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1. GENERAL INTRODUCTION
Solar thermal power generation has the possibility to generate electricity without
releasing greenhouse gases, such as C02 into the atmosphere, which leads to increasing
worldwide temperatures resulting in deleterious effects to both the environment and the
human population. The introduction of microchannels into solar thermal technology
would allow for higher thermal efficiency designs, increased solar flux and smaller
equipment, improving economic feasibility of solar thermal power generation.
Microchannel solar receivers (MSR) introduce several manufacturing problems that need
solving before this technology can become a practical alternative to more conventional
designs.
A manufacturing process design rational was developed to aid in the planning and
fabrication of the MSR for large scale commercial production. This design methodology
allows for the development and analysis of large-scale production specifications to meet
all requirements of the MSR including 1. Cost the current market can bear 2.
Performance and downstream process requirements 3. Appropriate process selection for
the geometry, material and machine tool capacity production volume of interest and 4.
Efficient design and layout of the plant that would produce the MSR. Chapter 1 details
this design methodology with using the MSR as a case study, along with other products
under development to assist with the understanding of this process.
Validation of this approach requires the building of subscale test articles to confirm or
reject the current process selection in terms of its ability to meet the performance
requirements as well as effectively produce the MSR without defects, resulting in failure.
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Chapter 2 focuses on failure modes resulting in the fabrication of the MSR subscale units
in terms of both manufacturing defects as well as process and geometry design defects.
This learning led to changes of both the manufacturing plan of the MSR as well as design
changes that are to be implemented to make the MSR more resilient to manufacturing
defects observed in the validation.
Cost analysis of the MSR indicated that current capabilities of manufacturing were
insufficient for production at a cost the market could accept. Forming of the MSR panel
was investigated to reduce cost and increase material utilization, with material being the
cost driver for such a device. This is due to the high temperature and corrosive operating
conditions of the MSR, specifically a max operating temperature of 760° C, with 250 bar
operating temperature, and the use of super critical co2 as the working fluid. These
conditions necessitate the use of nickel superalloys, specifically Haynes 230, which cost
on the order of 20x the cost of stainless steel. Due to this materials high strength at
temperature and rate of strain hardening, electrically assisted forming was investigated as
a means to soften the material during the forming process. Electrically assisted forming
(EAF) is the application of high levels of electrical current during the forming of a part to
increase temperature and in doing so reduce flow stress. Additional benefits of EAF
documented in the literature are enumerated in chapter 3. These formed parts were then
diffusion bonded to validate their feasibility as a process step in the manufacturing
process plan developed previously, in addition to cost analysis for this operation being
conducted.
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With the implementation of EAF, Haynes 230 underwent several microstructure and
mechanical property changes. Chapter 4 investigates the effect of high current density
application on Haynes 230’s mechanical and microstructural properties. The effect of
high density current on these properties are well established in the literature for various
alloys and are collectively known as the electroplastic effect. Results show that Haynes
230 does in fact have an electroplastic effect, although it manifests itself differently than
other materials that have been investigated. The result is an increase in ductility and a
fast aging effect on the microstructure, leading to an increase in flow stress compared to
comparable purely thermal results.
This dissertation concludes with a discussion of insights from each of the chapters above
and recommendations on future work into the MSR and EA forming of Haynes 230.
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2. THE ROLE OF MANUFACTURING PROCESS DESIGN IN
TECHNOLOGY COMMERCIALIZATION
2.1. INTRODUCTION
In the early 1900’s, the discipline of Industrial Engineering (IE) emerged out of the need
to improve the efficiency and effectiveness of the first synthetic complex system: the
manufacturing factory. In 1907, Frederick W. Taylor, the father of IE, published “On the
Art of Cutting Metals” through the American Society of Mechanical Engineers,
summarizing 26 years of metal cutting research conducted in partnership with industry
[1]. One year later, Hugo Diemer, founded the first academic department of IE at The
Pennsylvania State University. In 1910, he published the first IE textbook “Factory
Organization and Administration” [2].
Although the roots of IE are closely tied to manufacturing industry, by the latter half of
the twentieth century, the discipline had grown beyond just manufacturing with the
spread of mass production principles to nearly all corners of industry from transportation
and service systems to healthcare and financial systems. During World War II, the early
set of analytical methods that we now know as operations research was developed, in
large part, to help manage the complexities of materiel logistics during the war [3]. After
the war, operations research and other analytical methods began to be applied to the
management of manufacturing systems also known as factories or fabs (as they are called
in the semiconductor industry). As IE methods were refined in technique and expanded in
application, a broader set of underlying Systems Engineering principles emerged,
providing a deeper understanding of the ways to govern and manage the operation of
