion of the recent advances in 
material science and engineering. 
 
 

A.P.S. Selvadurai FRSC, Keynote Speaker of AMSE-2019 
William Scott Professor and Distinguished James McGill Professor 
Department of Civil Engineering and Applied Mechanics 
McGill University, Canada 



The International Congress on Advanced Materials Science and Engineering 2019 (AMSE-
2019) was held at ANA Crowne Plaza Osaka from 22-24 July 2019. The congress was run under the 
auspices of ISTCI and operated by Four Leaf Clover Event. 

The number of participants was over 500 who came from all over the world. The congress 
covered a wide range of subjects spanned from basic sciences to Engineering with a common 
philosophy, i.e., redefining the Future of Advanced Materials. A first major topic is associated with 
the current problems observed with future life change strongly focusing material R &D in our future 
life, while a second major topic is associated with the future advanced materials such as 
Semiconductor, Superconductor, Nano Material, AI (Artificial Intelligence), Medical Application, 
Environment and Energy, and so on. 

This volume contains invited presentations and contributed papers. We would like to extend 
our appreciation to all the speakers and participants who presented stimulating talks and discussions. 
We would also like to express our sincere thanks to our sponsor and all of staff who helped the 
congress. 

 
 
Masayoshi Tanaka, Honorary Chairman of AMSE-2019 
Specially Appointed Professor 
Department of Clinical Technology, Faculty of Health Science 
Kobe Tokiwa University, Japan 
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The Hybrid Compression Moulding of Structural Composite Materials 
for Automotive Applications 

Helena C. Simmonds1,a*, Neil C. Reynolds1,b and Kenneth N. Kendall1,c  
1WMG, University of Warwick, University Road, Coventry, CV4 7AL, UK 

ah.c.c.simmonds@warwick.ac.uk, bneil.reynolds@warwick.ac.uk, ck.n.kendall@warwick.ac.uk 

Keywords: SMC, Compression Moulding, Composites, Prepreg Compression Moulding 

Abstract. The Innovate-UK-funded Composite Lightweight Automotive Suspension System 
(CLASS) project, led by Ford Motor Company and partnered by Gestamp UK, GRM Consulting 
and WMG, investigated the use of carbon fibre reinforced composite materials to decrease the 
weight of an automotive rear suspension component in support of reduction in vehicle emissions. 
 
A multi-material design comprising discontinuous fibre composite (C-SMC), aligned fibre 
composite laminate (prepreg) and steel was developed.  A high volume hybrid compression 
moulding manufacturing process was developed at WMG, achieving total press cycle times of 
under 5 minutes.  Prototype parts were manufactured and evaluated using materials characterisation 
techniques to validate the manufacturing methods.   The optimum C-SMC charge pattern was 
investigated to achieve complete fill with minimal pre-processing.  Destructive and non-destructive 
analysis of the hybrid parts was performed to understand resultant hybrid material macrostructure.  
This innovative design and manufacturing process resulted in a component 35% lighter than the 
original multi-piece steel design. 

1. Introduction 
The objective of the CLASS project was to develop and demonstrate composite materials and 
process technology for light-weighting in high-volume automotive structural applications.  The 
chosen automotive trailing arm suspension assembly represents a technically challenging 
application, requiring a combination of good stiffness, fatigue and strength performance.  However, 
conventional materials/process technology in this application relies on relatively complex and 
heavy multi-part steel fabrications. Therefore, the application offers an excellent opportunity for 
light-weighting using composites through their inherent high mass-specific properties and inherent 
potential for parts integration through complex (flow) forming manufacturing processes. 

2. Design 
The design study for the CLASS project 
was led by Gestamp UK aided by Ford 
Motor Company and GRM Consulting.  
The results from the initial design 
optimization iterations using single 
material solutions (candidate C-SMC) 
demonstrated that the complex 
performance requirements would require 
a hybrid materials solution. Particularly, 
during service, the part undergoes elastic 
cyclic loading but also has to sustain 
severe on-axis abuse load cases that promote out-of-plane buckling [1].  A multi-material design 
comprising discontinuous carbon fibre composite (C-SMC), aligned fibre composite laminate 
(prepreg) and steel was developed.  The prepreg material provided the in-plane and out-of-plane 
stiffness and strength (in the tie blade region), whereas the flow-moulded SMC allowed all hard 

Fig. 1: Three part component design 
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point connections to the vehicle package to be integrated such as brake calliper, anti-roll bar, toe 
link, camber link and spring link in the complex 3D knuckle region of the part.  An additional steel 
insert located in the mid-plane of the SMC provided the required stiffness in the knuckle region of 
the component which connected to the wheel bearing. This steel insert allowed the strict relative 
stiffness to be achieved between the link clevises in order to maintain a heightened dynamic 
performance  

3. Materials 
3.1 Prepreg. The tieblade section made up the length of the part (as indicated by dark grey element 
in Fig. 1) comprised eleven plies of UD and 8 plies of woven (plain weave) both using 12K carbon 
fibres.  The manufacture of the prepreg preform is detailed in the preform manufacture section. 
 
3.2 SMC. The carbon fibre SMC (blue element, Fig. 1) comprised 12K carbon fibres chopped to 
25mm length and randomly orientated in a vinyl ester SMC.  C- SMC charges were cut and stacked 
by hand.  Although the SMC material flows, its flow length is limited so it was initially placed in 
close proximity to the final location.  Further detail of the charge position is discussed below. 
 
3.3 Steel Inserts. The steel inserts (light grey element, Fig. 1) were pressed to shape before a 
honeycomb pattern was laser cut; finally, the inserts went through the e-coat and paint production 
line at Gestamp UK.  This was a result of previous work at WMG showing improved adhesion 
between steel and composite when steel was coated with e-coat and paint compared with bare 
metal.   

4. Preform Manufacture 
Preform manufacture comprised three main process steps of automated cutting using the Computer 
Numerical Control (CNC) cutting table (Zund, Switzerland), lay-up in the robotic pick and place 
cell (Expert, UK) and finally preforming on a 100 tonne press (Dassett, UK). 
 
4.1 Automated Cutting. Previous preform simulation work resulted in a blank shape which 
incorporated an edge of at least 25mm from the final net shape to provide enough material to be 
gripped and also drawn in at the preform manufacturing step.  Nesting software worked to find the 
most efficient way of cutting plies from the roll to ensure maximum use of material. 
 
4.2 Robotic Pick and Place. Prepreg 
plies were stacked using a robotic pick 
and place cell.  The use of a robot ensures 
repeatable placement of the plies, 
eliminates human error and reduces labour 
costs.  Manufacturing innovations for the 
CLASS project included the development 
of two different end effectors and use of 
ultrasonic welding to adhere plies.  Due to 
the tackiness of the material, backers were 
left on the individual plies to prevent 
sticking when stacked in the drawer.  The backer was removed using a coandä effect by blowing a 
jet of air from its immediate surroundings causing an area of low pressure around the jet; the 
pressure difference across the end effector causes the material to deviate and then adhere to the 
surface.  The use of a vacuum pack alongside suction cup end effectors to pick and place the plies 
allowed control of the suction force used to pick a single ply of UD, woven or the total pack (Fig. 
2).  This method allowed the tacky plies to be effectively picked and placed but in a high volume 
production, the tackiness should be addressed at the material manufacture stage. 

Fig. 2: Pick of single ply using suction cup end effectors 
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4.3 Preforming. The complex form of the final 
tieblade/knuckle component meant that a preform 
tool was required. The tool was a matched aluminium 
punch and die profile using a sprung blank holder at 
the knuckle section to hold the blank in place.  When 
the tool was fully closed a carbon steel blade engaged 
to trim the blank to net shape (Fig. 3) thus combining 
the preforming and trimming into a single process 
step; this allowed repeatable manufacture and 
eliminated the need for a separate trim tool as well as 
lowering overall process times. 
 
The blank was held within a frame using hooks and 
springs attached within the trim area of the blank, 
shown in (Fig. 4). This frame maintained in-plane 
tension whilst allowing drape. Then the blank was 
heated in a convection oven to decrease the viscosity 
and enable it to form more easily. The blank and 
frame were placed within the working area of the 
press at an angle to maintain in-plane tension 
throughout the forming process.  The forming tool 
was at ambient temperature.  The tool closed and a 
force of 500kN applied.  The material was held with 
the press closed for 120s whilst the material cooled to 
room temperature to “freeze” the form. Although 
much of the tool design and blank shape were guided 
by the preform simulation work, it was found that the 
reality was very different from the simulation.  At 
nineteen plies thick, the preform behaved as a block 
bending into shape rather than plies shearing over 
each other as the simulation suggested. 

5. Hybrid Compression Moulding 
The three elements of the tieblade 
knuckle: preform, SMC charge and steel 
insert were brought together during the 
single-shot compression moulding of the 
net shape tieblade knuckle. 
 
5.1 Compression Mould Tool.  
Compression Moulding was performed 
using a V-Duo 1700 tonne press (Engel, 
Austria) at WMG.  The mould  included a 
vertical shear edge, vertical vacuum seal, 
ejector pins (upper cavity), and a samarium cobalt magnet encased in a brass pin for retaining the 
steel insert during mould closure and fill.  The encasing pin had a positive profile which matched 
with the surface of the steel ensuring repeatable location of the insert (Fig. 5). 

Fig. 3: CLASS preforming process 
 
 
 

Fig. 4: Prepreg blank held in frame 
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Integrated within the mould 
were six pressure sensors, 
three heat flux sensors and 
two dielectric sensors as 
indicated in Fig. 6. The 
pressure sensors allowed 
monitoring of pressure at 
both the cavity fill stage and 
the cure stage of the cycle.  
The heat flux sensor 
monitored changes in 
temperature within the cavity and the dielectric sensors monitored the ion viscosity [2] of the 
prepreg material providing an indication of cure. 
 

5.3 Processing Parameters.  The steel 
insert and majority of the SMC charge 
were suspended from the magnet pin in 
the upper mould whilst the prepreg and 
remaining SMC placed into the lower 
mould cavity.  The mould tool was at 
150°C and the press closed from 20mm to 
final position (approximately 0mm) at a 
rate of 3mm/s using a maximum force of 
2500kN.  The mould was then held for 
420s with a force of 2500kN applied.  At 
the end of the cycle, the press opened to 
300mm where the part ejected from the 
upper mould before opening completely 
and the magnet retention pin redeployed. 
 
5.4 Charge placement.  The position of 
the SMC charge was driven by the 
location of the steel insert within the 
mould tool.  The mould was designed so 
the steel insert was partly inserted into the 
upper cavity at loading (Fig. 5).  To meet 
the design intent, the SMC needed to 
travel up and over the steel clevises to fill 
the rib cavities, so the majority of the 
material was placed on the steel insert.  

This pattern achieved three distinct layers of prepreg, steel then SMC at the base of the clevises.  
Sectioning of the parts after moulding revealed areas of steel exposed on the outer sides of the 
clevises (Fig. 7a).  Evaluation of a component via CT scan revealed that the moulding forces during 
SMC flow are moving the steel insert and splaying the clevises.  To counter this, an SMC charge 
pattern was trialed which included a greater proportion of SMC underneath the steel to flow SMC 
either side of the clevis.  Sectioning of the part revealed that although the steel clevises were 
situated more centrally, there was now SMC underneath the insert, locating the insert higher within 
the part (Fig. 7b). Prepreg distortion and wrinkling were present which based upon flat plaque 
moulding studies can be attributed to SMC flow over the prepreg, dragging fibres out of position. 
Therefore, prototype production was continued using an SMC charge pattern focused on flowing 
the material up and over the steel insert rather than from below. 

Fig. 5: Steel insert suspended from magnet in upper half of mould tool 

Fig. 6: Location of In-Mould Sensors 
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5.5 In-Mould Sensors.  Study of the 
pressure traces from the Kistler 
sensors showed the material had filled 
the cavity after 18s.  This is indicated 
on the chart in Fig. 8.  Later in the 
cycle, in-mould pressures showed that 
the pressure decreased in the knuckle 
area where SMC was present whereas 
in the tieblade area where only prepreg 
was present the pressure increased.  
This was thought due to the 
differential cure-related shrinkage of 
the part. Vinyl ester SMC materials 
exhibit greater cure shrinkage than 
epoxy prepregs [3].  The increased 
shrinkage in the SMC knuckle region 
transfers the fixed press tonnage onto 
the more stable tieblade area, locally increasing the pressure. 
  

Fig. 9 shows traces from the three heat 
flux sensors on the lower mould; these 
give an indication of the temperature 
changes occurring in the prepreg 
material.  They showed an initial 
decrease in temperature as the cold 
prepreg came into contact with the 
mould face under which the heat flux 
sensor is located.  It can be seen that 
sensor H2 does not display this drop in 
temperature until after the other two; 
the material is not in direct contact 
with the mould at this point until after 
the press is closed due to the form in 
this area [4].  The material then 
absorbs the heat from the mould 

before the exothermic curing reaction resulting in an increase in heat flux. According to the heat 
flux sensors, at all three locations, the curing reaction has finished after 270s. 
 

Fig. 7: Section at clevis of knuckle showing splaying of steel 
 

  

Fig. 9: Heat flux traces of compression moulding 

Fig. 8: Pressure Sensor traces of compression moulding 
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The in-mould dielectric sensors show 
an increase in impedance initially as 
the resin viscosity decreases allowing 
the ions to flow more easily (Fig. 10).  
After the resin reaches gel point, it 
becomes more difficult for the ions to 
move as cross linking begins.  The end 
of this decrease in impedance 
indicates the end of cure [5].  The 
difference in profile for these two 
sensors is thought due to their 
location.  Sensor 1 is located in the 
knuckle area where there is epoxy 
resin from the prepreg, steel and vinyl 
ester resin from the SMC present.  At 
sensor 2 there is only epoxy resin from the prepreg material present.  Both sensors indicate that the 
cure has completed by 270s in agreement with the heat flux sensor.   

6. Cost and Performance 
6.1 Performance. Prototype components manufactured were tested at Gestamp.  Parts were 
mounted on a rig and were tested for X – Y Axis fatigue performance, lateral complaince and  
longitudional strength testing.  Physical testing not only confirmed that the hybrid part met 
engineering requirements but it also demonstrated correlation back to the CAE models. 
 
6.2 Cost. The orginal project targets allowed a cost increase of not more than $30/vehicle.  An intial 
cost study showed that actual part costs were $160/part.  These high costs were mainly due to 
prepreg material costs and levels of wastage.  To take this prototype into production, manufacturers 
must work with material suppliers to develop a more cost effective prepreg and to reduce waste.  

7. Conclusions 
This study highlights a highly-instrumented industrial processing approach to understand the flow 
of and polymerisation of the thermoset resins in real time.  It is demonstrated that this data-rich 
environment allows for rapid process optimisation.  Complex prepreg preforming was a key enabler 
to the manufacture of the hybrid component; a tool which integrated the form and trim operations 
was successfully developed.  This work demonstrated successful hybrid compression moulding of 
three dissimilar materials, namely continuous carbon fibre prepreg, discontinuous carbon fibre SMC 
and high strength steel in a single 270s process step. 
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Fig. 10: Dielectric sensor traces of compression moulding 
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Abstract. This research project aims to analyze the economic feasibility of Additive Manufacturing 
(AM) as supportive technology in Injection Molding (IM) tool manufacturing by estimating the 
potential cost-savings and lead-time reduction. Cost and lead-time considerations during small part 
quantity production are analyzed by developing an extended estimation model for the integration of 
AM in tool production. Based on six different real reference parts, the developed model shows the 
projected savings and the current limitations of AM applications in tool production due to material 
constraints. Furthermore, this extended model offers a holistic view on part cost and lead-time 
information, by considering tooling as well as production phases in IM and integrating tool life as a 
key variable. Hence, this research project closes a literature gap and facilitates the integration of AM 
into the IM process chain. 

Introduction 
Increasing market dynamic, competition, and an uncertain environment pose challenges for 

manufacturing companies [1]. Shorter product life cycles, increasing product variation, and 
increasing technical complexity demand for shorter and more frequent ramp-up phases [2]. For all 
tool-bound manufacturing processes, these phenomena lead to demanding requirements for tool 
manufacturing, as costs and time-to-market need to be reduced consistently [3–5]. To achieve these 
objectives in the context of polymer components, the research project introduces new process 
technology combinations, such as the integration of additive manufacturing for injection molding [6]. 
With this, manufacturing jobs with small production quantities can become economically feasible for 
manufacturing companies.  

In the last two decades, the subject of additive manufactured polymer injection molds has been 
further investigated to meet the new product development requirements of increased product variety 
and decreased lead times in polymer part production [6–8]. There are generally two approaches for 
integrating AM into tool production within product development [9, 10]. First, indirect tooling uses 
AM in master pattern production; the tool is manufactured in a subsequent production step, mostly in 
a form of casting. The second approach involves direct tooling, which uses AM to produce the tool 
immediately without a second manufacturing step, except during post-processing for quality 
enhancement. Comparing the process chains of these two approaches, it is evident that the direct 
approach generally requires fewer process steps and hence offers an inherent benefit in terms of lead 
times. 

Problem Statement 
Prior case studies on the use of additive manufactured polymer tools for IM have investigated the 

general technological potential for different part applications. The focus was on resulting part quality 
for different tooling materials in comparison to conventionally manufactured tools. PolyJet Materials, 
namely “Fullcure 720” and “Digital ABS” were compared to conventional tools concerning tool life 
[11], general use, dimensional stability, surface roughness, as well as the mechanical properties of 
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the IM parts [12, 13]. The crystallinity of resulting IM parts is also a frequent subject of research 
when comparing conventional tools to additively manufactured polymer tools [14, 15]. Tool life, 
surface quality, and especially impact on microfeature characteristics such as edge sharpness, hole 
diameter, and thermal performance evaluation of a DLP insert were extensively investigated [16, 17]. 

In addition to technological analyses, case studies comparing the economic feasibility of the 
different tool manufacturing routes were also conducted. [18] shows a possible tooling cost reduction 
of 80 % - 90 % when using polymer-based AM to produce injection molds for two different reference 
parts within the product development phase. Further, cost-effectiveness for the production of up to 
3400 units for the smaller reference part and up to 500 units for the bigger reference part were 
confirmed during a break-even analysis. Based on these results, the authors present a detailed cost 
estimation model in [19], considering the AM and injection molding part of the process chain and 
promoting the idea to use AM as a synergistic addition to traditional manufacturing processes. [20] 
compares the suitability of two different PolyJet materials, namely “Digital ABS” and “RGD450”, 
for the tool production. More than 120 parts of a reference geometry in ABS material were produced 
successfully. Moreover, a technological comparison with an aluminum tool as a reference showed 
that overall form accuracy of the resulting molded part could be accomplished, while the required 
surface roughness could not reach the roughness of parts from the aluminum tool [20]. An economic 
comparison showed that for the investigated use case a 10 % and 15 % saving in overall cost could 
be achieved for “Digital ABS” and “RGD450” material types, respectively, while lead time could 
only be reduced by 13 % using the “RGD450” tool [20]. [21] compares ten different commercially 
available AM materials from four different AM technologies as tool manufacturing options for IM 
from a technological and economic point of view, by conducting injection molding trials with three 
different injection molding materials and with increasing processing difficulty. Only two materials 
were able to process all three IM materials with the given reference geometry. The economic 
comparison suggests that depending on the specific required use case, a local optimum is present for 
potential savings and the ability to process the required material. Hence, the choice for the optimal 
AM material for tool manufacturing will always be a combination of the required IM material, part 
geometry, part quantity, and part accuracy [21]. 

Various studies have undertaken technological and economic investigations for the use of polymer 
AM as tool manufacturing technology. Different aspects have been addressed, such as material 
suitability, generally-achievable form tolerances, surface roughness, and tool life. Furthermore, 
recent case studies integrated economic feasibility considerations and cost model developments. 
However, the number of available materials for polymer AM and the maturity level of manufacturing 
technologies are continuously increasing. This requires an economic framework to investigate the 
ever-increasing number of AM materials available for an economic suitability analysis for the use of 
IM tool production. Generally, the cost per IM part and time to job completion are two relevant 
measures during polymer part development. While improving both measures is the ideal case, 
improving only one of the two measures often can add significant value to manufacturing companies. 
Hence, this research project proposes a framework for an extended cost and lead time estimation 
model for the use of AM tools in IM. I covers the complete process chain and considers tool life as a 
key factor in the economic evaluation of a specific AM material in combination with an IM material. 
By also considering the time-to-job-completion, a decrease in both lead time and cost per part can be 
achieved for polymer AM for IM tool production. Therefore, six different types of tool inserts were 
considered and tested to achieve a broad overview, taking into account of different geometries to 
determine the required prerequisites for an economic application of AM tools in injection molding. 
Figure 1 shows a summary of the tools examined in this research. Table I summarizes the key 
geometric boundary information for the tools as well as the corresponding parts, including the part 
material, weight, and required job size for parts that were real application cases for the case company. 
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Figure 1: AM inserts investigated in this study 

Table I: Detailed geometric and material information on the used tools and part geometries 

No. Tool 
material Width [mm] Length [mm] Thickness [mm] Part material Part 

weight [g] Job size 

1 RGD450 100 140 20 ABS 5.4 120 
2 RGD450 100 140 20 ABS 7.5 44 
3 RGD450 100 70 20 TPE Shore 80 1.7 220 
4 RGD450 100 100 30 TPE Shore 50 22.1 31 
5 RGD450 100 70 60 TPE Shore 60 13.0 30 
6 RGD450 100 70 60 TPE Shore 60 13.0 30 

Methodology 
A. Extended cost and lead time considerations 
The extended cost and lead time considerations for IM parts originate from the concept of 

considering the tool life as a key variable in evaluating the economic feasibility of different tooling 
options, as displayed in Figure 2. For conventionally milled aluminum or steel tools, the tool life of 
small part quantities was never a critical point to consider. However, tool life becomes a key factor 
for using polymer AM tools, and depending on the part complexity, the tools are currently limited in 
their capability of withstanding a high number of IM shots. Contrary to conventional cost or lead time 
estimation models, this approach considers the use of more than one tool to complete the required job 
at hand, allowing for a more comprehensive economic evaluation of a given application case.  

 
B. Extended cost model for injection molding 
Based on the extended consideration, a quantity-dependent cost-per-part estimation model is 

developed with considerations in the difference in the tool life of varying tooling options. Hence, the 
overall cost for an injection molded part (€/part) produced with different tooling options can be 
calculated by Eq. (1), considering tool life as an additional variable:  

 
𝐶𝐶𝐼𝐼𝐼𝐼 = 𝐶𝐶𝑇𝑇(𝑥𝑥𝑇𝑇𝑇𝑇) + 𝐶𝐶𝑃𝑃𝑃𝑃(𝑥𝑥𝑇𝑇𝑇𝑇) + 𝐶𝐶𝐶𝐶        (1) 
 
Where CIM is the unit cost of an injection molded part (€/part), xTL is the tool life of the considered 

tooling insert (parts), CT is the total cost of tool manufacturing per part (€/part), CPr is the processing 
cost per part (€/part), and CM is the material cost per part (€/part). 
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Figure 2: Extended cost and lead time curves for AM tools in injection molding 

As in traditional injection molding, these three cost components are influenced by part geometry, 
size, complexity, and material selection. Tooling cost makes a significant proportion of the overall 
cost for small part quantities, as the small number of parts the initial tool investment can be 
distributed. At the same time, the ratio of tooling cost-per-part is decreasing with an increasing 
number of parts produced. It is thus evident that tooling cost needs to decrease to realize small part 
quantities for injection molding. At the same time, tool life must be considered during cost calculation 
using alternative tooling materials, in order to calculate the overall injection molded part cost 
correctly. 

The tool manufacturing cost consists of two main components: Mold base cost and tool insert cost. 
While the mold base might remain the same for different cavities produced from AM or conventional 
CNC milling, tool insert varies depending on each given IM part. The tooling cost can be calculated 
by Eq. 2 below: 

 
𝐶𝐶𝑇𝑇(𝑥𝑥𝑇𝑇𝑇𝑇) =  𝐶𝐶𝑀𝑀𝑀𝑀

𝑇𝑇𝐶𝐶
+ �𝐶𝐶𝐼𝐼𝐼𝐼

𝑛𝑛
� ∗ �𝑚𝑚𝑇𝑇𝑇𝑇

𝐽𝐽
�         (2) 

 
Where CMB is the cost of a mold base (€), LC is the life cycle of the mold base (parts), CIn is the 

cost to manufacture one tool insert (€/insert), n is the number of cavities (parts/insert), mTL is the 
integer multiple from xTL and J is the job size (parts) required for the specific IM order. The integer 
multiple from xTL is defined in Eq. 3:  

 
𝑚𝑚𝑇𝑇𝑇𝑇 = 𝐽𝐽

𝑥𝑥𝑇𝑇𝑇𝑇
            (3) 

 
Where mTL is always the next bigger integer number. For the depreciation for mold base and tool 

insert, two ways are generally used to distribute the tooling investment: depreciate the tooling cost 
over the tool life or depreciate the tooling cost over the required job size of the specific order. As the 
field of application for this technology will be for low-volume products, such as early phases of 
product development, or end-of-life market, such as spare parts, the following assumptions are made: 
The mold base is depreciated over its life cycle of about two million injection shots while the inserts 
are depreciated over the required job size. This way, a more accurate cost-per-part can be calculated 
for a specific job request. 

Material cost for parts in IM is generally a major factor to consider, as the material cost is directly 
linked to part quantity. Furthermore, material cost varies greatly among different materials. The part 
weight is calculated by taking into account the sum of part, runner, and sprue weights to consider the 
material used for the actual part, but also the waste material required for molding the part. Eq. 4 
displays this calculation:  
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𝐶𝐶𝐼𝐼 = 𝐶𝐶𝐼𝐼𝑀𝑀𝑀𝑀 ∗ 𝑊𝑊 ∗ 𝐽𝐽          (4) 
 
Where CMkg is the material cost per kilogram of material used (€/kg) and W is the total material 

weight used for one part (kg/part). Processing cost per part includes machine setup cost, operator cost 
at the machine, as well as the machine cost per part for the IM process. Eq. (5) determines the 
processing cost per part: 

 
𝐶𝐶𝑃𝑃𝑃𝑃(𝑥𝑥𝑇𝑇𝑇𝑇) = 𝐶𝐶𝑆𝑆 ∗ 𝑚𝑚𝑇𝑇𝑇𝑇 + 𝐶𝐶𝑀𝑀𝑀𝑀

𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀
+ 𝛼𝛼 ∗ 𝐶𝐶𝑂𝑂𝑂𝑂

𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀
        (5) 

 
Where CS is the cost to set up the machine (€/set up), CMH is the machine hour rate of the IM 

machine (€/h), Caph is the hourly capacity of the machine (parts), COp is the hourly cost of the operator 
and α is the average utilization of the operator at the case company. Setup cost is calculated as the 
product of hourly operator cost, the sum of setup times of the machine and the downtime, distributed 
over the job size J. The hourly machine capacity is calculated by considering a mold with n cavities 
will produce n parts over the cycle time. Eq. 6 and Eq. 7 display the calculation of setup cost and 
hourly machine capacity, with TS as the time required to set up the machine and TC as the cycle time: 

 
𝐶𝐶𝑆𝑆 = 𝑇𝑇𝑆𝑆 ∗

𝐶𝐶𝑂𝑂𝑂𝑂
𝐽𝐽

           (6) 
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻 = 3600∗𝑛𝑛 

𝑇𝑇𝐶𝐶
           (7) 

 
C. Extended lead time model for Injection molding with AM inserts 
The extended lead-time consideration for IM part production is the basis for the proposed cost 

model and mainly consists of the following two lead-time blocks displayed in Eq. 8: 
 
𝑇𝑇𝐽𝐽𝐶𝐶 = 𝑇𝑇𝐴𝐴𝐼𝐼 + 𝑇𝑇𝐼𝐼𝐼𝐼           (8) 
 
Where TJC is the time for job completion, TAM the time required to print the IM tools and TIM the 

time required to manufacture the parts in IM. Eq. 9 shows the details of TAM :  
 
𝑇𝑇𝐴𝐴𝐼𝐼 = 𝑇𝑇𝑆𝑆 + 𝑇𝑇𝐵𝐵 + 𝑇𝑇𝑃𝑃𝑃𝑃          (9) 
 
Where TS is the setup time of the machine, TB is the actual build time, and TPo is the time for post-

processing. TIM is detailed in Eq. 10:  
 
𝑇𝑇𝐼𝐼𝐼𝐼 = 𝑚𝑚𝑇𝑇𝑇𝑇 ∗ 𝑇𝑇𝑆𝑆 + 𝑇𝑇𝐶𝐶 ∗ 𝐽𝐽          (10) 
 
Before establishing a comparison between CNC machining and AM of tool inserts, the following 

remarks are necessary: time for machining the inserts must contain setup time, CAM-programming, 
and milling time, to achieve a better comparison between the two manufacturing routes. The 
manufacturing company provided the operation times for machining.  

Results 
Table II displays the detailed cost breakdown for the injection molding, while comparing the use 

of the AM tool inserts and the CNC milled tool inserts. Mold base and tool insert costs are taken from 
the industry and provided by publicly available information. Inserts are depreciated over the required 
job size for this comparison. The tool life of the AM inserts is relevant for the break-even analysis. 
Wherever possible, tool life is taken from experimental data.  
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Table II: Detailed cost breakdown of extended injection molding 
Tool insert no. 1 2 3 4 5 6 
 AM CNC AM CNC AM CNC AM CNC AM CNC AM CNC 
Mold Base Cost [€] 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982 5982 
Insert Cost [€] 583 852 810 1369 580 757 565 898 740 1712 740 1472 
Number of Cavities 1 1 1 1 1 1 1 1 1 1 1 1 
Job Size 120 120 44 44 220 220 31 31 30 30 30 30 
Mold Base Life Cycle 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 2 mn 
Tool Insert Life 250 1000 60 1500 250 2500 50 1000 200 1000 200 1000 
Multiple of Tool Life 1 1 1 1 1 1 1 1 1 1 1 1 
Tool Cost [€/part] 4.86 7.10 18.41 31.11 2.64 3.44 18.22 28.98 24.67 57.06 24.67 49.06 
Material Cost [€/kg] 6 6 6 6 8 8 14 14 14 14 14 14 
Weight [g] 5.4 5.4 7.5 7.5 1.7 1.7 22.1 22.1 13 13 13 13 
Material Cost per part 
[€/part] 0.03 0.03 0.05 0.05 0.01 0.01 0.31 0.31 0.18 0.18 0.18 0.18 

Set-Up time [h] 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Operator Cost [€/hour] 60 60 60 60 60 60 60 60 60 60 60 60 
Average operator 
utilization [%] 20 20 20 20 20 20 20 20 20 20 20 20 

Set-Up Cost [€/part] 0.75 0.75 2.05 2.05 0.41 0.41 2.9 2.9 3.0 3.0 3.0 3.0 
Cycle time [s] 120 30 180 30 70 30 180 30 180 30 180 30 
Hourly capacity 
[part/hour] 30 120 20 120 51 120 20 120 20 120 20 120 

Machine Cost [€/hour] 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6 
Production Cost 
[€/part] 1.57 0.96 3.28 2.25 0.89 0.61 4.13 3.11 4.23 3.21 4.23 3.21 

 
The extended cost model confirms the potential in cost savings through applying AM in tool insert 

production for injection molding of small part quantities. Figure 3 provides an overview of the cost 
per part comparison between CNC machined and AM tool inserts. It becomes evident that for small 
part quantities, the main cost driver is tooling cost, taking up to 94 % of the overall cost for CNC-
machined tool inserts and 85 % for AM tool inserts investigated in this study. Tooling cost could be 
reduced by up to 72 % using AM instead of CNC machining as demonstrated in this study. Overall, 
cost reductions of up to 66 % could be achieved with the considered use cases in this study. While 
tool cost is generally lower with AM than CNC machining in this study, processing cost is generally 
higher with increases of up to 64 % using AM inserts compared to that of using CNC machined 
inserts. Injection molding part material cost accounts for less than 1 % of the overall cost in this 
investigation.  

The extended lead time model also confirms the potential to speed up injection molding part 
production for small part quantities. Figure 4 provides an overview of the time to job completion 
between the CNC machining and AM of the tool inserts. Similar to the cost per part comparison, it 
becomes evident, that the use of AM in injection molding can reduce tool manufacturing lead time 
significantly while it always almost will increase injection molding processing time. Tool 
manufacturing lead time can be reduced by up to 68 % while processing time is increased by up to 
120 % when using AM tool inserts compared to CNC machined inserts. Overall, lead time could be 
reduced by up to 50 % in the investigated tool inserts. Only time for job completion for tool insert 2 
is 9 % longer using an AM insert compared to a CNC machined insert. It also becomes evident, that 
tooling time dominates the overall lead time with a proportion of up to 94 % of the overall time for 
job completion for CNC machined tool inserts and up to 80 % for AM inserts. 
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Figure 3: Cost per part comparison between CNC machined and AM inserts 

 

Figure 4: Time to job completion comparison for CNC machined and AM tool inserts 
A break-even analysis for insert no. 4 is performed as an example to assess the savings potentials 

in cost and lead time over a varying number of parts required for a given job size. As shown in Figure 
5, the cost-saving potential and lead time savings potential areas can be found as qualitatively 
displayed and discussed in Figure 2. In this case, AM inserts offer a cost-benefit for a quantity of up 
to 50 parts, at which the tool life of the AM insert is likely to end, and hence a new tool would need 
to be manufactured. Cost per part for a quantity of 50 parts is 17.22 € from an AM insert. Any IM job 
with a higher required quantity of parts will result in a higher cost per part using AM inserts. The lead 
time consideration shows that any job completed using AM inserts with a part quantity lower than  
55 parts will result in faster job completion. Time for job completion for 55 parts would be 10.96 hrs 
using AM inserts. 
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Figure 5: Break-even analysis for tool insert no. four 

Discussion 
One of the key findings of this research is that the feasibility largely depends on the specific use 

case and its requirements. Main influence factors for an economic application include the required 
part quantity, the complexity of the part geometry, and the non-part bound tool design. Rising part 
quantity diminishes the savings achieved in tool manufacturing as the cycle time is substantially 
higher compared to conventional aluminum or steel tools. Geometric part complexity is a significant 
factor in determining the required conventional manufacturing routes and thus the tooling cost. 
Hence, a greater potential for savings in tool manufacturing is present when complex parts need to be 
manufactured, as an increase in geometric tool complexity does not affect tooling cost when AM is 
used for manufacturing. Non-part bound tool design refers to the usage of tool standards and general 
design rules for injection molding tools. Minimization of required printed materials can serve as a 
guideline to increase savings in AM tool manufacturing. From a technical point of view, varying part 
material characteristics is another important factor to consider when using AM for tool 
manufacturing. Due to the increase in the required cooling time, part material characteristics will 
differ from conventional machined tools, as the crystallization behavior is significantly different, thus 
restricting the applicability at prototype series when the goal is to validate the part. 

Even though AM has the ability to optimize the operational efficiency of manufacturing 
companies, the current limitations of the technology need to be considered, when applying AM to 
manufacturing routes. A correct reflection on the current restrictions is necessary to decide where and 
how its application can add value to an existing manufacturing route. The extended cost and lead time 
model presented in this paper pose a novelty in literature, as the model considers tool life as an 
additional variable to comprehensively determine the part cost. The model provides companies with 
a tool to have a detailed economic assessment of a potential application of AM for injection molding 
tool production depending on the requirements of the use case. However, further research is required, 
including further molding trials to optimize injection molding parameters and verify optimal sprue 
and runner systems for AM tools, as well as validating compatible material combinations from tool 
and molding parts, especially for when the tool life of the printed tools poses an uncertainty factor. 
To this point, no method is able to predict the tool life of a given tool insert depending on its geometry 
other than that of through molding trials. A similarity theory approach might provide a remedy for 
this uncertainty factor and will be investigated in further research. 
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Conclusion 
This research demonstrates the possible synergistic usage of additive manufacturing and 

conventional manufacturing technologies. For companies, this article offers a possible field of 
application for AM, which can create value in the process chain of small series part productions, as 
it is the case in pilot production phases and is therefore worth investigating further. 

It is demonstrated that AM has the ability to effectively decrease manufacturing cost and lead 
times. This ability becomes especially important when economies of scale are limited due to 
production volumes and when shorter lead times are preferred as is often the case in pilot production. 
This paper compares the traditional CNC machining route with AM for tool manufacturing for six 
different geometries for injection molding, demonstrating the economic potential as well as the 
current limits of an economic application of this alternative manufacturing route. It is shown that the 
tool manufacturing cost can be reduced by up to 72 %. It is further demonstrated that possible savings 
for an overall use case can vary from 20 % to 66 %, which largely depends on the specific application, 
such as part quantity, geometric complexity, as well as injection molding part material. Lead time can 
be shortened by up to 50 % for a given use case. 
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Abstract. Over last decades composite materials gained even more interests in many industries due 
to theirs effective properties which may be apparently different (better) then constituents itself. By 
specific layout and distribution of composite components we can achieve desired properties in 
macro scale, e.g. high elasticity and low conductivity at the same time. On all interfaces, by perfect 
contact between phases, there will appear jump of gradient field (displacement or temperature) of 
unknown magnitude. This magnitude depends in fact, for the heat transfer problem, inter alia on the 
ratio of conductivities of composite constituents lying next to interface. Values of these oscillation 
magnitudes are case of our study here. The conductor under considerations is a two-phase, periodic 
laminate subjected to initial-boundary conditions assuring unidirectional heat flow, perpendicular to 
the laminas. Ratios of material properties are assumed as random variables of known probabilistic 
distribution. We will give an answer to the question: is the jump function of temperature gradient a 
random variable of Gaussian distribution? In order to have a good description to considered 
problem we have decided on the use of tolerance averaging technique. 

Preliminaries 

Let Ξ  be a bounded region in Euclidean space 3
  occupied by two-component conductor of 

laminar and periodic micro-structure in one of directions, Fig. 1. The remaining directions are of 
invariant structure and properties. Hence, region Ξ  can be represented with Cartesian product 
Ω×Π , wherein ( )0, HΩ = ⊂   is a bounded subregion related to the micro-structure direction 1x  

while 2Π ⊂   to the remaining ones, 2x  and 3x . Points from Ω  will be denoted by x  or y , from 
Π  by z , and from Ξ  by x  or ( ),x z . Differential operators appearing in this paper are as follows 

( )1 2 3∇ = ∂ ∂ ∂ , ( )1 0 0∂ = ∂  and ∇ =∇−∂ , where /i ix∂ = ∂ ∂  for 1, 2,3i = . Let us also 
introduce the notion of special sets like: cell ∆ ⊂   as any open surrounding of zero and of 
diameter l, cell at centre at x as ( )x x∆ = + ∆ , set of all cell centres as ( ){ }:x x∆Ω = ∆ ⊂ Ω . 