complex systems.
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The application of these Systems Engineering principles to manufacturing systems
further evolved the discipline of Manufacturing Engineering (MfgE). MfgE consists
primarily of two related areas of study: 1) manufacturing systems and 2) manufacturing
processing. Manufacturing systems primarily involves the design of different production
planning and control, inventory control, quality control and equipment maintenance
strategies [4] to enable the factory to meet the overall cost, quality and time-to-market
goals necessary to compete in the marketplace. In contrast, manufacturing processing
requires an understanding of the physics and chemistry involved in materials
transformation with the goal to design process steps capable of meeting the same cost,
quality and time-to-market goals. Manufacturing processing requires an understanding of
the key mechanical sciences within Mechanical Engineering (ME) including
thermodynamics, heat transfer, fluid dynamics, solid mechanics and materials science.
While MfgE as a discipline rightly borrows from both IE and ME practice, there is an
awareness that the realm of manufacturing extends beyond the combination of both fields
[5]. The value of MfgE as a discipline is best understood within the context of translating
technology from the laboratory into the marketplace. MfgEs are often used within
manufacturing operations to implement projects in the manufacturing environment for
reducing cost or improving quality or timeliness. However, their potential for greatest
value lies in product development where manufacturing innovation can drive new
product or process advantages as a source of deep competitive advantage that is hard to
replicate [6, 7]. Prior efforts have been made to move MfgE education toward product
realization platforms without identifying the distinctiveness of the MfgE discipline [8]. In
this chapter, we use the term “Manufacturing Process Design” (MPD) to describe the
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unique engineering activity through which MfgEs can quantify manufacturing
innovation. This work builds on past work in MPD in which many terms and principles
have been established for analyzing and improving existing manufacturing processes [9].
Here, we extend MPD to support decision making in early product development,
considering ways to design and evaluate wholly new MPDs for new product concepts.
We use the term MPD to differentiate this activity from manufacturing systems design
involving the development of operational strategies for governing the manufacturing
process once it is established [4].
The need to design manufacturing processes has long been understood within the field of
Chemical Engineering (ChemE) and some of the concepts that follow borrow from that
field. However, several considerations differentiate the field of MfgE from the field of
ChemE. First, MfgEs advance mechanical apparatus to the market while ChemEs
advance molecular chemistry to the market. Therefore, MfgEs work to transform solid
raw materials into products that are designed while ChemEs primarily work to transform
molecular fluids into higher value chemicals. One implication of this is that MfgEs must
work with design engineers (typically MEs) to bring technology to market, requiring
efficiency in communication through engineering drawings and specifications as well as
heightened personal interaction to synergize diverse viewpoints. Further, the fundamental
sciences needed to support process design activities are much different for MfgEs than
for ChemEs. As mentioned, MfgEs require a grounding in the fundamental mechanical
sciences required to shape and change the properties of solid raw materials. While
ChemEs also require an understanding of thermodynamics, heat transfer and fluid
dynamics, MfgEs must also understand solid mechanics and the material science of
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solids. ChemEs, on the other hand, require a grounding in the reaction kinetics and
transport phenomena that govern molecular reaction and separation.
Finally, a short note on why MPD as described below is emerging at this time. First, as
the next section describes, the federal government is investing heavily into research
related to advanced manufacturing i.e. manufacturing based on the application of new
technologies for competitive advantage. This investment is pumping new life into
manufacturing research and has led/is leading to opportunities to think of new ways to
manufacture new technologies spinning out of the university. Second, it is the opinion of
the authors that aspects of both IE and ME disciplines are required to implement MPD.
MPD is expressed both as a system-level abstraction requiring parametric optimization
and physical plant design, both mainstays of IE, as well as a fundamental understanding
of the physics governing processes requiring the mechanical sciences. The growth of
multi-disciplinary research over the past thirty years has provided the environment
necessary for IE, ME and even ChemE colleagues to work together in originating
methodologies like MPD, and this interdisciplinary world will also be necessary for
training the next generation of engineers who will benefit industry through the practice of
MPD. And while it would be good to advance MPD through MfgE programs, MfgE
programs and student enrollments have been on the decline within U.S. universities for
more than a decade [10]. The authors hold that it is much less important what engineers
are called compared to what they can do.
In the next section, an effort is made to describe the rationale that has led to the
resurgence in research interest surrounding manufacturing, generally, and MPD,
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specifically. That section is followed by a section in which MPD is described together
with various examples to help readers understand how to implement various steps within
the methodology. Finally, the last section describes a case study that demonstrates
various strategies for meeting MPD objectives.