The laminate under considerations is divided into n cells of length l providing l H . Each layer 
consists of two sub-layers lying in perfect contact to each other. Material properties are assumed to 
be isotropic, i.e. conductivities are ij ijk k δ= ⋅  for some 0k >  with δ  being Dirac’s delta. The first 

conductor is of volume ratio ( )0,1γ ∈  and conductivity 1k , while the second conductor is of 
conductivity 2k  and volume ratio 1 γ− . It is convenient to introduce here inhomogeneity parameter 

2 1/k kω =  which is always positive, and 1ω =  provides uniform composite. Similarly, if { }0,1γ ∈  
then we deal naturally with uniform structure and division into cells is only artificial creation. 
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Figure 1. Layout of laminar micro-structure 

The govern equation describing heat conduction in a medium is based on the Fourier’s law 

 ( ) 0=Θ∇⋅⋅∇ K , (1) 

where ijk =  K  is a second-order tensor of conductivity and Θ  is continuous function of 
temperature field defined on Ξ .  

Composite materials were investigated by many authors and in many different ways. We can 
mention here for start Bensoussan, Lions and Papanicolaou [1] and theirs followers, Jikov, Kozlov 
and Oleinik [2], who were pioneers in application of asymptotic homogenization theory in 
description of various physical phenomena in microstructured solids. The same theory were also 
used by the concept of micro-local parameters, cf. Matysiak and Yevtushenko [3], Matysiak and 
Perkowski [4]. Many problems in composite materials can be described using RVE methods, for 
instance, in [5] Hill studied elastic properties in reinforced solids.  

Another original approach is tolerance averaging technique created by Woźniak and Wierzbicki 
[6] and developed in monographs [7-8]. This technique finds a special use in this paper since it has 
many applications. For example, Michalak studied dynamics of plates on periodic elastic 
foundations [9], Pazera and Jędrysiak investigated thermoelastic behavior of transversally graded 
laminate [10]. Similar problem, but for radially graded hollow cylinder we may find in the paper 
[11] by Ostrowski. Uncertainty of material properties in thermal conductivity were considered and 
studied in the papers of Ignaczak and Baczyński [12], and Kamiński [13] used Monte-Carlo 
simulation in order to determine effective conductivity in fiber composites. 

Tolerance Averaging Technique 
From a global point of view Eq. 1 is a partial differential equation with discontinuous and highly 

oscillating coefficients. In order to find exact solution, it needs to be written for every single sub-
layer, add on all interfaces continuity conditions on temperature field as well as on heat flux vector, 
and solve the entire system. As expected, it might cause some numerical problems, and therefore, 
another approach is here proposed. Namely, it is based on averaging operator 

( ) ( )
( )

1, ,
x

f x f y dy
l ∆

= ⋅ ∫z z , (2) 

called mean value and on the indiscernibility relation 

a b a b ε≈ ⇔ − ≤ . (3) 
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Constant 0ε ≥  is called a tolerance parameter. These two lie on the grounds of tolerance 
averaging technique and lead to the subsequent definitions, cf. [6-8]. 

Function ( )rF C∈ Ξ  is called the slowly varying function of rth order, with respect to the cell ∆  
and tolerance parameter ε , if for every 0,1,...,k r=  following condition holds 

( )
( )

( )
( )

( )1 1, sup infk k

y xy x
x F y F y∆ ∈∆∈∆

 
∀ ∈Ω ×Π ∂ ≈ ∂ 

 
z . (4) 

Set of all rth order slowly varying functions with respect to the cell ∆  and tolerance parameter ε  is 
denoted by ( ),rSVε Ξ ∆ . 

Function ( ) ( )rf L H∞∈ Ξ ∩ Ξ  is called tolerance periodic function of rth order, with respect to 
the cell ∆  and tolerance parameter ε , if for every 0,1,...,k r=  and every x ∆∈Ω  there exists 
periodic approximation ( ) ( )per

r
xf L H∞∈ Ξ ∩ Ξ  of function f such that 

( ) ( )1 1, ,k k
xf f ∀ ∈Π ∂ ⋅ ≈ ∂ ⋅ z z z . (5) 

Set of all rth order tolerance periodic functions with respect to the cell ∆  and tolerance parameter 
ε  is denoted by ( ),rTPε Ξ ∆ . 

Function ( )0g C∈ Ξ  is called the fluctuation shape function of weight ( )Lρ ∞∈ Ξ  if following 
conditions hold 

(a) 0gρ ≈  on Ξ , 
(b) 1g∂  is piecewise continuous, 
(c) ( )g O l∈ . 

Set of all fluctuation shape functions of weight ρ  is denoted by ( ),FS ρ
ε Ξ ∆ . 

All the above definitions lead directly to the crucial property: for every ( ),g FS ρ
ε∈ Ξ ∆ , 

( )1 ,F SVε∈ Ξ ∆ , ( )0 ,f TPε∈ Ξ ∆ , ( )1Lϕ∈ Ω  and ( )perk L∞∈ Ξ  the following proposition hold 

(P1)  ϕ ϕ∇ = ∇ , 

(P2)  ( )k gF k g F kg F∇ ≈ ∂ + ∇ , 

(P3)  kF k F≈ , 

(P4)  ( )g kf gkf kf g∇ ≈∇ − ∂ . 
Another assumption in tolerance averaging technique concerns the temperature field, and to be 

precise, its micro-macro decomposition 

( ) ( ) ( ) ( )gθ ψΘ = + ⋅x x x x , ∈Ξx , (6) 

on averaged and oscillating part of temperature. The second one is actually a product of known 
fluctuation shape function ( )1 ,g FSε∈ Ξ ∆  and temperature oscillation amplitude ( )1 ,SVεψ ∈ Ξ ∆ . 

The averaged temperature ( )1 ,SVεθ ∈ Ξ ∆  together with ψ  are unknown slowly varying functions. 
Function g  can be chosen arbitrary, along with engineering intuition or after appropriate 
computation of eigenvalue problem on the cell. The choice lies always on the user of this technique. 
In this contribution we have decided on typical saw-type function, Fig. 2, that, as it turns out, 
assures continuity of temperature and heat flux vector on interfaces. 
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Figure 2. Fluctuation shape function 

Model Equations 
In the previous section we recalled by [6-8] notions and definitions related to tolerance averaging 

technique. By substitution (6) into (1) we get the residuum function 

( )ℜ = ∇⋅ ⋅∇ΘK , (7) 

which should satisfy orthogonality conditions  

0ℜ =  and 0gℜ = . (8) 

Now, bearing in mind properties (P1)-(P4), and by neglecting all ( )O ε  terms appearing after that, 
we conclude to the following system of averaged equations 

( )
( )

0

0

g

gg g g g

θ ψ

ψ θ ψ

∇⋅ ⋅∇ + ⋅∂ =

∇ ⋅ ⋅∇ − ⋅∂ ⋅∇ − ∂ ⋅ ⋅∂ =

K K

K K K
, (9) 

which in contrast to direct description has continuous coefficients. In this particular case (periodic 
structure) they are even constant. 

In this paper we restrict only to the unidirectional heat flow caused by temperature difference 
applied to our laminate. Thus, suppose that upper surface ( 0x = ) is kept at 1Θ , and the bottom 
surface ( x H= ) is kept at 2 1Θ ≠ Θ . All other surfaces are thermally isolated. Such boundary 
conditions imply one-directional heat flow, perpendicular to the laminas. System (9) reduces to 

2

2 0d
dx
θ
=  and 

k g d
k g g dx

θψ
∂

= −
∂ ∂

, (10) 

and boundary conditions for θ , ψ  can be formulated as follows 

10x
θ

=
= Θ , 2x H

θ
=

= Θ , 
0

0
x

ψ
=
=  and 0

x H
ψ

=
= . (11) 

Solutions to Eq. 10, satisfying conditions from Eq. 11, are quite easy to find. Indeed, we have 

 ( ) ( )1 2 1
xx
H

θ = Θ + Θ −Θ ⋅  and ( ) ( )
( )

2 1 1 1
1 12 3

x
H

γ γ ωψ
ω γ

⋅ −Θ −Θ −
= − ⋅ ⋅

+ − ⋅
, (12) 

for [ ]0,x H= , and thus, the magnitude of temperature oscillations 

( ) ( ) ( ) ( )
2 1 1

sup 1
2 1 1x

g x x
n

ω
ψ γ γ

ω γ∈Ω

Θ −Θ −
Ψ = ⋅ = ⋅ ⋅ − ⋅

+ − ⋅
. (13) 

Easy to see that Ψ  vanishes when 1ω = , 1γ =  or 0γ = , i.e. if composite is uniform. Moreover, it 
achieves finite value in the limit passage with ω  to 0 and +∞ .  
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Monte-Carlo Simulation 

Let us consider a two-phase heat conductor of following geometry: [ ]mH 25.0=  and 
[ ]ml 05.0=  providing 50=n  cells. Volume ratio of the first component is fixed at 75.0=γ . The 

upper surface ( 0x = ) is kept at [ ]CO1001 =Θ  and the lower surface ( x H= ) at [ ]CO02 =Θ .  
Suppose now ω  is a random variable of lognormal distribution with parameters of mean value 

µ  and standard deviation σ . Parameter σ  will depend on µ  according to formula σ ν µ= ⋅ , 
where 0ν >  plays the role of coefficient of variation for variable ω , and is also called confidence 
parameter. Monte-Carlo simulation was made for 100000N =  probe values of ω , hence the same 
number of values for Ψ  was generated. Computations were made for different values of µ  and ν . 

 
Figure 3. Expected value and standard deviation of Ψ  in the function of ν  

In Fig. 3 we see how the expected value E  of Ψ  depends strongly on µ . The lower value of ω , 
the higher temperature oscillations we get. This behavior is independent of ν , what cannot be said 
about standard deviation σ . Dependence is however quasi-linear and the values decrease together 
with ν , Fig. 3. 

 
Figure 4. Skewness and kurtosis of Ψ  in the function of ν  

Skewness β  and kurtosis κ  depend also on µ  and ν , but that relation is more chaotic. 
Nevertheless, theirs values are apparently close to zero for sufficiently small values of ν , see Fig. 4. 
This information is relevant when we want to find out, whether the variable Ψ  can be treated as 
Gaussian variable. The answer is positive for alpha level 0.05 and for sufficiently small ν . 
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Figure 5. Coefficient of variation of Ψ  in the function of ν  in comparison to subgraph of function 

( )f v v=  

The most interesting characteristic is the ratio of standard deviation and expected value, known 
as coefficient of variation ν . This analysis shows us that for some values of µ , but distinct from 1, 
coefficient of variation for Ψ  is less than for ω , cf. shadowed region in Fig. 5. All obtained results 
are quite similar to those from [14] where ω  was assumed to be random variable of Gaussian 
distribution. 

Summary 
Presented results show that magnitude of temperature oscillations can be significant for the 

values of total temperature. It depends on the number of cells as well as on ration of material 
properties. Moreover, taking this ratio as random variable, mentioned magnitude is also random 
variable. For sufficiently small values of α  it is a Gaussian distribution. What is most interesting, 
values of coefficients of variation for Ψ  might be smaller than for κ . It means, that we make no 
bigger mistake or error in evaluation of mean value of Ψ  then by estimation of material properties 
ratio. However, this property is restricted only for some µ ’s, sufficiently distinct from 1. 
Approximately, for 7.0≤µ  and 3.2≥µ  we get ( )ν νΨ ≤ . 
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Abstract. This research analyzed the printability of compostable films commercialized in the Thai 
market such as PLA/PBAT and PBAT/starch; and to comply with EN 13432 standard by using 
flexographic water based ink. A narrow web flexographic printing press was set up and opperated. 
Print quality parameters such as optical density, tone reproduction, print contrast and print 
uniformity were investigated. Results showed that these compostable films were hydrophobic in 
nature, in combination with fracture and voids of substrates’ surface. Even the substrates could be 
printed relatively well but showed poor ink adhesion.  Surface treatment, therefore, was necessary, 
but having limitation. Anilox line screen 700 lpi and printing speed at 30 m/min were preferable to 
achieve the optimum tone reproduction and print contrast. This was based on the image resolution 
of 133 lpi and corona dosage at 500 watt-min/m2.  Images of printed samples from SEM and SPM 
indicated that the fracture surface and void of films could lead to decrease their printability. It was 
found that starch blend gave better results as being a filler of the surface roughness of the substrate..       

1. Introduction 
PLA (polylactic acid) and PBAT (polybutylene adipate-co-terephthalate) are a new generation of 

compostable plastic films.  PLA is derived from renewable raw materials such as corn, potato, 
tapioca etc. While PBAT is an aliphatic–aromatic copolyester derived from petroleum. They are 
compostable in compliance with ASTM D6400-04 and EN 13432 standards. Their advantages are 
non-hazardous in production and decomposed back to carbon dioxide, water and biomass.  

In Thailand, PLA and PBAT are two promising compostable materials being extensively 
produced for local and export. These products are mainly designed for flexible packaging and give 
superior mechanical properties equivalent to LDPE/HDPE films [1,2]. In view of toughness 
property, PBAT is considered as a good candidate for the toughening of PLA [3]. However, 
additives blending in film production is still necessary for these two resins to improve their strength 
property and printability. 

Regarding printing on these compostable films, it should be certified according to EN 13432 / 
14995 standard. To follow this regulation, environmental friendly printing using water based ink is 
a good choice. In addition, flexography could be considered as a proper printing process for this 
purpose. This research aimed to study the printability of these two compostable films using water 
base ink on a narrow web flexographic press. 
PLA/PBAT / TPS   
     PLA is a thermoplastic polymer (Tg: 58 °C, Tm: 155 °C)  which its stiffness, tensile strength and 
gas permeability are comparable to those of synthetic polymers from fossil fuels. However, PLA is 
more expensive and it degrades slowly in the environment over a period of several months to 2 
years. To improve its functional properties, efforts have been made to develop a blended PLA 
products with thermoplastic starch (TPS) and PBAT [3,4]. PLA/PBAT blend is a well-known 
product in the Thai market. It is a kind of immiscible and two-phase system where PBAT disperses 
evenly in PLA matrix. Jiang et al found the decrease of tensile strength and modulus of the product. 
However, elongation and toughness were dramatically increased [5]. 
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     PBAT/Starch is another choice of compostable film. This system consists of the hydrophilic 
starch granules and the hydrophobic PBAT (Tg: −29 °C, Tm:110–115 °C). The granules consist of 
starch polymer in two forms: amylose and amylopectin. The ratio depends on the origin of the 
starch such as corn, potato, sugar cane, wheat, rice, cassava, or tapioca. Thus, it is recommended 
that in the presence of compatibility, homogeneity and the plasticization of starch in PBAT/Starch 
blend should be considered [4]. Its tensile strength is higher than that of the original composites. 
Corn starch is chosen as it gives greater expansions and lower densities than wheat or potato. 
Flexographic Printing  
     Flexography is a form of printing process which utilizes a flexible relief plate. Its advancement 
is concerned in the area of non-toxic ink, thin plate technology, including the improvement of 
digital plate making. Anilox roll makes flexography unique as it meters the predetermined ink that 
is transferred to the plate. It has engraved cells that carry a certain capacity of inks. Printing speeds 
of up to 600 meters per minute (m/min) are possible with modern manufacturing technology. 
     In an era of growing environmental awareness, waste disposal issue is becoming a driving force 
in the choice of printers. Using water based ink is one example, but it tends to be more difficult to 
print on film substrates. Thus, to achieve the satisfied printed density and optimum tone 
reproduction is a challenging task for printers. It is a must to understand how to set up the printing 
machine and the effects of printing conditions on relevant print quality parameters. Resolution of 
anilox roll must be properly selected to obtain a uniform and sharp printed image without dot 
dipping problem; and the amount of ink transferred on substrate should be at satisfactory level by 
adjusting proper ink viscosity and printing speed [6]. 

2. Experimental 
     The PLA and PBAT resins were utilized to produce blown films. Two recipe of blended 
products were provided by two manufacturers in Thailand. One was PLA/PBAT blend (40:60) at 
100 micron thickness and another PBAT/corn starch (50/50) at 40 micron thickness. Thermoplastic 
starch (TPS) was blended with PBAT in prior before blowing film. These resins were supplied by 
FKuR (Bio-Flex©) and Novamont (Mater-Bi©). Table 1 is the data of physical properties of those 
two samples. Black water acrylic based flexo ink was developed by Panorama Soy Ink Company. 
The ingredients were given in Table 2. The surface tension of ink was 40 mN/m (dyne/cm).  

Table 1 Physical properties of two compostable products 

Samples Tensile strength 
(Kg/mm2) 

Elongation* 
       (%) 

Density 
(g/cm3) 

surface energy 
(dyne/cm) 

 MD           TD MD           TD   
PLA/PBAT          1.68          1.86 443           460 1.4 38 
PBAT/starch          2.30          1.42 461           744 1.2 38 

 *at break: ASTM-D882-02 / MD: machine direction, TD: transverse direction 
Table 2 Ingredients of water acrylic based ink 

Ingredient     Amount(%) 

flush pigment          20 

water          20 

polypropylene glycol        5-10 

acrylic copolymer      35-45 

ethoxylated alcohols        5-10 
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   The substrates’ surface energy was determined by using the dyne-liquid test method described in 
ISO 8296 and ASTMD 2578 for fast estimation of treated film’s surface energy. Surface wettability 
was examined by contact angle measurement using sessile ink drop method through VDO capturing 
device. DI water was used to compare with the black ink sample. Test form image was designed to 
analyze printability and print quality parameters on printed substrates. Its elements included images, 
solid area and tonal scale. A 1.14 mm thickness digital flexo plate which had surface hardness           
64 ̊ shore A was used. The image resolution was defined at 133 lpi. Printing experiment was done 
on a narrow-web Nilpeter- FB 3300 S press, with medium soft type packing by TESA®. The 
viscosity of ink was controlled at 20-23 seconds measured by Zahn cup No. 3.  
     The performance of water-based acrylic flexo ink was observed. The effects of anilox line screen 
from 400 to 700 lpi (lines per inch) and printing speed from 15 to 30 m/min on print quality such as 
tone reproduction, print uniformity and surface roughness were examined. Tone reproduction was 
considered by a densitometric measurement. The JSM-6400 Scanning Electron Microscope (SEM) 
was used to analyze surface morphology and the body of films. Surface roughness was investigated 
by a Scanning Probe Microscope (SPM) Controller type NanoScope IV. Ink rub resistance was 
evaluated by Sutherland Ink Rub Tester. Print uniformity was observed by visual assessment.  

3. Results and Discussion 
3.1 Wettability 
     Contact angle measurement showed that these film samples were hydrophobic nature as the data 
given in Table 3. The water minimized contact angle with the surface and formed a compact liquid 
droplet. While the ink gave moderate contact angles at 29 ̊ and 34 ̊ on PLA/PBAT and PBAT/starch 
films respectively as shown in Figure 1. The difference of contact angles on both plastic films may 
come from different surface roughness.  It was found that the ink did not penetrate well in the 
surface within 1 second. Wet and dry rub resistance of print thus tends to be poor which may be 
related to ink formulation. This suggests that the ink’s surface tension and viscosity shall be 
readjusted to improve the rapid penetration and wettability. In addition, the surface treatment of 
substrates could be done to compensate it. 

Table 3 Contact angle of ink, water and alcohols on two compostable products 

               Samples       Ink Water 

              PLA/PBAT        29   ̊    87   ̊

              PBAT/Starch        34   ̊    92   ̊
 

  
Fig. 1 Images of ink drop on PLA/PBAT (left) and PBAT/Starch (right) films 

3.2 Printability  
     Figure 2 shows the images of printed surface on two film samples, captured by the microscope, 
before and after corona treatment. Non treated films gave explicitly unsatisfactory printed quality 
result by poor ink wettability. Both film samples had equal surface energy at about 38 dyne/cm. The 
corona discharge was done by varying applied power levels at 500, 1,000 and 1,500 watt-min/m2. It 
was found that print uniformity did not relate well to high corona dosage. Corona dosage at 500 and 
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1,000 watt-min/m2 was acceptable. While the dosage at 1,500 watt-min/m2 damaged both film 
surfaces too much by which non-uniformity of print was reappeared. In addition, it was found that 
such high dosage of discharge increased the surface energy of PLA/PBAT and PBAT/starch films 
to the unsuitable level at 50 dyne/cm.  
 

               non-treatment 

                     500 watt-min/m2 

                     1500 watt-min/m2 
             PLA/PBAT   PBAT/starch 

Fig. 2 Comparison of print uniformity of compostable films before and after corona treatment 
(x100) using anilox 700 lpi and printing speed at 30 m/min 

SPM and SEM images of PLA/PBAT film shown in Fig. 3 confirmed its surface morphology 
fractured as PBAT’s molecular chain was more flexible than that of PLA and was easier to 
entangle. Oval cavities and enclosed round PBAT particles were visible in the film body. For 
PBAT/starch sample, the appearance of fractured surface was rugged. Some of starch granules were 
removed from the fracture surface leaving behind cavities. The more the dispersion between starch 
and PBAT is improved, the smaller the size of starch granules becomes by which the surface of film 
will be smoother.  Accordingly, in this case, PLA/PBAT sample showed RMS surface roughness 
higher than that of PBAT/starch sample measured by SPM before and after corona treatment as data 
given in Table 4. This led the surface of PLA/PBAT having poor ink adhesion. 
 

         
     PLA/PBAT                        PBAT/starch             PLA/PBAT                 PBAT/starch 
     (SPM images of non-printed areas) x 2,000         (SEM cross section of printed images) x 5,000 

Fig. 3 SPM and SEM images of two printed samples 
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Table 4 Average RMS surface roughness (µm) of compostable films 

Sample Non treatment Corona 1000 (watt-min/m2) 

PLA/PBAT 435.3 541.0 

PBAT/Starch 207.8 236.7 
      
     By Sutherland Rub Testing method, it is a motor-driven instrument for moving a 4 pound-
weights over a printed film through an arc.  It was found that the abrasion damage found less on 
printed PBAT/starch films in all cases.   
3.3 Print Quality  
     General speaking, the difficulty of using water based ink on press is how to control the drying 
rate without improper ink setting and transfer. To consider this performance, anilox line screen and 
printing speed must be defined carefully. As we know, lower anilox line screen can create the 
dipping problem as the finest detail of image becomes smaller than the opening width of anilox 
cells. This phenomenon gives loss of detail and image sharpness. Higher anilox line screen tends to 
give ink transfer problem from anilox cells to printing plate. In addition, the use of water based ink 
requires high printing speed to minimize retention time of ink on the films’ surface before drying. 
This can lead to achieve the uniformity of printed image. We used hot air drying unit to accelerate 
ink drying time. Figure 4 shows the effect of anilox line screen on tone value increase (TVI) of 
printed tone scale on PLA/PBAT. Higher anilox line screen gave lower TVI.   

To consider tone reproduction, PLA/PBAT film showed higher averaged tone values than those 
of PBAT/starch film as shown in Figures 5 and 6. This was confirmed in all printing conditions. It 
was because PLA/PBAT film had high surface roughness and porous structure which resulted in 
higher TVI as well as relevant tone values. However, these obtained tone values from both printed 
samples were still over criteria for satisfaction of half-tone print quality.  
     Print contrast was then evaluated from all printed samples to find out the optimum printing 
condition whereby the highest value was the target. Print contrast was obtained by measuring the 
densities of the image between solid tone and 80% tint on printed test-form. It was found that the 
printing condition using anilox line screen 700 lpi and printing speed at 30 m/min was preferable by 
which the maximum solid density fell in the range of 1.5 -1.6 and the obtained highest print contrast 
reached about 25% and 18% for PBAT/starch and PLA/PBAT films respectively. It implied that the 
printability of such films still had limitation. Although PBAT/starch film gave shadow detail or 
print contrast better than that of PLA/PBAT film, but it did not differentiate clearly. It was due to 
both films had the same surface structure. Note that we recommended the corona dosage should be 
at 500 watt-min/m2. 

 
Fig. 4 Effect of anilox line screen (lpi) on TVI values of printed image on PLA/PBAT (Corona 

treatment at 500 watt-min/m2) 
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PLA/PBAT           PBAT/starch 

  
Fig. 5 Printed images on compostable film samples using anilox line screen 700 lpi and printing 

speed 30 m/min 

                                               
          Fig. 6 Comparison of tone value curves on printed PLA/PBAT and PBAT/starch films  

4. Conclusion 
It is possible to apply water based flexographic ink on compostable PLA/PBAT and 

PBAT/starch films.  Film structures on the surface and voids play an important role in print quality 
such as density and tone value increase. Their hydrophobic property needs to be improved by 
corona treatment to achieve print uniformity and ink rub resistance. However, corona dosage has 
limitation due to the weakness of film surfaces. Anilox line screen 700 lpi and printing speed at 30 
m/min are preferable to achieve the optimum tone reproduction and print contrast. This will be 
based on the resolution of image on flexo plate 133 lpi and the corona dosage at 500 watt-min/m2.  
Although PBAT/starch film showed print quality better than that of PLA/PBAT film, but the print 
contrast still needs to be improved. Ii is suggested that used raw materials ratio be reconsidered to 
match well with the water acrylic based ink. The aim is to improve ink hold-out on the surface with 
low spreading, including the ability to run the flexographic printing press at higher speed.       
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Abstract. In this study, the closed die forging of aluminum based composites reinforced with CNTs 
(1vol% and 3vol%) were investigated. Initially, the composites were fabricated using high energy 
ball milling followed by compaction and sintering. The microstructural results showed that finer 
grain size and homogeneous dispersion of CNTs were obtained. Composites with up to 97% 
densification were produced when fine open porosities were removed by closed die forging. The 
results imply that the hardness and compressive strength of composites with 3vol.% of CNTs has 
improved without any deterioration. In addition, workability behaviors of composites were 
investigated by cold upsetting test. For that pore reopening test was performed to confirm the 
closure of micro-pores after the closed die forged, and to further analyze the densification of the 
composites. Typical cases, as the pores were not re-opened even after increasing the strain, 
additional forming is possible up to large deformations. 

Introduction 
   Metal matrix composites (MMCs) reinforced with nanosize reinforcements are widely used for 
the applications such as automotive, aerospace and energy storage devices [1]. However, for various 
other applications of aluminum nanocomposites require enhanced relative density and mechanical 
properties. Hence it is necessary to fabricate MMCs by secondary forming methods such as 
extrusion and forging [2-3]. During the fabrication of MMCs, the formation of agglomerated 
particles, pores and micro cracks can be controlled, and improvement in the dispersion of particles 
within the matrix through secondary forming [4-7]. Kruger et al.[8] reported the development of 
lightweight piston for marine engines by casting and forging. After casting the preform and 
subsequent forging process, the material predistribution thus represents an optimum forging shape. 
Chandrasekhar et al. [9] investigated dynamic effects during forging of silicon carbide reinforced 
aluminum (LM6) composites. The microstructure and mechanical properties of the thixoforged 
AZ91-SiC composites were studied by Qiang chen et al. [10]. Higher forging loads caused higher 
residual stresses in the bottom regions and higher values of hardness in these regions. Lu et al. [11] 
reported the effect of heat treatment on tensile properties of 2vol.%TiC/Ti composites processed by 
forging. After the multidirectional forged, the composites with high strength and elongation was 
obtained.  
    The present study describes an aluminum (Al6061) based composites reinforced with carbon 
nanotubes (CNTs) fabricated with varying volume fractions of CNTs (1vol% and 3vol%). The 
composites were fabricated by high energy ball milling followed by compaction and sintering. The  
closed die forging (CDF) was carried out the developed composites. The compressive strength and 
hardness of the forged composites were evaluated. In addition, upsetting test was performed to 
confirm the closure of micro-pores after forging, and to further analyze the densification of the 
composites.  
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Materials and Experimental Methods 
In this study, CNTs (1vol.%, 3vol.%) were used as reinforcement and Al6061 alloy powder as 

the matrix. The chemical composition of Al6061 alloy is presented in Table 1. The properties of the 
Al6061 alloy and the CNTs are presented in Table 2. Fig. 1(a) shows that the SEM image of 
alumina grains dispersed with CNTs after ball milling was carried out. 

Table 1. Properties of Al6061 alloy and CNTs (CAN, KOREA) 

Material Density 
(g/cm3) 

Mean diameter 
(μm) 

Tensile strength 
(GPa) 

Young’s modulus 
(GPa) 

Al6061 alloy 2.70 5~30 0.120 68.9 
CNTs ~1.34 0.02 100 1200 

Table 2. Chemical composition of Al6061 alloy (wt.%) 
 Al Mg Si Cu Fe Cr Zn Mn Ti 
Al6061 Bal. 1.00 0.50 0.28 0.25 0.10 0.05 0.03 0.01 
 
Initially, preforms were developed with 1vol.% and 3vol.% of CNTs and Al6061 alloy powder 

by using compaction test. The specimens were prepared with reference to ASTM standard B925 
and the die for compaction made of ASTM-D2 steel with graphite lubricant. The cold compaction 
test was performed with pressure in the range of 300-1200 MPa. The threshold of compaction 
pressure for forming was found to be at 600 MPa. The cold compaction process was carried out at 
room temperature and the green density of composite was observed at varying compaction 
pressures. After the compaction process, the preform samples of Al6061/CNTs composites were 
sintered at a temperature of 620oC and the volume fraction of the liquid phase of Al6061 was 
around 20%. The sintered specimens were used for closed die forging at room temperature and 
elevated temperature with a pressure of 350 MPa and 150 MPa respectively. In addition, cold 
upsetting test was carried out for Al6061 alloy and Al6061/CNTs composites for reopening the 
pores. 

 

          
Fig. 1. SEM image of aluminum grains with CNTs 

Results and Discussion 
Fig. 2 shows the microstructures of Al-6061 alloy and composites before and after CDF. Fig. 2 

shows the optical microstructural images of Al6061 alloy and its composites before and after CDF. 
The microstructural image of Al6061 alloy prior to forging is showed in Fig. 2(a1). From the image, 
it was found out that size of the grain is in the range of 50 to 180µm. In the case of forged Al6061 
alloy, the coarsening of grain was observed as shown in Fig. 2(a2). Fig. 2(b1) shows the 
microstructure of the composite with 1vol.% of MWCNTs prior to forging. The forged composites 
with 1vol.% of MWCNTs exhibited densification of composites due to change in grain size in the 
microstructural patterns as shown in Fig. 2(b2). The presence of porosities within the matrix prior to 
forging is closed in the direction of forging. In the case of composite with 3vol.% of MWCNTs, the 
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microstructural image of before and after forging are shown in the Fig. 2(c1) and (c2). It indicates 
that the matrix grains have been elongated as they were subjected to the plastic deformation due to 
forging temperature [12]. The plastic deformation also led to the dispersion of CNTs along the grain 
boundary in the direction of forging. Moreover, it clearly depicted that the closed spherical 
porosities in the direction of forging. However, it needs to be noted that these porosities might be 
re-opened due to deformation. Fig. 3 shows typical X-ray diffraction patterns of 3vol.% CNTs 
composite after sintering and CDF. The specimen contains a noticeable amount of Al4C3 phase and 
the results deterioration of the mechanical properties. However, a moderate amount of Al4C3 act as 
a binder phase thus improving its mechanical properties of composites [13].  
      

 
Fig. 2. Microstructures of composites and Al6061 alloy; (a1) Al6061 alloy, (b1) 1vol.%, (c1) 

3vol.% CNT composite before closed-die forging, (a2) Al6061 alloy, (b2) 1vol.%, (c2) 3vol.% 
CNT composite after closed-die forging 

 
Fig. 3. XRD patterns of composites with 3vol.% CNTs 

    Fig. 4(a) shows the compressive strength of composites with varying compaction pressures, after 
sintering. The compressive test was conducted between 300-600 MPa, where the green density was 
drastically increased. The compressive strengths of the composites were found to be lower than that 
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of Al6061 alloy between 300 MPa and 450 MPa, due to their low relative densities. In contrast, the 
strength of the composites exceeds that of Al6061 alloy at 600 MPa. Fig. 4(b) shows the stress-
strain curves of composites after CDF, it is clearly seen that the percentage of CNTs increases with 
the decrease in elongation. Fig. 4(c) shows the relative density of composites and Al 6061 alloy 
after CDF and upsetting test. The relative densities of composites are less than 85% at compaction 
pressure of 600 Mpa and for Al 6061 alloy is close to 97%. This indicates that CDF can 
significantly increase the relative density of 3vol% CNTs composites with low elongation. The free 
upsetting due to the changes in diameters as a result of the barreling phenomenon, has the risk of 
cracking prior to the densification of the sample [14]. Moreover, barreling also causes closing 
porosities at uniform pressure. In contrast, CDF removes porosities without damage to the 
specimens, as well as enhancing the relative density.  Fig. 4(d) shows the compressive stress-strain 
of composites after CDF at 300°C and T6 heat treated Al6061 alloy. The compressive stress of 
composites increases drastically both cases of 1vol.% and 3vol.% CNT and the elongation 
decreases. This indicates that the specimens behaved in a similar way as compressible materials 
because of the porous volume which is more than 15%. For 3vol.% CNT composites, the initial 
strength is higher, but as the porous volumes are closed, the level of elongation decreased 
significantly. In the case of T6-Al6061 alloy showed lower strengths than that of the 1 and 3vol.% 
CNT composites. Fig. 4(e) shows Vickers hardness of the 1 and 3 vol.% CNT-Al6061 composites 
after CDF test, which is 82 and 90 Hv, respectively. In the case of hot CDF of 1 and 3 vol.% CNT 
composites the hardness values are 118 and 135 Hv, respectively. The results shows that the 
hardness values of composites are higher than that of Al 6061 alloy due to the uniform dispersion of 
CNTs and reduction in the porosity.  
 

  
(a)                                   (b)                                                                       

 
                            (c)                                             (d)                                                  (e) 

Fig. 4. (a) Compressive strength of composites after sintering, (b) Compressive stress-strain of 
composites after CDF, (c) Relative density of composites after CDF and upsetting, (d) Compressive 

stress-strain of composites after CDF at 300°C, (e) Vickers hardness of composites after CDF 
Fig. 5 shows the fracture surface of the Al6061-3vol.% CNT composites. In contrast, the 3 vol.% 

CNT-Al6061 composite displays a large number of small dimples (Fig. 5(a)). In general, the depth 
of dimples in the fracture surfaces of high-strength materials is less than that of those in low-
strength materials [15]. The fracture-surface indicates that the composites containing CNTs were 
successfully produced with high strength. Fig. 5(b) shows the individual CNT is pull out on the 
fracture surface as result of bearing the load which increases the mechanical properties. 
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(a)                                    (b) 

Fig. 5.(a) Fracture surface of 3vol.% CNT composite, (b) individual CNT pull out (red arrow) 
Fig. 6 shows that the microstructures of composites after upsetting test. In the 1vol.% CNT 

composite, no porosity reopens either in the free end section unconstrained by the die or in the 
constrained central section (Fig. 6(a1)). In the case of  3vol.% CNT composite, no pores reopen in 
the central area (Fig.6(a2)), but some pores reopens in the plane of the diameter in the 
unconstrained section due to the barreling phenomenon. Usually, in the case of free upsetting test, 
the barreling effect occurs due to the interfacial friction of the specimen and die surface [16]. This 
indicates that the level of flexibility of the 3vol.% composites upon the changing of properties and 
the adhesion of sections closed by warm CDF is lower than that of the 1vol.% composites. From the 
upsetting test results it indicates that composites with 3vol.% pores are reopening even after closed 
die forging. Typical samples the closed porous regions were not reopening hence additional forging 
can be carried out.  
 

 
Fig. 6. Microstructures of composites after upsetting test (porosity reopening) 

Conclusions 
Aluminum (6061) based composite reinforced with 1vol.% and 3vol.% of CNTs were developed 

by compaction and sintering method. Closed die forging was carried out on the developed 
composites, and the mechanical properties of the composites were also investigated. The threshold 
pressure of compaction for enhancing the mechanical properties of composites was found to be          
600 MPa. The compressive strength and hardness of the forged composites are higher than that of 
the Al6061 alloy. From the upsetting test results it can be confirmed that composites with 3vol.% 
the pores are reopening even after closed die forging. This imply the strain was increased further up 
to fracture, the pores were not re-opened and additional forming can be carried out. 

Acknowledgement 
This work was supported by the National Research Foundation of Korea (NRF) grant funded by 

the Korean government (MSIT) through GCRC-SOP (No.2011-0030013) and by the National 
Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) 
(No.2017R1A2B4007884). 

Key Engineering Materials Vol. 843 37



 

References  
[1] K.U. Kainer, Metal matrix composites: custom made materials for automotive and aerospace 

engineering, 1st ed, Wiley-vch, Weinheim, 2006. 
[2] Eduardo Uriza-vega et.al., Mechanical behavior of multiwall carbon nanotube reinforced 

7075 aluminium alloy composites prepared by mechanical milling and hot extrusion, Mater. 
Research. 22 (2019), 1-9.  

[3] Feng Zhang Ren et.al., Preparation of Cu-Al2O3 bulk nano-composites by combining Cu-Al  
alloy sheets internal oxidation with hot extrusion. J. Alloys Comp. 633 (2015), 323-328. 

[4] Z.Gronostajski et al., Recent development trends in metal forming, Arch. of Civil and Mech. 
Eng. 19 (2019), 898-941.  

[5] Rajesh purohit, MMU.Qureshi, Swapnil patil, An overview on the forging behavior of 
aluminum matrix nano composites, Mater. Today. 5(2018), 20124-20129. 

[6] H.H.Kim, J.S.S.Babu, C.G.Kang, Hot extrusion of A356 aluminum metal matrix composites 
with carbon nanotube/Al2O3 hybrid reinforcement, Metall. and Mater. Trans. A. 45 (2014), 
2636-2645.   

[7] K.B.Nie et. al., Microstructures and mechanical properties of SiC/AZ91 magnesium matrix 
nanocomposites processed by multidirectional forging, J. Alloys Comp. 622 (2015), 1018-
1026. 

[8] L.Kruger et al., Development of innovative lightweight piston through process combination 
casting-forging, Procedia Manuf. 27 (2019), 172-176.  

[9] P.Chandrasekar, Sudipta chand, Saranjit singh, Investigation of dynamic effects during cold 
upset-forging of silicon carbide particu;ate reinforced aluminum metal matrix composites 
preforms. Mater.Today, 5(2018), 20201-20209.    

[10] Qiang Chen et al., Microstructure and mechanical properties of cup-shaped parts of 15% SiC 
reinforced AZ91 magnesium matrix composites processes by thixoforging, J of Alloys and 
Comp. 774(2019), 93-110.   