2.2. MOTIVATION
In 2012, the U.S. President’s Council of Advisors on Science and Technology laid out a
convincing rationale regarding the importance of manufacturing to our economy [11].
First, advanced manufacturing (i.e. manufacturing based on the application of new
technologies for competitive advantage) provides an opportunity for high-wage jobs for
American workers. In 2009, one year into the Great Recession in which the U.S.
manufacturing workforce shrunk by one-third, a study of the California economy by the
Milken Institute showed that each manufacturing job supported 2.5 jobs in other sectors
of the economy while certain high-technology manufacturing jobs supported as many as
fifteen other jobs [12]. Further, manufacturing companies are responsible for employing
63% of domestic scientists and engineers [6]. Second, a strong manufacturing industry is
vital to ensure ongoing leadership in innovation and trade. In 2009, manufacturing
research and development (R&D) spending was found to account for 70 percent of all
U.S. R&D spending [13]. In the first decade of the new millennia, manufactured goods
were found to represent about 65 percent of U.S. trade [14]. Third, it is argued that
domestic manufacturing is important for national security. The rationale is that in order
for the U.S. to remain a sovereign country, it must be able to arm itself in the face of a
sustained conflict.
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As a result, federal agencies have made significant investments in public-private
partnerships stimulating an increase in industry-directed research and development on
university campuses. U.S. federal funding of industry-driven manufacturing R&D
programs rose sharply under the Obama administration. As of 2015, the U.S. federal
government had committed almost one half billion dollars of funding across seven
manufacturing innovation institutes establishing Manufacturing U.S.A, also known as the
national network for manufacturing innovation [15]. Currently there are fourteen
Manufacturing U.S.A institutes with plans to authorize a total of nearly one billion
dollars of federal funding across these institutes, matched by more than one billion
dollars of private investment. The goal of this investment in manufacturing R&D is to
accelerate pre-competitive manufacturing innovation in the U.S. as a source of industrial
competitive advantage in global markets.
At the same time, state and federal agencies have increasingly encouraged the
commercialization of university research for regional economic development. At the
heart of the debate to increase federal funding of manufacturing R&D has been
considerations of U.S. taxpayers who, it is argued, have not fully captured the value of
federal investments in basic research [11]. Beyond pre-competitive manufacturing
innovation investments, the desire is to see more research and enabling technology
moving forward from academia to the marketplace leading to economic growth and new
high-wage jobs. Therefore, many federal programs, such as small business innovation
research and small business technology transfer grants, have targeted start-up companies
in providing financing through the “valley of death” (VOD) i.e. the period in time
between when a start-up is formed and when it secures financing or generates revenue to
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sustain operations. Similar programs have been instituted at the state level. For instance,
from 2000 to 2015, the state of Oregon established economic development entities
focused on helping universities advance technology to the market offering entrepreneurial
engagement, federal grant matching and VOD funding.
This type of government support has increased the amount of interaction between
university researchers and entrepreneurs [16]. While entrepreneurs are critical for
commercializing university technology, providing business models under which private
investment can be obtained, commercialization experiences at Oregon State University
(OSU) have shown that entrepreneurs lack the requisite skills needed to reduce
production costs in order to satisfy customer demand. Consequent engagements within
these teams have provided opportunities to advance the field of manufacturing process
design (MPD). The learnings from these efforts has influenced the way graduate and
undergraduate courses in manufacturing are taught at OSU. Below, we provide some
background on microchannel process technology, offering a context for the MPD section
that follows.