[11]  Z.D.Lu et al., Effect of heat treatment on microstructure and tensile properties of 2vol.% 
TiC/near-Ti composites processes by isothermal multidirectional forging, Mater. Sci. Engg. 
A, 22(2019), 138064.  

[12] A.V.Mikhaylovskaya et.al., The effect isothermal multi-directional forging on the grain 
structure, superplasticity, and mechanical properties of the conventional AL-Mg-based alloy. 
33 (2019), 1-12.   

[13] H.Kwon, M.Leparoux, Hot extruded carbon nanotube reinforced aluminum matrix  composite 
materials, Nanotechnology. 23 (2012), 415701-415710. 

[14] Sumesh Narayan et.al., Some aspects of barreling in sintered plain carbon steel powder  
metallurgy preforms during cold upsetting, Mater. Research. 15 (2012), 291-299. 

[15] V.D.Eisenhuttenleute, The appearance of cracks and fractures in metallic materials, 2nd ed., 
Verlag Stahleisen GmbH, Dusseldorf, 1996. 

[16] B.John, Manufacture, characterization and application of cellular metals and metal foams,    
Progress in Mater. Sci. 46 (2001), 559-632. 

 

38 Congress on Advanced Materials Sciences and Engineering



 

Real-Time and In Situ Monitoring of FRP by Rayleigh Scattering-Based 
Distributed Sensing  

Tatsuro Kosaka1*  
1Dept. Systems Engineering, Kochi University of Technology, Miyanokuchi 185, Tosayamada, Kami, 

Japan 7828502 
kosaka.tatsuro@kochi-tech.ac.jp 

Keywords: FRP, Nondestructive evaluation, process monitoring, damage detection, optical fiber 
sensor, Rayleigh scattering 

Abstract. In-situ monitoring method of FRP (Fiber Reinforced Plastics) by built-in sensors is a key 
technology for developing future and high-reliable composite structures. The Rayleigh 
scattering-based distributed optical fiber sensor has high spatial resolution of 1mm and good 
embeddability into FRP and then it can be considered that the sensor is very suitable to in-situ 
monitoring of FRP. In the present paper, process monitoring and damage identification of FRP were 
conducted. In the process monitoring, flow-front of silicon oil impregnating into glass textile during 
VaRTM (Vacuum-assisted Resin Transfer Molding) process was measured. Comparing to visual 
observation results, it appeared that the maximum slope position of strain distribution showed 
flow-front position. In the health monitoring, damage identification of cross-ply GFRP laminates 
with delamination by the attached distribution optical fiber sensors was carried on. From the results, it 
was found that the strain varied largely on the delaminated section and then the delamination was 
detectable from the surface strain distribution measured by the optical fiber sensor. 

Introduction 
Recently composites have been applied to not only aircraft but also automobiles and then cost 

reduction and improvement of efficiency of the manufacturing process has been considered as key 
technologies of composite manufacturing and operation. In-situ monitoring technologies of 
composites using smart sensing are very effective to decrease cost and down time of composite 
products because internal status of composites can be monitored in real time. 

Many smart sensors have been developed for monitoring flow-front of impregnated resin, degree 
of cure, complex stiffness and process-induced strain [1, 2]. Among these sensors, optical fiber 
sensors are considered to be promising due to easy embeddability, high-functionality and life-time 
usability. For example, Fresnel-based sensors can measure degree of cure precisely [3, 4]. It was 
reported that the multiple Fresnel reflectors could be used for flow-front detection of resin [5]. FBG 
(Fiber Bragg Grating) sensors can be used for measuring strain with high accuracy and stability 
[6-13] while these sensors have local sensing points and cannot be used for measuring distribution. 
On the other hand, distribution optical fiber sensors can measure strain and temperature distribution 
along fiber length. B-OTDR (Brillouin Optical Time Domain Reflectometry) was used for measuring 
strain distribution of composite structures [14, 15]. However the typical spacing resolution is a few 
sub-meters and then the application was limited to large-scale structures. On the other hand, a 
Rayleigh scattering-based optical fiber sensor has very small spatial resolution which is typically 
1mm and can be utilize for measuring local strain distribution along the fiber [16]. Therefore, it can 
be expected that this sensor is valid for process and health monitoring of composite structures. 
However, the applications of the sensor to in-situ monitoring of composites cannot be often seen in 
literatures. 

The final goal of my study is to develop life-time monitoring system of FRP using the embedded 
Rayleigh scattering-based sensor. For the purpose, the sensor should have functions of detecting 
defects in manufacturing process and damages in operation. In the present study, detection of 
flow-front position was conducted during resin impregnation of GFRP in manufacturing process. 
Additionally, identification of delamination of loaded FRP laminates from strain field measured by 
the sensor was carried on. 
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Fig. 1 Rayleigh scattering-based optical fiber sensors 

Sensing Method: Rayleigh Scattering-Based Optical Fiber Sensors 
Fig. 1 shows an outline of strain measurement by Rayleigh scattering-based optical fiber sensors. 

This system measures inherent distribution of Rayleigh scattering intensity along an optical fiber. 
First, the spatial spectrum was calculated from windowed scattering data within width of gauge 
length at any position. Next, the frequency shift can be obtained from the cross-correlation of the 
spatial spectrum before and after loading. Then distribution of the frequency shift was converted into 
strain distribution. The strain distribution can be re-calculated with different gauge length after 
monitoring because the recorded data is the scattering intensity. 

Experimental Set-Up 
Flow-Front Monitoring of VaRTM Process.  In the present paper, flow-front of viscous fluid 

impregnating into glass cloths was monitored by the embedded optical fiber sensor. Silicone oil 
(KF96-500CS, Shin-etsu Silicone, dynamic viscosity was 500mm2/s) was used as viscous liquid. 
Eight plain woven glass fabrics (basis weight was 200g/m2) were piled on a stainless plate. The 
optical fiber sensor was placed between 4 and 5 layers and sawed in cloths only at the edge portions. 
After setting the preform fabrics and sensors, a vacuum bags was formed. After vacuuming process, 
the initial strain distribution was measured to obtain zero-load distribution. Strain measurements were 
continued until the flow-front arrived the outlet portion. In the measurement, the setting parameters of 
sensing system, gauge length, spatial resolution and measurement interval were 1 cm, 1mm and 2 
seconds, respectively. The flow-front was also observed visually by a video camera.  

40 Congress on Advanced Materials Sciences and Engineering



 

 
Fig. 2 Experimental set-ups for monitoring two dimensional flows 

In this study, two types of two-dimensional flow settings were prepared as illustrated in Fig. 2. 
Here, X (mm) in the figures indicated that the position in optical fiber length. The type A setting had 
sloping flow-front and the fronts along two lines were monitored by single optical fiber sensor. The 
type B setting had two inlet portions and then the flow became complex. The measurement cycles 
were four for each case. 

Experimental Set-Up for Monitoring Delamination of GFRP Laminates. The specimen made 
of GFRP unidirectional laminate was illustrated in Fig.3. The number of layers was 11 and the 
stacking sequence was [0/90/0/…/0]. Three types of specimens, no delamination, delamination 
between 5 and 6 layers and delamination between 10 and 11 layers were prepared. The distribution 
sensor was attached on the bottom surface. The strain distribution was measured by the sensor when 
the applied load was 10N and the measured results were compared to simulated distribution 
calculated by FEM 

70mm

10N
35mm

x

z

10mm

※ (A) or (B) or No delamination

(A) Delamination of between 5 and 6

(B) Delamination of between 10 and 11

 
Fig. 3 GFRP specimen with delamination for 3-points bending test 

Results and Discussions 
Flow-Front Monitoring of Type A.  Strain distribution when the flow-front arrived at            

X=350 mm was shown in Fig. 4. In the graph, results of four-time measurements were plotted. From 
the figure, it was found that very large strain appeared at 240 and 920 mm due to local deformation by 
sawing the sensing fiber at edges of the cloth. Since the four curves agreed well with each other 
except the outside sections, it appeared that the strain distribution caused by impregnation had high 
reproducibility. The strain distribution curve showed that the strain in the impregnated area varied 
from tension to compression and the strain rapidly decreased at the flow-front position. It was thought 
that the tensile strain in the impregnated area was generated by expansion of fabrics due to liquid 
absorption and then the compressive strain occurred to maintain the embedded length to be constant. 
The strain in the unimpregnated area became almost zero away from the flow-front. Obviously, it can 
be seen that the strain distribution has bilateral symmetry because the direction of sensing fiber 
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between 240 and 510 mm was opposite to that between 690 and 920 mm. From these results, it was 
thought that the maximum slope of strain distribution could be used for identifying location of the 
flow-front. 

 
Fig. 4 Strain distribution of glass preform in impregnation process 

  
Fig. 5 Slope of strain distribution at 30, 120  

and 240 seconds 
Fig. 6 Relationship between measured and 

visually-observed peak positions 
Fig. 5 shows slope of strain distribution at the time was 30, 120 and 240 seconds. From the figure, 

it appeared that the maximum peak position moved as time proceeded. The peak of the slower 
flow-front was positive but that of the faster one was negative because the direction of sensing fiber 
between 690 and 920 mm was inverse to that between 240 and 510 mm. Fig. 6 shows relationship 
between peak position of the slope and the flow-front position measured by visual observation. From 
the graph, it was found that the peak position agreed well with the observed flow-front position.  

Flow-Front Monitoring of Type B.  Fig.7 shows flow-front map of the Type B measured by 
visual inspection during VaRTM process. From the figure, it appeared that the flows 1 and 2 were 
joined with each other at 180 seconds. Flow-front positions of the flows 1 and 2 were calculated from 
the measured strain distribution. Fig. 8 (a) and (b) show relationship between peak position of the 
slope and the flow-front for the flows 1 and 2, respectively. From Fig. 8 (a), it was found that the 
flow-front position of the flow 1 was detected successfully by the optical fiber sensor. In the figure, it 
can be seen that the flow-front jumped from 340mm to 440mm because the flow 2 joined to the flow 
1 and then the two impregnated sections became single at about 200 seconds. Fig. 8 (b) shows that 
front of the flow 2 of the second impregnated section was also detectable by this sensing method. 

 
Fig. 7 Flow-front map of Type B measured by visual inspection during VaRTM process 
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(a) Flow 1                                                             (b)   Flow 2 

Fig. 8 Flow-front of Type B measured by visual inspection during VaRTM process 
Delamination of GFRP Laminates under 3-Points Bending Test.  Strain distribution of the FRP 

laminates with delamination were measured by the attached Rayleigh scattering-based sensors. The 
FEM simulations were also conducted with and without delamination. In this paper, the subtraction of 
surface strain of the non-delaminated specimen from strain of delaminated one during the bending tests 
was focused.  

Fig. 9 (a) and (b) show variation of measured and simulated strain distribution from analytical strain 
distribution of the non-damaged specimen when the load was 10N.  From the figure, it was found that 
large change of strain was observed in the 10mm section of delamination for both of measured and 
simulated strain profiles. From the Fig. 9 (a), it was found that the measured data of the specimen with 
delamination [5/6] was very similar to the simulated results. On the other hand, the Fig. 9(b) shows that 
the measured strain profile of the specimen with delamination [10/11] was different from the analytical 
one. It can be considered that the difference between simulated and experimental profiles resulted from 
that the initial uneven fluctuation of strain by adhesion of the sensor remained by subtraction of the 
analytical strain without delamination. In actual operation, the initial uneven strain distribution may be 
eliminated by the subtraction.  
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Fig. 9 Variation of measured and simulated strain distribution by initiation of delamination during 
3-points bending tests 

Summary 
In the present paper, Rayleigh scattering-based optical fiber sensor was used for detecting 

flow-front in impregnation process and delamination of FRP laminates in operation. From the results 
of flow-front monitoring, it appeared that the maximum peak position of the strain gradient 
distribution could be used to identify the flow-front position. It was also found that the 2 dimensional 
complex flow could be monitored by our method. From the results of monitoring delamination, it was 
found that strain varied largely on the delaminated section. It is considered that the changes in the 
measured strain field is useful to detect initiation and development of delamination. 
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Abstract: Using the electrical-field (E-field) stress at the positive and negative directions to generate 
the degradation and form the recovery effect is a useful metrology to evaluate the integrity of gate 
dielectric. This consequence deeply influences the drive current of 2D MOSFET or 3D FinFET 
species. According to the experimental results with the short and long-term stresses, we found the 
electrical performance of Hf-based tested devices represented the better recovery than that of 
SiON-based ones. And the recovery effect is more regular, not only in VT shift, but in gate leakage 
due to the high-k dielectric probably providing the polar effect and more trap assistants.   

Introduction 
The integrity of gate dielectric dominates the drive current of 2D MOSFET or 3D FinFET 

species [1-3], especially for nano-node devices. Although the feature structures of field-effect 
transistors grown with oxy-nitride (SiONx) or Hf-based dielectric are different, in this work, the 
physical thicknesses for these two species were below 3nm. Using the suitable electrical-field 
(E-field) stress to probe these two different gate dielectric is meaningful to expose the degradation 
phenomena for both. After the E-field stress, the gate dielectric is usually damaged in the gate 
dielectric to form the shallow or deep traps or increase more interface-state density (Dit). These 
unfavorable factors will degrade the electrical performance of the tested devices. The directly 
suffered parameters of the tested devices cover threshold voltage (VT), subthreshold swing (S.S.), 
channel mobility (μ), gate leakage, etc. The drive current of the tested devices was basically 
deteriorated, which was not beneficial to the transistor speed. Furthermore, the IC system would be 
stagnated or latched up. In IC operation, if the recovery effect can be considered in the circuit design 
to repair the damaged devices and revivify them, the operation lifetime of the damaged devices can be 
prolonged.  

This study mainly focuses on the degradation and recovery of SiON and Hf-based dielectric, 
compared with the difference of electrical performance for both. In this work, the stress method was 
the voltage-ramping dielectric breakdown (VRBD) [4,5] to rapidly obtain the damaged devices. For 
probing the deep integrity, the long-term stress and recovery was applied on the Hf-based tested 
nMOSFETs only. After the E-field stress, the negative gate bias was applied to recover the stressed 
devices. The consequences represent that the Hf-based device has the larger VT shift and the larger 
gate leakage shift due to the polar structure of metal oxide (MOx) format in speculation. However, the 
recovery performance seems better. By the way, the feasible recovery voltage can inhibit the VT shift 
in the coming next stress, but the higher voltage reversely and probably accelerates the dielectric 
degradation more or even induces the dielectric breakdown.  

Setup of Electrical Stress and Recovery 
The electrical stress conditions in setup for SiON and Hf-based dielectrics are denoted in Table 

1. The long-term stress conditions only for Hf-based tested device are listed in Table 2. The supply 
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voltages (Vcc) for SiON and Hf-based dielectrics are 1V and 0.8V, respectively. The Hf-based wafer 
in this work is a bulk type. However, the tested devices for the SiON-based one are on the buried 
oxide (BOX) layer with a floating bulk [6,7], as shown in Fig. 1. 

 
Table 1. The stress and recovery conditions for the SiON and Hf-based tested devices. 

 
 

Table 2. The stress and recovery conditions for the Hf-based tested device. 

 
 

 
                            (a)                                                                                        (b) 

Fig. 1. Top-view or cross-section of tested devices: (a) FinFET and (b) MOSFET. 

Results and Discussion 
Using two Hf-based tested devices from two nitridation processes denoted as C1 and C2, the 

performance of VT shift and the trend of gate leakage with VRDB stress and recovery effect can be 
clear observed, as shown in Fig. 2. The cycle is defined as containing one E-field stress and one 
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recovery action. In this work, we observe that the VG is increased, the VT shift is enlarged, but the 
trend of these two actions is gradually closed after more cycles. If we consider the long-term stress 
and recovery with 500sec as a period, as shown in Fig. 3, the nitrogen concentration for C2 group 
larger than that for C1 group shows the worse VT shift, which means the trap filler with heavy 
concentration of free radical of nitrogen causes the side effect and induces the higher VT and VT shift. 
The better recovery belongs to C1 group. For the gate leakage (IG), the C1 group is still better than the 
other, as shown in Fig. 4. 
 

 
                                         (a)                                                                             (b) 
Fig. 2. With VRDB metrology treated as stress and recovery: (a) VT shift and (b) IG change during 

three cycles. 
 

 
                                           (a)                                                                             (b) 

Fig. 3. (a) VT shift with stress time for two nitridation processes and (b) the shift amount or ratio. 
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                                      (a)                                                                             (b) 
Fig. 4. (a) IG shift with stress time for two nitridation processes and (b) the shift amount or ratio. 
 

For the SiON-based FinFET with the physical oxide of 14Å, we found the recovery performance 
was not regular. Of course, it still demonstrates the similar effect, as shown in Figs. 5 and 6. The 
original VT value is 82.54mV. The VG stress is increased and the VT shift in degradation is also raised 
up. However, the VT degradation contributes the gate leakage not huge, which means the most of 
degradation impacts the interface states between Si channel and gate dielectric. Comparing the gate 
leakage shift for both gate dielectrics, we observe that the IG shift with the Hf-based device at Vcc is 
larger than that with the SiON device. This is also an evidence to illustrate the degradation of 
Hf-based device strongly related to the trap-assistant tunneling (TAT), but not for the SiON-based. 
 

 
Fig. 5. The trend of VT shift with the SiON devices after three cycle stresses. 
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Fig. 6. Gate current vs. gate voltage characteristics under different gate voltage stresses. 

Conclusions 
Using the recovery test for high-k-based devices is an available metrology to repair the suffered 

devices and prolong the operation lifetime, not only for the short-term repair with VRDB method, but 
for the long-term with the constant stress. According to the electrical performance of source/drain 
current, threshold voltage, and gate leakage after the recovery test, they indeed demonstrate the 
recovery effect is beneficial and can be recommended to design this concept into the integrated 
circuits. However, this benefit for SiON-based devices is not very distinct and regular due to the 
non-polar structure in speculation. 
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Abstract. The MRI (Magnetic Resonance Imaging) has been used as one of the powerful tools for 
medical diagnoses. Its usefulness is, however, still restricted because of the low spatial resolution and 
long measuring time mainly due to the low NMR (Nuclear Magnetic Resonance) signals relative to 
the noise levels. To overcome these restrictions, we started developing a method to remarkably 
enlarge the NMR signals about 10 years ago. We employ a method to hyperpolarize the nuclei, where 
the “hyperpolarize” means to artificially generate the nuclear polarization by many orders (102~106) 
of magnitude higher than the ordinary NMR signals currently in use. The hyperpolarized MRI would 
enable us to provide images with much higher spatial resolution and shorter measuring time than ever. 
Several techniques for hyperpolarization have been put into practical use; the BF (Brute Force) 
method, PHIP (Parahydrogen Induced Polarization) method, Laser optical pumping, DNP (Dynamic 
Nuclear Polarization), and so on. The experimental study on the hyperpolarization of 3He by the BF 
method, and that of 19F in PFC (Perfluorocarbon, known as an artificial blood) by the PHIP method 
has gotten started. In the former method, we use an extremely low temperature realized by the 
Pomeranchuk cooling in combination with 3He/4He dilution refrigerator and high magnetic field. In 
the latter method, we use the hydrogenation of the parahydrogen in the unsaturated hydrocarbon 
substrate at room temperature. Very recently, we started developing a novel type of the 
hyperpolarized MRI named HMM (Hyperpolarized Metabolic MRI) hoping for the cancer diagnosis. 

Introduction 
It is well-known that high radiation dose due to all kinds of radiation sources for medical diagnosis 

becomes the worldwide concern in the health care [1-3]. Fig. 1 shows risk of cancer attributable to 
diagnostic X-ray exposures versus annual X-ray frequency referred from [1], suggesting that even the 
radiations used for diagnosis contribute to developing cancer. Accordingly, one of the urgent subjects 
is how to reduce the radiation exposure including radiation diagnosis. One of ambitious solutions is 
the MRI with the hyperpolarized nuclei because MRI is radiation free diagnosis. Besides, 
hyperpolarized MRI has high spatial resolutions and short measuring time due to the large S/N. 
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Fig. 1. Attributable risk (%) versus annual 
X-ray Frequency/1000 population. Data 
are referred from Ref. [1]. 

 
In addition, we have ample experiences on the nuclear spin physics at the Research Center for Nuclear 
Physics (RCNP), Osaka University for long time. It was timely to start developing the production of 
hyperpolarized 3He and 19F as the contrast agents of the MRI  [4-10]. 

Experimental Procedure 
Production of Hyperpolarized 3He: To obtain hyperpolarized liquid 3He by the BF method is not 
straightforward. This is because liquid 3He is Fermi liquid, namely, no sizable polarization is expected 
even at extremely low temperature and high magnetic field. To avoid this difficulty, an idea to 
produce hyperpolarized liquid 3He by the rapid melting method was proposed by Castaing et al. [11] 
for studying the fundamental physics of polarized liquid 3He. This method uses to produce 
hyperpolarized solid 3He (behaving as a paramagnetism) by compressing liquid 3He in the 
Pomeranchuk cell, and subsequently returning to the hyperpolarized liquid 3He again by rapidly 
cutting off the thermal contact between the Pomeranchuk cell and the mixing chamber of the dilution 
refrigerator by a thermal switch and  decompression of the solid 3He. This was experimentally verified 
with the Pomeranchuk cooling and the rapid melting equipment [12-15].  Encouraged by this success, 
Frossati proposed a plan to practically produce a hyperpolarized 3He gas for various applications 
including medical use [16]. 

We started developing hyperpolarization of  3He gas by means of the BF and rapid melting methods 
at the RCNP, Osaka University. We employed the 3He/4He dilution refrigerator, DRS2500 (Leiden 
Cryogenics) which has a cooling power of 2500 µW at 100 mK (see Fig. 2 (a) ), 17 T superconducting 
solenoidal coil. Besides a rapid melting equipment is designed as shown in  Fig. 2 (b). A membrane 
type Pomeranchuk cell (see Fig. 2 (c) ) was designed to be attached to a cold finger of the rapid 
melting equipment. 

Special attention was paid for the design of the Pomeranchuk cell: To improve thermal contact by 
reducing the Kapitza resistance, we used a sintered silver rod. For monitoring the 3He pressure and 
temperature inside the 3He cell precisely, a home made sapphire pressure gauge [17] and a carbon 
resistance available on the commercial base were used.  Liquid 3He contained in an inner cell for 3He 
of the Pomeranchuk cell is slowly compressed to ~3.4 MPa by the pressure of the outer cell filled 
with liquid 4He. Then, the 3He temperature goes  down and liquid 3He is solidified and polarized. 
Created hyperpolarized solid 3He is melt to form liquid 3He. Since the relaxation time of liqid 3He is 
short, say, less than a minute, liquid 3He should be gasified in a short time by a rapid melting 
equipment as shown Fig. 2 (b).  

In the course of progressing the hyperpolarized 3He project, we met many technical problems 
caused by the failure of the Pomeranchuk cell. It is of particular importance to make a test experiment 
in advance to the main experiment of the DRS2500. In order to avoid further failures, it is important 
to make a test experiment with another dilution refrigerator easily accessible. For this purpose, we 
introduced a cryofree 3He/4He dilution refrigerator (KOBE10µ). A drawing of KOBE10µ is shown 
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in Fig. 3. The cooling power of  KOBE10µ is 10 µW at 
100 mK, which is large enough for the feasibility study. 
The lowest temperature attained by the KOBE10µ was  
150 mK at the mixing chamber.  

The ( hyper ) polarization was measured by observing 
3He NMR at 1 T with the PXI modules (National 
Instruments Company) working at a few dozen MHz [6]. 
Recently we updated the PXI modules (N. I. C.) working 
at GHz regions [7], and succeeded in measuring the NMR 
spectra at 17 T. This new NMR spectrometer will 
hopefully be a direct polarization monitor at 17 T. Though 
the KOBE10µ could cool the mixing chamber down to 150 
mK, the performance deteriorated after the initial startup 
of the KOBE10µ.  At the moment, we try to recover the 
performance. 
 

Production of Hyperpolarized 19F by the PHIP and 
SABRE methods: A principle of the PHIP method is 
described in Ref. [18]. The essence of the method is a 
hydrogenation by the parahydrogen ( Ψ = |𝛼𝛼𝛼𝛼>−|𝛼𝛼𝛼𝛼>

√2
 ) 

applied to a substrate containing unsaturated carbon bond with help from catalysts such as the 
Wilkinson catalyst. After H2 was released, a next hydrogenation cycle started.  

In Fig. 4 (a), an energy level and thermal NMR spectrum are shown and four  NMR absorption 
peaks are  observed depending on the proton spin states, α and β. 

On the other hand, after hydrogenation occurs, the NMR spectrum changes as shown in Fig. 4 (b) 
in the case of the ALTADENA mode. Amazingly, not only absorption peaks (denoted 1) but also 
emission peaks (denoted 4) are present, besides the NMR signals are highly enhanced, namely 
hyperpolarized. This is a basic principle of the PHIP. Since the PHIP method does not need expensive 

Fig. 2. (a) (Left) A photo of the DRS2500 emphasizing parts of still, mixing chamber, and their periphery. (Right) 
A drawing showing a principle of dilution refrigerator. (b)  A schematic picture of equipment for the rapid melting 
of solid 3He. The equipment is designed enabling quick thermal disconnection with the mixing chamber of the 
refrigerator.  (c) A new Pomeranchuk cell (a membrane type).  The scale of the ruler is set every 10 mm. 

(c)  Pomeranchuk cell
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Fig. 3. Drawing of the cryofree 3He/4He 
dilution refrigerator  (KOBE10µ). 
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instrumentation in comparison with 
the BF method, we can create 
hyperpolarization much cheaply. 
However, we meet somewhat 
technological problem; the PHIP 
method cannot hyperpolarize 
nucleus in the substrates with 
unsatulated hydrocarbon 
compounds. 

Fortunately, the British group 
recently succeeded in 
hyperpolarizing 13C in satulated 
hydrocarbon compound by the 
SABRE method [19,21] as 
illustrated in Fig. 4 (c). This method 
uses the catalyst working via 
transition-metal complex to form a J-
coupling allowing the spin transfer from the parahydrogen to the 
proton on the substrate without the hydrogenation. We are 
thinking application of this method to hyperpolarization of 19F 
in the PFC (Perfluorocarbon, used as an artificial blood) as the 
diagnosis of the cardiovascular diseases. An example of the PFC 
to be used as an artificial blood is shown in Fig. 5, which is a 
mixture of FDC (Perfluorodecalin) and FTPA (Perfluoro- 
tripropylamine). A high resolution NMR spectrometer, pico 
Spin45 of Thermo Fisher Scientific, 45MHz NMR is ready to 
measure 19F NMR in the PFC. 
 
HMM (Hyperpolarized Metabolic MRI): For long time, the 
Positron Emission Tomography (PET) has been used as a 
powerful contrast agents to detect the cancer for living body. 
However, the PET requires short-lived radioactivity. For 
production of such  radioactivity, installation of accelerator 
facility nearby the hospital is required. That is the major reason why the number of  PET is an order 
of magnitude smaller than MRI. On the otherhand, the disadvantage of  the MRI is that it is not 
suitable for the cancer diagnosis. To overcome this difficulty, we propose a novel MRI, named HMM 
(Hyperpolarized Metabolic MRI) which needs neither radioisotopes nor expensive accelerators. Our 
proposal is based on the past experimental results of USA groups [20,22]. They used a rapid (< 20 s) 
metabolic reaction accompanying glycolysis like pyruvic acid quickly changing to lactic acid in the 
cancer cell. From observation of the difference of 13C chemical shifts for pyruvic acid and lactic acid 
they concluded that the lactic acid was formed, that is, the cancer cell really existed. In Fig. 6 (a), (b), 
this situation is illustrated by using an autoptic tissue locally affected by the prostate cancer.  In our 
project, this idea further be improved; we will use 19F-fluoropyruvic acid (see Fig. 6 (c)) instead of 
13C in pyruvic acid to drastically increase S/N. Thus, we can construct high resolution cancer image 
only by observing hyperpolarized 19F signals from the metabolically produced 19F-fluorolactic acid. 

In the first step of our plan, we will measure the NMR signals of the 19F-fluorolactic acid created 
from the 19F-fluoropyruvic acid by means of the metabolic pyruvate reactions with LDT (Lactate 
Dehydrogenase) enzyme and coenzyme (NAD+, NADH, where NAD+ and NADH are oxidation and 
reduction of nicotinamide adenine dinucleotide, respectively). 

 

(a) Thermal NMR (b) ALTADENA

(c) SABRE method

Fig. 4. Principle of PHIP for the ALTADENA method [18]: (a) 
Usual thermal NMR spectrum. (b) ALTADENA NMR spectrum. 
(c) Principle of the SABRE method. In more detail, see ref. [19,21]. 
 

Fig. 5. PFC used for an artificial 
blood consisting of mixture of FDC 
(70%) and FTPA (30%). 
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Fig. 6. (a) Change of pyruvate to lactate by coenzymes (NADH, NAD+) and enzyme (LDH) or vice versa. From 
the hyperpolarized 13C NMR spectra (Chemical shifts) it was found that the lactate was produced only in the cancer 
cell. (b) Time dependence of 13C-NMR signals for pyruvate and lactate in the cancer and normal tissues, respectively. 
(c) The 13C-NMR spectra for the prostate cancer and normal cell. (d) Our idea: Change of fluoropyruvate to 
fluorolactate by coenzymes (NADH, NAD+) and enzyme (LDH) or vice versa. We will hopefully find the prostate  
cancer tissues decisively. Some of the data are referred from [22]. 

Conclusion and Future Prospect  
Current status of the hyperpolarization project on 3He and 19F is not so well progressive due to our 

unaccustomed skill in low temperature physics, NMR technique and organic chemistry. As mentioned 
in the former part of this report, we introduced a cryofree dilution refrigerator with which we will 
conduct a preliminary series of test experiments for a new Pomeranchuk cell system  based on the 
membrane type before recommencing the main experiment with the DRS2500. Then, we hope to 
speed up the hyperpolarization project. The hyperpolarized 19F project is also awaiting the search for 
the catalysts of PHIP suitable for PFC, and of SABRE suitable for fluoropyruvate.  

Lastly, brief touch is placed upon relationship between cancer and enzyme. This has been not well 
studied so far. The Nobel prize in Chemistry in 2018 was awarded to Dr. F. H. Arnold for her work 
on the direct evolution of enzymes and binding proteins [23]. In our future study we hope to obtain a 
new insight in the relationship between the enzyme and onset and development of the cancer. 
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Abstract. In cases where we can achieve integrated sensors using only layers already in the 
standard IC layers, the only compatibility issues may be the requirement for additional etch steps. In 
cases where additional layers are required, either for sensing or protection, we have to consider the 
compatibility of the materials. These issues can be thermal budget during processing, mechanical 
stress or chemical contamination. In some cases, this led to the option of hybrid, where the sensor 
and electronics are on separate chips, but combined in a single package. This paper will examine the 
development of integrated sensors, and the issues combining additional layers with a standard IC 
process. 

Introduction 
The concept of smart silicon sensors goes back to the 1970’s. Although number of transducers 

effects, such as piezoresistive and Hall effects [1-4], had already been known for some time. 
Around 1970 we saw the development of the first ISFETs in Twente [5-6], which was an ion 
sensing device built in to a MOS transistor. The 1970’s saw a range of new sensors based on 
silicon. Many smart sensors can be fabricated without any additional processing. In these cases, 
there are no issues of compatibility. However, in many cases we require additional etching steps 
and/or additional layers. An example of a devices using completely standard processing is the 
thermal wind sensor, as shown in Figure 1 [7]. Other examples include the silicon-based Hall plate 
using spinning Hall device to make an electronic compass [8] and the p-n junction-based 
temperature sensor [9]. 

 
Figure 1 Thermal flow sensor using thermopiles [7] 

These cases have no issues with compatibility. Once additional steps are required, we need to 
examine the compatibility of the processes. Wet bulk micromachining is a low temperature post-
processing step. Surface micromachining presents more issues. One approach is to use existing 
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layers in the standard process. Layers available are the polysilicon gate [10-11] or the metal layers 
[12]. Alternatively, additional layers can be used, which can be introduced at different stages in the 
process. These options will be discussed later. 

Additional Material Options 
 Additional materials can be used for protection or sensing. How and when they are processed 

depends on chemical compatibility and thermal budget. In terms of protection they can be to protect 
the device from the environment or to protect the environment from the device. SiC is an excellent 
material, but usually requires high temperature processing. However, PECVD SiC can be deposited 
at 400C or below [13]. This makes it an excellent candidate for both protection and sensing. Other 
applications require the magnetoresistive of piezoelectric properties, which silicon does not have. 
However, these materials can be deposited on silicon, after IC processing, as long as the thermal 
budget is low enough. 

Process Integration Options 
 In both bipolar and CMOS there are different phases in the process. Integration can be performed 
as pre-processing, combined processing and post processing. Each of these has advantages and 
disadvantages.  

• Pre-processing 
+    No thermal budget issues 
- Restrictions on materials which can be used 

• Integrated processing 
+    Depending on when it is introduced can free on thermal budget or materials used 
- Requires access to the line 

• Post-processing 
+    Freedom in materials 
- Limits on thermal budget. 

 
Although pre-processing gives relative freedom in terms of thermal budget, the material which 

can be used, and the structures which can be made are limited. One example of successful pre-
processing is shown in Figure 2 [14]. Since this is pre-processing avoiding any contamination is 
critical. In this case they used standard materials, polysilicon and oxide, After the formation of the 
mechanical structures, oxide was deposited on top and the wafer planarised. The remaining issue is 
the mechanical properties of the polysilicon after long thermal treatment. However, this can be 
optimised by adjusting the deposition parameters. In this case there are few restrictions on the level 
of thermal processing for the micromachining. 

 
Figure 2 Example of pre-processing [14] 
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Looking at a basic bipolar process we see that there are three stages at which additional steps can 
be inserted. This has become more complicated as layers become thinner, but the basic principle 
stays the same. A similar approach could also be applied to CMOS and BiCMOS. At the first stage 
of the processing the thermal budget is less critical making it easier to add extra thermal steps. 
Although care still has to be taken to ensure that the basic structure stays the same. At the next 
group of steps thermal budget is more critical. This is where the base and emitter are formed, so any 
additional processing must not change the doping profile of these two layers. Finally, adding after 
the metallisation gives more freedom in terms of potential contamination, since the devices will no 
longer return to critical processing equipment. The types of materials will be discussed below under 
post-processing.  

 
Figure 3 Insertion of additional steps/materials in a basic bipolar process 

As mentioned above, post-processing means that the wafers will not return to critical parts of the 
cleanroom. This gives us more freedom in the materials we can use, although the thermal budget is 
extremely limited. Processes such as LPCVD are generally too high in temperature for processed IC 
which usually contain aluminium. However, with PECVD, the temperature is much lower, although 
often the material quality is less than LPCVD. One way around this problem is to change the metal, 
as shown in Figure 4. Replacing aluminium with Tungsten and TiN gives much greater freedom in 
thermal budget, but does require that the standard process is changed [15].  
 

 
Figure 4 Post-processing using alternative metallisationo to give more freedom in thermal budget 

[15] 
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If we are using standard IC processing PECVD may be used, all having a thermal budget low 
enough for the IC. These are generally IC compatible materials, such as SiN, SiO2, p-Si and SiC. If 
being used for mechanical structures, SiC is the best option. Although mechanically inferior to 
LPCVD, PECVD SiC can yield good mechanical structures [16]. The processing can be adjusted to 
yield low tensile stress. The issue here is to get low resistivity, while maintaining low thermal 
budget. In-situ doping will make it conductive, but the resistivity remains high. An alternative is to 
include a metal sandwiched in SiC. This maintains the good mechanical properties, and give a 
conductive layer for electrodes.  

Materials for Protection  
 Protection can mean protecting the device from the environment of protecting the environment 
from the device. In terms of protection of the device SiC is an excellent option. PECVD SiC can be 
deposited at 400C or below and is fully compatible with CMOS. SiC is extremely chemically robust 
which is needed for a range of applications. Graphene, AlN and TiCl, are also interesting coating 
layers. For medical applications there are a number of polymers, glasses which can be used [17]. 
These serve to both protect the device from the environment and also the environment from the 
sensor. 

Materials for Sensing and Actuating 
SiC, mentioned above as a protection layer, can also be used for sensing. One such example is an 

ammonia/humidity sensor [18]. This makes use of PECVD SiC which has been made porous. Due 
to the chemical inertness of this material it can withstand long periods exposed to ammonia. By 
adjusting the structure of the porous layers, we can measure both humidity and ammonia. A cross-
section of the device is given in Figure 5 and some measurement results in Figure 6 [18]. 

 

 
Figure 5 Structure of an ammonia/humidity sensor using porous SiC 

 
Figure 6 (left) Porous SiC humidity measurements and (right) ammonia measurements 

Graphene is also a suitable material for sensing [19-20], which can also be deposited on a CMOS 
wafer, provided the temperature is low enough [21]. 
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Figure 7 Example of a graphene gas sensor. Based on [22] 

Aluminium nitride, as a piezoelectric material can be used as both sensor or actuator [23]. In 
terms of piezoelectric materials, a range of ceramics and polymers can be used. For these materials 
a wide range of deposition techniques can be used, such as, CVD [24-25], sputtering, screen 
printing and more recently inkjet printing.  

Silicon itself, does not have magnetoresistive properties. Geometric magnetoresistance is 
possible in silicon, but effects such as GMR require other materials. There are materials which can 
be deposited directly on a CMOS substrate to achieve an integrated device. 

Summary 
Silicon is an excellent material for sensing and can also be integrated with read-out electronics. 

Care must be taken to make sure the processing for the sensors (or actuators) is compatible with the 
CMOS/bipolar processing and also the intended environment is suitable for the electronics. In some 
cases additional, non-silicon, layers can be used to enhance functionality and/or protect the device 
from the environment. If this can be done great benefits can be achieved in terms of SNR, costs and 
compactness.  
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Abstract. The microfluidic Lab-On-Chip (LOC) systems, based on the CMOS technology, today 
grow rapidly based on requirement of the Point-of-care-testing (POCT). It is a need for a high 
sensitive biotransducers, as a part of biosensors to be integrated on LOC system. To detect low-level 
of light emitted by an analyte, promising material and devices are a p-i-n a-Si:H photodiodes. The 
observed absorbance of blue light in human cells HeLa (cervical carcinoma) induct H2O2 in same 
cells and consequently, chemical reaction with NO, detected as chemiluminescence signal by the 
photodiode, as well as formation of cytotoxic singlet oxygen. On the other side a-Si:H p-i-n 
photodiode has a high sensitivity on blue light at low-light intensity, good spectral responsivity and 
small reflectance for blue light, low dark current, low-noise in the range of low reverse bias voltages. 
The photoconductivity of a-Si:H p-i-n photodiode is influenced by the native and light induced 
localized state density and their energy distribution in the energy gap of intrinsic a-Si:H. It is observed 
that the defect states of i-layer at various bias voltages contribute to the detection of HeLa cells 
chemiluminescence. The optical bias dependence of modulated photocurrent method (OBMPC) using 
the blue LED light is applied to clarify the energy gap density of state nature and energy distribution, 
respectively in a-Si:H p-i-n photodiode i-layer. 

Introduction 
In recent years, efforts were put in development of microarrays and miniaturized analytical devices 

integrated as lab-on-chip (LOC) systems. It can be implemented in a number of pharmaceutical, 
clinical, diagnostic, and environmental applications. Optical techniques for detection of 
bioluminescence and chemiluminescence (CL) are exploited in life science research to monitor and 
measure biological processes and outcomes. Promising materials and devices for detection of low-
level light include integrated thin-film a-Si:H p-i-n photodiode (PD). Integrated sensors have been 
used for DNA fluorescence (FL), biomolecules and CL detection, respectively. The fully integrated 
laser-induced FL detection device is used for FL measurements. The further rapid development of 
multi-functional nano-sized biosensors integrated on Lab-on-Chip (LOC) system, with an a-Si:H PD 
microfabricated on a glass substrate as a biotransducer, found the main application in high sensitive, 
stable and portable laboratory for non-specialized users. The microfluidic Lab-on-Chip technology, 
based on the CMOS technology, fulfils the requirement of the Point-of-care-testing (POCT) [1].  

Blue light effects are important in various life science assay, it can inhibit growth of tumours, kill 
bacterial spores, or inactivate microorganisms. In the cells’ complex structure, in a non-tissue 
environment the luminescence reaction can be stimulated by visible light illumination. It can be 
detected by a-Si:H p-i-n PD, due to its high sensitivity in visible spectrum at low-light intensity, good 
spectral responsivity and small reflectance for blue light [1]. The a-Si:H p-i-n PD low dark current, 
permits a low-noise measurement in the range of low reverse bias voltages.  
Based on the a-Si:H p-i-n PD photocurrent degradation and its relation with creation of metastable 
defects [2] sensitive to the optical bias intensity, this study is focused on detection of the second light 
beam generated by viable HeLa cells. We based interpretation of obtained results on the MPC 
technique theory, the photocurrent degradation, and unexpected increase after light soaking (LS - 
Steabler-Wronski effect) as a consequence of the HeLa cell light emission and DMEM behaviour 
modification with blue light, which is crucial for development of biosensors. 
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Fig. 1 The normalized measured current for samples with HeLa cells at 6.5x105 cell/ml – item 358, 
DMEM and PD, respectively at 8 mV reverse bias voltage. Inside: UV-VIS measurements of HeLa 

cells absorbance in the wavelength range from 300 to 800 nm 
In this paper we demonstrate a method for detection of the HeLa cells and their death via the 

measurement of CL with an integrated thin-film a-Si:H p-i-n PD on a glass substrate as a 
biotransducer. This approach has the advantage in the HeLa cells label-free detection and in use of 
LED light source with less negative influence on tissue than a laser. 

Materials and Methods 
Cell Culture. Human cells lines HeLa (cervical carcinoma) were purchased from ATCC 

biological resource centre. The cells were cultured as monolayers and maintained in Dulbecco’s 
modified Eagles’s medium (Lonza, Belgium) supplemented with 10% (v/v) fetal bovine serum 
(Biosera, USA), 2 mM L-glutamine (Lonza, Belgium), 100 U/mL penicillin (Lonza, Belgium), and 
100 U/mL streptomycin (Lonza, Belgium), and grown at 37 °C in a 5% CO2 humified environment. 
Upon reaching confluence, the cells were trypsinized (Lonza, Belgium) and counted (Neubauer 
chamber). Different concentration of Hela cells where gently applied in plastics well with pipette in 
amount of 3 mL. Four different concentrations for the measurements of Hela cells were used (Hela 
358, 6.5x105 cells/mL; Hela 411, 8.25x105 cells/mL; Hela 545, 6.25x105 cells/mL; Hela 721, 
3.125x105 cells/mL). Cell growth medium DMEM with trypsin was also illuminated as a control 
substance. 

Counting Death Cells. For counting death cells after illumination, control test tube with cells and 
those irradiated were counted with trypan blue on light microscope. The percent of death cells was 
calculated by dividing death cells in irradiated medium with total number of cells in irradiated 
medium. A control group had cells which died by natural death (non-irradiated). Percentage of death 
cells in control group was multiplied with death cells in irradiated group. The difference between 
irradiated death cells and percent of cells which died by natural death in irradiated group was divided 
with total number of cells in irradiated group. This is percent of death cells that die from irradiation. 
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Fig. 2 The normlized measured current transients of a-Si:H p-i-n PD by samples with HeLa 722, 

HeLa 545, HeLa 411 and HeLa 358 at reverse bias voltage of 1.3 V, 200 mV and 8 mV, 
respectively 

Measurement. The a-Si:H p-i-n PD (Sapienza Università di Roma, Italy) [1] has spectral 
responsivity around 0.2 A/W for blue light (430 nm) and quantum efficiency, QE, around 0.8 for           
470 nm and 550 nm, respectively. The used light source was blue (430 nm) LED diode (RGB LED 
Lamp Kingbright, China). All measurements were performed at room temperature for one hour. 

The measurement set-up consists of a dark metallic box within which the CL reaction measurement 
takes place. Inside a plastic well is placed on the surface of the a-Si:H PD array. The PD is connected 
in series with a load resistor, RL, of 10 kΩ, voltage source (Agilent Technologies E3631A DC voltage 
source) and digital multimeters, DMM, (Agilent Technologies 34450A meter). Before starting the 
assay, the a-Si:H PD is illuminated with white light to neutralize the defects induced with previous 
blue light illumination. After that, with plastic well on the surface, Voc is measured at constant blue 
LED light illumination (20 mA), and then the constant reverse bias voltage (VR= 0.8 mV; 200 mV; 
1.3 V) is applied to the PD, to define the starting point of the current transient, I(t) and calibration, as 
well as to find the best bias voltage for CL detection. The experiment is repeated on the sample with 
the solution of 3 ml containing the appropriate concentration of DMEM and in the next step on the 
sample with HeLa cells in DMEM. The normalized measured current time curves for samples with 
HeLa 358, DMEM and PD at VR= 0.8 mV, are shown in Fig. 1.  

UV-VIS Spectroscopy. The UV-VIS absorbance spectrum, from 300 to 800 nm, of HeLa cells, 
and DMEM was recorded in disposable Brand plastic cuvettes by the UV-VIS instrument (Agilent 
Technologies Cary60, USA) (In Fig. 1 reason of smaller photocurrent in case of HeLa cells sample).  
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Fig. 3 Noramlized photocurrent time curve measured by sample with DMEM at 8 mV, 200 mV and 

1.3 V, respectively reverse bias voltage in 20 min after reached min 
Data Analysis. The luminescence performances of HeLa cells and DMEM were investigated, as 

normalized photocurrent (Fig. 2, Fig. 3), by 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐼𝐼𝑝𝑝ℎ(𝑡𝑡)/𝐼𝐼𝑝𝑝ℎ(𝑡𝑡0), where 𝐼𝐼𝑝𝑝ℎ(𝑡𝑡0), is the first peak 
value immediately after applied VR  to the PD. The PD dark current is very small [1]. Like in OBMPC 
the second light beam is HeLa cells, as well as DMEM emitted light of unknown intensity, wavelength 
and modulation frequency.  

To analyze the Hela cells light emission without DMEM influence, the measured background 
𝐼𝐼𝑝𝑝ℎ(𝑡𝑡) from a control DMEM sample is subtracted from the measured 𝐼𝐼𝑝𝑝ℎ(𝑡𝑡) from HeLa sample. The 
same is done for the measured photocurrent time curve from DMEM sample and PD. 

The photogenerated electron-hole pairs (number of HeLa cells which emit light) is calculated by 
 

Qph
HeLa =

∫ [IHeLa(t)−IDMEM(t)]t2
t1

dt

QE
,           (1) 

 
were t1 is the time of current minimum - beginning of detectable CL and t2 the time of the plateau i.e. 
quasi steady-state obtained in 15 minutes, QE, quantum efficiency. The noise is reduce smoothing 
𝐼𝐼𝑝𝑝ℎ(𝑡𝑡) with Savitzky-Golay (SG) filter. The measured normalized photocurrent time curve, 𝐼𝐼𝑛𝑛(t), is 
divided in observed transients time intervals and then fitted to the model with two phase function 
with τch and τ2 as free parameters  [3], 
 
𝐼𝐼𝑛𝑛(t) = A τ2

τch−τ2
�e−t/τch − e−t/τ2�,          (2)  

 
where 1/τch is the CL reaction rate constant (induction of H2O2 and consequent reaction with NO) and 
τ2 depicts the shorter chemical process time (formation of cytotoxic singlet oxygen). The 𝐼𝐼𝑛𝑛(t), in case 
with DMEM sample is fitted to Gomperz function, usually used to model biological analysis [4]  
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Fig. 4 The chemiluminescence reaction rate constants and calculated energies from transient times 
of localized states extracted from measured photcurrent transients of a-Si:H p-i-n PD by samples 

with HeLa cells in subplot vs. time interval. The shalow, averrage of E1 energy states and deeper E2 
energy stated by sample with HeLa cell, and deeper energy state by sample with DMEM at applied 
reverse bias voltage SUT 1 – HeLa 358: 8 mV, SUT 2 HeLa 411: 200 mV and SUT 3 HeLa 545: 

1.3 V 
 

𝐼𝐼𝑛𝑛(t) = 𝐼𝐼𝑛𝑛0 �e−𝑒𝑒−(𝑡𝑡−𝑡𝑡𝑐𝑐)/𝜏𝜏�,           (3) 
 

where the 𝐼𝐼𝑛𝑛0 is the final asymptote photocurrent value; and time constants, τ and 𝑡𝑡𝑐𝑐 are the fitting 
parameters representing the FL reaction rate and range, respectively. 

The trap activation energy, Et, for gap states of a-Si:H involved in the transport of excess carriers 
are calculated from average time spent in the trap, 𝑡𝑡𝑟𝑟 = 𝜈𝜈01𝑒𝑒𝐸𝐸𝑡𝑡/𝑘𝑘𝑘𝑘, where νo is attempt-to-escape 
frequency on the order of 2 ∙ 1013𝑠𝑠−1and include two time components [5]. 

Results and Discussion 
We theoretically compare the perfomance of normalized photocurrent time curves for samples 

with HeLa cells (Fig. 2) and DMEM (Fig. 3). Fig. 4 shows the CL reaction rate constants τ𝑐𝑐ℎ−1 (Eq. 2) 
in time intervals, with activation energies 𝐸𝐸1 calculated from transit times of localized states extracted 
from 𝐼𝐼𝑝𝑝ℎ transients (Eq. 2) by samples with HeLa cells shown in the subplot and with averages of 𝐸𝐸1 
and 𝐸𝐸2 (Eq. 2) by HeLa cells and 𝐸𝐸 (Eq. 3) by samples with DMEM in subsubplot.  

The charge integrated during the observed time (470 nm and 550 nm) (Eq. 1) is ~1x108 and 43 % 
of HeLa cells were killed [9-11]. 

The blue light illumination neutralize the voltage activated localized states, (𝐷𝐷+ → 𝐷𝐷0). The  
majority carriers created by the light emitted from the samples under test (SUT) interact through 
trapping and release from probed gap states on the respective probe energy levels, 𝐸𝐸𝑖𝑖 in the upper half 
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of the energy gap, and are main cause of 𝐼𝐼𝑝𝑝ℎ transients, decay and increase. The trapping of free 
carriers in deeper states cause the 𝐼𝐼𝑝𝑝ℎ decay (PD; DMEM, HeLa cells – first 2-3 min in Fig. 1 and 
Fig. 2) and their release the 𝐼𝐼𝑝𝑝ℎ increase (DMEM, HeLa cells - FL reaction in Fig. 3), respectively. 
The trapping and release of free carrier from shallower states cause the transients in photocurrent, 
which are characteristic for HeLa cells light emission as a consequence of CL reaction. 

The 𝐸𝐸𝑡𝑡 act as (D+/0) states or as a D1(E) at discrete energies around 0.57 eV. The energies 
distribution extends to shallower energy levels during observed time. The deeper probed states fall 
around 0.77 eV, where also, around 0,79 eV, fall the levels excited by samples with DMEM (Fig. 4.) 

Summary 
We demonstrated the detection of HeLa light emission as a consequence of CL reaction in Hela 

cells excited with blue LED light, using a-Si:H p-i-n PD. The probed shallower metastable localized 
states are responsible for photocurrent transients, which are characteristic for CL reaction in HeLa 
cells. The deeper probed states excited by samples with HeLa cells and DMEM, respectively are 
responsible for re-emission of free electron carriers and continuous photocurrent increase. The higher 
the applied voltage the deeper energy of probed localized state is. At higher reverse bias voltages 
(above 200 mV) the electric field enhances the detection of photogenerated electron-hole pairs by CL 
reaction. The Hela cells died after illumination with blue LED light during one hour. This relatively 
simple proposed method offers the advantage in optical biosensors for the HeLa cells label-free 
detection with less negative influence on tissue than laser. 
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Abstract. In this work, fabrication and characterization of a nano-structured rare-earth-doped 
ZnMoO4 will be reported. Photoluminescence properties and quantum efficiency of the rare-earth-
doped ZnMoO4 with different dopant concentrations have been investigated. These samples were 
synthesized by sol-gel method. Lattice structure of the fabricated samples was characterized by  
X-ray powder diffraction (XRD); absorption spectrum was performed on UV-2600 photo 
spectrometer; PL excitation and emission spectra were recorded by Fluorescence Spectrometers; 
quantum efficiency was measured by an integrating sphere photoluminescence (PL) system. The 
results showed that the optimized doping concentration of Eu3+ was around 10 mol% for the highest 
quantum efficiency at 616 nm emission peak and 465 nm excitation peak. The highest internal 
quantum efficiency was 91% at low power density excitation (around 50 μW/mm2). Introduction of 
Mn2+ to Eu3+-doped ZnMoO4 lead to reduced quantum efficiency and electronic lifetime, which can 
be attributed to defects inside the crystal lattice and energy transfer from Eu3+ to Mn2+ (more non-
radiative transition occur).  

Introduction  
In recent years, Rare Earth (RE) cation doped to host crystal phosphors materials have been 

extensively studied for their various applications, especially in display and luminescence, such as 
solid-state lighting (SSL), field emission display (FED), cathode ray tubes (CRT) and plasma display 
panel (PDP). White light-emitting diodes (W-LEDs) are generally considered hopeful solid-state light 
sources (SSL) due to their thermal stability, long life, low power consumption, high quantum 
efficiency and low cost [1]. In order to emitting the white light, blue LED diodes have been used to 
excite the yellow phosphors, which usually emit cold white light due to deficiency of the red 
component in the emission spectrum. Therefore, red-emitting phosphors materials are add to improve 
this drawback and enhance luminous efficiency [2]. The photoluminescence performance of phosphor 
materials should due to 4f shell electrons transition of RE3+ on the host crystal. The emissions 
spectrum of luminous centre RE3+ should belong to 4f→4f or 4f→5d electronic transitions and the 
emission peaks wavelength depends on the band gap between excited energy levels and ground 
energy levels. For example, Eu3+ is the most widely used activator in red-emitting phosphors, because 
of the intense emission peak around 614−620 nm in the red spectral region due to the 5D0→7F2 
transition [3]. 

For molybdate (MoO4)2-, Mo6+ cation is a central metal ion surrounded by four O2- anion, with 
approximately tetrahedral coordination [4], which results in a very stable structure [5]. Some RE3+ 
activated molybdate phosphor materials have been reported in recent years, such as CaMoO4 [6], 
BaMoO4 [7], SrMoO4 [8], ZnMoO4 [9], and MgMoO4 [10]. These materials can still be improved by 
introducing second doping ions (co-doping) to enhance luminescence properties, such as Li+, Mg+, 
K+ [11]. The working principle of this phenomenon is attributed to second doping ions can absorb 
more excitation photon and transfer its energy to Eu3+. It is well known that the co-doping second 
ions with RE3+ into host materials is an effective procedure to improve luminescent properties since 
in the energy transfer occurs from second ions (sensitizer) to RE3+ cation (activator). The energy 
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transfer between sensitizer ions and activator ions perhaps due to a many effects, such as cross 
relaxation, resonance energy transfer and so on [12]. 

 
In the present work, a series of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 

(y=0.01, 0.05, 0.1) phosphors materials were synthesized by the sol-gel method. Variation in 
luminescence properties (such as excitation and emission spectra, absorption spectrum, and quantum 
efficiency) with different doping concentration of Eu3+ and Mn2+ into ZnMoO4 host are studied. When 
the doping concentration of Eu3+ was 10 mol% (x=0.1), the phosphor without Mn2+ cation co-doped 
exhibited the best photoluminescence performance.  

Experimental Work  
Synthesis. Eu3+ and Mn2+ cation doped zinc molybdate (ZnMoO4) was prepared by the sol−gel 

method, which can give the highest possible homogeneity for the phosphor material. The raw 
materials were ammonium molybdate tetrahydrate (NH4)6Mo7O24·4H2O (99.0%), zinc citrate 
dihydrate Zn3(C6H5O7)2·2H2O (97%), manganese(II) nitrate tetrahydrate (Mn(NO3)2·4H2O) (97.0%), 
europium(III) nitrate pentahydrate (Eu(NO3)3·5H2O) (99.9%) and citric acid (99.5%) as the chelating 
agent. All chemicals were from SIGMA-Aldrich. Briefly, the sol-gel process can be divided into the 
following three steps; first: add appropriate amount of chemicals in order in the beaker, heat to 120℃ 
and stir with magnetic mixer at 600 rad/min for 10 hours. Second: evaporate the water and continue 
heating at 300℃ (pre-calcined) until the black powder is formed. Third: raise the temperature to 
500℃ in 2 hours and keep it at constant temperature for 1 hour, and then ramp the temperature to 
800℃ in 1 hour and keep the temperature constant for 4 hours.  

Characterization. Crystal structure of the samples were identified by X-ray diffraction (XRD) 
using Equinox 1000, Sn.1612EQ1000137 type diffractometer (Thermo Fisher) with Cu Kα radiation 
(λ=1.5418 Å). Absorption spectrum was performed on UV-2600 photo spectrometer (Shimadzu). 
Emission and excitation spectra of samples were measured on Edinburgh Instruments FS5 
Fluorescence Spectrometers, using Xenon lamp as the light source. The quantum efficiency of the 
samples was measured with AvaSphere-50 integrating sphere and calibrated AvaSpec-ULS2048L 
spectrometer. All the above measurements were performed at room temperature in air atmosphere.  

Figure 1: XRD pattern of Eu3+ and Mn2+ co-doped and Eu3+ doped ZnMoO4 compared 
with pdf no. 96-152-8283 (ZnMoO4) [14] and pdf no. 96-220-9034 (Eu0.96MoO4) [15] 
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Results and Discussion  
Crystal structure. Zinc molybdate (ZnMoO4) has two different crystal structures α-ZnMoO4 and 

β-ZnMoO4 [13]. The lattice structure of α-ZnMoO4 is a triclinic system with space group P1. In this 
structure, zinc atom are coordinated to six oxygen atoms that form the distorted octahedral [ZnO6] 
clusters while the molybdenum atoms are link to four oxygen atoms with a configuration of 
tetrahedral [MoO4] clusters. The β-ZnMoO4 crystal structure belongs to the monoclinic system with 
the space group P2/c, zinc and molybdenum atoms are surround by six oxygen atoms which form the 
distorted octahedral [ZnO6]/[MoO6] clusters in the monoclinic structure [12]. Fig.1 shows the XRD 
patterns of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 (y=0.01, 0.05, 0.1) 
phosphors prepared by the sol-gel method. The XRD peaks for all the samples present agreement 
well with the standard patterns of the triclinic α-ZnMoO4 phase (pdf no. 96-152-8283) [14]. For 
samples with a concentration of Eu3+ exceeding 15% (x = 0.15, 0.2), the XRD diffraction peak at 
28.4° can be matched to the standard Eu0.96MoO4 phase (pdf no. 96-220-9034) [15]. There is a defect 
peak at 28.95°, which is due to high Eu3+ doping concentration (more than 15%) which affects the 
crystal lattice (triclinic α-ZnMoO4) of the host material to form defects. From Fig.1, it is can be seen 
that the intensity of the XRD diffraction peaks at 28.4°ˎ 31.2°ˎ 33.3°ˎ 47.2° and 53.7° becomes 
stronger with increased Eu3+ doped concentration. These peaks well agree with the standard 
Eu0.96MoO4 phase (pdf no. 96-220-9034), thus, theses peaks are corresponding to luminous centre 
(Eu3+) phase.  

From the XRD data, we can determine that ZnMoO4 has a triclinic structure (space group P1) and 
the luminous centre (Eu3+) is indeed doped into the host material.  

UV-Vis absorption spectra. UV–Visible absorption spectra of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 
0.2) and Eu0.1MnyZn0.9-yMoO4 (y=0.01, 0.05, 0.1) are shown in Fig.2 (Ⅰ). The absorption spectra of 
all the samples exhibit strong absorbance at ultraviolet part should attributed to charge transfer (CT) 
from oxygen anion O2- to molybdenum cation Mo6+ (inside of molybdate [MoO4]2- group) [16] and 
to europium cation Eu3+. Fig.2 (Ⅰ) shows the strong absorbance of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 
0.2) samples at ultraviolet part and there is no obvious shift with increasing concentration of Eu3+. 
However, compared with the co-doped Eu3+ and Mn2+ (Eu0.1MnyZn0.9-yMoO4, y=0, 0.01, 0.05, 0.1) 
samples, strong absorption spectra at ultraviolet part shifts to longer wavelength with increasing 
concentration of Mn2+. This result indicates that change the doping concentration of Eu3+ cation has 
no significant effect on the absorbance, but changing the doping concentration of Mn2+ cation has 
strong affect on the absorbance.  
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For all of the samples, besides the intrinsic absorption of ZnMoO4 (strong ultraviolet absorption 

band), two sharp absorption bands centred at 465 nm and 536 nm could be observed which are shown 
in the inset of Fig.2 (Ⅰ). This two sharp absorption bands are attributed to the transitions of 7F0→5D2 
and 7F0→5D1 of Eu3+, respectively. This two absorption peaks are very weak probably owing to the 
fact that internal 4f→4f transitions of Eu3+ cation are forbidden. This indicates that the introductions 
of Eu3+ to the host materials has little influence on the absorption. The optical band gap of 
ZnMoO4:Eu3+ and ZnMoO4:Eu3+, Mn2+ samples can determined by Wood and Tauc’s method [17], 
which gives an empirical formula (1) to calculate the sample’s optical band gap:  

𝛼𝛼ℎ𝑣𝑣 = 𝐴𝐴0(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔)𝑛𝑛                                                                             (1) 

where, α, h, ν, A0, Eg, are the sample’s absorbance, Planck’s constant, frequency, band tailing 
parameter (constant) and optical band gap, respectively. In addition, n is an exponent depending on 
the type of the transition, which can be equal 1/2 (direct allowed), 2 (indirect allowed), 3/2 (direct 
forbidden), and 3 (indirect forbidden). Since in α-ZnMoO4 has direct band gap, therefore, in our case 
n equal 1/2. The band gap plot for EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 
(y=0.01, 0.05, 0.1) are shown in Fig.2 (Ⅱ) (a)–(g), respectively. The estimated of band gap (by 
extrapolating the linear portion of the curve to zero absorption) of our samples are 2.90 eV, 2.74 eV, 

Figure 2: UV–Visible absorption spectra (Ⅰ) and the band gap energy value calculate by the Wood 
and Tauc’s method (Ⅱ) of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 

(y=0.01, 0.05, 0.1) 

Ⅰ: 
 

Ⅱ: 
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2.65 eV, 3.52 eV, 3.45 eV, 3.65 eV and 3.52 eV, respectively. In addition, these estimated band gaps 
of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) samples are matched to the values reported by others people 
of α-ZnMoO4 phosphor materials (3.5eV) [18]. The estimated optical band gaps of Eu0.1MnyZn0.9-

yMoO4 (y=0, 0.01, 0.05, 0.1) has decreased with increasing of Mn2+ concentration which may be due 
to the excited energy level of Mn2+ is lower than excited energy level of Eu3+. 

PL properties. Fig.3 (a) shows the normalized excitation spectra of the EuxZn1-xMoO4 (x=0.05, 
0.1, 0.15, 0.2) samples which were recorded by monitored at 616 nm emission wavelength. All of the 
excitation spectra mainly consist of three narrow peaks and a broad band that is agreement with the 
UV-Vis spectra results very well. With changes in the concentration and type of doping ions, there is 
no shift in the position of the excitation peak, which indicates that the bandgap between the ground 
state and the excited state of Eu3+ has no change. These three strong narrow peaks are due to the 
electronic transition within the 4f6 shell of Eu3+ located at 395 nm, 465 nm and 535 nm that 
correspond to 7F0→5L6, 7F0→5D2 and 7F0→5D1 transitions, respectively [16]. The broadband spectra 
approximately from 270 nm to 350 nm, could be ascribed to the charge transfer band (CTB) transition  

O2-→Mo6+ and O2-→Eu3+, the transition O2-→Mo6+ should take place inside of molybdate 
[MoO4]2- group [13]. 

UV excitation spectra (λem=616 nm) of the Eu0.1MnyZn0.9-yMoO4 (y=0, 0.01, 0.05, 0.1) samples 
are shown in Fig.3 (b), the inset of Fig.3 (b) shows the peak value change at 395 nm as increases of 
the Mn2+ cation doping concentration. Compared with the Eu3+/Mn2+ co-doped samples and Eu3+ 
doped samples [19], the relative intensity of Eu3+/Mn2+ co-doped samples at 362 nm (7F0→5D4)ˎ            
384 nm (7F0→5L7)ˎ 395 nm (7F0→5L6) and 416 nm (7F0→5D3) are significantly smaller than Eu3+ 
doped samples. The normalized emission spectra of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and 
Eu0.1MnyZn0.9-yMoO4 (y=0.01, 0.05, 0.1) samples are shown in Fig.3 (c) The shapes of the emission 
spectra of all the samples are very similar, indicating that raising the concentration of Eu3+ and Mn2+ 
cation does not change the host lattice structure around the luminescent centre of Eu3+ cation. The 
emission peaks can be observed at 570 nm, 592 nm, 616 nm, 655 nm, and 702 nm and these can be 
attributed to the well-known electronic transitions 5D0→7F0, 5D0→7F1, 5D0→7F2, 5D0→7F3, 5D0→7F4 
in Eu3+ [20].The strongest emission peaks is located at 616 nm, while other emission peaks are 
relatively weak. It is know that the electronic transitions 5D0→7F2 and 5D0→7F1 of Eu3+ belong to the 
electric dipole transitions and magnetic dipole transition, respectively. The 5D0→7F2 electric dipole 
transition is highly sensitive to it’s local environment, which appears dominantly only when the Eu3+ 
cation is in a low symmetry site. Therefore, the ratio between the integrated intensity of these two 
transitions, I0–2/I0–1, can give us an estimate of the Eu3+ cation local surrounding [21]. As shown in 
Fig.3 (c), the transition 5D0→7F2 is much stronger than the transition 5D0→7F1 and the ratio of I0–2/I0–

1 approximately is 11.48, which suggests that the Eu3+ is located at the asymmetric centre in 
EuxZn1xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 (y=0.01, 0.05, 0.1) samples.  
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Figure 3: Normalised excitation spectra (λem=616 nm) (a), UV excitation spectra (λex=616 nm) (b) 
and normalised emission spectra (λem=465 nm) (c) of the EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2)  

and Eu0.1MnyZn0.9-yMoO4 (y=0.01, 0.05, 0.1) samples 
Quantum efficiency. Quantum efficiency of these samples were measured by AvaSphere-50 

integrating sphere and AvaSpec-ULS2048L spectrometer using 465 nm wavelength laser diodes as 
the excitation source at room temperature. The internal quantum efficiency (IQE) and external 
quantum efficiency (EQE) of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 
(y=0.01, 0.05, 0.1) samples are presented in Table 1, which was calculated by equation (2) and (3), 
respectively.  

b: 

c: 

a: 
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𝐼𝐼𝐼𝐼𝐸𝐸 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛𝑜𝑜 𝑁𝑁𝑁𝑁𝑒𝑒𝑜𝑜𝑜𝑜𝑁𝑁𝑒𝑒

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛𝑜𝑜 𝑎𝑎𝑁𝑁𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁𝑁𝑁𝑒𝑒
              (2)            𝐸𝐸𝐼𝐼𝐸𝐸 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛𝑜𝑜 𝑁𝑁𝑁𝑁𝑒𝑒𝑜𝑜𝑜𝑜𝑁𝑁𝑒𝑒

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛𝑜𝑜 𝑝𝑝𝑁𝑁𝑜𝑜𝑝𝑝𝑒𝑒𝑒𝑒𝑁𝑁𝑒𝑒
          (3)  

The trend of the IQE and the EQE with concentration of Eu3+ and Mn2+ are show in Fig.4 (a) and 
(b). It is can be seen that the IQE are always much higher than the EQE, which can attributed to a 
portion of the excitation light that has not absorbed by the sample gets reflected and scattered. IQE 
of EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) samples is hardly change with increase of Eu3+ 
concentration and keep at around 90%, the highest IQE (91.8%) is found when the concentration of 
Eu3+ is 10%. Compare the IQE and EQE of Eu0.1MnyZn0.9-yMoO4 (y=0, 0.01, 0.05, 0.1) the quantum 
efficiency decreases with Mn2+ increased concentration, which reason perhaps is energy transfer from 
Eu3+ to Mn2+.   

Table 1: Internal quantum efficiency (IQE) and external quantum efficiency (EQE) of  
EuxZn1-xMoO4 (x=0.05, 0.1, 0.15, 0.2) and Eu0.1MnyZn0.9-yMoO4 (y=0.01, 0.05, 0.1) samples 

Samples x=0.05 x=0.1 x=0.15 x=0.2 y=0.01 y=0.05 y=0.1 
IQE [%] 89.0 91.8 89.4 89.4 61.1 30.7 15.7 
EQE [%] 12.5 24.4 25.4 22.7 15.6 9.0 5.3 

Conclusion  
In this work, we have successfully synthesized doped different concentration of Eu3+ and Mn2+ to 

host material ZnMoO4 samples by sol-gel method. In addition, characterization these samples for 
study the effect of Eu3+ and Mn2+ doping concentration on luminescence properties in zinc molybdate 
crystal. Experimental results indicate that the sample will form more lattice defects in the 
microstructure when the doping concentration of Eu3+ reaches 15%. Band gap of samples is decreases 
with increasing of Mn2+ content and does not change with the content of Eu3+, which lead to the 
relative intensity of Eu3+/Mn2+ co-doped samples at UV part are significantly smaller than Eu3+ doped 
samples. Quantum efficiency less affected by Eu3+ concentration and decreases sharply with 
increasing of Mn2+ concentration that reason may be multifaceted perhaps include energy transfer, 
cross relaxation and increase in the probability of non-radiative transition. In summary, Eu3+ doped 
ZnMoO4 is a strong contender for a new generation of environment friendly red phosphors in white 
lighting. The addition of Mn2+ has a negative impact on quantum efficiency, but it may have positive 
effects in other areas such as better thermal stability and faster electron lifetime, which requires more 
experiments to study.  

 
 

Figure 4: Internal quantum efficiency and external quantum efficiency changes with the 
increase of Eu3+ (a) and Mn2+ (b) concentration 
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Abstract. This work focused on the printing of semiconductor TiO2 thin films for solar cell 
applications by 3D printing system. We demonstrate a Liquid Deposition Modeling (LDM) type for 
controlling the pattern of TiO2 electrode. The advantage of this type of printer is able to vary the 
numbers of printed layer as well as different levelling pattern of TiO2 thin films by one time 
operation. Our aim was to study the effects of operating parameters of the 3D printer, such as nozzle 
size, speed and pressure on the thickness and uniformity of the printed TiO2 films. Using a 
commercial TiO2 paste, TiO2 precursor films were deposited on a conductive F-doped SnO2 glass by 
adjusting nozzle size, speed and pressure. The precursor films with different printed layers and 
levelling pattern were sintered using oven to produce porous TiO2 electrodes. The thickness and 
surface roughness of obtained TiO2 electrodes were characterized using Scanning Electron 
Microscope (SEM) and 3D Measuring Laser Microscope. The printed TiO2 substrates were applied to 
dye-sensitized solar cells as electrodes. Our LDM type 3D printing will provide a new way of 
levelling design of device components for versatile optoelectronic applications.   

1. Introduction 
Nanocrystalline TiO2 material is widely used in a variety of applications in the environmental and 

energy fields [1,2]. To fabricate TiO2 thin films, printing technology plays an important role in 
producing them particularly for dye-sensitized solar cells (DSSCs) [3,4]. This technique has attracted 
much attention among manufacturers as a potential low-cost alternative method. Screen printing and 
inkjet printing have already applied in such applications. A preparation of TiO2 screen‐printing pastes 
from commercially‐available powders has been disclosed in order to fabricate the nanocrystalline 
layers without cracking and peeling‐off over 17 µm thickness for the photoactive electrodes of 
DSSCs [5]. While the development of a TiO2 inkjet ink based on Pechini method was revealed to 
assemble DSSCs. [6]. It should be noted that viscosity and surface tension properties are important 
parameters for each printing process to control ink transfer and its spreading on the substrate.  

3D printing is a fabrication technology that creates a three dimensional object from a digital 
model. This technology has evolved very rapidly in recent years and has shifted apart from its 
traditional application fields [7,8]. The difference among printer types is based on cost, spatial 
resolution and materials used. Interestingly, the liquid deposition modeling (LDM) method which 
creates the laid down successive material layers directly from a liquid/paste has emerged as a 
versatile and cost effective technique to overcome the limits imposed by the fused deposition 
modeling (FMD). The system allows the use of functional, end-use materials such as TiO2 and other 
conductive pastes in order to fabricate thin films for optoelectronic applications. The deposition 
mechanism is based on a mechanic or a pneumatic system in which the pressure will push forward the 
materials through the extruder. Thus. with proper pressure force and moving speed, it is possible to 
accurately control the flow of materials and also the retraction to interrupt deposition. By this method, 
the production of freeform structure could be achieved by using a computer-controlled extruder 
moving along the x,y and z axes. For example, a direct deposition of conductive polymer-based 3D 
microstructures was printed by a low-cost LDM 3D printing system [8].     
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In this research, we focused on the printing of semiconductor TiO2 thin films for DSSCs 
applications by 3D printing system. We demonstrate a LDM printer type for controlling the pattern of 
TiO2 electrode. The advantage of this printer is able to vary the numbers of printed layer as well as 
different levelling pattern of TiO2 thin films by one time operation which other printing methods still 
have limitation. The effects of operating parameters such as nozzle size, speed and pressure on the 
thickness and uniformity of the printed TiO2 films were investigated. The precursor films with 
different printed layers and levelling pattern were sintered using oven to produce porous TiO2 
electrodes. 

2. Experimental  
2.1 3D printer Assembly    

The printer assembly was done in a fixed frame with the size of 400 x 350 x 600 mm3. The 
following components were fixed as shown in Fig. 1:  

- print bed: the flat surface where the 3D models are layered during printing. 
- extruder: it is incorporated with a pump (air pressure) to push the TiO2 paste through it. In  

this case, a syringe was chosen as an extruder.    
- extrusion tip or nozzle where the paste is fed though to deposit over the print bed. The nozzle 

choice ranges in size between 0.21mm and 1.50 mm. The smaller the nozzle becomes, the more detail 
of the print is.  

- board controller: the main board which connects with the computer and all components 
including pump and motor.  

- air pressure pump: the device which emit air pressure to control the function of extruder 
 

    
                 Fig. 1 Conceptual drawing of LDM-type 3D printer 

The operating of 3D printer requires motoring with low torque and high accuracy. The proposed 
motor to do this function is stepper motor. It is an electromagnetic device that converts digital pulses  
into  mechanical  shaft  rotation. The printer was calibrated and defined the printed area and the 
distance between print bed and nozzle by using the software named Simplify 3D. 
2.2 Printing TiO2 precursor films and heat treatment 

The square shape TiO2 thin film for DSSC has the dimension of 5x5 mm2. Autodesk 123D 
software was used to design its pattern and the number of laid down layers and then to create a file 
sent to the printer. Based on the objective of this research, we designed the shape of thin films into 
two groups by:  

- varying the number of laid down layers from 1 to 4 layers 
       - defining different levelling patterns as shown in Fig. 2  
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              Fig. 2  Designing the shape of TiO2 thin films 
A commercial nano-crystalline TiO2 paste (PST-18NR) was diluted using ethanol. The paste was 

put in the syringe of the printer. The obtained ink was deposited on transparent conductive fluorine 
doped SnO2 glass by varying the nozzle size (0.21 mm, 0.25 and 0.34 mm), nozzle speed (360, 540 
and 720 mm/min) and air pressure (2, 3 and 4 kg/cm3). The obtained precursor films with different 
printed layers and levelling pattern were sintered in the oven at 500 °C for 20 min to produce porous 
TiO2 electrodes. 
2.3 Characterization of TiO2 thin films and DSSCs assembly 

We analyzed the quality of printed TiO2 thin films, including ink film thickness, uniformity and 
surface roughness of ink film by Scanning Electron Microscope (SEM) and 3D measuring laser 
microscope, respectively. The fabrication of DSSCs using the obtained TiO2 thin films were 
assembled in a way that was previously reported method using an indoline dye, D205 [9]. The 
conversion efficiency of DSSCs were measured using solar simulator as described previously [9]. 

3. Results and Discussion 
Results indicated that a smaller nozzle size was suitable for obtaining thin films. The distance 

between the surface of fluorine doped SnO2 glass on print bed and the nozzle was 0.025 mm. In 
addition, the nozzle size of 0.21 mm was preferable to achieve the perfect thin film with high clarity. 
Regarding the speed of nozzle, higher speed made it difficult to control the shape of thin film and the 
amount of paste in the image, because the transfer rate of paste could not be controlled. To 
compensate it, we increased the air pressure. Finally, it was suggested that we should set up the speed 
of nozzle at 540 mm/min with air pressure 3 kg/cm3.  
     Achieving a uniform homogeneous dispersion of TiO2 particles in ink is a key factor to protect the 
tendency of TiO2 to form bundles and aggregates that may cause clogging of the nozzle and flow 
instability during printing process. While the rheological property of TiO2 paste-ink critically 
determines its ability to flow through the nozzle and thus affects the actual printability into stable 3D 
solid microstructure. As evident from the cross section SEM image of 1 layer TiO2 thin film in Figure 
3, it was found that the film is homogenous without crack and the thickness of 1-layer printed TiO2 
film was about 5 µm. In addition, Figure 4 revealed the measured surface profile representing its 
uniformity with Ra roughness at 0.7 µm. The conversion efficiency of DSSC was found to be 4.07% 
(Jsc: 10.4 mA/cm2, Voc: 699 mV, FF: 0.56). 
 