2.3. MICROCHANNEL PROCESS TECHNOLOGY
Microchannel process technology (MPT) is energy systems and chemical processing
equipment that relies on embedded microchannels for its function. The overall size of
MPT devices range from a few millimeters (e.g. fuel cell batteries) to multiple meters
(e.g. microchannel solar receivers). MPT is considered process intensification technology
in that microchannels reduce the footprint of heat exchangers, reactors and separators
[13-15, 17]. This intensification is due to: 1) the shorter diffusional distances within
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microchannels which accelerates heat and mass transfer performance requiring less
surface area per device; and 2) the higher surface-area-to-volume ratio of microchannels
which increases the surface area density of process components. MPT components
provide a number of important functions where a premium is placed on mobility,
compactness, point application or process control i.e. rapid mixing, rapid quenching,
operating at elevated pressures [18, 19]. Early examples of MPT in energy systems and
chemical systems applications included microelectronic cooling systems [20, 21],
chemical reactors [7, 22, 23], fuel processing [13, 24], and heat pumps [25, 26] among
many others. Figure 2.1a and b show a microchannel solar receiver that is one-fifth the
weight of alternative solar receivers, allowing for smaller, less costly central towers as a
part of a heliostat power plant.

Figure 2.1 a) Oblique view of a fifteen cm microchannel solar receiver being
developed at Oregon State University; b) scanning white light interferometry image
of a microchannel lamina containing a micro pin array that is embedded within the
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solar receiver; and c) a cross-section of a microchannel array produced by diffusion
bonding multiple microchannel laminae.
Many researchers have demonstrated the advantages of processing mass and energy
within microchannels. However, in order for the microchannel processing of mass and
energy to be industrially viable, large arrays of microchannels (Figure 1.1) are needed to
scale-up volumetric flow rates as:
(1)

∙
where is the volumetric flow rate of reactants through microchannels,

is the average

velocity of the reactants through the microchannels, and A is the flow cross-section which
is a product of the flow cross-section of each microchannel by the number of
microchannels. Increasing the average velocity through microchannels increases pressure
drop across the microchannel so a more reasonable strategy for scaling up flow involves
increasing the flow cross-section. Therefore, scale-up of MPT involves arraying parallel
microchannels i.e. “numbering up” [27]. Here, we define numbering-up to be the scale-up
of an industrially relevant flow rate by a large array of parallel microchannels (hundreds to
millions).
The numbering-up of microchannels has been demonstrated for certain polymerization
reactions [28] and has been discussed for general chemistry [29-31]. However, the
industrial acceptance of MPT has been slow largely due to the high cost of MPT
components. The size of microchannel features require the use of integration strategies
for production known as microchannel lamination or microlamination strategies [32, 33].
Microlamination consists of the patterning and bonding of thin layers of material, called
laminae, to produce monolithic components with embedded microchannel features.
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Challenges lie in the breadth of dimensional integration required. The most undesirable
effect of a parallel microchannel architecture is variation in thermal or reaction conditions
across the channel array. Variations in concentration, temperature and residence time can
all be detrimental to MPT performance. Many times the maldistribution of flow is caused
by poor manufacturing tolerances across the array.

2.4. MANUFACTURING PROCESS DESIGN
Manufacturing process design (MPD) is the activity of generating, evaluating and
specifying the sequence of process steps needed to produce a particular product at a
required cost. The definition of a process step is shown in Figure 1.2. Process steps
generally involve a workpiece, a piece of capital equipment, called the machine tool, to
carry out the process function on the workpiece, and part-specific touch tools that directly
touch the workpiece, securing the workpiece within the machine tool coordinate system
or otherwise imparting shape to it. The machine tool is typically designed to implement
the process parameters needed to impart shape or material properties to the workpiece via
the touch tools. Cutting tools and workholding fixtures are examples of touch tools. The
specification of a sequence of process steps (process sequence) needed to produce a
product (Figure 2.6) and the specification of the details of each process step represent a
MPD. Details of touch tool design are described elsewhere. The focus of this chapter is
on determining the proper process sequence for a product within a market and identifying
the machine tools necessary to implement that process sequence.

15

Figure 2.2. Definition of a process step.