1-layer          2-layers           3-layers       4-layers   2 layers 

   different levelling patterns 
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Fig. 3 Typical cross sectional SEM image of printed TiO2 thin film (1 layer) 

 
Fig. 4 Surface profile of printed TiO2 thin film (1 layer) 

     To fabricate the TiO2 thin films by multilayer printing, we did not change the operating parameters 
including the distance between the nozzle and the surface of fluorine doped SnO2 glass. The lift-up 
movement of the nozzle follows a predefined path determined by a computer model to build up a 3D 
object layer-to-layer.  The printed samples after baking were visually examined. It was found that we 
could achieve the 3 layers of TiO2 thin film without cracking. Accordingly, this technology enabled 
us to design the fabrication of thin film with different levelling on the same electrode.  

4. Conclusion 
     We demonstrated 3D printing of TiO2 thin films by means of a new LDM 3D printing system. 
Objects created using additive manufacturing is possible. Printability is strictly determined by proper 
setting of the operating parameters such as nozzle size, nozzle speed and pressure as well as the flow 
property of paste-inks. The characterization of thin films is based on the thickness, surface roughness 
and uniformity of printed films. The occurrence of defect of TiO2 thin films is cracking phenomenon 
and non-uniformity of printed films after backing. The results clearly showed the technological 
potential of Liquid Deposition Modeling type 3D printer will play an important role for controlling 
the pattern of TiO2 electrode and provide a new way of levelling design of device components for 
versatile optoelectronic application 
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Abstract. Acetylcholine (ACh) is a main neurotransmitter functioning in smooth muscle and 
cardiovascular system control. It also plays a key role in memory and learning. While excessive 
acetylcholine level results in decreased heart rates, depleted level of acetylcholine in human brains 
can lead to Alzheimer disease. Therefore, detection of acetylcholine is clinically vital. This study 
aimed at examining potential usage of titanium dioxide (TiO2) doped with 2.5 mol% Zn as 
electrochemical sensors for acetylcholine detection. Zn-doped TiO2 powder was synthesized by a 
solution combustion technique. Phase identification, microstructural examination, as well as 
electrocatalytic activity evaluation of the synthesized powder were conducted. The synthesized 
powder showed anatase phase with fine particle sizes ranging from 9.3 to 11.4 nanometers on 
average. Specific surface area of 75.48 m2/g was observed. Electrocatalytic activities of the powder 
in cholin acetate solutions with concentrations ranging from 0.05 to 0.1 μM and 1 to 10 µM were 
evaluated via cyclic voltammetry technique. At applied voltage of 0.05 V, peak currents 
corresponding to oxidation reactions between ACh and Zn-doped TiO2 were detected. Sensitivity 
values of 3.13x10-4 and 1.32 μA/(μMmm2), which is in an acceptable range, were evident.  

Introduction 
Acetylcholine (ACh) is a key neurotransmitter found in peripheral and central nervous systems. 

ACh plays crucial roles in biological functions, which are mainly related to memory, emotion, 
movement and learning. Excessive or depleted acetylcholine level in human brain is reported to 
associate with nerve disorder diseases including Alzheimer’s disease and Parkinson’s disease [1-2]. 
Prevention and curing of cholinergic system-related diseases as well as researching of neuronal 
cholinergic system, therefore, required extensive knowledge associated with detection of 
acetylcholine.  

Acetylcholine can be detected by enzymatic electrochemical sensors. Detection mechanisms of 
enzymatic sensors generally involve catalysis of acetylcholine esterase enzyme (AChE) and choline 
oxidase enzyme (ChOx). The catalytic reactions lead to breakdown of acetylcholine and generation 
of betaine aldehyde and hydrogen peroxide. As hydrogen peroxide is oxidized, oxidation current is 
generated. Acetylcholine level, hence, can be evaluated through oxidation current produced at a 
constant potential [3-4]. 

Despite an ability to operate with small sample volumes, limitation of enzymatic sensors 
remains. Potential enzyme deactivation, relatively high cost, non-reusability and slow response due 
to analyte diffusion resistance become disadvantages that hinder utilization of enzymatic sensors [5-
6].  

With reusability and minimal problems associated with deactivation of sensing species, non-
enzymatic sensors, thus, become good candidates for electrochemical detection. Owing to their 
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unique electrochemical and catalytic properties, metal oxides are among the most common sensing 
materials ubiquitously exploited in producing enzyme-less electrochemical sensors. Detection of 
acetylcholine using metal oxide as sensing materials has been reported. According to Lin et al., 
mechanisms related to acetylcholine detection are described by the following reactions [7]: 

CH3COOCH2CH2N+ (CH3)3 + OH− → CH3COO− + HOCH2CH2N+(CH3)3                  (1) 

M(OH)2 + OH− → MOOH + H2O+e− (where M is metal)                         (2) 

MOOH + HOCH2CH2N+ (CH3)3 + OH− → M(OH)2 + OHCCH2N+(CH3)3 + H2O    (3) 

OHCCH2N+(CH3)3 + MOOH → • OCCH2N+(CH3)3 + M(OH)2       (4) 

•OCCH2N+(CH3)3 + OH− + MOOH → − OOCCH2N+(CH3)3 + M(OH)2      (5) 
Effective sensing species for non-enzymatic sensors generally require superior catalytic activities 

and extensive electron transfer. Nanoparticulate doped-metal oxides emerge as promising sensor 
candidates. This is attributed to substantial reactive sites on surface and enhanced electron transfer 
[8-11]. According to Yu et al., high electronic conductivity was observed in nanoparticulate Zn- 
doped TiO2 [12]. In addition to prominent electrochemical activities, nano-sized metal-doped 
titanium dioxide (TiO2) is relatively non-toxic and biocompatible [13-14].   

This study, therefore, aims at studying electrocatalytic performance and potential usage of Zn-
doped TiO2 as a sensing material for acetylcholine detection. Chemical composition and 
microstructure of the material were also examined. 

Experimental Procedure 
Powder Synthesis 

Nanoparticulate titanium dioxide doped with 2.5 mol% Zinc were prepared by solution 
combustion technique. The solution combustion method involved preparation of an aqueous 
solution containing zinc nitrate hexahydrate (Zn (NO3)2∙6H2O, Daejung®, 98%) and titanium (IV) 
isopropoxide (TTIP) (Aldrich®, 97%) and glycine (NH2CH2COOH, Daejung®, 99%). To initiate 
combustion, the temperature close 400°C was applied to the solution. Within 2 hours, combustion 
reaction was completed. The combusted powders were collected and calcined at 450°C for 4 hours.  
Powder Characterization 

An x-ray diffractometer (Bruker, D8 Advance) was employed in phase identification of the 
calcined powders. The x-ray diffraction pattern was obtained by using the scanning angles (2θ), 
step size and scan rate of 20°-80°, 0.021°, and 1.33°/min, respectively. Powder morphology was 
examined by a scanning electron microscope (SEM) (FEI, Quanta 450). An image analysis 
technique (Image J Software), Scherer’s equation, and Brunauer-Emmett-Teller (Micrometrics, 
3Flex) were utilized in determination of particle sizes, crystallite sizes and specific surface area of 
the powders, respectively. 

The average crystallite sizes of the powders were calculated according to the following 
Scherrer’s equation: 

Dc = 0.9λ/βcosθ                        (6) 
where Dc is the mean diameter of crystallite (nm), λ is wavelength of the x-ray beam (0.154 nm for 
CuKα radiation), β is the line broadening at half the maximum intensity (FWHM), and θ is the 
Bragg-angle.  
Electrocatalysis Evaluation 

Electrocatalytic activities of the powders were determined using a potentiostatic machine 
(Metrohm AutoLab Potentiostatic Machine: PGSTAT204). Cyclic voltammograms were obtained at 
applied voltages and scan rate ranging between -0.8 to 0.8 V and 0.025 V/s, respectively. 
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Preparation of working electrodes for the measurement was achieved by mixing the synthesized 
powder with multi-walled carbon nanotube (MWCNT) at the weight ratio of powder:MWCNT 
equal to 1. The mixture was dispersed in de-ionized water to obtain a suspension with solids 
loadings of 2.4 vol% and underwent hydrothermal process at 180°C for 6 hours. The suspension 
consisting of Zn-doped TiO2 powder/MWCNT was subsequently diluted in ethanol to achieve the 
concentration of 0.06 M. 100 µL of the prepared suspension was injected into a 220 μm-
microdialysis electrode. During the measuremrnt, Pt and Ag/AgCl were used as the counter 
electrode and the reference electrode, respectively. Detection of acetylcholine was conducted in 
cholin acetate solution ((C7H17NO3), Sigma Aldrich, 95%) at concentrations ranging from 0.05 to 
0.1 μM and 1-10 µM. 

Results and Discussion 
Phase Identification 

An x-ray diffraction pattern of titanium dioxide dope with 2.5 mol% Zn revealed a single phase 
corresponding to anatase titanium dioxide (JCPDS: 071-1166), as shown in Fig.1. Attributed to 
small difference in ionic radii between titanium and zinc (ionic radius of Ti and Zn are 0.75Å and 
0.74Å, respectively), small doping concentration of zinc doping could result in substitution of Zn 
ions into titanium ion lattice sites, which led to single-phase formation. The observation was being 
agreed with the studies reported by Aware et al. and Rauf et al., which indicated that Ti4+ ions in 
TiO2 lattice were substituted by Zn2+ ions without destroying the crystal structure. This resulted in 
stabilization of anatase phase [15-16]. 

 
Figure 1. X-ray diffraction pattern of Zn doped TiO2 powder synthesized by solution combustion 

technique  
Microstructural Examination 

Morphology of the synthesized powder examined by a scanning electron microscope and 
transmission electron microscope was observed as fine equiaxed particles, as shown in Fig. 2. 
Agglomeration of particles into non-uniformed clusters with average sizes of 149.15±35.19 nm was 
evident. While Scherer’s equation was employed in determination of average crystallite sizes, an 
image analysis technique was used in evaluation of particle sizes. Results from Scherer’s equation 
and image analysis from scanning electron micrographs and transmission electron micrographs 
revealed values of average crystallite and particle sizes in close proximity, as shown in Table 1.  
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Figure 2. Micrographs of (a) SEM image and (b) TEM image of Zn doped TiO2 powder synthesized 

by solution combustion technique 

Table 1. Particle sizes of Zn doped TiO2 determined from image analysis technique and crystallite 
and calculated from Scherrer’s equation 

Particle size 
(Image analysis)   Crystallite size  

SEM [nm] TEM [nm] Scherrer’s [nm] 
11.39±1.1 9.26±1.1 10.43 

 
Electrocatalytic Activities 

Electrocatalytic activities of the Zn-doped TiO2 powder in cholin acetate solution were evaluated 
by a cyclic voltammetry (CV) technique. The cyclic voltammogram of the Zn-doped TiO2 in 1 μM 
of cholin acetate solution revealed a peak corresponding to oxidation reaction at applied voltage 
close to 0.05V, as shown in Fig. 3a. Differential pulse voltammogram (DPV) of the Zn-doped TiO2 
powder in 10 and 30 μM of cholin acetate solutions, as shown in Fig. 3b, also exhibited oxidation 
peaks at applied voltage of the same range.  

 
Figure 3. Cyclic voltammogram (a) and differential pulse voltammogram (b) of Zn-doped TiO2 

measured in cholin acetate solution. The measurement was conducted that the scan rate of 25 mV/s 
Equations representing relationship between oxidation current density and acetylcholine 

concentrations were employed in determination of sensitivity of the detection. Sensitivity of Zn 
doped TiO2 was evaluated in the cholin acetate solutions with concentration ranging from 0.05 to 
0.1 μM and 1 to 10 μM. While concentrations of acetylcholine in human brains generally range 
from 0.001 to 10 μM, results from the current experiment demonstrated potential detection of 
acetylcholine in a comparable range [17].  

Oxidation peak 

a b 

a b 
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As shown in Fig. 4, a linear relationship between oxidation current density and solution 
concentration was evident. The results indicated sensitivity values of 3.13x10-4 and                             
1.32 μA/(μMmm2), which are in an acceptable range reported by other groups of researchers, as 
shown in Table 2. 

 
Figure 4. A relationship between current density (J) and acetylcholine concentration of Zn doped 

TiO2 when measured in cholin acetate solution with concentration ranging from (a) 0.05 to 0.1 μM 
and (b) 1 to 10 μM 

Table 2. Sensitivity values of acetylcholine detection 

Detector Sensitivity References 
Ni/Pt 6.53x10-2 S.M.A. Shibli et al. 
NiO 3.82 x10-5 L. Wang et al. 

Summary 
Titanium dioxide (TiO2) doped with 2.5 mol% Zn was successfully synthesized by solution 

combustion technique. Phase, microstructure and electrocatalytic properties of the synthesized 
powders were examined. The phase identification results revealed a single phase of anatase titanium 
dioxide. Fine particle with average sizes ranging from 9.3 to 11.4 nanometers were evident. The 
particles, however, agglomerated into clusters with average size of 149 nanometers. Electrocatalytic 
activities of the powder in cholin acetate solutions with concentrations ranging from 0.05 to 0.1 μM 
and 1 to 10 µM were evaluated. Peak currents corresponding to oxidation reactions between ACh 
and Zn-doped TiO2 were detected at applied voltage of 0.05 V. Sensitivity values of 3x10-4 and  
1.32 µA/(µMmm2), which are in an acceptable range, were evident. Experimental results from the 
current study revealed potential capability of titanium dioxide (TiO2) doped with 2.5 mol% Zn for 
exploitation in the fabrication of enzymeless sensors for acetylcholine detection. 
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Abstract. Hexagonal boron nitride (hBN) films were epitaxially grown on (100)-Oriented silicon and 
c-plane sapphire (α-Al2O3) substrates via a low-pressure chemical vapor deposition (LPCVD) 
method with boron trichloride (BCl3) and ammonia (NH3) as the boron source and nitrogen source. 
Crystalline quality differences between hBN films grown on different substrates are studied and 
discussed by XPS, Raman spectroscopy, XRD and SEM characterizations. All the characterization 
results indicate that the sapphire substrate is more suitable for epitaxial growth of hBN films than 
silicon substrates. 

1. Introduction 

Hexagonal boron nitride (hBN) is a Ⅲ-V semiconductor with a bandgap of about 6.0 eV, whose 
structure very similar to graphite and known as “white graphite” [1]. Due to many excellent physical 
and chemical properties, such as high temperature resistance, low expansion coefficient, very high 
dielectric strength, high thermal conductivity, and high chemical stability [2-4], hBN has potential 
applications in deep-ultraviolet optoelectronics and high-power electronics [5, 6]. 

A successful synthesis of high-quality and high-purity single crystalline hBN synthesized under 
high-pressure and high-temperature has been achieved. But the diameter of the bulk crystal is limited 
to about 3mm at present. For the growth of hBN thin film, the synthesis of monolayer or few-layer 
hBN films usually using chemical vapor (CVD) on metallic substrates such as Cu[7], Ru[8], Pt[9], 
Ni[10], etc., employing Ammonia borane (NH3−BH3) or Borazine (B3N3H6) as source precursor for 
boron nitride has been reported in the past years. However, it is extremely difficult to fabricate high-
quality hBN functional films with a micrometer-scale thickness, which is necessary for the electronic 
or optoelectronic devices.  

In this work, we selected two of the most widely used substrates for semiconductor processes, 
silicon and sapphire, and fabricated hBN films on these substrates for characterization comparison. 
The epitaxial growth of hBN films on silicon and sapphire substrates via a low-pressure chemical 
vapor deposition (LPCVD) method had been attempted. We compared the properties of hBN films 
grown on silicon and sapphire substrates under the same growth conditions. All the characterization 
results indicate that the sapphire substrate is more suitable for epitaxial growth of hBN films than 
silicon substrates. 
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2. Experimental 

2.1. Synthesis of hBN films 
A low-pressure chemical vapor deposition (LPCVD) system with a horizontal high-frequency 

induction furnace was used for the growth. As presented in Fig. 1, the system consists of a horizontal 
cold-wall reactor made of quartz. The graphite heater is wrapped in zirconia insulation to maintain a 
high temperature. This growth was achieved by employing boron trichloride (BCl3) and ammonia 
(NH3) as the BN source, respectively. Nitrogen (N2) was used as dilution gas and carrier gas which 
transports the source materials to the reactor.  

 

Fig. 1. Schematic diagram of the LPCVD system 

The (100)-Oriented silicon and c-plane sapphire (α-Al2O3) with thickness of 500μm and lateral 
dimensions of 10×10 mm were used as substrates. The substrates were placed on the graphite pedestal 
in the reactor. In this work, the process parameters to hBN films deposition had been chose: the gas 
mixture composition BCl3 = 20 sccm, NH3 = 60 sccm, N2= 200 sccm; the total gas pressure              
P = 100 Pa; the sapphire and (100)-Oriented silicon substrates temperature about 1200 °C. In these 
conditions the epitaxial films were deposited for 1 h.  

2.2. Characterization 
Elemental composition and chemical states of the hBN films were analyzed using X-ray 

photoelectron spectroscopy (XPS) system with a focused monochromatic Al Ka x-ray source (with 
an energy of 1486.6 eV). Raman spectroscopy were obtained using a confocal Raman spectrometer 
with 532 nm laser excitation. The atomic ratio of the hBN samples was determined from the peak 
intensities with the correction of the sensitivity factor for each element. The crystallinity of the as-
grown hBN films was characterized by X-ray diffraction (XRD) (with Cu Ka radiation of 1.541 Å 
wavelength). The surface and cross-section morphology were observed by scanning electron 
microscope (SEM).  

3. Results and Discussion 

3.1. XPS 
X-ray photoelectron spectroscopy was also applied to characterize the elemental stoichiometry of 

the synthesized hBN samples. Fig. 2(a) and (c) shows the XPS spectra of B 1S peak from the hBN 
films grown on sapphire and silicon substrate. A single dominant and highly symmetric XPS peak 
were observed for each of the B 1S and N 1S spectra, indicating the presence of only sp2-hybridized 
B and N atoms in the film[11]. Both of the binding energies of B 1S are 190.3 eV, which can be 
attributed to N-B binding state[12]. For the binding energies of N 1S are 398.1 eV, which could be 
attributed to B-N binding type. The values are in good agreement with the reported values in the 
literature [13]. The surface elemental composition of hBN films is shown in table 1. The [B]: [N] 
ratio was determined from the relative peak intensity. The ratios of B and N atomic % of hBN films 
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on sapphire and silicon substrates calculated from the XPS results were 1:0.999 and 1:1.007, 
respectively. Both of the calculated atomic ratios were closer to the ideal stoichiometric ratio of 1:1 
which confirms the successful growth of hBN and the films were found to be almost no nitrogen 
deficient as a result of using N2 as a background gas and excess ammonia to fill nitrogen vacancies. 
Under the same characterization conditions, the full width at half maximum (FWHM) and peak 
intensity of hBN films grown on sapphire are better than the one deposited on silicon substrates. 

 
Fig. 2. XPS B 1S and N 1S spectra obtained for hBN films on sapphire (a), (b) and silicon (c), (d) 

substrates 

Table 1. The surface elemental composition of hBN films on sapphire and silicon substrates  

   
Element Atomic %  

 hBN/sapphire hBN/silicon 

N 35.28 21.56 
B 35.31 21.42 
O 4.93 13.87 
C 24.48 43.15 

B/N 1.00085 0.99351 

3.2. Raman 
The Raman spectroscopy is a strong tool for characterizing the hBN lattice vibration modes which 

are due to the stretching of the bonds between the nitrogen and boron atoms. Fig. 3 shows typical 
Raman spectra of hBN films on sapphire and silicon substrates. The Raman spectrum of hBN films 
grown on sapphire and silicon shows one dominant peak at 1370.9 cm-1and 1372.5 cm-1, respectively, 
which can be assigned to the E2g vibration mode of hBN. A characteristic Raman peak of bulk, single-
crystal hBN was observed at 1366 cm−1[14, 15]. In our study, both frequencies shift to ~1371 cm-1, 
the frequency up-shift compared to the bulk might be due to compressive stress brought by the 
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substrate during the cooling process. This phenomenon has also been observed in other studies             
[16-18]. Bigger frequency shifts of hBN grown on silicon indicate greater compressive stress 
introduced by the silicon substrate. FWHMs and peak intensities of E2g peaks in Fig. 3, the conclusion 
is the same as XPS measurement.  

  
Fig. 3. Raman spectra of hBN films on sapphire and silicon substrates 

3.3. XRD 
In order to further determine the crystalline quality of the hBN films, X-ray diffraction 

measurements were performed. The XRD data of these two samples could be well indexed with the 
standard card (Joint Committee on Powder Diffraction Standards card no. 34-0421). The hBN films 
grown on sapphire have much stronger peak intensities than the one deposited on silicon substrates 
under the same measuring condition which is shown in Fig. 4. Usually, the relative strength of the 
peak and the relative width of the FWHM determine the difference in crystalline quality between the 
two films. The θ-2θ scans revealed a peak corresponding to the (0002) plane of hBN at 2θ angle of 
26.78° (hBN films grown on sapphire) and 26.68° (hBN films grown on silicon) with a FWHM value 
of 0.40° and 0.42°. The little peaks at 20.7° and 37.7° correspond to the (1011) plane and (1120) of 
the sapphire substrate. The XRD scans of hBN films grown on sapphire revealed a c-lattice constant 
~6.66 Å, which closely matches to the bulk c-lattice constant of hBN, indicative of good crystalline 
quality[19]. 

 
In-plane lattice constants of (100)-Oriented silicon and c-plane sapphire (α-Al2O3) are 3.84 Å and 

4.76 Å[20, 21], implying a lattice mismatch with hBN of 34.7% and 47.5%, respectively. Even though 
the sapphire substrate has a larger lattice mismatch than that of the silicon substrate, it is a hexagonal 
crystal structure similar to the hBN lattice structure and has no dangling bonds like the surface of the 
silicon substrate[22, 23].It has been reported that there is a long-term periodic match between the 
hBN and c-plane sapphire crystal lattices[24].This might be the reasons that hBN grown on the 
sapphire substrate has a better crystalline quality than the one grown on the silicon substrate under 
the same growth conditions. 
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Fig. 4. Crystal structure characterization. XRD characterization of hBN films on sapphire  

and silicon substrates. The hBN (0002) 2θ angle of 26.75° in standard card 
 (PDF#34-0421, blue dashed line) 

3.4. SEM 
The surface topography of hBN films deposited on sapphire and silicon are shown in Fig. 5(a) and 

(c) respectively. The surface morphology of the sample indicates that both of the films consist of 
small grains. The grain domains of the hBN grown on sapphire were larger than the hBN grown on 
silicon, as shown by SEM images. The thickness of the films was determined independently through 
side-view SEM images Fig. 5(b) and (d). Both of the films were about 2.3 μm thick which indicates 
that the difference in substrate material has little or no effect on deposition rate. The side-view SEM 
images indicates that the films deposited on sapphire substrate could be seen growing perpendicular 
to the c-plane in Fig. 5(b), which was barely seen in Fig. 5(d), which means hBN has a better 
orientation growth on sapphire substrates. 
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Fig. 5. SEM images of hBN films grown by LPCVD. Top-view SEM images of hBN films grown 

on (a) sapphire and (c) silicon substrates. Side-view SEM images of hBN films grown on (b) 
sapphire and (d) silicon substrates 

4. Conclusions 

In summary, the hBN epitaxial films have been grown on (100)-Oriented silicon and c-plane 
sapphire (α-Al2O3) substrates by LPCVD at 1200 °C with BCl3 and NH3 as the boron source and 
nitrogen source, respectively. The films thicknesses have been estimated as about 2.3 μm. The effect 
of different substrates on crystalline quality of hBN film epitaxial growth has been investigated. All 
the characterization results indicate that the sapphire substrate is more suitable as the substrate for 
hBN epitaxial growth than the silicon substrate.  
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Abstract. Benefit from the gradient distribution of microstructure, gradient nano-grained (GNG) 
metals have broad application prospect owing to their advantages of both high strength and good 
tensile ductility. Meanwhile, the fracture behavior of gradient nano-grained metals is different from 
that of traditional homogeneous materials. Using molecular dynamics (MD) method, we simulated 
the propagation of a crack in a pre-cracked GNG Cu. Voronoi method was adopted to generate the 
polycrystalline topology with gradient grain size, and FCC copper atoms were filled into the 
topological structure. The crack was introduced by removing three layers of atoms. Then, the MD 
specimen was loaded to simulate the crack growth and/or blunting. The micro-defects were identified 
by the common neighbor analysis parameter. The effects of the grain size gradient and the crack tip 
initial position on the crack growth were also investigated. 

1. Introduction 

The development of the manufacturing industry has placed increasingly stringent requirements on 
the strength, ductility and fatigue resistance of materials. GNG metals have gained wide attention due 
to their high strength and high ductility. Different from the nano-grained metals or coarse grained 
metals, the structural unit size of GNG metals varies gradiently in space, which means it can 
simultaneously activate multiple deformation mechanisms corresponding to each feature size [1]. 
Previous studies have focused on the deformation and tensile ductility of GNG metals. Fang et al. [2] 
prepared GNG Cu and studied its deformation mechanism. The strength of GNG Cu is increased by 
three times while the uniform plasticity is equivalent to that of the coarse crystal Cu. The excellent 
mechanical properties of GNG Cu are attributed to the fact that the nanocrystals of the surface layer 
sustained growth in the process of tensile deformation, so that the nano-grained layer regains 
plasticity. Wu et al. [3] investigated response of the gradient structure IF steel during deformation, 
and found its strength is higher than that given by the mixing rule, indicating that the strengthening 
effect of the gradient nanostructure is better than that of the homogeneous structure. 

Refining the surface grains by surface machining is a common way to prepare GNG metals, but 
this would lead to a reduction in surface moulding and decrease in the resistance to crack propagation. 
Only a few researches are on the fracture behavior of GNG materials. Based on theoretical analysis, 
Zhou et al. [4] found that grain refinement can slow down the crack initiation, but is not conducive 
to hindering the crack growth. Wang et al. [5] studied the effect of grain size gradient on the fracture 
resistance of nano-grained metals by MD method. The results show that increasing grain-size gradient 
can to some extent enhance the mobility of atoms to resist fracture and improve the fracture toughness. 
So far, existing efforts on fracture failure behavior of GNG metals are still insufficient. It is necessary 
to conduct an in-depth study of fracture behavior of GNG materials. 
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In this paper, we used the Voronoi method to establish a quasi-three-dimensional pre-cracked MD 
model of GNG Cu. A series of simulations are carried out to investigate the effects of the grain size 
gradient and the crack tip initial position on the crack growth and/or blunting.  

2. MD Model of GNG Cu with Initial Crack 

Gradient nano-grained copper possesses a complex grain boundary topology. Voronoin 
method[6,7] is a common method to construct nano-polycrystalline materials: First, a number of 
points whose Z coordinate are controlled to obey the linear probability density function are randomly 
generate as the center of the grains,and the distance between grain centers is adjusted to avoid the two 
grain centers being too close.Then, calling the Voronoin function of MATLAB to generate the grain 
boundary topology of GNG model.Finally, a C++ script from the literature[8] was developed to fill 
each grain with the face entered cubic (FCC) copper atom lattice. The orientations of the FCC lattices 
in different grains followed a uniform random probability function, with [111] direction always 
normal to the screen plane. Moreover, the orientation of adjacent grains is different, resulting in the 
formation of surface defects with different orientation angles at grain boundaries[9]. The size of the 
MD sample was 18.75×1000×1000 Å3, and the grain diameter of the upper end was controlled at 
50 nanometers, and the grain diameter of the lower end varies among 50, 10, or 2.5 nanometers. The 
gradient of the model is defined as the ratio of the maximum grain size to the minimum grain size. 
Thus, three MD samples with gradients of 1, 5 and 20 were created. Finally, by removing three layers 
of atoms, a three-dimensional GNG copper model with an initial edge crack was established. 

 

Figure 1 Topological configuration of GNG model(a) and loading scheme of GNG model with 
initial crack(b) (gradient=5) 

The computations were carried out using the open source code LAMMPS. The embedded atom 
potential (EAM) function [10] is used to describe the interaction between atoms. Before loading, all 
samples were placed at a temperature of 300 K for full relaxation to achieve a stable equilibriated 
configuration. A 0.2 nm thick atomic group was taken as the loading layer at both the left and the 
right ends of the sample and a tensile velocity of 0.05 nm/ps (corresponding to a strain rate of          
1.0×109 s-1 ) was applied to the loading layers. All simulations were carried out at isothermal-isobaric 
ensemble (NPT) which performs time integration on Nose-Hoover style non-Hamiltonian equations 
of motion, and the integral step is 1 femtosecond. The EAM potential is expressed as, 
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      (1) 

       (2) 

       (3) 

where, Vi is the potential energy of atom i, Fi is the embedded function, ρi is the sum of the density 
of the cloud of electrons produced by all atoms at atom i, Φij is the pair-wise potential function and 
rij is the distance between atoms i and j. 

In order to visualize the data, the common neighbor analysis method is used to identify the crystal 
structure and color different atoms according to the crystal structure. The simulation data was post-
processed using the 3D visualization software OVITO.  

3. Fracture Behavior of GNG Metal 

3.1 Effect of Crack Tip Initial Position 
In this section, we investigate the effect of crack tip initial position on the crack evolution. The 

initial positions of crack tips in the three samples are in the grain, along the grain boundary, 
perpendicular to the grain boundary, respectively. The initial crack lengths in the three models are 27, 
30 and 25 nm, respectively. In order to eliminate the influence of Poisson effect on the crack length 
measurement, relative crack length (RLCrack) which is defined as the ratio of real crack length (LCrack) 
to the reference zone length (LReferecce) is adopted to describe the crack growth behavior (see Eq. 4). 
The definition of the reference area is shown in Fig. 2. All the results are compared with the 
benchmark model with crack tip in the grain and gradient of 5 . 

       (4) 

 

Figure 2 Schematic diagram of relative crack calculation 

In the process of tensile deformation, as Fig. 3 shows, a large number of hexagonal close packed 
(HCP) structures occur in the interior of larger grains and near the crack tip, which reflects the intense 
dislocation activity and a large number of stacking faults in these two regions. At the same time, 
obvious crack passivation can be observed. Fig. 4(a) shows that there are a few dislocations and 
stacking faults in the material before loading. When the strain reaches 0.03, the dislocation motion 
inside the specimens intensifies and stabilizes until the strain reaches 0.10. However, there is no 
obvious difference in dislocation density between the three specimens during the whole process.    
Fig. 4(b) shows that the relative crack length of the specimens increased steadily during the loading 
process, but there is no significant difference between the specimens. This may be attributed to the 
high simulated temperature (300K), which enhances the plastic deforamtion mechanisms, leading to 
the domination of crack blunting and suppression of the crack propagation. 
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Figure 3 Snapshots of crystal structure evolution during the deformation of GNG Cu with different 
initial crack tip locations (gradient=5) 

 
Figure 4 (a) Dislocation density and (b) relative crack length diagram during deformation of GNG 

Cu with different initial crack tip locations (gradient=5) 

3.2 Effect of the Grain Size Gradient 
To investigate the effects of the grain size gradient on the crack evolution, we prepared three 

specimens with gradients of 1,5 and 20 and the same initial crack length of 27 nanometers. The initial 
location of the crack tip is in the grain for all samples. 
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Figure 5 Snapshots of crystal structure evolution during the deformation of GNG Cu with different 
gradient 

 

Figure 6 (a) Dislocation density and (b) relative crack length during the deformation of GNG Cu 
with different grain-size gradient 

Fig. 5 shows that more HCP structures are generated in the model with larger grain-size gradient 
during the deformation, which reflects that larger gradient specimens are more likely to produce 
stacking faults. Significant blunting of cracks is also observed in the simulation. Fig. 6(a) shows that 
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the dislocation density of the specimens with gradient of 20 is higher than that of the specimens with 
gradient of 5 at small strain, and the situation reverses after the strain exceeds 0.06. The specimens 
with gradient of 5 or 20 always have higher dislocation density than the specimen with gradient equal 
to 1. Fig. 6(a) shows that in the case of obvious crack blunting, the relative crack lengths of the three 
specimens are not significantly different. 

4. Summary 

As a summary of a series of simulations, several key findings are listed as follows: 
(i) The initial crack tip position has no obvious effect on the dislocation density and the crack growth 
rate of the gradient nano-grained Cu. 
(ii) Larger grain-size gradient leads to more stacking faults in the deformation process. 
(iii) Grain size gradient of the GNG model has no obvious effect on the crack growth rate, but has a 
great influence on dislocation density. 

Acknowledgement 

This research is supported by the National Natural Science Foundation of China (Grant No. 
11772231). 

References 

[1]  K. Lu, Gradient nanostructured materials, J. Acta Metall, 51(2015) 1-10. 

[2]  T.H. Fang, W.L. Li, N.R.Tao, et al. Revealing extraordinary intrinsic tensile plasticity in 
gradient nano-grained copper, J. Science, 331(2011) 1587-1590. 

[3]  X. Wu , M. Yang, F. Yuan, et al. Heterogeneous lamella structure unites ultrafine-grain strength 
with coarse-grain ductility, J. Proceedings of the National Academy of Sciences of the United 
States of America, 112(2015) 14501-5. 

[4]  P. Zhou, J. Zhou, Z. Ye, et al. Effect of grain size and misorientation angle on fatigue crack 
growth of nanocrystalline materials, J. Materials Science and Engineering: A, 663(2016) 1-7. 

[5]  P. Wang, X. Yang, X. Tian. Fracture behavior of precracked nano-grained materials with grain 
size gradients, J. Journal of Materials Research, 30(2015) 709-716. 

[6]  Y. Wei, A.F. Bower, H. Gao. Enhanced strain-rate sensitivity in fcc nanocrystals due to grain-
boundary diffusion and sliding, J. Acta Materialia, 56(2008) 1741-1752. 

[7]  S. Falco, J. Jiang, F. De Cola, et al. Generation of 3D polycrystalline microstructures with a 
conditioned Laguerre-Voronoi tessellation technique,J. Computational Materials Science, 
136(2017) 20-28. 

[8]  S. Traiviratana. A molecular dynamics study of void initiation and growth in monocrystalline 
and nanocrystalline copper, J. Dissertations & Theses - Gradworks, 2008. 

[9]  Z. Liang, T. Watanabe , C. Esling. A theoretical approach to grain boundary character 
distribution (GBCD) in textured polycrystalline materials, J. Zeitschrift Fur Metallkunde, 
85(1994) 554-558. 

[10]  M.S. Daw, M.I. Baskes. Embedded-atom method: Derivation and application to impurities, 
surfaces, and other defects in metals, J. Physical Review B Condensed Matter, 29(1984) 6443-
6453. 

104 Congress on Advanced Materials Sciences and Engineering



 

Separation of Particles Composed of a Solid Solution [Mg2SiO4 -Fe2SiO4] 
in the Sequence of Fe2+ Concentration Using a Pocketsize 

Magnetic-Circuit 
Chiaki Uyedaa*, Keiji Hisayoshib, Kentaro Teradac 

Institute of Earth and Space Science, Graduate School of Science, Osaka University, Japan 
auyeda@ess.sci.osaka-u.ac.jp, bhisayoshi@ess.sci.osaka-u.ac.jp, cterada@ess.sci.osaka-u.ac.jp 

Keywords: Magnetic separation, magnetic susceptibility, magnetic volume force, paramagnetic 
material, diamagnetic material 

Abstract   Magentic separation generally required strong magnetic forces induced in ferromagnetic 
or strong paramagnetic particles; in order to realize the separation in diamagnetic or weak 
paramagnetic particles, it was necessary to attach magnetic beads or magnetic ions to induce the 
strong magnetic force. A method to separate mixture of weak magnetic particles by its concentration 
of paramagnetic ferrous ion is newly proposed, which does not require the abovementioned magnetic 
attachments. The efficiently of the new method is experimentally examined using a pocketsize 
magnetic circuit (4.5 cm x2.0 cm x 1.0 cm) and a piece of cross sectional paper (5.0 cm x1.0cm). The 
separation is based on a principle that velocity of a translating particle, induced by a magnetic volume 
force in an area of monotonically decreasing field, is uniquely determined only by its magnetic 
susceptibility (per unit mass) of the particle; the velocity is independent to mass of particle. By 
examining the spectra of the separated particles recovered on the cross sectional paper, a histogram 
on Fe concentration is easily obtained for the particles without the need of consuming them.  

Introduction 
In a recent study, a mixture of solid particles composed of various weak magnetic (diamagnetic & 

paramagnetic) materials was separated into groups of different materials in microgravity condition by 
the cause of a field gradient produced by a NdFeB magnetic circuit [1]. Separation of weak magnetic 
materials generally required magnetic attachments to enhance their magnetic force [2][3]. Weak 
magnetic particles are generally believed to be dynamically inert to a field gradient produced by a 
small permanent magnet. The abovementioned separation was proposed by assuming an energy 
conservation rule on the group of diamagnetic particles that translated by magnetic volume forces [4]. 
Here terminal velocity of a particle induced by a volume force in an area of monotonically decreasing 
field was determined by intrinsic magnetic susceptibility χ of material, and the velocity was 
independent to mass of particle m. Based on the abovementioned facts, it was pointed out that, in 
outer space, the mass independent property of translation will be commonly recognized by 
astronomical observation [1]. This is because both solid particles and magnetic field co-exist in 
various regions of the galaxy; presently, the mass-independent property of a translating substance is 
recognized only in gravitational motions.  

More recently, the heterogeneous particles were separated into fractions of different materials at 
normal gravity condition using a small magnetic circuit (4 cm x8cm x1cm) [5]; the apparatus used in 
the experiment was considered to extend as a pre-treatment technique in analysing mixture of 
heterogeneous particles. Such a technique is useful in various research fields of material science, and 
the portable system may provide a breakthrough for on-site research in industrial activities as well as 
in resource explorations. Field-induced translation was also observed in ferromagnetic and 
ferrimagnetic particles, and the mass independent characteristics of the translation particles were 
confirmed  in popular materials such as ferrite, iron, magnetite or nickel [6]. separation is effective in 
all categories of magnetic material that exist in nature. In future, a method of non-destructively 
separating most existing materials may be commonly used as a pre-treatment method in refined 
analysis.  
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In case of magnetically separating weak magnetic particles, a small magnetic bead (or magnetic 
ion) was attached to the particle for the purpose of inducing of a strong magnetic force.[3][4] This 
technique was applied in developing an in-vivo drug delivery system. The abovementioned attempts 
indicate that considerable needs of applying effective magnetic forces on weak magnetic particles is 
not small, because the technique can dynamically translate “magnetically inert” particles by a simple 
principle. In the present report, the efficiency to separate mixture of paramagnetic particles into 
groups with different Fe concertation is reported; the separation is conducted in terrestrial gravity 
condition using a similar pocketsize magnet as used in the abovementioned study. The remaining 
problems in analyzing heterogeneous solid particles in activities as is discussed according to the 
experimental results obtained by the new setup.  

Methods  
A magnetic circuit designed and constructed in the present study had a size of 1.0 cm in height and 

a basal plane of 4.5 cm×2.0cm, and its weight was below 126 g; its design was similar to the 
apparatus developed in the previous report [5]. As shown in Fig.1, a pair of NdFeB plates was used to 
compose a magnetic circuit; a gap of 1.0 cm in width was located between the two magnetic plates. 
The field intensity had the maximum value of 4.1 kG at centre of gap, which decreased mono- 
tonically along an x-axis.  A mixture of  particles was maintained in a half-pipe (1.0 cm in diameter 
and 0.5 cm in depth). An orifice (ϕ 0.07 cm) was located at the bottom of the pipe; it was set just 
below the top level of the gap. A cross sectional paper was horizontally set at the bottom of the trans- 
lating area. The horizontal separation of the individual particle with respect to the position of the 
orifice was defined as xT, and the values were measured using the scales on the cross sectional paper. 
In conducting the experient of magntic separation, the particles were pushed towards the position of 
orifice by means of a silver wire. Then the particles were dropped from the orifice one by one with 
small initial velocity; it took about severnal minutes to release all the particles set on the 
sample-holder. 

 

Fig. 1 Topveiw and sideview of a compact apparatus to realize magnetic separation of weak magnetic 
(i.e. para- manetic )particles. Field intensity decreses monotonically along the x-axis. Red broken 
curves shcenatically show the trajectories expected for the translating particles in the magnetic field 
gradient 

Five weak-magnetic materials were used in the present experiment, and their values are listed in 
Table 1 along with their locality. As seen in the Table, four samples consisted the series of solid 
solution [Mg2SiO4 -Fe2SiO4], and their Fe concentration ranged from 2.2 mol% to 95 mol%.   Note 
that the Fe2+ concentration is below the level of fayalite in most of the materials that exist in nature. 
The diamagnetic bismuth sample was separated from a synthetic nugget with high purity (> 99.99%); 
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in order to avoid contaminations of small ferromagnetic particles, a titanium knife was used to cut the 
sample. Magnetic susceptibility χ of the five samples was obtained by a vibrating sample 
magnetometer VSM, and their values are listed in Table 1. In case of the four paramagnetic samples, 
the χ values obtained by VSM were consistent with their ferrous concentrations determined by a 
chemical analysis. Whereas, the measured χ value of bismuth was consistent with the published 
values.  

The temperature was maintained at T=296 K during the experiment. In case operating the  
apparatus in a on-site field-work, the temperature may vary from about 200 K to 380 K. Ths variance 
of temperature mighht considerably alter the field intensity produced by a NdFeB magnetic circuit 
and change  the field distribution of the experimental system [5]. It is therefore important to calibrate 
the field distribution before performing a experiment at a new measuting site.  

Table 1 List of materials observed in the present study 

 

Results and Discussions 
An example of the cross sectional paper after the separation experiment is shown in Fig.2. About 

20 to 30 particles were released form the orifice of the sample holder during a single turn of 
experiment in the present study; here the samples were released at a minimum horizontal velocity that 
was possible. As seen in the figure, the released samples were collected on the cross-sectional paper 
as different groups of material, and the overlaps of the material groups observed on the paper were 
sufficiently small. It is considered that the separation is caused by the variance in the horizontal 
velocity that was induced in the individual particles during their translation. The average xT values of 
individual materials listed in Table 1 are obtained from the particle positions recorded on the cross 
sectional paper. A positive correlation is seen between the xT values and the χ values of individual 
materials, and the relationship is described as well in Fig.3.  

The abovementioned correlation between xT and χ occur because a magnetic force that affect the 
particle in a monotonically decreasing field, i.e. mχB(x)[dB(x)/dx], is proportional to mass m and χ of 
the particle; here B(x) denote the field intensity at position x, and field decreases monotonically along 
a x-axis (see Fig.1). Accordingly, acceleration of particle as well as the xT value is independent to m, 
and variance of xT is uniquely determined by the χ value of the particle; here the particles should be  
released from an identical position in a same area of magnetic field. In previous studies on field- 
induced translation using a small magnetic circuit similar to that described in Fig.1, the χ value of a 
small particle was obtained from the relationships between v(x) and B(x) without the knowledge of its 
m value; hence the above principle allows a magnetization measurement of a very small particle 
without the necessity of m measurement [4].  Furthermore, it was proposed that the material of an 
unidentified particle could be estimated of a very small particle is possible by comparing the obtained 
χ value with the list of published data compiled for many materials. [1][4] Note that the method is 
simple and low-costing compared to the conventional techniques of chemical analysis; also the 
proposed method is free from consuming the sample. 
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Fig. 2 Photograph of a cross sectional paper taken after the experiment of magnetic separation. The 
particles that were released from the orifice were completely recovered on the paper. Position of the 
paper with respect to the magnetic circuit is illustrated in Fig.1. Numerial data of individual sample is 
given in Table I 

The range χ values listed in Table 1 almost overlap with the values of paramagnetic susceptibility 
compiled for various rock-forming materials, and it may be concluded that the compact NdFeB 
circuit used in the present study has the efficiency to separate ensemble of heterogeneous particles 
that compose the terrestrial surface; the separation is effective as well in examining the newly 
produced  ceramic particles at the site of material synthesis. It is noted that the χ values compiled in 
the abovementioned list derive from the the state of localized electron that compose the material, and 
a solid material posse an intrinsic χ value.  

The xT-χ relationship described in Fig.3 can be  as  a calibration curve to estimate the approximate 
Fe concentration of a particle collecting plate; here the sample belongs to an ensemble of particles 
newly collected in a fieldwork research, or in a process of synthesizing a material.  processing. Note 
that the duration required to perform the magnetic separation    is considerably short compared to a 
conventional chemical analysis; also the separation is performed at the site of collecting site of 
sample without delivering the sample to the laboratory.  

 
Fig. 3 Relationship between separation xT (vertical axis) and magnetic susceptibility χ (horizonal 
axis) obtained for the paramagnetic materials listed in Table1 

The histogram of Fe concentration obtained in a simple manner for a heterogeneous particle 
ensemble may lead to important discoveries in various researches based on material analysis. It is 
necessary to experimentally measure  a similar xT-χ relationship in various sequence of solid 
solutions other than the [Mg2SiO4 -Fe2SiO4] series measured in the present study. The generarily of 
the xT-χ curve described in Fig.3 should be examined by  measuring  the same relationship on various 
oxides such as quartz, corundum, biotite or enstatite. 

As described in Table 1, the standard deviation of the xT values observed in the present experiment 
(i.e., δxT in Table 1 ) is considerably large for practical use. In performing the separation experiment, 
the actual v0 values were not negligible because of the collisions that occurred between the particles 
as the particles passed through the orifice. The initial velocity was also induced by the Coulomb 
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forces that acted between the static electricity on the particles surface. By minimizing the 
abovementioned actions, the efficiency of distinguishing two paramagnetic particles with small 
variance of Fe concent- ration will considerably increase; so as the efficiency in separating two 
materials with small variance of diamagnetic χ values.  Although it is possible to perform refined 
survey on a mixture of the heterogeneous particle using various microprobe devices, it is difficult 
to conclude by these devices whether or not the minor particles included in the sample are 
thoroughly identified without omission, and new categories of minor material phases may remain 
undiscovered in the mixture. In such cases, it is desirable to separate the particles into groups of 
different materials before performing the refined analyses [5].   The proposed method may extend 
as a “chromatography” technique [7] specialized to quickly distinguish the concentration of magnetic 
ions included in the solid particles. 

Summary                                                                                                                                                                          
Using a pocketsize magnetic circuit in open air, mixture of paramagnetic particles can be separated 

into groups with different Fe2+ concentration. Specifically, particles belonging to a binary-solution 
[Mg2SiO4 -Fe2SiO4] were released in an area of monotonically increaing field, which were recovered 
on a small piece of cross sectional paper (1.0cm x 4,5cm) in the order of thier χ values ( -5 ~ +340× 
10-7 emu/g). The portable apparatus, assembled and operated at a low cost, is useful in various on-site 
activities, such as in resource exploration or in trail material synthesis. It can be used as a  pre- 
treatment processes of various refined analyses performed in the laboratory (e.g. ion microprobe or 
microscopic infrared analysis ). Further improvements to minimize the despersions of particle 
separation xT is necessary, which directly improves the resolution in separating and identifying 
different materails by their variance of susceptibilites. It is expected that the processing time of 
separation (i.e. sample weight per second) of the present apparatus is considerably reduced compared 
to the setup operated in microgravity conditions [5]. 
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Abstract. Zirconia has a number of remarkable properties, including a very low thermal conductivity. 
In this research, the phonon thermal conductivity of two phases (cubic and monoclinic) of zirconia 
(ZrO2) are calculated. For this purpose, an equilibrium molecular dynamics simulation employing the 
Green-Kubo formalism is used. The results are presented in detail over a wide temperature range, 
from 100 K to 2400 K and 100 K to 1400 K for the above-mentioned structures, respectively, with a 
100K temperature step. The temperature dependence of the equilibrium atomic volume demonstrated 
a reasonable agreement with the experimental data. Moreover, the lattice thermal conductivity was 
calculated by analysing the heat current autocorrelation function. The results showed that zirconia 
has a low thermal conductivity that is dependent on the temperature. It was also shown that the lattice 
thermal conductivity of the two phases of zirconia can be decomposed into three contributions due to 
the acoustic short-range and long-range phonon and optical phonon modes. Finally, the results from 
this research are compared with the available experimental data. 

1. Introduction 
Zirconia (ZrO2) has useful low thermal conductivity at high temperatures. Zirconia has three 

crystal phases at low pressures, namely the monoclinic (at temperatures of less than 1400 K), 
tetragonal (for temperatures from 1400 K to 2600 K) and cubic phases (at temperatures of more than 
2600 K) and its melting point is about 2980 K [1]. The cubic and monoclinic phases have 𝐹𝐹𝐹𝐹3�𝐹𝐹 and 
𝑃𝑃21/𝑐𝑐 space groups, respectively. In the cubic phase, the Zr atoms are located in the fcc structure and 
the O atoms are effectively in the tetrahedral interstitial sites and 𝑎𝑎 = 𝑏𝑏 = 𝑐𝑐 = 5.12 Å. In the 
monoclinic phase, 𝑎𝑎 = 5.19 Å, 𝑏𝑏 = 5.25 Å, 𝑐𝑐 = 5.29 Å, 𝛽𝛽 = 99.23𝑜𝑜. 

 
Figure 1. The schematic structures of (a) zirconia (cubic and monoclinic structures) 

Thermal conductivity is one of the most important features of zirconia and it is also one transport 
property that is very important during the design of materials and it is very difficult to obtain at high 
temperatures [2]. Therefore, measuring the thermal conductivity of zirconia was an attractive subject 
for this research. One of the most reliable methods to calculate the lattice thermal conductivity is 
molecular dynamics simulation (MD) [3]. MD simulation was first used to calculate the thermal 
conductivity of fcc crystals by Ladd et al. [4]. In a recent study, McGaughey and Kaviany [5] have 
used MD simulations based on the Green-Kubo formula to calculate the thermal conductivity of ionic 
materials. 
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In this research, the lattice thermal conductivity of the cubic and monoclinic phases of zirconia are 
investigated over a wide temperature range using equilibrium MD simulations with the Green-Kubo 
formula. In addition, the heat current autocorrelation functions (HCACFs) extracted from the 
equilibrium MD simulations are analyzed and are used to calculate a decomposition model of the 
lattice thermal conductivity. Finally, the results are compared with the available experimental data. 

2. Theory 
In the present work, the equilibrium MD simulations combined with Green-Kubo formalism have 

been performed to estimate the lattice thermal conductivity. The Green-Kubo formalism describes 
thermal conductivity in  terms of the time integral of the HCACF for the direction                                              
𝑙𝑙, 𝑘𝑘𝑙𝑙 = 1

3𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇2
∫ 〈𝒒𝒒𝑙𝑙(𝑡𝑡)𝒒𝒒𝑙𝑙(0)〉𝑑𝑑𝑡𝑡,∞
0   where 𝑉𝑉 is the volume of the simulation cell, 𝑘𝑘B is the Boltzmann 

constant, 𝑇𝑇 is the absolute temperature, 𝒒𝒒 is the heat current vector and 𝑡𝑡 is the time. The HCACFs 
of semiconductors can be fitted by Eq. 1: 

〈𝒒𝒒𝑙𝑙(𝑡𝑡)𝒒𝒒𝑙𝑙(0)〉 = 𝐴𝐴𝑎𝑎𝑎𝑎,𝑠𝑠ℎ,𝑙𝑙 exp �−
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where the 𝑡𝑡 and 𝜏𝜏 terms are both time constants, 𝐴𝐴 and 𝐵𝐵 are the strength. The subscripts 𝑎𝑎𝑐𝑐, 𝑐𝑐ℎ, 𝑙𝑙𝑙𝑙 
and 𝑐𝑐𝑒𝑒 refer to the acoustic, short-range, long-range and optical, respectively. The imaginary part of 
the Fourier transform of the HCACF is shown in the optical summation part, where 𝜔𝜔𝑜𝑜𝑜𝑜,𝑖𝑖,𝑙𝑙 is defined 
as the angular frequency of the 𝑖𝑖-th peak in the 𝑙𝑙th direction [6]. The lattice thermal conductivity can 
also be calculated by Eq.2: 

𝑘𝑘𝑙𝑙 =
1
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The first and third terms (𝑘𝑘𝑎𝑎𝑎𝑎,𝑠𝑠ℎ,𝑙𝑙, 𝑘𝑘𝑜𝑜𝑜𝑜,𝑙𝑙) are related to the acoustic short wavelength and optical 
phonons, respectively, and are temperature independent, whilst the second term, 𝑘𝑘ac,lg, was shown to 
be associated with phonons with a longer relaxation time and are temperature dependent [5, 7]. We 
have used the LAMMPS code for calculating the thermal conductivity. The Buckingham potential 
that was developed by Yu et al. [8] has also been used as the interatomic potentials to calculate the 
thermal conductivity. Thus 𝛷𝛷�𝑟𝑟𝑖𝑖𝑖𝑖� = 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
+ 𝐴𝐴𝑖𝑖𝑖𝑖 exp �−𝑟𝑟𝑖𝑖𝑗𝑗
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𝑟𝑟𝑖𝑖𝑗𝑗
6  , where 𝑞𝑞𝑖𝑖 and 𝑞𝑞𝑖𝑖 are the charges of 

the atoms 𝑖𝑖 and 𝑗𝑗 that are separated by distance, 𝑟𝑟𝑖𝑖𝑖𝑖, and 𝐴𝐴𝑖𝑖𝑖𝑖, 𝜌𝜌𝑖𝑖𝑖𝑖 and 𝐶𝐶𝑖𝑖𝑖𝑖 are the variable parameters 
fitted to the lattice parameters. The potential parameters are shown below in Table 1 [8]. 

Table 1. Potential parameters developed by Yu et al. [8] 

Interaction 𝐴𝐴𝑖𝑖𝑖𝑖 (eV) 𝜌𝜌𝑖𝑖𝑖𝑖 (Å) 𝐶𝐶𝑖𝑖𝑖𝑖  (eV Å6) Charges (e) 

O - O 1388.7730 0.3623 175.0000 O: -1.2 

Si - O 18003.7572 0.2052 133.5381 Si: 2.4 

Zr - O 17243.394 0.2265 128.3513 Zr: 2.4 
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3. Simulation Methods  
In this study, the temperature range of 100 K to 2400 K for the cubic phase and 100 K to 1400 K 

for the monoclinic phase of zirconia with a temperature step of 100 K was considered. The simulation 
blocks were composed of 6144 (8 × 8 × 8) atoms for both phases and periodic boundary conditions 
were applied. The temperature dependences of the atomic volumes calculated from the NPT ensemble 
are shown in Fig. 2 [9]. The deviation between the calculated data from the MD simulations and the 
available experimental data was less than 2%. 
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Figure 2. The equilibrium atomic volumes as a function of temperature by applying the MD 
simulations at a constant zero pressure of (a) cubic phase of zirconia, (b) monoclinic phase of zirconia 
(solid black squares) and the experimental data (open black squares) [9] 

4.  Results and Discussion 
The HCACFs of zirconia were collected from the NVE ensemble. The normalized HCACFs had 

large oscillations, in particular at low temperatures, and the main reason for this was the optical 
phonons. It should be highlighted that as the monoclinic phase of zirconia is an isotropic crystal, the 
HCACFs in the a-, b- and c- directions were calculated at the above-mentioned temperatures. As can 
be seen in Fig. 3, the calculated thermal conductivities from the raw data of the HCACFs and also the 
running average over a region have overlaps. The thermal conductivity from the raw data of the 
HCACFs was calculated over a region of at least 5000 time steps when the convergence was clear 
and the integral is supposed to have a constant value. It should be noted that the thermal conductivity 
from the raw data of the HCACFs was calculated over about 1000 time steps when there was no 
convergence and before the divergence begins.  

The lattice thermal conductivity was also calculated by applying Eq. 2, and the results are shown 
in Fig. 4. A comparison of the temperature dependences of the calculated phonon thermal 
conductivity, from the time integral of the HCACF and an approximation of the data using Eq. 2, 
showed a good agreement between two methods. 

 The cubic and monoclinic phases of the zirconia exhibited thermal conductivities at room 
temperature of about 3.2 W/mK and 4.87 W/mK in the a- direction, respectively. These values 
decreased to 1.42 W/mK and 2.11 W/mK at 1400 K, respectively. The lattice thermal conductivity 
decreased as the temperature increased due to Umklapp phonon scattering [10]. 
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(a) 

 
(b) 

Figure 3. Temperature dependences of the lattice thermal conductivity of (a) the cubic phase of 
zirconia in the a- direction and (b) the monoclinic phase of zirconia in the a-, b- and c- directions 
calculated as the time integral of the raw data for the HCACFs (solid black lines) at different 
temperatures 
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    (a)                                                              (b) 
Figure 4. The predicted thermal conductivity of (a) cubic phase of zirconia in the a- direction and (b) 
monoclinic phase of zirconia in the a-, b- and c- directions from Eq. 2 (upward triangle, downward 
triangle and diamond symbols used for the a-, b- and c- directions, respectively) and the experimental 
data [2, 11, 12] (open and solid squares) at different temperatures 
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The decomposition model of the lattice thermal conductivity is shown in Fig. 5. As can be seen in 
Fig. 5,  𝑘𝑘𝑜𝑜𝑜𝑜 ≪  𝑘𝑘ac,sh ≪ 𝑘𝑘ac,lg so that we have 𝑘𝑘 ≈ 𝑘𝑘ac,lg at low temperatures. In addition, the ratios 
of 𝑘𝑘𝑎𝑎𝑎𝑎,𝑠𝑠ℎ/𝑘𝑘 was about 0.03 and 0.02 for the cubic phase and the monoclinic phase of zirconia in the 
a- direction, respectively. It was shown that the 𝑘𝑘𝑎𝑎𝑎𝑎,𝑠𝑠ℎ does not have a significant effect on the total 
thermal conductivity and also that it is temperature independent during a temperature range. During 
increased temperatures, the 𝑘𝑘𝑜𝑜𝑜𝑜 decreased about 18% and 16% for the cubic phase and the monoclinic 
phase of zirconia, respectively. The total thermal conductivity of cubic and monoclinic phases of 
zirconia is decreased about 60% from 100 K to 2400 K. Finally, the total thermal conductivity was 
the sum of the three exponential functions (𝑘𝑘ac,lg,  𝑘𝑘𝑎𝑎𝑎𝑎,𝑠𝑠ℎ and 𝑘𝑘𝑜𝑜𝑜𝑜) [5]. 
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       (a)                                                                     (b) 
Figure 5. The temperature dependences for the decomposition of the lattice thermal conductivity of 
(a) cubic phase of zirconia and (b) monoclinic phase of zirconia in the a- direction at different 
temperatures (solid diamonds). The upward facing triangles (𝑘𝑘𝑎𝑎𝑎𝑎,𝑠𝑠ℎ), downward facing triangles 
(𝑘𝑘𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙) and open diamonds (𝑘𝑘𝑜𝑜𝑜𝑜) show the decompositions of the thermal conductivity given by  
Eq. 2 

5. Conclusions 
The lattice thermal conductivity of zirconia has been predicted by MD simulation over a wide 

temperature range. For this purpose, two methods were used. The first method was performed using 
the time integral of the raw data from the HCACFs. The second method used Eq. 2 to calculate the 
thermal conductivity. A comparison between the two methods showed that the results were close to 
each other and indicated good agreement with the experimental data. It was also found that the lattice 
thermal conductivity can be decomposed into acoustic short-range and long-range phonon modes and 
the optical phonon modes. 

6. Acknowledgments 
This research was supported by the Centre for Mass and Thermal Transport in Engineering 

Materials at the University of Newcastle and the Australian Research Council. 

 

 
 

114 Congress on Advanced Materials Sciences and Engineering



References 
[1] X. Zhao and D. Vanderbilt, Phonons and Lattice Dielectric Properties of Zirconia. Phys. Rev. 

B. 65 (2001) 075105. 
[2] J. Li, Q. Yu, W. Sun, R. Zhang, D. Ichigozaki, K. Wang and J. Li, Ceramic/Metal Composites 

with Positive Temperature Dependence of Thermal Conductivity. Journal of Physics: 
Conference Series, 419 (2013) 012050. 

[3] Z. Yao, J. Wang, B. Li, and G. Liu, Thermal conduction of carbon nanotubes using molecular 
dynamics. Physical Review B. 71 (2005) 085417. 

[4] A.J.C. Ladd, B. Moran, and W.G. Hoover, Lattice thermal conductivity: A comparison of 
molecular dynamics and anharmonic lattice dynamics. Physical Review B. 34(8) (1986) 5058-
5064. 

[5] A.J.H. McGaughey, and M. Kaviany, Thermal conductivity decomposition and analysis using 
molecular dynamics simulations: Part II. Complex silica structures. International Journal of 
Heat and Mass Transfer. 47(8–9) (2004) 1799-1816. 

[6] A. J. H. McGaughey, M. I. Hussein, E. S. Landry, M. Kaviany, and G. M. Hulbert, Phonon 
band structure and thermal transport correlation in a layered diatomic crystal. Physical Review 
B. 74(10) (2006) 104304. 

[7] A.J.H. McGaughey, and M. Kaviany, Thermal conductivity decomposition and analysis using 
molecular dynamics simulations. Part I. Lennard-Jones argon. International Journal of Heat and 
Mass Transfer. 47(8–9) (2004) 1783-1798. 

[8] J. Yu, , R. Devanathan, and W.J. Weber, Unified interatomic potential for zircon, zirconia and 
silica systems. Journal of Materials Chemistry. 19(23) (2009) 3923-3930. 

[9] M. Raza, Oxygen vacancy stabilized zirconia (OVSZ); synthesis and properties. 2017. 
[10] F.R. Charvat and W.D. Kingery, Thermal Conductivity: XIII, Effect of Microstructure on 

Conductivity of Single‐Phase Ceramics. Journal of the American Ceramic Society. 40(9) (1957) 
306-315. 

[11] Q. Mistarihi, M. A.Umer, J. Kim, S. Hyung Hong, and H. Jin Ryu, Fabrication of ZrO2-based 
nanocomposites for transuranic element-burning inert matrix fuel. Nuclear Engineering and 
Technology. 47(5) (2015) 617-623. 

[12] L. Sun, H. Guo, H. Peng, S. Gong, and H. Xu, Phase stability and thermal conductivity of 
ytterbia and yttria co-doped zirconia. Progress in Natural Science: Materials International, 23(4) 
(2013) 440-445. 

 

Key Engineering Materials Vol. 843 115



 

The Efficiency of Pt-Doped Titania Pillared Clay Membranes for the 
Treatment of Real Textile Wastewater: A Case Study 

Tanushree Choudhury1,a* 
1Chemistry Division, School of Advanced Sciences, VIT Chennai, India 

a*tanushree.c@vit.ac.in 

Keywords: pillared clay, titania, doping, Pt, fouling, rejection, permeate flux 

Abstract. Titania pillared clay membranes exhibit unique charge characteristics which are 
dependent on the solution pH. Doping of such membranes with precious metal like Pt induces a 
positive charge on the surface of the membranes, thus increasing its resistance against fouling. X-
ray Diffraction (XRD) and Fourier Transform Infra-Red Spectroscopy (FT-IR) confirm the 
complete intercalation of anatase titania in the interlayer spaces of Montmorillonite in the present 
work. These membranes efficiently removed 83% of the dye from the real textile effluent in a one 
filtration cycle. 

Introduction 
Textile effluents contain dyes in the range of 50-1000 ppm as well as at very low concentrations 

of 10-50 ppm, thus producing intense colour [1, 2]. According to the Environment Protection Act 
(EPA), these toxic wastes are called ‘emerging pollutants’ and thus cannot be degraded by any 
means [3]. Many advanced oxidative processes of treatments such as adsorption by activated C, 
coagulation, sedimentation, chemical oxidation, and biological digestion have been tried, but they 
all suffer from one drawback or the other [4]. Though adsorption by the activated carbon is the best-
acknowledged process of treating the dye effluent due to its high surface area (2000mg/g), the 
downside of reactivating the exhausted activated carbon results in the loss of the carbon and thus 
there is decrease in its adsorption capacity [5]. Membrane technology provides a better platform for 
the treatment of the textile effluents because of its less operating costs and no byproducts 
generation. PES/PVA thin film composite membranes were fabricated according to Babu and 
Murthy [6] for the treatment of wastewater containing textile dyes, wherein they achieved a 
maximum rejection of 97.78% for disperse dyes. Since polymeric membranes involve high costs, 
lacks selective adsorption and nonrecyclable character, poor hydrophilicity, and antifouling 
properties, it became imperative to search for a better alternative [7].  

Titania pillared clay membranes formed by immobilizing titania on Montmorillonite (Mt) 
support, exhibits unique charge characteristics, thus making them a potential candidate for the 
removal of the cationic and anionic dyes [8,9]. The doping of precious metals such as Pt has shown 
remarkable improvement in photocatalytic efficiency of the titania pillared catalyst [10]. Literature 
is ample with examples of such dopants like Cr, Si, Co, Mg, Mn, Fe, Al, In, and Ga which enhances 
the surface area of metal oxide nanostructures [11].  

The present work is an extension of our previously reported work, wherein silane-grafted titania 
pillared clay membrane was fabricated to treat methylene blue and methyl orange dyes in 
wastewater [8]. Though the percentage removal was as high as 99%, they were prone to fouling. To 
alleviate this problem, titania pillared clay membranes were doped with Pt to increase the permeate 
flux and thus reduce fouling. Such membranes were also found effective in decolourisation of real 
textile effluent. 

 

 

Key Engineering Materials Accepted: 2019-11-05
ISSN: 1662-9795, Vol. 843, pp 116-121 Online: 2020-05-19
doi:10.4028/www.scientific.net/KEM.843.116
© 2020 Trans Tech Publications Ltd, Switzerland

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#539971898-05/06/20,02:57:48)

https://doi.org/10.4028/www.scientific.net/KEM.843.116


 

Materials 
The chemicals used in this study such as Montmorillonite K10 with a CEC of 80-100 meq/g and 

Cetyl trimethyl ammonium bromide (CTAB) were supplied by Himedia. Titanium isopropoxide and 
Carboxymethyl Cellulose were bought from Avra chemicals, India. Glacial acetic acid (99%), 2-
Propanol (99.5%), Titania Anatase of particle size less than 25 nm and Chloroplatinic acid were 
brought from Sigma Aldrich, USA. The real textile effluent was collected from a textile mill in 
Tamil Nadu, India. 

Methods 
Preparation of Pt clay: The Mt clay was impregnated with chloroplatinic acid precursor 

following a wet impregnation method with a solution/support ratio of 25 mL/g. The amount of 
precursor dissolved in the impregnating solution was 2.3 wt% [12]. The resulting Pt clay sample 
was powdered and was dried in an air oven for characterization by FT-IR and XRD.  

Preparation of flat disk membrane support: The Mt was fabricated into flat disks of 25 mm 
diameter and 2 mm thickness, sintered at 6000C in a muffle furnace with a heating and cooling rate 
of 20C/min and was kept on hold for 30 minutes [8]. 

Preparation of TiO2 sol by colloidal sol-gel process: The precursor for the colloidal sol-gel 
process was Ti (IV) isopropoxide, a common titanium-based organometallic compound which was 
hydrolysed by the addition of excess water. The sol was then stirred at room temperature for three 
hours after which it was peptized by the addition of acetic acid to attain pH2 and pH3.5 
respectively. 

Preparation of Pt-doped titania pillared clay membranes: 0.1 g of Pt clay was dispersed in 
10 mL of water and was kept for stirring for three hours. The resulting clay sol was then added 
dropwise to the previously prepared titania sol at pH2 and ph3.5 respectively and was kept for 
stirring overnight for complete intercalation of Ti4+ ions into interlayer spaces of Mt. The 
supernatant liquid was drained off and 5 wt% carboxymethyl cellulose (CMC) was added as a 
binder for coating purpose. The Mt membrane supports were then immersed in this solution by a 
dip coater for a certain immersion time, after which they were removed from the sol at a withdrawal 
rate of 25 mm/sec for uniform coating and were dried in the air for an hour. The composite 
membranes at pH2 (S3) and pH3.5 (S4) respectively were placed in a muffle furnace for sintering at 
3000C with a heating and cooling rate of 20C/min. The remaining solution was poured off in a petri 
dish, dried and was sintered at 3000C in a muffle furnace. These unsupported membranes obtained 
at pH2 (S1) and pH3.5 (S2) respectively were used for characterization and were depicted by 
Fourier Transform Infra-Red Spectroscopy (FT-IR) (Fig.1), Powder X-ray Diffractometer (XRD) 
(Fig.2), Zeta Potential Analysis (Fig.3), and Brunauer-Emmet-Teller (BET) specific surface area 
studies (Fig.4). 

Membrane rejection study for real textile effluent: The rejection experiment was carried out 
for real textile effluent by the prepared membranes S3 and S4. A blank experiment was done by 
employing an uncoated membrane of Mt (base membrane). The average permeate flux rate of the 
experiment was 280 L/m2/h and the operating pressure was 0.1 bar. The percentage decolourization 
of the textile effluent is well depicted through a bar diagram as in Fig.5. 

Instrumentation 
XRD was done using Bruker AXS D8 advance powder diffractometer equipped with Cu-Kα 

generator (λ= 1.5405600A0). The generator tension was 35 KV. IR was done on Thermo Nicolet 
Avatar 370 in the spectral range of 4000-400 cm-1. Zeta potential was measured using Horiba 
Scientific Nano Partica Nano Particle Analyzer SZ-100. BET surface area of samples was 
characterized by Nova 1000 Quantachrome Instrument by N2 sorption at 77.35 K. The colour 
concentrations of permeates collected from membrane rejection experiments were analysed by 
Thermoscientific UV-vis spectrophotometer in the visible range of 200-800 nm. The membrane 
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filtration unit consisted of a cylindrical chamber with a membrane adapter connected to a pressure 
gauge of 2 bar and a peristaltic pump bearing Model No RH-P120. 

Results and Discussion   
Fig. 1 shows the FT-IR spectra of unsupported membrane materials S1, S2 and Pt clay. A strong 

band at 3430 cm-1 was observed for Pt clay which may be due to the stretching vibration of –OH 
group and interlayer water molecules. The bonded –OH band was observed at 1630 cm-1 whereas 
bands at 1049.31 cm-1, 526.50 cm-1, and 465 cm-1 referred to the characteristic Si-O-Si, Si-O, and 
Al-OH stretch peaks respectively for Pt clay, which were completely lost for S1 and S2 spectra. 
This indicated complete intercalation of Ti4+ ions into interlayer spaces of Mt. In addition to this, 
the bands at 1408 cm-1 and 471.32 cm-1 were observed for S1 and S2, which might be due to the 
deformation mode of –CH stretch of alcohol groups for alkoxide and ν (Ti-o-Ti) vibrations for the 
formation of titania pillared clay (TiPILC) material. 
 

 
Fig. 1 FT-IR Spectra of Pt Clay and Pt- doped TiPILC materials S1 and S2 

X-ray diffraction patterns as observed in Fig.2 indicated the characteristic anatase titania peaks 
for S1 and S2 at 2θ of 25.30, 37.90, 47.60, and 54.80 whereas Mt peak at 2θ of 5.280 was lost 
completely. The intensity of the peak at 2θ of 25.30 is reduced for S1 than S2, hence presence of less 
crystalline anatase titania might be possible. These results were in agreement with FT-IR studies 
which indicated a homogeneous titania pillared clay material. The anatase phase is known for its 
best photocatalytic activity due to the presence of more –OH groups which are necessary for the 
degradation of the dye compounds. 

 
Fig. 2 X-ray diffractogram patterns of Pt clay and Pt-doped titania pillared clay materials S1and S2 
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The samples S1, S2 showed positive charges on their surfaces as compared to model titania. The 
zeta potential values as obtained in Fig. 3 for S1 and S2 were greater than 25mV, indicating 
formation of stable suspension. S1 had less positive charge than S2, hence more –OH groups of 
anatase titania might be available on its surface for H bonding with the dye molecule.  

 
Fig. 3 Zeta Potential of Pt-doped TiPILC materials S1, S2, and model titania 

S1 and S2 exhibited a narrow pore size distribution as in Fig.4 which was obtained by specific 
surface area study from BET. S1 had a narrower pattern than S2 and thus was effective in rejecting 
high molecular weight dye molecules in the range of 500-1000 Da. 

 

 
Fig. 4 Pore size distribution pattern of Pt-doped TiPILC materials S1 and S2 

Membrane Rejection Experiment 
The initial concentration of the dye was found to be 0.29 ppm, while the treated samples by S3, 

S4, and base membranes were measured as 0.04ppm, 0.06ppm, and 0.12ppm respectively by Uv- 
vis spectrophotometer as shown in Fig 6. Fig. 5 depicted the percentage decolourization for TiPILC 
membrane materials at pH2 (S3), pH3.5 (S4), and uncoated Mt base membrane upon treatment with 
the textile effluent. S3 showed 83% decolourisation as compared with S4 (76%) and base 
membrane (50%). This might be due to the presence of less positive charge on the surface of S3 
which resulted in greater H-bonding with the dye molecule. The average permeate flux was           
280.9 L/m2/h. 

The treated effluent was characterized for its pH, DO, TDS, and COD which showed a marked 
improvement in the values when compared with the untreated textile wastewater sample. The 
comparative data was listed in Table 1. 
 

S1 
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Table 1 Showing comparative data of textile effluent treated with Pt-doped TiPILC membranes and 

uncoated Mt base membrane to that of untreated effluent 
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S3 9.07 4.5 1280 400 1.55 4.34 11385 7093.71 280.9 

S4 9.07 4.76 1280 450 1.55 4.55 11385 7983 285 

Base 
Mem-
brane 

9.07 8.39 1280 960 1.55 3.26 11385 8288 1525 

Conclusion 
Literature is abundant with examples of the usage of TiPILC as photocatalyst, though the 

challenge involves separation of these nano powders from the reaction system. The present work is 
envisaged to create a hybrid membrane of TiPILC, which is integrated with the functions of 
adsorption and separation. Doping of such a membrane with Pt enhances the electrostatic 
interaction with the electron rich centers of the dye due to the positive charge on these metal ions, 
thus aiding their removal. Furthermore, it is also observed that the TiPILC membrane at pH2 shows 
the highest removal of dye from the textile effluent. It can be thus concluded that greater the 
positive surface charge, lesser are the –OH groups available for H bonding and thus the removal 
percentage of the dye is also less. It should also be noted that these membranes are more resistant 
towards fouling too. This is in comparison with our previously reported work, wherein silane 
grafted TiPILC membrane prepared was able to remove 99% of the organic dyes effieciently, but 
with a reduced permeate flux rate of 70-110 L/m2/h. The future work lies in the development of 
field membranes out of those prepared in the laboratory for industrial sectors. 

Fig. 5 Percentage Removal of dye of real 
textile effluent by Pt-doped TiPILC 

membrane materials S3, S4, and Mt uncoated 
membrane 

Fig. 6 Dye Concentration of textile effluent and 
that of treated water by TiPILC membranes S3, 
S4 and Mt uncoated membrane as recorded by 

UV-vis spectrophotometer 
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Abstract. Due to the large number of stainless steels with different chemical composition and 

different microstructure the selection of the suitable material represents a huge challenge. In order 

to facilitate the appropriate grade selection, in the current European standard EN 1993-1-4 a 

procedure is defined based on the use of a look-up table considering the key variables that influence 

the selection of stainless steels. The table uses descriptions that competent designers should be able 

to readily understand or define without prior knowledge. The output from the look-up table is used 

to select alloys based on a Corrosion Resistance Class (CRC) from I to V. The advantage of this 

approach is that the designer simply specifies the relevant CRC and does not need to consider in 

detail which of the many (very similar) alloys to specify. 

Introduction 

While in former times stainless steels have been used in civil engineering mainly because of 

aesthetic reasons, today also economical considerations often play a significant role. In addition to 

the good mechanical properties in a lot of cases the good maintenance behaviour is an important 

decision criterion. The application of stainless steels covers nearly all areas of external and internal 

architecture including necessary joining and fastening elements.  

The good corrosion resistance of stainless steels against numerous aggressive media is due to the 

formation of a thin passive layer on the metal surface. On the one hand, this passive layer gives 

these materials the corrosion-chemical properties of a precious metal. But on the other hand, it is 

also responsible for the often high penetration rate of corrosion attacks which can be observed in 

case of corrosion. The passive layer is especially susceptible against chloride ions which are present 

in high concentrations in sea water and marine environments, but also in drinking or rain water in 

low concentrations. It is not recommended to define threshold values for the corrosion promoting 

substances as they can concentrate on the surface of components due to evaporation or electrolytic 

conversion. Accumulations of aggressive ions can take place where humidity reaches the metal but 

not the cleaning effect of rainfall. The resistance of stainless steel can be limited wherever corrosion 

conditions develop destroying the passive layer. 

For assessing the corrosion load it has to be differentiated between: climatic regions, local 

environmental conditions and microclimate. In principle, metallic bright surfaces free of any 

damages, contaminations and deposits exhibit the lowest corrosion likelihood for pitting and crevice 

corrosion. Mechanical damages of finished products by e.g. scratches or coarse grinding increase 

the susceptibility against pitting and stress corrosion cracking. Abrasion and deposited particles 

from production and processing of unalloyed or low-alloyed steels have a negative effect on the 

corrosion likelihood of stainless steels, too, as they can facilitate chloride accumulation and 

furthermore, corrosion products can act as effective oxidation agent. An increased corrosion 

likelihood due to contaminations and deposits can be especially expected when the surface is 

frequently wetted but no cleaning effect by e.g. rainfall occur. Besides these external influences, 

corrosion risks emerge especially using welding as joining process if certain measures are not 

considered. 
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Even if stainless steels may locally corrode, usually their load-bearing capacity is not affected in 

the long-term under atmospheric exposure. Contrary to unalloyed steels the cross section is not 

significantly reduced by uniform corrosion. In case of dynamic loads notch effects of locally limited 

pitting areas can reduce the fatigue strength with the risk of corrosion fatigue. 

Due to the large number of stainless steels with different chemical composition and different 

microstructure the selection of the suitable material represents a huge challenge. In comparison to 

the commonly used austenitic stainless steels for applications in civil engineering the family of 

duplex stainless steels offers some interesting options. Besides economic advantages the lean 

duplex steels also exhibit technical advantages as, e.g., higher strength, higher fatigue strength, 

lower tendency for cold welding, better surface properties for coatings. 

To improve the knowledge about the practical experiences in civil engineering application long-

term exposure tests with potentially suitable alloys of different groups of materials (ferrite, 

austenite, duplex) fulfilling the different custom requirements with respect to corrosion protection 

and simultaneously represent an interesting alternative in terms of price for the particular 

application were carried out. In addition to exposure tests in different natural and artificial 

atmospheres, specimens were also investigated electrochemically in the laboratory in order to 

characterise the corrosion behaviour of the materials for a large number of application conditions. 

Practical Experiences 

Materials and Methods. In a comprehensive test programme in total, nine different stainless 

steels were investigated whereby the standard austenitic steels 1.4301 and 1.4404 were included as 

reference materials. As alternative materials, three duplex steels, three ferritic grades and a 

manganese-alloyed austenitic steel were tested (Table 1). The pitting resistance equivalent (PRE) 

was calculated according to Eq. 1 [1]): 

 

PRE = % Cr + 3.3 % Mo + x % N      (1) 

(with Mo ≥ 1,0%; austenite/ferrite: x=0; duplex: x=16) 

Table 1: Stainless steels tested 

materials no. short designation PRE 

(range of standard) 

comment 

1.4301 X5CrNi18-10 18    (17 – 20) austenite, CRC II*, reference 

1.4404 X2CrNiMo17-12-2 23    (23 – 27) austenite, CRC III*, reference 

1.4003 X2CrNi12 11    (11 – 13) ferrite, CRC I* 

1.4162 X2CrMnNiN21-5-1 24    (24 – 29) lean duplex, manganese, CRC III* 

1.4062 X2CrNiN22-2 26    (25 – 30)  lean duplex, CRC III* 

1.4362 X2CrNiN23-4 25    (23 – 29) lean duplex, CRC III* 

1.4509 X2CrTiNb18 18    (18 – 19) ferrite 

1.4521 X2CrMoTi18-2 24    (23 – 28) ferrite, molybdenum 

1.4376 X8CrMnNi19-6-3 18    (17 – 20) austenite, manganese 

* : CRC = corrosion resistance class according to [2] 

As it is known that the surface finish may considerably influence the corrosion behaviour also 

different surface finishes were investigated (as-delivered condition, cold or hot rolled, pickled + 

passivated/dry grinding/glass beaded/electropolished/joint welded, pickled + passivated). 

Extensive exposure tests were carried out with all selected alloys and all surface finishes 

mentioned above. These studies are subdivided into exposures in natural climates and in artificial 

atmospheres. The natural climates include urban, marine and swimming pool atmosphere and for 

the artificial ones combined climatic test, Kesternich test and stress corrosion cracking tests were 

carried out. For the marine exposure sheltered and non-sheltered conditions were considered. 

Results are available for up to 5 years exposure. 
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The assessment of the samples was performed by means of point or stain maps dividing the 

surface state into validation degrees between 1 and 10 according to DIN EN ISO 10289 [3] whereby 

increasing validation degrees represent better surface state. The validation degrees are related to the 

percentage of corrosion and corrosion products on the surface of the specimens. If existing, also the 

pit depth was determined. The stress corrosion cracking susceptibility was assessed by the so-called 

drop method where bended and stressed metal strips with droplets of MgCl2 placed on the outer 

bending radius were exposed at 30 °C above a saturated MgCl2 solution [4, 5]. After certain time 

intervals (up to 10,000 h) specimens were removed and metallographically inspected with respect to 

corrosion effects. The electrochemical investigations include determination of critical pitting 

potential Ecrit and repassivation potential Erep by means of potentiodynamic polarisation 

measurements as well as crevice potential Ecrev by means of potentiostatic tests. 

Results 

The exposure in urban atmosphere (Berlin) revealed minor contaminants on the surface which is 

typical for atmospheric exposure tests. Only samples of material 1.4003 showed corrosion effects 

already after a short time. All other materials were free of any corrosion attack.   

The evaluation of the specimens exposed in marine atmosphere (Island of Heligoland) have 

shown that corrosion effects of the sheltered condition significantly differ from the non-sheltered 

condition. The corrosion effects were less frequent but more pronounced. And more edge effects 

and accumulation effects were observed at the lower edges. Fig. 1 and Fig. 2 show the mean pit 

depths on the free surfaces (as-delivered, pickled and passivated) and within the crevice versus the 

calculated PRE(N) (Eq. 1) after 22 and 60 months exposure, respectively [6].  

 

 

Figure 1: Mean pit depths on the free surfaces and within the crevice versus the calculated PRE(N) 

(Eq. 1) after 22 months exposure (A. Burkert, T. Müller, J. Lehmann, J. Mietz, Materials and 

Corrosion 2018, 69, 20-28, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission) 

With increasing PRE(N) the pit depth of the local corrosion effects decreases. Crevice-free and 

freely weathered surfaces suffer from the lowest corrosive load while sheltered surfaces with 

crevices are affected by considerably higher corrosive load. The influence of the exposure time 

becomes very clear when comparing the curves in Figures 1 and 2. As expected, the corrosive load 

significantly increases for the sheltered surfaces with and without crevice leading to a considerable 

increase of pit depth. Contrary to the freely weathered crevice areas, for the sheltered specimens a 

significant increase of the mean pit depth in the crevices was observed after 60 months exposure. 

The different surface finishes mainly affect the optical appearance and the technical corrosion 
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Figure 2: Mean pit depths on the free surfaces and within the crevice versus the calculated PRE(N) 

(Eq. 1) after 60 months exposure (A. Burkert, T. Müller, J. Lehmann, J. Mietz, Materials and 

Corrosion 2018, 69, 20-28, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission) 

Behaviour in the beginning of the exposure. Over longer exposure periods the alloy composition 

clearly dominates the technical corrosion behaviour.  

The assessment of the sample surfaces after 14 months exposure in swimming pool atmosphere 

showed for the electropolished surfaces no corrosion except for the ferritic grade 1.4003. For other 

surface finishes the austenitic steels 1.4301 and 1.4404 were significantly corroded while the duplex 

steels revealed good corrosion resistance [7]. 

In the stress corrosion cracking tests only specimens with austenitic microstructure suffer from 

stress corrosion cracking while ferritic and duplex steels did not reveal any signs of stress corrosion 

cracking even after 10,000 hours.  

The electrochemical potentiodynamic polarisation tests enabled a clear differentiation of the 

investigated materials. Fig. 3 shows as an example the measured crevice corrosion potentials. In 

most cases they were considerably lower than the corresponding critical pitting potentials. 

Comparing the results of the exposure tests with the electrochemical investigations show in most 

cases a good correlation [7]. 

 

Fig. 3: Crevice corrosion potentials Ecrev determined from potentiostatic tests; 20 °C“; pH 4.5,           

3000 mg Cl-/l; mean values from 3 single measurements (A. Burkert, J. Lehmann, A. Burkert, J. 

Mietz, P. Gümpel, Materials and Corrosion 2014, 65, 1080-1095, Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA. Reproduced with permission) 
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The comparison of the materials with different surface finishes and processing states exposed in 

different, practice related media allows a comparative assessment of their corrosion resistance. In 

order to comprehend the broad spectrum of the single results and at the same time give the user a 

complete picture of the material ranking under different operating conditions, the results of all tests 

were subjected to a concluding evaluation (Table 2; 2 points: best corrosion behaviour; 1 point: 

medium behaviour; 0 points: worst behaviour). The evaluation differentiates between the three main 

test areas of this project: exposure in natural climates or under practical operating conditions, 

respectively; exposure in artificial climates and electrochemical tests. It has to be emphasized that 

this type of evaluation does not present absolute values but only a comparative evaluation of the 

tested materials under the chosen test conditions. 

Table 2: Overview of rated test results (A. Burkert, J. Lehmann, A. Burkert, J. Mietz, P. Gümpel, 

Materials and Corrosion 2014, 65, 1080-1095, Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 

Reproduced with permission) 

1.4301 1.4404 1.4376 1.4162 1.4062 1.4362 1.4509 1.4521 1.4003

urban, not sheltered 2 2 2 2 2 2 1 2 0

marine, not sheltered 0 0 1 1 2 1 0 1 0

marine, sheltered 1 1 1 2 2 2 0 0 0

swimming pool atmosphere 0 1 1 2 2 2 0 1 0

3 4 5 7 8 7 1 4 0

combined climatic test 

(salt fog + climatic chamber)
2 1 2 2 2 2 1 2 0

MgCl2 drop test (SCC) 1 1 0 2 2 2 2 2 2

Kesternich test (Cl-  +  SO2) 1 2 1 1 1 1 0 2 0

4 4 3 5 5 5 3 6 2

current density potential curves 

Ecrit  < 50°C
1 1 0 2 2 2 1 2 0

current density potential curves 

Ecrit  > 50°C
1 1 0 1 1 1 1 1 0

crevice corrosion test

20°C
1 0 0 1 2 2 0 1 0

3 2 0 4 5 5 2 4 0

2 best 1 mean 0 worst result

sum

Test methods
austenite duplex ferrite

Ex
p

o
su

re
 in

n
at

u
ra

l c
li

m
at

e

Ex
p

o
su

re
 in

ar
ti

fi
ca

l c
li

m
at

e

sum

El
e

ct
ro

ch
e

m
is

tr
y

sum

 

Supporting Guidelines 

Additional rules for the application of stainless steels for the design and construction of steel 

structures can be found in the current version of EN 1993-1-4 which has been completely revised in 

2015 [2]. The normative Annex A gives a procedure for selecting an appropriate grade of stainless 

steel required for the service environment in which the structural members are to be used. 

The grade selection procedure in the new Annex is based on the use of a look-up table to select 

alloys for a particular situation. The text itself details the assumptions and limitations of the look-up 

table procedure. The limitations are not restrictive and would not apply to the majority of structures 

designed. The look-up table itself considers three key variables that influence the selection of 

stainless alloys: 
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F1 = Risk of exposure to chlorides from salt water or deicing salts 

F2 = Risk of exposure to sulphur dioxide 

F3 = Cleaning regime or exposure to washing by rain 

and combines values for each to give a total Corrosion Resistance Factor (CRF). The table uses 

descriptions that competent designers should be able to readily understand or define without prior 

knowledge. The procedure in the revised version is similar, in principle, to tools developed by the 

International Molybdenum Association (IMOA) [8] and Arup which have been used on many 

projects worldwide. The procedure is also similar to that used in the former German General 

Technical Approval Z-30.3-6 ‘Products, fasteners, structural parts made of stainless steels’ [9]. 

The three factors that make up the Corrosion Resistance Factor (CRF) are based on a 

combination of practical experience, knowledge from recognised experts and research papers. In 

particular the assessment of chloride exposure considers data from exposure trials specific to 

stainless steels, real structures and published research on corrosion mapping. The latter is based on 

the ISOCORRAG data used in the development of ISO 9223. The CRF assumes that corrosion of 

stainless steel in any form (pitting, crevice effects and stress corrosion cracking) is unacceptable if it 

would compromise structural integrity. The use of stainless steels in swimming pool atmospheres 

represents a particular risk and is dealt with in a separate table within the Annex. The section on 

swimming pools is consistent with the recommendations given in EN 13451 ‘Swimming pool 

equipment General safety requirements and test methods’[10]. 

The new Annex, particularly in relation to stress corrosion cracking in pools, is far more robust 

and unambiguous than the guidance given in the previous version of the standard and therefore less 

likely to result in unsafe outcomes. The output from the look-up table is used to select alloys based 

on a Corrosion Resistance Class (CRC) from I to V. This approach is similar in principle to that 

used for many years in ISO 3506 for corrosion resistant fasteners. The advantage of this approach is 

that the designer simply specifies the relevant CRC and does not need to consider in detail which of 

the many (very similar) alloys to specify. The Annex was checked against a wide range of case 

study examples for which alloy grade data is available and against the procedures used in the tools 

developed by IMOA, Arup and the German Standard. Generally good agreement was obtained. 

Conclusions 

The combination of a large number of exposure tests in artificial and natural climate with 

electrochemical investigations gives insights into the mechanisms of corrosion and prevents 

misleading conclusions if only one of these test methods is taken into account. The tests have 

shown that especially the lean duplex steels offer clear advantages compared to the standard 

austenites: at moderate temperatures their resistance against chloride-induced corrosion is higher 

than for the austenitic CrNi steels mostly used today, they do not reveal susceptibility against 

chloride-induced stress corrosion cracking and they offer a considerable higher basic strength than 

the austenitic materials. This enables, especially where loads have to be transferred, the possibility 

of cross section reduction, thereby promoting lightweight construction which leads to saving of 

material and hence protection of resources of the used raw materials. Applying existing guidelines 

ensures that an appropriate steel grade will be selected for the particular exposure condition. 
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Abstract. Soil settlement is normally quantified using conventional soil volume change models 
which are solely based on the effective stress and the role of shear strength is ignored due to the 
difficulties to incorporate in the framework. The Rotational Multiple Yield Surface Framework 
(RMYSF) is a soil volume change model developed from the standpoint of the interaction between 
the effective stress and shear strength. RMYSF incorporates the development of mobilised shear 
strength within the body of the soil whenever the soil is subjected to anisotropic compression. 
Currently the framework has been applied to predict the soil anisotropic stress-strain behaviour at 
any effective stress. This paper present the enhancement of this volume change framework using 
normalisation of axial strain with the understanding that the failure axial strain is not unique, but 
increases as the effective stress increases. This technique has essentially produced a better accuracy 
in the prediction of the stress-strain response for Malaysian residual soils. A series of drained tri-
axial tests under various effective stresses has been conducted using specimens of 50mm diameter 
and 100mm height and from the stress-strain curves the inherent mobilised shear strength envelopes 
at various axial strains have been determined. These mobilised shear strength envelopes were then 
applied for the prediction of the soil stress-strain response. An excellent agreement between the 
predicted and the actual stress-strain curves has been achieved. 

Introduction 
Downward displacement at the base of foundation due to ground movement is known as 

settlement. Volume change behaviour will occur within soil mass when soil experience loading or 
stresses and this also cause settlement. Referring to [1] settlement occurs due to effective stress 
increase however some studies show that settlement also occurs during effective stress decreases, as 
there are reduction in suction upon inundation [2], [3], [4], [5]. 

Researchers [6], [7], [8] have successfully developed conventional soil settlement models in 
saturated state based on Terzaghi’s effective stress concept, however the model focused on the 
increasing in applying stresses. These models explained any increment of effective stress will cause 
soil settlement. Settlement occurs either during the total stress increases or pore water pressure is 
expelled within a soil mass, thus results in effective stress increases.  The settlement terminated at 
some point, during the arrangement of soil particles to a denser state and the soil increase in 
stiffness. The increase in soil stiffness is direct indicator of the increasing of soil strength. At this 
point, it is practical to incorporate shear strength in measuring soil volume changes in settlement 
behaviour. Conversely, to develop framework combining effective stress and shear strength 
parameters in soil settlement model is not an easy effort and most of such works are the empirical 
type [9]. The statement is made since soil exhibit some unusual soil volume change behaviours such 
as settlement still occurs during inundation (since there is no additional load) which are in contrast 
with conventional effective stress concept.  

[10] conducted studies to address the phenomenon and formulated a quantitative model known 
as the Rotational Multiple Yield Surface Framework (RMYSF) to explain the soil volume change 
behaviour of saturated and unsaturated soil due to loading and wetting. RMYSF is a soil volume 
change model developed from the standpoint of interaction between the effective stress and shear 
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strength, used the mobilised shear strength within the body of the soil during the anisotropic 
compression. Additional to this, the model also utilizes the non-linear behaviour at low stress levels 
and linear behaviour at high stress level [11]. This model has been applied to predict the soil 
anisotropic stress-strain behaviour and this research work examine two different soil samples using 
normalised RMYSF, as the enhancement of the model.  

Rotational Multiple Yield Surface Framework (RMYSF) 
Rotational Multiple Yield Surface Framework (RMYSF) is a soil volume change model 

developed to describe the true nature of soil, replicating these soil mass condition (a) from the 
standpoint of stress-strain curves, (b) in anisotropic stress state, (3) incorporate effective stress (4) 
incorporate soil mobilized shear strength and, (5) apply the actual soil elastic-plastic characteristic.  

The basic concept of RMYSF is the interaction of shear strength and effective stress. Mobilised 
shear strength developed during compression acted as resisting variable and the effective stress as 
the driving variables. [12] stated that the mobilised shear strength envelope taken as nonlinear 
envelope (i.e. curved surface envelope) is showing anticlockwise rotation about the origin towards 
the shear strength at failure. The increased value of mobilised angle of friction, φb indicates increase 
in shear strength shown in Fig. 1. Shear plane is not developed during this stage as the compression 
is due to rearrangement of particle to a denser state. The driving variable is the effective stress, 
representing by Mohr Circle. RMYSF shows there is a point of contact between shear strength and 
effective stress established the equilibrium condition, thus settlement ceased. There is no settlement 
will proceeded unless there is increment in driving force (effective stress) as the strain increased. 
Once the relationship establish, this model enable to define and make prediction volume change 
behaviour, since it is from actual stress-strain relationship.  

 
Fig. 1 Rotational of the mobilised shear strength envelope due to enlargement of the effective stress 

Mohr-circle [13]  
 

The enhance RMYSF method, rename by NRMYSF is utilising the used of strain normalisation. 
Strain values are transformed to maximum strain at failure by applying specific factor. This method 
(NRMYSF) is used to reach a linear, more robust relationship along with smoothing data, 
generalization of data and construct of new characteristic thus more accurate prediction data are 
offered [14]. Prediction of stress-strain values need the reversion of data set using inverse factor, 
then difference error can be calculated.   

Experimental Procedures 
The experimental study is to determine the mobilised shear strength of sedimentary residual soil 

in saturated condition of two type of soil, namely Soil 1 and Soil 2 (Table 1). Consolidated drained 
triaxial test was used to determine essential parameter according to the shear strength model of 
curved-surface envelope. The parameters are effective internal friction angle at failure, φ’f, 
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transition shear strength, τt and transition effective stress, (σ-uw)t. Single stage series of four (4) 
different effective stress pressure of 50, 100, 200 and 300kPa were applied to obtain series of Mohr 
circles. Soil samples were taken from two different places, presenting residual soil from granitic and 
sedimentary residual soil. The depth of samples 1.5m below the ground surface, considered as 
original residual soil. Physical and engineering properties of the soil were following British 
Standard BS 1377 (1990), and Methods of Test for Soils for Civil Engineering Purposes Parts 1 to 9 
and triaxial test following BS 1377:1990 Part 8. About four (4) specimens were remolded (each 
soil) using the same moisture content and weight, then compacted using a rod of size 25mm in 
diameter and 350mm in height weighing 200g at three layer intervals. Twenty-five (25) numbers of 
blows approximately were applied at each layer. Compression rate of 0.01 mm/min are applied 
during single stage consolidated drained triaxial test.  
 

Table 1 Description of Soil Samples 
 

Description Soil 1 Soil 2 
Location Kuala Kubu Baru Semenyih 
Soil origin Residual granitic  Residual sedimentary 
Grade VI VI 
Soil Classification Silty SAND Well-graded SAND 

Stress-Strain Response and Mohr-Circle Characteristics  
Soil 1 and Soil 2 are subjected to single stage consolidated drained triaxial stress with the set of 

effective stresses of 50 kPa, 100 kPa, 200 kPa and 300 kPa. The stress-strain graphs were plotted to 
define the values of shear strength parameters; friction angle at failure φ’f of specimens (Fig. 2). 
Table 2 show the values recorded for both soil. Mohr Circles are then plotted using the values of 
effective stress and maximum deviator recorded at failure.  
 

Table 2 Effective shear stress parameters at failure for saturated specimens 
 

 Soil 1 Soil 2 

Shear Strength Parameters φ’f τt 
kPa 

(σ-Uw)t 
kPa φ’f τt 

kPa 
(σ-Uw)t 

kPa 
31° 183 124 29.4° 149 165 

 
 
 
 
 
 
 
 
 
 
 
 
  

(a) (b) 
 

Fig. 2 Stress strain for saturated specimens (a) Soil 1 (b) Soil 2 
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(a) 

 
 
 
 
 
 
 
 

(a) (b) 
 

Fig. 3 Non-linear shear strength envelope for saturated specimens (a) Soil 1 (b) Soil 2 
 

This research further used the enhance analysis method (NMYSF) as refinement for prediction of 
stress-strain values. Normalised data are shown in Fig. 4 showing all peak deviator stresses has 
become unity at the same axial stress.  

 

 
 
 
 
 
 
 

 
  

(a) (b) 
 

Fig. 4 Peak deviator stress of each effective stress that have been normalised based on the highest 
peak deviator stress at 300kPa effective stress (a) Soil 1 (b) Soil 2 

 
The normalisation used the maximum value of deviator stress at effective stress 300kPa, and 

been used as the numerator to normalise data for 50 kPa, 100 kPa and 200 kPa effective stress. 
Series of Mohr Circle are plotted using the values from NRMYSF to determine the mobilised shear 
strength parameters for 1% strain interval. The framework enables determination of mobilised shear 
strength value corresponded to specific axial strain, thus improve the accuracy of stress-strain 
curves prediction.   

Normalised Multiple Yield Surface Framework (NMYSF) Prediction of Stress-Strain Curves 
Prediction of stress-strain curve is totally depends on the unique relationship between each 

mobilised shear strength and corresponded axial strain. Fig. 5 show samples of prediction for both 
soil for effective stress of 300 kPa. From the Mohr circles interacted with the curvi-linear 
envelopes, maximum deviator stress can be obtained (at the contact point of both variables). The 
graphs show significant differences of mobilise shear strength values at the beginning of early stage 
of strain, but, nearly overlaps each other’s. The phenomenon explained mobilised shear strength 
envelopes actually rotate simultaneously during the application of the deviator stress stage 
irrespective of the magnitudes of the effective stress in the tests.  
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(a) 
 

(b) 
 

Fig. 5 Predicted deviator stress 300kPa effective stress (a) Soil 1 (b) Soil 2 
 

From Fig. 5, inverse values of strain value then plotted against the actual stress-strain curves for 
both soil. Result given almost perfect fit for prediction protocol of stress-strain response. The 
refinement method of NRMYSF enhances the prediction fit to actual data. 
 

 
 
 
 
 
 
 
 
 
 
 

(a) 
 

(b) 
Fig. 6 Predicted deviator stress 300kPa effective stress (a) Soil 1 (b) Soil 2 

Conclusion 
Normalised Rotational Multiple Yield Surface Framework (NRMYSF) has the ability to make 

excellent prediction of the stress-strain response of Malaysian sedimentary sandy soil. Both soil fit 
the non-linear shear strength model. Using normalised axial strain analysis, the predicted deviator 
stresses align with the actual laboratory data.  
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Abstract. Due to the increasing of the price of different materials and resource saving it is very 
promising to develop technology of creation cheap coatings with specified properties. We 
developed a diffusion-doped powder based on austenitic steels for producing plasma-sprayed 
coatings. In comparison with Ni-based powders our materials have better adhesion, they are 
cheaper, they have better mechanical machinability, it is possible to produce coatings with required 
properties. In our work, the features of diffusion doping of microparticles of powder, the behavior 
of the powder in the plasma jet were studied. The significant decreasing of porosity, increasing of 
adhesion of the plasma-sprayed coatings after laser processing were marked. The substantial 
increase of wear-resistance in 2,5-3,0 times in comparison with untreated coatings when working in 
conditions of abrasive wear and atmospheric precipitation was revealed. 

1. Introduction 
One of the most important problems of the machine-building in the world is repair and hardening 

of different details. There is no need to make all the details from expensive material - it is desirable 
to use a cheaper material with additional surface coatings, obtained as a result of combined 
hardening processes. 

There are many methods for renovation and strengthening parts of machines, but the most 
common are gas-thermal spraying and welding [1, 2]. The interest in gas-thermal spraying and 
plasma spraying in particular has sharply increased in the world in recent decades [3-5]. For 
example, gas-thermal spraying allows to create coatings from different materials, differs little heat 
input, that don’t lead to warping of the details. However there are insufficient adhesion, high 
porosity and heterogeneity of the coatings. All this disadvantages can be eliminated by combined 
reinforcing processes with plasma melting, gas flame and induction reflow after spraying. But in 
this case more preferable to use laser highly concentrated energy source for increase of mechanical 
properties and operating parameters of ready product. 

The analysis of all aspects of combined technology shows the main part of value of the coating 
material. Usually for renovation and strengthening the self-fluxing nickel-based powders (NiCrB) 
are used. But in the last two decades all components of this powders have risen in price, what 
making it economically unfeasible to use this powder for gas-thermal spraying. Therefore the 
choice of spraying material is very important. A promising class of materials for applying coatings 
by various methods of sputtering and surfacing (induction, gas-thermal, ion-beam, laser, etc.) are 
self-fluxing powders. Their most important advantage is the ability to self-fluxing, i.e. to form when 
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heated on the surface of each particle, in particular, and the emerging coating as a whole, a thin 
low-melting film of boron-containing glasses preventing the oxidizing negative effect of air oxygen 
on the quality of the coating. Therefore, in conducting this study, the problems of creating a cheap 
self-fluxing powder material for plasma spraying and creating a durable coating made of this 
material were solved.  

The morphology and microstructure of diffusion-doped powders were studied. The porosity in 
the process of consolidation of powder particles in the formation of coatings plays an important 
role, as in the future these pores may retain lubricants (friction with grease), or these pores may 
contain wear products, which in this case will act as an abrasive material [2]. However, in some 
cases it may be necessary to obtain non-porous coatings: for example, in the processing of parts of 
the petrochemical industry. The presence of pores contributes to the accumulation of hydrocarbon 
products in them, which can lead to spontaneous explosions, fire. The corrosion properties of the 
obtained coatings and wear resistance were also studied. 

2. Materials and Methods 
2.1. Materials. A powder from steel AISI 321 (12Х18Н10Т in russian marking) was chosen as the 
starting material. The chemical composition of the powder is given in table 1. 

Table 1. Chemical composition of powder AISI 321 

 Mass fraction of elements, % 
 Carbon Chrome Nickel Silicon Manganese Phosphorus Sulfur 
AISI 321 0,12 16,0-20,0 8,0-11,0 ≤ 0,8 ≤ 1,0 ≤ 0,035 ≤ 0,02 

 
An important feature is that austenitic steel has a complex of properties, since they also have a 

high resistance to high temperatures and corrosive environments. In [7], the authors indicate that the 
use of self-fluxing powder materials on austenitic basis with particles of solid metal-like phases 
(borides, carbides, nitrides, silicides) deposited by plasma spraying followed by laser processing 
provide effective wear-resistant coatings. 

The appearance of the powder is shown in Fig.1. As is clearly seen, particles of the AISI 321 
powder have a regular spherical shape, which is typical of the powders obtained by spraying the 
melt into water. Since in this work plasma sprayed coatings were selected, the fraction of powders 
within 50–120 μm was chosen, which is recommended, as a rule, for plasma spraying. 

 

 
Fig. 1. The morphology of the original powder 

There is a direct dependence of the performance of the coating process, and, accordingly, the 
quality and properties of the coatings on the fluidity of the powder. Obviously, the spherical shape 
of particles, which provides good fluidity, is more preferable for deposition of plasma coatings. 
Therefore, to establish the influence of morphology on fluidity, we investigated the degree of 
sphericity of the powder, determined by the shape factor. In our case the form factor is 0,73 (form 
factor =1 – spherical powder, form factor =0 – non-spherical powder). 
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2.2 Methods. The chemical heat treatment of powders was carried out under different conditions:  
T = 900 ° C; t= 1, 3, 5,8 hours in a SNOL 7.2/1100 furnace in a powder saturating mixture.  

Plasma spraying of the coating was carried out with the following parameters: I = 350 A;                   
U = 65 ... 70 V; plasma gas - nitrogen; distance - 120mm. The laser treatment of sprayed coatings 
was carried out with the following parameters: moving speed of laser beam – 200…300 mm / min; 
density of energy – 0.32…1,27·109 W / m2. 

The morphology and microstructure of the powders and coatings were studied using 
metallographic microscopes Altami MET-1, Vega II LMU spectral electron microscope, 
LEO1455VP scanning electron microscope. 

Tests on corrosion resistance were performed in 10% HCl solution, 30% NaOH solution, 3% 
NaCl solution. Corrosion tests were performed for steel AISI 1040, pure steel AISI 321, and 
coatings of powder from steel AISI 321 diffusion-doped for 1 and 3 hours. The weight loss was 
determined by the weight method. Weighing the samples was carried out after 1, 2, 4, 8 days. 
Analytical scales RADWAG AS/C/ 2 were used for weighing with a division rate of 0.1 mg. Tests 
on wear resistance were carried out on a machine of our own design under abrasive wear 
conditions. 

3. Results and Discussion 
We studied the growth patterns of boride crystals on small austenitic powders: at the first stage 

of chemical heat treatment, when the initial diffusion of boron atoms into the particles and the 
emergence of boride Fe2B occur, thin needles of borides form on the surface, with an increase in the 
duration of  boration with the beginning of the second stage the formation of a low-porous phase 
grows, acquires a prismatic shape with rounded edges (Fig. 2.a); at the same time, on the surface of 
the particles, with the increase in the number of diffusing boron atoms, the nucleation of the more 
high-boride FeB phase begins, resulting in the re-formation of needle-boride. The occurrence and 
development of boride crystals on the surface of particles causes some increase in roughness and 
reduces the flow rate of the powder from 2.5 g / s to 0.4 g / s (boration time 5 hours). 

 

 
a 

 
b 

Fig. 2. Morphology and microstructure of boron-doped powder AISI 321 
A sharp increase in porosity with an increase in the time of boration was revealed (the porosity 

increases from 2.06% at 1 hour of boration to 10.18% at 8 hours of boration - “through boration”). 
It has been established that during plasma spraying of a doped powder, a heterogeneous coating 

structure is formed. The behavior of the particle in the plasma jet leads to the fact that the boride 
shells of the powder remain in the coating (Fig 3.a). As a result of laser treatment, the coating 
structure becomes homogeneous, remelting of boride shells and unmelted particles occurs (Fig 3.b), 
a significant decrease in the porosity of the coating is observed. 
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a 

 
b 

Fig. 3. Microstructure of plasma-sprayed coating (a), coating after laser treatment (b) 
Fig. 4 shows the patterns of porosity change from the initial material to the laser-modified 

coating. 

 
Fig. 4. Porosity evolution from the initial material to the laser modified coating 

Due to the different modes of laser modification, it is possible to obtain different types of 
structures: at slow speeds and high energy densities, almost complete disappearance of pores occurs 
as a result of the remelting of the coating; at lower speeds and energy densities, only the "pushing" 
of the pores to the "coating - substrate" border, as a result of such processing, it is possible to obtain 
a composite "striped" structure that has good strength characteristics. 

In the process of borating powder of steel AISI 321 from 1 to 8 hours (up to end-to-end 
saturation), total porosity, which is formed at the boundary between the borides Fe2B, FeB and 
borides and the kernel grows approximately exponentially from 2,06 to 10.5 %. As a result of 
plasma spraying, the total porosity of the coating increases to 15%, and for the powder of steel AISI 
321 borated for 1 hour to 9.59% at the initial powder - 2.06%, for 8 hours – up to 15 %, at the initial 
– 10.18%.  

Laser modification, depending on its parameters, and the parameters of the diffusion powder 
processing allows to significantly (up to 0.23-4.7%) and to reduce the porosity and to change the 
nature of the location of the pores, which ultimately will improve the characteristics of the coating 
and its adhesion. 

The studies have been performed to determine the corrosion resistance of obtained coatings. As a 
result of corrosion tests, mass loss versus test time dependences were obtained, which are presented 
in Fig.5. 

It is obvious that steel AISI 1040 has the minimum corrosion resistance (Fig. 5a). The corrosion 
resistance of the coating obtained from the steel AISI 321 powder borated for 1 hour is slightly 
worse than that of pure steel AISI 321. The coating of steel AISI 321 powder borated for 3 hours 
does not differ much in the corrosion resistance of pure steel AISI 321. Data on the increase in 
corrosion resistance with 3-hour boronation compared to one-hour can be explained by a lower 
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passivating ability with one-hour boronation. Thus, when working under conditions of aggressive 
exposure to an acidic environment (10% HCl solution) and at the same time wearing out, plasma 
spraying of the steel AISI 321 powder borated for 3 hours with additional laser treatment of the 
coatings can be recommended. A similar dependence is observed for a 30% solution of NaOH             
(Fig. 5.b). However, such a pronounced advantage of a 3-hour mode over a one-hour mode is not 
observed, therefore in this case it is possible to use boron powder coatings depending on the wear 
rigidity (for greater wear resistance, a boron powder coating of 3 hours doped powder is required).  

The maximum corrosion resistance in the environment of 3% NaCl solution has a pure steel AISI 
321 (Fig. 5.c), the minimum is steel AISI 1040. The additional doping of boron slightly reduces the 
corrosion resistance in saline environment (the greater the B concentration, the greater the 
decrease). Nevertheless, from Fig. 5.c. it is obvious that in salt-containing environment, the coating 
of borated powder of steel AISI 321 shows fairly good corrosion resistance. 

 

 
a 

 
b 

 
c 

1 – steel AISI 1040; 2 – pure steel AISI 321; 3 – a coating of powder of steel AISI 321 borated 
within 1 hour; 4 – a coating of powder of steel AISI 321 borated within 3 hour 

Fig. 5. Kinetics of corrosion destruction of coatings from different materials in different solutions 
Based on the results obtained, it follows that the boronation of the steel AISI 321 powder does 

not have a significant effect on its corrosion resistance in the studied aggressive environment. Also, 
detailed studies of the corrosion resistance of various diffusion layers (borated, siliconized, 
aluminized, titanated, chrome-plated, chromo-siliconized, and many others) showed that of all the 
diffusion layers studied, the boride layers have the greatest resistance to 10% HCl solution. The 
authors of [8] also note the high resistance of borated steels in hydrochloric acid solutions. 
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Studies of plasma sprayed and laser-treated coatings showed an increase in wear resistance in  
2,5 ... 3,2 times when tested under abrasive wear conditions. The testing of parts of construction 
equipment working in the conditions of water-abrasive wear, strengthened by the developed 
technology showed, that the service life of products increased in 2,5-3 times. 

4. Summary 
The diffusion alloying of boron powder based on austenitic steel was carried out, which gave it 

the self-fluxing property. Such boron-containing self-fluxing powders after plasma spraying and 
laser modification showed high performance properties. 

Laser modification, depending on its parameters, and the parameters of diffusion processing of 
the powder allows significantly (up to 0.23–4.7%) reduce the porosity and change the nature of the 
arrangement of the pores, ensure the fine dispersion and homogeneity of the structure with 
enhanced physical and mechanical properties, which the result will provide better adhesion, 
tribological and operational properties in general.  

Corrosion tests have shown that coatings made of boron-doped diffusion powder from steel AISI 
321 do not differ significantly from pure steel AISI 321 in their corrosion characteristics. 
Nevertheless, a significant increase in the wear resistance of the coatings (2,5...3,2 times) shows the 
prospects of the developed materials and technology. 
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Abstract. Zinc plating using the principle of sacrificial anode is used to prevent steel corrosion. Pure 
zinc plating has some problems and Zn-Mn alloy plating has been studied as one of the measures to 
increase the corrosion resistance. Zn-Mn alloy plating can be applied to automotive parts requiring 
high corrosion resistance despite high plating cost. 

In this study, Zn-Mn alloy plating was electrodeposited in acidic chloride solution. The effects of 
electrolytic conditions on the composition of the alloy plating in the chloride bath were investigated. 
As the current density increased, the Zn content decreased and the Mn content increased. As the 
temperature of the electrolyte increased, the Zn content decreased and the Mn content increased.  

1. Introduction 
Although galvanizing is not effective in fragile corrosive environments, zinc plating on steel 

surfaces is often used in industry by the principle of sacrificial anodes. Pure zinc plating has various 
problems, so researches on Zn-Mn alloy plating, which is thin and more corrosion-resistant,are 
actively studied. Zn-Mn alloy plating applicable to automotive parts requiring high corrosion 
resistance despite high plating cost. The effects of electrodeposition composition and 
electrodeposition factors on alloy composition, cathode current efficiency; physical and 
electrochemical properties have been studied. The composition of the plating bath and the 
electrodeposition potential affect the manganese content, surface morphology and corrosion 
characteristics of the Zn-Mn alloy. The relationship between the surface morphology of the plated 
layer and the composition ratio of manganese has been studied [1-10]. 

In this study, Zn-Mn alloys were electrodeposited in acidic chloride solution. The influence of 
electrolytic conditions on the composition of the alloy plating in the chloride bath was investigated. 
As the current density the temperature of the electrolyte increase, the Zn content decreases and the 
Mn content increases. The results are explained by conceptual diagram of the negative polarization 
curve. 

2. Experimental Method 
The chemical compositions of the steels used in this study are shown in Table 1. The obtained iron 

plate was processed into a specimen having a size of 50 mm x 100 mm x 2 mm. 
Table 1 Chemical composition of iron specimen 

 C Si Mn P 
Weight Ratio (%) 0.8 0.7 0.4 0.15 

Sodium hydroxide (50 g / L) was degreased at 60 ° C for 2 minutes. In the case of pickling, nitric 
acid (50 g / L) was used for 2 minutes at room temperature. Electroplating was performed at various 
electrolyte temperatures, concentration and current conditions. The composition of the electrolytic 
solution is 0.1M of ZnCl2, 1.0M of MnCl2 and 2.5M of KCl. As an additive, 0.02M of triethanolamine 
and 3 g / l of polyethylene glycol were added. In order to measure the changes of alloy metal 
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deposition amount by electrolyte composition and electrodeposition conditions, a hull cell test vessel 
made of transparent acrylic material was used. Each component of the Zn-Mn alloy electrodeposited 
layer was analyzed by EDS of Field Emission-Scanning Electron Microscope (HITACHI, S-4300). A 
Field Emission-Scanning Electron Microscope (HITACHI, S-4300) was used to analyze the surface 
morphology of the Zn-Mn alloy electrodeposited layer after plating. 

3. Test Results and Considerations 
3.1 Influence of Current Density  

In order to investigate the effect of current density on the Zn-Mn alloy plating process, the Mn 
content of the alloy layer was measured after Zn-Mn alloy plating. Based on the composition of the 
Zn-Mn alloy plating solution, the electrodeposition temperature was changed at 30 ° C, 40 ° C and           
50 ° C, respectively, and the MnCl2 concentration at the temperature was 1.0M. Here, electroplating 
was performed at 1A / dm2, 3A / dm2 and 6A / dm2 to see the effect of current density. The 
concentration of Mn was increased when the current density was increased (Fig. 1). The Mn 
concentration of the specimen was 4.48wt% at 30 ℃ and 1A / dm2, and the Mn concentration of the 
specimen was 19.79wt% at 30 ℃ and 3A / dm2. The concentration Mn concentration of the specimen 
was 33.07wt% at 30 ℃ and 5A / dm2. 

 
Fig. 1 Change of Mn concentration according to current density at 30℃ 

As shown in Fig. 2, Electroplating was performed at an electrolyte temperature of 40 ° C. As the 
current density increased, the Mn concentration increased. The Mn concentration of the test specimen 
was 7.5 wt% at 40 ℃ and 1A / dm2, and the Mn concentration of the specimen was 18.89 wt% at        
40 ℃ and 3A / dm2. The Mn concentration of the specimen was 34.18 wt% at 40 ℃ and 6A / dm2.  

 
Fig. 2 Change of Mn concentration according to current density at 40℃ 

As shown in Fig. 3, Electroplating was performed at an electrolyte temperature of 50℃. As the 
current density increased, the Mn concentration increased. The Mn concentration of the specimen 
was 8.2 wt% at 50℃ and 1A / dm2, and the Mn concentration of the specimen was 18.21 wt% at 50 ℃ 
and 3A / dm2. The Mn concentration of the specimen was 35.51 wt% at 50 ℃ and 6A / dm2. 

148 Congress on Advanced Materials Sciences and Engineering



 

 
Fig. 3 Change of Mn concentration according to current density at 50℃ 

3.2 Influence of Temperature 
In order to investigate the effect of current density on the Zn-Mn alloy plating process, the Mn 

content of the alloy layer was measured after Zn-Mn alloy plating. Based on the composition of the 
Zn-Mn alloy plating solution, the current densities were varied at 1A / dm2, 3A / dm2 and 6A / dm2, 
respectively, and the concentration of Mn3.6H2O in the electrolytic solution was 1.0M. Here, 
electroplating was performed at 30 ° C, 40 ° C and 50 ° C to see the effect of temperature. As shown 
in Fig. 4, electroplating was carried out at a current density of 1 A / dm2. As the temperature 
increased, the Mn concentration increased. The Mn concentration of the specimen was 4.48wt% at 
1A / dm2 and 30 ℃, and the Mn concentration of the specimen was 7.5wt% at 1A / dm2 and 40 ℃. 
The Mn concentration of the specimen was 8.2wt% at 1A / dm2 and 50 ℃.  

 
Fig. 4 Change of Mn Concentration by Temperature at 1A/ dm2 

As shown in Fig. 5, the electroplating was performed under the current density of 3A / dm2, and the 
Mn concentration was almost constant when the temperature was increased. The Mn concentration of 
the specimen is 19.79wt% at 3A / dm2 and 30 ℃, and the Mn concentration of the specimen is 
18.89wt% at the conditions of 3A / dm2 and 40 ℃. At the conditions of 3A / dm2 and 50 ℃, the Mn 
concentration of the specimen is 18.21 wt%. 

 
Fig. 5 Change of Mn Concentration by Temperature at 3A/ dm2 
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As shown in Fig. 6, the electroplating was carried out at a current density of 6 A / dm2, and the Mn 
concentration increased with increasing temperature. At 6 A / dm2and 30 ° C, the Mn concentration of 
the specimen was 33.07 wt% dm2 and 40 ℃, the Mn concentration of the specimen is 34.18 wt%. At 
the conditions of 6A / dm2 and 50 ℃, the Mn concentration of the specimen is 35.51 wt%. 

 
Fig. 6 Change of Mn Concentration by Temperature at 6A/ dm2 

3.3 Surface Morphology 
As the Zn-Mn alloy electrodeposition conditions change, the alloy composition and surface shape 

change. Figure 7 shows the shape of a typical surface. 

 
Fig. 7 Surface morphology of Zn-Mn electrodeposit at 6A/dm2 

3.4 Review 
Fig. 8 shows the correlation between overvoltage and current density when polarization occurs. In 

general, as the current density increases, the overvoltage of the cathode also increases. As shown in 
Fig. 8, there is a difference in the slope of Mn and Zn polarization curves. The difference is due to 
activation polarization and concentration polarization. That is, the slope of the polarization curve of 
Zn is larger than the slope of manganese. In addition, the factors affecting the critical current density 
are the solution concentration, temperature and diffusion coefficient. Since the diffusion coefficient 
of Zn is larger than that of Mn, the critical current density of Zn with a large diffusion coefficient is 
large as shown in Fig. 8. As the current density increases, the overvoltage of the cathode increases. As 
shown in Fig. 8, the current density of Mn is increased more than that of Zn according to the increase 
of cathode overvoltage (a → b). That is, as the overvoltage of the negative electrode increases, the Mn 
content increases. 

As a consequence, as the current density increases, the overvoltage of the cathode increases, and as 
a result, the Zn content decreases and the Mn content increases. From this, it is possible to explain the 
increase of the Mn content with the increase of the current density of Fig. 2, 3 and 4. 
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Fig. 8 Conceptual diagram of polarization curves showing the relationship between current and 

overvoltageat (a) low current density and (b) high current density 
Fig. 9 shows the correlation between overvoltage and current density caused by activation 

polarization and concentration polarization. The solid line is the relative low temperature and the 
dotted line is the polarization curve at the relative high temperature. As the temperature increases, the 
polarization curves of Mn and Zn move to the right, and as the temperature rises, the polarization 
decreases (a → b). The limiting current density is proportional to the temperature, but the Mn shifts 
more to the right than the Zn due to the logarithmic characteristic. As a result, when the temperature 
increases, the slope of the polarization curve of Mn decreases more than the slope of the polarization 
curve of Zn. That is, when the temperature rises, the polarization or resistance of Mn becomes smaller 
than Zn. That is, when the temperature rises, the amount of Mn decreases as the resistance decreases. 
That is, as the temperature of the electrolyte decreases, the overvoltage of the cathode increases. As 
shown in Fig. 9, the current density of Mn decreases more than that of Zn according to the increase of 
cathode overvoltage (b → a). That is, as the overvoltage of the negative electrode increases, the 
amount of decrease in Mn content is larger than the amount of decrease in Zn content. 

As a result, the overvoltage of the cathode decreases with the increase of the temperature of the 
electrolyte (a → b), and the increase in the Mn content is larger than the increase in the Zn content. 
From this, it is possible to explain the increase of the Mn content as the temperature of the electrolyte 
increases in Fig. 4, 5 and 6. 
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Fig. 9 Conceptual diagram of polarization curves showing the relationship between current and 

overvoltage at (a) low temperature and (b) high temperature 

4. Conclusion 
Zn-Mn alloys were electrodeposited in an acidic chloride solution and the effect of electrolysis 

conditions on the composition of the alloy plating in a chloride bath was investigated. As the current 
density increases, the Zn content decreases and the Mn content increases. As the temperature of the 
electrolyte increases, the Zn content decreases and the Mn content increases. The results are 
explained by the negative polarization curve. 
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1. As the current density increases, the overvoltage on the cathode increases. As the cathode 
overvoltage increases, the current density of Mn increases more than that of Zn. That is, as the 
overvoltage of the negative electrode increases, the Mn content increases. 

2. As the temperature of the electrolyte increases, the overvoltage of the negative electrode 
decreases and the amount of increase of Mn is larger than that of Zn. As the temperature of the 
electrolyte increases, the Mn content increases. 

3. The curve between the overvoltage and the current density on the polarization curve shows a 
difference between the Mn and Zn curves. Using the difference of these curves, we explain the 
following. "As the current density increases, the overvoltage of the cathode increases, that is, as the 
overvoltage of the cathode increases, the Mn content increases." 

4. When the polarization occurs, the curve between the overvoltage and the current density on the 
polarization curve shows a difference between the Mn and Zn curves. Also, the variation of the 
polarization curve varies depending on the increase or decrease of the temperature. Using the 
difference of these curves, we explain the following. "As the electrolyte temperature increases, the 
Mn content increases." 

Acknowledgments 
This paper was supported by the Small and Medium Business Administration. 

References 
[1]  N.Boshkov. Galvanic Zn-Mn alloys-electrodeposition, phase composition, corrosion behavior 

and protective ability, Surface and Coatings Technology 172 (2003) 217-226. 
[2]  D.Sylla, J.Creus, C.Savall, O.Roggy, M.Gadouleau and Ph.Refait. Electrodeposition of Zn-Mn 

alloys on steel from acidic Zn-Mn chloride solutions, Thin Solid Films 424 (2003) 171-178. 
[3]  S. Y. Kang. etc. Study on Improvement of Mechanical Properties after Heat Treatment of Hard 

Chromium Electrodeposits with Additives, Journal of The Korean Institute of Surface 
Engineering 47 (2014) 116-120. 

[4]  S. Y. Kang. etc. Effect of Electrolysis Condition on Mechanical Property of Ni Electrodeposits, 
Journal of The Korean Institute of Surface Engineering 48 (2015) 62-67. 

[5]  S. Y. Kang. etc. Effect of Phosphorous Acid Concentration on Mechanical Properties of Ni-P 
Electrodeposits, Journal of The Korean Institute of Surface Engineering 48 (2015) 100-104. 

[6]  S. Y. Kang. Convergent Study of texture on the Mechanical Properties of Electrodeposits, J. of 
the korea convergence society 7 (2016) 193-198. 

[7]  S. Y. Kang. Convergent Study of Aluminum Anodizing Method on the Thermal Fatigue, J. of 
the korea convergence society 7 (2016) 193-198. 

[8]  S. Y. Kang. Effect of current density, temperature and electrolyte concentration on 
Composition of Zn-Ni Electrodeposits, J. of the korea convergence society 8 (2017) 307-312. 

[9]  S. Y. Kang. Effect of Electrolytic Condition on Composition of Zn-Co Alloy Plating, J. of the 
korea convergence society 8 (2017) 287-292. 

[10]  S. Y. Kang. Effect of Electrolytic Condition on Composition of Zn-Ni Alloy Plating, 
International Journal of Pure and Applied Mathematics 118 (2018) 519-530. 

152 Congress on Advanced Materials Sciences and Engineering



 

Operationally Ready Advancements in Oil Free Corrosion Control for 
Advanced Materials  

Keith W. Donaldson1,a* and Akihiro Kajiyama2,b  
1113 McHenry Rd, #179, Buffalo Grove, IL 60089 USA 

2101-4-14-1, Matsugaya Taito, Tokyo 111-0036 Japan 

aK.Donaldson@intercept-technology.com, bKaji@intercepttechnology.jp 

Keywords: Corrosion, Volatile, oil coating, ESD, Pollution, Reactive Polymer, VCI 

Abstract. Operationally ready is a key component to effective management of equipment, spares 

and systems through manufacturing, shipment and transport, meaning that products are impacted by 

how they stored, shipped and staged.  That means no rust, no degradation and the ability to utilize 

the equipment or parts quickly, with no cleaning or additional work required.  Significant 

advancements have been made in oil free, volatile free anti-corrosion protection to aid this.  These 

advancements are in the form of plastics, laminates, canvas, woven products and shrink films that 

can be used to provide long term stable packaging that can be used both as short term, one-time use, 

multiple use applications or even used to create portable storage shelters.  These materials will also 

help stabilize and help protect metals as well as non-metallic components and materials such as 

items that can swell, gaskets, fabric and rubber components, against degradation – this is critical 

since many systems are combination of materials, no longer just single material construction.  These 

developments in oil free, volatile free packaging have been successfully incorporated into 

automotive applications with short term and long-term protection being available from the same 

packaging.  Additionally, information on accelerated testing on already environmentally stressed 

items will be reviewed and solutions presented to their protection schemes as well. 

Background 

As assets bcome more complex, combining different materials in the same package suddenly the 

requirements placed on packaging becomes more critical and more stringent.  The combination of 

swellables (gaskets, etc.) and/or rubber components and/or polycarbonate plastics and/or leather, 

etc. in conjunction with metal(s) makes the protection scheme a lot more complicated.  In addition, 

the changes in legislation in Europe, which declare oil contamination of 50 ml per 1 cubic meter of 

plastic (35 cubic feet) renders that plastic non-recyclable is driving the packaging industry towards 

going oil free and when possible, volatile free with their packaging selections. 

Equipment, spare parts and full assemblies are being manufactured, stored, deployed or used all 

over the world, often in increasingly aggressive environments.  This is particularly true for 

electronics, telecommunications, automotive, oil and gas, as well as military assets.  There is not a 

lot of debate about the fact that atmospheric pollution is increasing around the world.  Our paper 

will discuss how this oil free packaging initiative can be and has been embraced by autmotive, 

electronic and military operations in the US and overseas.  Additionally, by going away from oil 

coating and volatile packaging the equipment can be in a more, ready to deploy / ready to use 

condition.  This is can be referred to as operationally ready. 

Air Quality 

The question is why Asia is having more issues with corrosion than other parts of the world.  

Partly this can be explained due to high humidity and high temperatures, however most non-ferrous 

metals have high levels of insensitivity to humidity in regards to reaction or corrosion rates with the 

reactive gases.  Work performed by Dr. Jun’ichi SAKAI, et al from Waseda University in Tokyo, 

Japan1 presented a paper at the 16th International Corrosion Congress in Beijing that clearly showed 
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that the corrosion rate of Silver is unaffected by humidity levels, that the corrosion rate is only 

impacted by the concentration of Sulfur gases and the proximity to the source of Sulfur gas.  The 

same can be seen with Copper, which has a critical humidity level of 72% RH, brass, Aluminum, 

and other non-ferrous metals.  The explanation for increased rates of corrosion on non-Ferrous 

metals therefore cannot be attributed to high humidity alone.  High temperatures do increase the 

reaction rates, but the explanation is not sufficient to account for the increased levels of corrosion in 

Asia, India and Brazil. 

Studies by Lucent Technologies Bell Laboratories indicated that the problem could be the result 

of increased levels of pollution.  Reviewing and testing air samples in various locations they were 

able to conclude the following analysis in Table 1. 

Table 1. H2S levels worldwide 

Average Level USA 7 ppb 

Average Level Europe 15 ppb 

Brazil (Rio de Janeiro) 650 ppb 

Shanghai, China (outdoors) 800 ppb 

Suzhou, China (inside cleanroom) 1500 ppb 

 

Reactive Polymer Functionality 

Bell Labs created the RP material by reactive high surface area, small particles of a pure Copper 

into a polymer matrix.  The Copper particles are bonded onto the end chains of the polymers 

(typically a LDPE or LLDPE or PP or TPU or Styrene, though other polymer systems are used).  

The Copper provides a reactive barrier to the corrosive gases trying to permeate through the film, 

and act as a preferential corrosion site on the inside of the film, bag or enclosure, creating within an 

hour or less time, a micro-environment within the bag or enclosure, free from the gases that cause 

rust and corrosion. 

The Copper Polymer serves three purposes: 

(1) Provides for permanent, humidity and temperature independent ESD protection. 

(2) Provides long term, contamination, outgassing and oil free corrosion control.  This RP film 

is the only product that has been qualified by the German Automotive Association for           

15 years storage life in the same packaging (15 years oil free storage life). 

(3) Provides for protection against mold, mildew and insects. 

Two key components that need to be addressed first are volatile free corrosion control and the 

wide effective temperature range.  From an ESD (protection of electronics and electrical equipment) 

perspective there is no temperature impact, except when the polymer would melt or in the case of 

LDPE soften at 185oF.  However, from a corrosion protection side tests have been conducted 

showing effective corrosion protection from -42oF to 160oF.  Partly this is due to the absence of 

any volatile chemistry in the film, partly due to the reactive nature of the Copper, whose reactivity 

increases as the temperature increases, so it is able to provide effective corrosion protection even at 

elevated temperatures. 

 

Chlorine Permeation Testing 

A test was initiated to study the permeation rate of Chlorine gas through standard or typical 

polyethylene films, as compared a modified polyethylene film.  The purpose of the test was to 

determine a baseline of expectations for the ability of a polyethylene (PE) film to keep a halogen 

gas, such as Chlorine, away from the material being protected inside the protective packaging film.  

This was also to contrast it with a modified reactive polymer, as developed by Bell Labs for the 

purpose of providing a PE film that would act as a reactive gas barrier. 

In order to run the test a clam shell film holder was developed.  The test apparatus exposed one 

side of the test film to constant level of test gas. The other side of the film, which acted as a 

membrane between the two halves of the test chamber, contained the monitor, which was set to 

detect the first incursion of the test gas into the measurement chamber. The test would be 
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terminated as soon as the test gas was able to permeate through the test film, or membrane. The test 

film was run at 50 Micron (2 mil) of both the standard PE, then 50 Micron of the same PE, but with 

the Bell Labs modification to the polymer. A complete test method can be provided, with chamber 

settings. 

Table 2. Chlorine permeation through 2 mil PE film 

PE Film Descript 

Actual Time to 

Chlorine Break-

through 

Simulated Time to 

Break-through 

@0.1ppm 

Simulated Time to 

Break-through @1 ppm 

PE Film 16.6 min 0.202 yrs 7.4 days 

Reactive Polymer 473 hrs 3455 yrs 34.55 yrs 

 

The modified polymer, or Reactive Polymer Film (RP) produced by Bell Labs provides 

significant improvement over traditional PE films for reducing the permeation rate of Chlorides 

through the film.  It is important to note that PE films do allow permeation of gases through them, 

putting more stress on the parts being protected. 

Experimental testing of the RP Film was performed on behalf of Piccatinny Arsenal by 

Tobyhanna Army Test Labs.  These tests were run against the MIL-PRF-131 test standards, testing 

4 mil (100 micron) RP Film against a volatile inhibitor (4 mil) and Foil 131 Bags (5 mil).  The RP 

film outperformed all of the other films and bags in these tests.  Test results are available upon 

request. 

Experimental Procedure 

Pure metal test coupons were used as test vehicles to quantify the amount of corrosion on 

exposed metal surfaces. The use of pure metal coupons is a well-established method of 

characterizing environmental corrosion2. We chose three metals typically found in electronic 

equipment and susceptible to corrosion: copper, silver, and aluminum. The use of copper as a 

calibration vehicle for calibration of mixed flowing gas chambers helps to tie the results back to 

standard tests such as the Telcordia GR-63 NEBS(1) test3.  Silver has a different reaction profile 

from copper and also has a long history of use as a reaction monitor4. Aluminum corrosion in mixed 

flowing gas has not been reported in detail prior to this study. The coupons are made of pure metal 

foils (99.999% copper Alfa Aesar #42189, 99.998% silver Alfa Aesar #12126 and 99.99% 

aluminum Alfa Aesar #40760).  

The experiments were designed to provide contrasts between protected (inside RP bag) and 

unprotected (exposed to environment) as the coupons were exposed to stress environments of 

different severity ranging from laboratory air, accelerated Temperature (40C) and Humidity 

(85%RH) stress, and Mixed Flowing Gas in excess of Class III or NEBS outdoor conditions. 

Table 3. Characteristics of test stress conditions 

MFG1 Air (P) Air (U) TH(P) TH(U) MFG2(P) MFG2(U)
H2S (ppb) 2000 4 4 4 4 2000 2000

SO2 (ppb) 200 3 3 3 3 200 200

NO2 (ppb) 200 3 3 3 3 200 200

Cl2 (ppb) 20 1 1 1 1 20 20

RH (%) 75 65 65 85 85 75 75

T ( C ) 40 22 22 35 35 40 40

Hours 72 96 96 72 72 24 24  
 

After sample preparation and initial weighing, all of the coupons were exposed in a mixed 

flowing gas chamber. All coupons were weighed again after each exposure and the resulting weight 

was used as the base weight to measure mass gain in further exposures. Coupons to be protected 
 

(1) NEBS is a trademark of Telcordia Technologies, Inc. 
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were placed loosely into reactive polymer bags which were sealed at the open end by thermal seam 

sealing. Coupons were exposed to stress environments so that contrasts between protected and 

unprotected status were available for each stress, with the exception of copper, for which the MFG 

exposure received equal weight to allow copper to serve its usual role as a standard. The exposure 

history of all of the coupons is shown in Table 4. In Tables 3 and 4: Process 0 is the preparation 

step; Process 1 is the initial MFG exposure; Process 2 is laboratory air exposure; Process 3 is the 

Temperature-Humidity exposure; and Process 4 is the second MFG exposure; within parentheses 

“P” indicates that the coupon is protected inside RP bag and “U” indicates that the coupon is 

unprotected with a surface exposed to the stress environment. 

Table 4. Exposure histories of coupons 

Sample Prep MFG1 Air (P) Air (U) TH(P) TH(U) MFG2(P) MFG2(U) 

Cu8 0 1 2P    4P  

Cu9 0 1 2P    4P  

Cu10 0 1 2P   3U  4U 

Cu11 0 1  2U  3U  4U 

Ag1 0 1 2P  3P    

Ag2 0 1 2P    4P  

Ag3 0 1  2U  3U  4U 

Ag4 0 1 2P   3U  4U 

Al0 0 1 2P  3P    

Al2 0 1 2P    4P  

Al3 0 1 2P   3U  4U 

Al4 0 1  2U  3U  4U 

Results 

All metals showed significant weight gain in mixed flowing gas exposure. The mean weight gain 

per area of the Cu coupons in the initial MFG exposure was 164 μg/cm2. The Telcordia GR-63 

NEBS standard uses 20-30 μg/cm2 per year as the estimated corrosion of standard copper coupons 

in an outdoor environment in the North Atlantic Region (NAR)3. This places the initial exposure as 

roughly equivalent to 5-8 years of typical outdoor exposure in NAR. The mean weight gain of 

copper coupons in the second MFG exposure was 84 μg/cm2, which is equivalent to a 3-4 year 

NEBS outdoor exposure. As reported elsewhere5, environmental conditions in other parts of the 

world may be considerably more corrosive than in NAR, so these weight gains may be equivalent to 

a much shorter exposure time in more severe environments. 

Table 5. Average mass gain for unprotected coupons in preliminary mixed flowing gas stress 

exposure 

Metal DMPA [μg/cm2] 

Cu 164 

Ag 10.7 

Al 8.2 

 

Average mass per area gains (in μg/cm2) for protected and unprotected samples in post-exposure 

temperature and humidity (TH) stress are shown in Table 6 and for MFG stress are shown in              

Table 7.  Note the presence of apparent negative mass gains. These values are well above the error 

of measurement for the Mettler balance considered as an instrument alone, however additional 

contributions to error are present in samples which have been corroded to a significant degree, as 

these have, due to the corroded surface, which can exchange moisture and particles with the 

environment. This raises the range of error associated with corroded samples to perhaps as great as 

1 μg/cm2, which is still well below the gains recorded for the exposed samples in the MFG test. 
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Table 6. Average mass gain for protected and unprotected coupons in temperature-humidity stress 

exposure 

Metal Status DMPA [μg/cm2] 

Cu U 0.087 

Cu P NA 

Ag U -0.087 

Ag P -0.36 

Al U 7.1 

Al P 0.6 

Table 7. Average mass gain for protected and unprotected coupons in second mixed flowing gas 

stress exposure 

Metal Status DMPA [μg/cm2] 

Cu U 84.3 

Cu P 1.81 

Ag U 12.64 

Ag P -0.22 

Al U 17.3 

Al P 0.87 
 

Only Al coupons showed a significant weight gain in response to Temperature-Humidity stressing. 

All three metals showed a highly-significant response to MFG stress. 
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Figure 1. Mass gain per unit area in micrograms per square centimeter, for Protected 

(P) and Unprotected (U) samples of Cu, Ag, and Al in mixed flowing gas and 

temperature-humidity environments 
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Conclusions 

The Reactive Polymer utilizes a copper particle reacted into a polymer.  This new class of 

polymer is generally referred to as Static Intercept Technology.  It has been shown to provide long 

term corrosion protection without using any oils, volatiles or chemicals.  It is a clean, odor free, film 

that has permanent ESD properties is RFID transparent, provides long term contamination free 

corrosion protection and comes in forms that can be used inside or outside.  The material is fully re-

usable, can be easily re-sealed or closed in the field and is recylcable.  It meets all of the current 

European environmental rules, including the stringent TRGS-615, TRGS-900, RoHS and REACH.   

We have shown that all three metals Cu, Ag, and Al are protected to a significant degree by 

reactive polymer packaging in MFG simulations of harsh environments equivalent to several years 

of exposure in the field. We have shown that Al samples corrode significantly in MFG 

environments and continue to corrode in TH environments, unless protected by a barrier such as 

reactive polymer. The results demonstrate a cost-effective method that can protect already-deployed 

artifacts from environmental corrosion during the shipping-storage-repair-redeployment cycle. We 

believe that these results have strong implications for shipping and storage of electronic 

components used in telecommunications. These results may also be of significant interest to other 

industries which require protection of equipment from environmental effects, including automotive, 

oil and gas, military and for other applications that require the preservation of reactive materials.  
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Abstract. Bundles or fabrics of sized glass fibres were treated by a dielectric barrier discharge 
plasma in a He/CF4 gas mixture at atmospheric pressure with and without ultrasonic irradiation. The 
plasma treatment introduced fluorine both inside and outside of the fibre bundle, decreasing wetting 
of glycerol. Ultrasonic irradiation markedly increased the fluorine content as well as the silicon, 
calcium, and aluminium contents, indicating simultaneous fluorination and preferential etching of 
organic components. It is indicated that plasma treatment in a He/CF4 gas mixture can be used for 
controlling the surface properties of glass fibre bundles, and that ultrasonic irradiation can enhance 
functionalization and etching. 

Introduction 
Glass fibres are widely used as a reinforcing material in polymer composites. Glass fibre 

reinforced polymer (GFRP) composites are applied in large load carrying structures including wind 
turbine blades and buildings [1]. Multiple cracks distributed at the fibre polymer interface can 
significantly improve fracture toughness of overall GFRP composites [2-4]. The results indicate that 
the interfacial design plays an important role in optimizing mechanical properties of GFRPs, not 
necessarily by strong adhesion at the interfaces.  

Glass fibres are usually covered with surface coatings, called sizing [5]. Solid components of 
sizing mainly consist of a film former for the process-ability of the glass fibres and organo-silane 
for the compatibility of a polymer matrix. At the initial stage of polymer composite manufacturing, 
wetting of the sizing with an uncured polymer is important for controlling the interfacial properties 
of GFRPs. Therefore, controlling surface properties of the sizing by surface treatment is important. 
Among the reported surface treatment techniques, atmospheric pressure plasma treatment is 
attractive because it is solvent-free and environmentally compatible with high treatment effect 
without using vacuum systems [6,7]. Atmospheric pressure plasmas have been extensively 
developed, including a corona discharge [8], a dielectric barrier discharge (DBD) [9], a cold plasma 
torch [10], and a gliding arc [2,11]. A DBD is generated between electrodes separated by dielectrics 
by applying an alternating-current (AC) voltage. Simple and robust configuration of the DBD 
allows for design flexibility including air-to-air type continuous plasma treatment system [12].  

The plasma treatment effect can be improved by ultrasonic irradiation using a gas-jet ultrasonic 
generator. The effect of ultrasonic irradiation is attributed to reducing thickness of the gas boundary 
layer on a material surface [13-16], whereby reactive species generated in a plasma can approach 
the material surface more frequently. The effects are demonstrated for DBDs in helium [13,14] and 
air [15], and a gliding arc in air [16]. Furthermore, enhanced ozone production with ultrasonic 
irradiation was reported with DBDs in pure oxygen [17] and air [18]. However, to the best of 
authors’ knowledge, plasmas in other gas mixtures with ultrasonic irradiation have not been 
reported. Meanwhile, tetrafluoromethane (CF4), for example, is often used as a plasma gas for 
various applications in etching and surface modification [6]. Here, CF4 is known to be useful for 
etching of silicon containing substances. When oxygen is mixed in a CF4 plasma, polymer surfaces 
can be significantly oxidized and etched. On the other hand, polymer surfaces can be fluorinated by 
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a CF4 plasma to create polytetrafluoroethylene (PTFE) like water repelling surfaces. It is therefore 
interesting to explore the effect of ultrasonic irradiation in a CF4 containing plasma.  

Generic sized glass fibre bundles and fabrics were treated using a DBD in a gas mixture of 
He/CF4 with and without ultrasonic irradiation. The treated surfaces were characterized by contact 
angle measurement, elemental analysis by X-ray photoelectron spectroscopy (XPS) and observation 
of surface morphology by field emission type scanning electron microscopy (FE-SEM). 

Experimental Methods 
Generic glass fibres in the form of fabric were used. The sizing was designed for the use with a 

vinylester resin as a polymer matrix.  
An atmospheric pressure DBD plasma was driven by an AC power supply (Generator 6030, 

SOFTAL Electronic GmbH, Germany). Figure 1 shows a schematic diagram of the DBD setup. The 
water-cooled bottom electrode (50 mm × 50 mm) was grounded and covered with an alumina plate 
(100 mm × 100 mm × 3 mm) that acted as a dielectric barrier. The water-cooled top electrode was 
powered, and had a perforated central hole covered with a stainless-steel mesh for the introduction 
of ultrasound [13-18]. Plasma power was calculated by measuring voltage- and current-waveforms 
with a high-voltage probe (PPE 20 kV, LeCroy, USA) and a 50 Ω current viewing resistor, 
respectively, and integrating the product of the waveforms over a period.  Helium at a flow rate of 3 
L/min and CF4 at a flow rate of 230 mL/min were premixed and then introduced in a 5 mm gap 
between the water-cooled top electrode and the alumina plate.  

The glass fibres were placed on the alumina plate and exposed to the DBD plasma. For the XPS 
analysis and FE-SEM observation a single bundle was treated. On the other hand, for the contact 
angle measurements, since a larger surface area is needed, a fabric containing multiple bundles was 
treated.  

The effects of atmospheric pressure plasma processing can be enhanced by irradiation with 
ultrasonic waves. Acoustic waves were introduced vertically to the specimen surface through a  
42 mm inner diameter waveguide using a gas jet ultrasonic generator (SonoSteam; FORCE 
Technology, Denmark) placed near the top of the waveguide [13-18]. Plasma gas and ambient air 
were separated using a thin polyethylene film as a membrane clamped in the waveguide.  

 

 
Fig. 1. Schematic diagram of the DBD plasma setup with ultrasonic irradiation. 

 
The contact angles of the glass fibre fabric were measured with glycerol as a polar testing liquid 

in ambient air at room temperature before and after the plasma treatment to evaluate the surface 
wettability. Here, the contact angle is the angle measured through the liquid at which a liquid-gas 
interface meets at the solid surface. The measurement was conducted approximately 1 minute after 
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the glycerol droplet was placed on the fabric surface. A static contact angle measurement system 
(CAM100, Crelab Instruments AB, Sweden) was used.  

XPS data was collected at both inside and outside of the fibre bundles using a micro-focused, 
monochromatic Al Kα X-ray source (1486.6 eV) with a lateral resolution of 30 µm (K-Alpha, 
ThermoFisher Scientific, UK). The inside of the fibre bundle was obtained by removing the outside 
of the fibre bundle. The atomic concentrations of all the elements were calculated by determining 
the relevant integral peak intensities using Shirley background. The K-Alpha was also used for a 
high resolution analysis of the carbon 1s (C1s) spectra acquired over 30 scans. The binding energies 
referred to the hydrocarbon component (C-C and C-H) at 285 eV. The spectra were de-convoluted 
through curve fitting, using purely Gaussian components with linear background subtraction. The 
full-width at half-maximum for all peaks of C1s was constrained to 1.5 eV. Peaks at approximately 
285 eV, 286.5 eV, 288 eV, 289.5 eV, and 291.5 eV can be assigned to C–H/C–C, C–O–C/C–OH, 
C=O (carbonyl), COO (carboxyl) or CF, and CF2, respectively [19]. 

Morphology of a solid surface often plays an important role in the interaction at the solid 
polymer interface when polymer composites are manufactured, since larger surface unevenness 
usually corresponds to a larger surface area, leading to a larger contact area in composites. The 
surface morphologies of the glass fibres were observed using FE-SEM (Ultra 55, Zeiss, Germany). 
The glass fibre bundles were sputter-coated with Au with a thickness of approximately 15 nm to 
avoid charging during the observation. 

Results 
Contact angles of glycerol were measured on sized glass fibre fabrics before and after the plasma 

treatment at a fixed treatment time of 60 s. the result is summarized in Table 1. 
Table 1. Contact angles of glycerol on the sized glass fibre fabrics. 

Plasma power [W] Ultrasound Contact angle [° ] 
Mean Standard deviation 

- - 46 22 
50 - 71 20 
100 - 77 16 
100 √ 80 11 

 
The contact angle of glycerol on the untreated glass fibres is 46°, showing high wettability. The 

plasma treatment at 50 W increased the contact angle, and reduced wetting and the standard 
deviation of the measured contact angles. These effects are likely to be pronounced at a higher 
plasma power or ultrasonic irradiation.  

XPS measurements were carried out to analyze the elemental composition of the glass fibre 
surfaces before and after the plasma treatment. The results of the measured elemental compositions 
from the XPS survey spectra are summarized in Table 2.  The plasma treatment at 50 W introduced 
2 at% fluorine at the surfaces. Fluorine was also introduced into the inside of the glass fibre bundle. 
Plasma treatment at 100 W did not significantly increase the fluorine content at the fibre surfaces. 
However, when ultrasound was irradiated, as high as 39 at% fluorine, 6 at% silicon, 7 at% calcium, 
and 4 at% aluminium were detected at the outside, and 18 at% fluorine, 3 at% silicon, 3 at% 
calcium, and 3 at% aluminium were detected at the inside of the glass fibre bundle.  

Deconvolution of C1s spectra was performed to study the oxygen containing functional groups 
on the specimen surface and the results are also summarized in Table 2. After the plasma treatments 
at 50 W and 100 W, there was no noticeable change in C1s spectra. However, after the plasma 
treatment at 100 W with ultrasonic irradiation, C=O (carbonyl) and fluorine containing peaks 
significantly increased. 
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Table 2. Surface composition and C1s regional analysis of the sized glass fibre bundles after plasma 
treatment. 

Plasma 
power 
[W] 

Ultra-
sound Position 

Elemental composition [at%] C1s [%] 

C O F Si Ca Al C-C, 
C-H C-O C=O COO, 

C-F C-F2 

0 

- 

Outside 77 22 0 1 0 0 56 44 0 0 0 
Inside 76 23 0 1 0 0 55 45 0 0 0 

50 Outside 75 23 2 0 0 0 52 49 0 0 0 
Inside 75 23 2 1 0 0 52 48 0 0 0 

100 Outside 71 23 5 1 0 0 35 45 3 0 0 
Inside 73 24 4 0 0 0 49 49 0 0 0 

100 √ Outside 23 20 39 6 7 4 9 20 50 15 7 
Inside 49 24 18 3 3 3 14 36 36 12 2 

 

  
 

 
Fig. 2. FE-SEM images of the sized glass fibres: (a) untreated, (b) plasma treated (100 W, 60 s),  

and (c) plasma treated (100 W, 60 s) with ultrasonic irradiation. 
 

FE-SEM was used to observe how the plasma treatment can affect the glass fibre surfaces at 
different plasma powers and ultrasonic irradiation. The untreated specimen surface shows numerous 
sub-microscale cracks as shown in Fig. 2 (a). Plasma treated specimens in Fig. 2 (b) and (c) are free 
from such cracks. Nanoscale surface roughening was not observed after the plasma treatment at  
100 W either with or without ultrasonic irradiation.  

Discussion 
The contact angle measurements in Table 1 indicate that the plasma treatment consistently 

reduced wetting of glycerol. XPS results reveal that only a few % addition of fluorine on the glass 
fibre surfaces is enough to achieve a noticeable change in wetting. The wetting properties of the 

(a) (b) 

(c) 
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untreated fabric of sized glass fibres are uneven, indicated by the standard deviation of the 
measured contact angle. The reduction in standard deviation in Table 1 shows that the plasma 
treatment with ultrasonic irradiation can improve the uniformity of the surface wetting of the glass 
fibre fabric. 

XPS detected fluorine both inside and outside the glass fibre bundle. A gap in a range of 
micrometers, comparable to the glass fibre diameter, is necessary to sustain a plasma at atmospheric 
pressure [20]. If the fibres are not tightly bundled, there is a chance to generate a plasma inside the 
bundle. Another possibility of the surface modification is generation of radicals in the plasma and 
subsequent diffusion into the bundle. 

In FE-SEM images, the cracks are observed only on the untreated glass fibres. It is therefore 
suggested that the cracks are originated not from the sizing but from poor adhesion of the gold 
coating on the sizing and with subsequent partial delamination of the gold coating. Thus the plasma 
treatment improved the adhesion of the gold coating due to a plasma cleaning effect.  

Detection of certain amounts of inorganic elements by XPS indicates that the organic substance 
at the glass fibre surface is selectively etched after plasma treatment at 100 W with ultrasonic 
irradiation. However, the surface morphology did not change noticeably apart from the cracks, 
suggesting that the organic components of the sizing would be etched without significant selectivity 
of different organic components.   

Conclusions 
He/CF4 DBD plasma treatment introduced fluorine on the glass fibre sizing, and decreased 

wetting of glycerol. Ultrasonic irradiation noticeably enhanced fluorination and increased the 
silicon, calcium, and aluminium contents. He/ CF4 DBD plasma treatment with ultrasonic 
irradiation is a useful technique to control the wetting properties of glass fibres for composite 
manufacturing. 
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