2.4.1 DEVELOPMENT OF MANUFACTURING PROCESSES AS A
DESIGN ACTIVITY
Designing a manufacturing process for the production of large quantities of a
particular product starts off as a daunting task. By looking at MPD as a design activity, it
can be broken down into its component steps and iterated on until all requirements of the
product and processes are met, including final cost. Figure 2.3 is a sequence diagram of
design activities, modified from ([34]). It shows the steps to required for any design
activity, and the iterative nature of the activity (Figure 2.4). Once a process design has be
generated, a design review should be called, and any issues discovered from this meeting
should be dealt with via additional iterations of the process. Like all design activities,
understanding the problem is the first step to forming solutions. Turing the product and
process functions into requirements is the equivalent to understanding what success in
terms of an effective process and a functioning product will require.
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Figure 2.3. Sequence diagram of Phase I of design process (modified from [34])
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Figure 2.4. Phase 2 of design process, showing iterative nature of this activity.
(Modified from [34])

2.4.2 PROCESS REQUIREMENTS
Like all design activities, MPD starts with requirements. Manufacturing process
requirements are the technical and business requirements that must be satisfied by a
MPD. Three sets of requirements are considered for MPD. First, the product being
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developed has performance requirements and a set of conditions that expand into material
and geometric specifications by the product designer. These requirements include
dimensional and geometric tolerances and material specifications which are typically
communicated by the product designer in the form of engineering models and drawings
(an engineering package or an engineering specification). Second, the product must be
produced at a cost that enables the entrepreneur to make a profit. Typically this is
provided in the form of a cost target for a particular market demand. It is recognized that
different markets require different cost targets and have different market sizes. Typically
the design team will want to start with a product that allows for the highest cost target
and the largest market demand. Market demand determines the volume of production
which is a key factor in driving down the cost of components. Third, downstream
processes often set requirements for upstream processes. Examples include brazing
clearances or joint configurations for welding that must be machined or otherwise formed
in an upstream step. Together, these process requirements are used to drive process
specifications in the form of a manufacturing process sequence diagram.
Engineering Specifications
The engineering specification provides the first and most obvious set of manufacturing
process requirements. The product designer converts the functional requirements of the
product into a set of material and geometric specifications communicated as
engineering drawings and models (Figure 2.5). Engineering drawings are typically
organized into a set of assembly, subassembly and component drawings showing the
mechanical relationship of each component to one another. General and critical
tolerances are specified on component drawings. General tolerances may be
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communicated through the use of title block tolerances while critical tolerances are called
out directly on the part. Further, the engineering specification will include an engineering
bill of materials which describes the parts, part quantities and material specifications
necessary to build and assemble the component. The material chosen will often be the
cheapest that meets the design requirements for mechanical integrity and any productspecific material properties, such as thermal properties or oxidation resistance.

Figure 2.5. Example assembly, bill of materials and drawing showing critical
tolerances.

19

In addition to component specifications, dimensional and geometric tolerances for each
process step must be determined. Process step tolerances fall into two categories: inprocess and finished. In-process tolerances are tolerances required by a future step in the
process, such as a parallelism tolerance in sheet stock to be diffusion bonded to ensure
even pressure distribution or a brazing allowance between two parts to be brazed to
enable capillarity between parts. Finished tolerances are the same as those of the final
product specified in component-level drawings. For example, most microchannel devices
consist of arrays of microchannels. It has been found that in microchannel heat
exchangers, size variations in critical channel dimensions of greater than 5% relative
standard deviation can lead to flow maldistribution between channels and poor heat
exchanger effectiveness [33].

2.4.3 PRODUCTION COST TARGETS
Production costs are the costs associated with all required elements for manufacturing a
product. This includes costs for raw material, capital equipment and capital facilities as
well as labor, consumables, utilities, and equipment maintenance. Using accounting
vernacular, the production cost is an early estimate for the cost of goods sold. For a
product to be economically viable, production cost estimates must be well below the
price of the product in the market. This is because the price of the product must include
the costs of distribution, marketing, profit and administrative overhead. For the typical
mechanical product, a rule of thumb is that the price is typically about three times the
cost of goods sold and the cost of goods sold is about three times the raw material.
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Cost targets are typically loose in that there are not precise targets at which people will no
longer purchase a product. Business techniques can be used to assess what the
distribution of prices would be for a product in a particular market. However, more
typically, MPDs and cost targets are reiterated simultaneously until the business team
feels a case can be made to enter the market. During these reiterations, the cost breakout
by percentage across cost categories and process steps is used to determine areas to focus
on in redesign efforts to reduce costs.
Example 1: Process Requirements for the Microchannel Solar Receiver (MSR)
The Microchannel Solar receiver is a solar thermal microchannel panel which sunlight
is focused on the surface and a supercritical CO2 working fluid takes transfers the heat
to a turbine for energy generation. The max operating conditions for the MSR is 760°
C at 250 bar internal pressure. To meet the MSR’s 95% thermal efficiency requirements
the 300-micrometer deep microchannels can vary by no more than 5%. In addition, a
pressure drop of 10 bar must not be exceeded in the device. Further, the design team
was driven to meet power production costs specified by the U.S. Department of Energy
(DOE). As a result, the design team set a cost target for the panel of no more than
$25,000 based on estimates of what it would cost to construct the power plant relative
to the DOE goal.
Process requirements:







Material must have sufficient strength at 760° C at 250 bar internal pressure
Wall thickness must be sufficiently thick to withstand 250 bar at 760°C given
material choice
Final channel depth can only vary by less than 15 μm.
The Material must be corrosive resistant.
Distribution and microchannel flow paths must not exceed 10 bar pressure drop.
Each panel must cost no more than $25,000.
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2.4.4 CONCEPTUAL DESIGN
Prior to detailed design, initial efforts are needed to propose a manufacturing process
concept, which is described as the initial process sequence required to build the
component. Conceptual design involves the selection of process steps for all componentlevel parts and for all assembly, subassembly and joining operations necessary to produce
the final part. The concept is captured in a manufacturing process sequence diagram.

2.4.5 MANUFACTURING PROCESS SEQUENCE DIAGRAM
The manufacturing process sequence diagram (PSD) is a diagram showing the
conceptual sequence of process steps required from raw material to final product (Figure
2.6). Process steps are represented by boxes and connected by arrows to show the flow of
the workpiece(s) and final assembly. Typically, a single sequence is needed for each
component to be manufactured. A separate, orthogonal sequence, shows the sequence of
assembly or joining steps needed to produce the final product. In Figure 2.6, four vertical
sequences represent the four parts of the microchannel solar receiver, while the single
horizontal sequence shows how the parts are joined together. Note that each process step
is numbered to simplify downstream analyses.
Circular nodes between blocks are used to document process requirements. These nodes
are useful in showing where critical product tolerances are affected at different stages of
the build. Process requirements also prescribe the need for inspections or statistical
methods to ensure product performance and downstream manufacturability.
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Example 2: Process sequence diagram of the microchannel solar receiver
Based on a preliminary interaction with vendors, an initial process sequence diagram
was developed for the microchannel solar receiver (MSR). At the top of the diagram,
raw material for each component part flows into a sequence of process steps that moves
down and to the right. The final device is on the bottom right. To complete the diagram,
it must be both hermetic and economically feasible. If either of these conditions is not
met, another iteration of the PSD should be performed, attempting to either reduce cost
or increase production reliability. In-process tolerances are called out by orange circles
that represent pass-fail inspection stages. An example is after step 11 a flatness of 0.001
μm must be met on the brazing surface for a successful braze

Figure 2.6. Initial process sequence diagram for the MSR
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Manufacturing Process Selection
Within any given manufacturing process step, there may be several ways that step can be
implemented [35-37]. For example, steps 2 and 4 in Figure 2.6 are both blanking steps for
sheet metal in which the raw material sheet is cut to the size of the lamina that is needed.
Blanking can be implemented using photochemical machining or with a punch and die.
The decision criteria, for deciding which process to choose, should reflect the process
requirements. For example, during early stages of product development, the device will
need to be prototyped in order to confirm that the product concept meets functional
requirements. The criteria used to select process steps for prototyping, with a production
volume of one, are different than the criteria used to select process steps for
manufacturing thousands or millions. Criteria for prototyping include the speed with
which the job can be turned around as well as the cost of the touch tooling for making the
part. The cost and lead time to make the punch and die set are prohibitive during
prototyping. Consequently, photochemical machining would be a better choice for
blanking during prototyping while the punch and die would be a better choice assuming
that the process requirements include a sizeable market to offset the costs of the die set
during production.
However, other process requirements must also be considered beyond just cost as a
function of production volume. As described above, the process requirements in a
manufacturing setting also require meeting the dimensional and material requirements of
the part. In the example above, a well-controlled photochemical machining process could
likely provide more delicate features than the punch-and-die process. Further, if the
processes are being implemented in an expensive material, such as a Ni-based superalloy,
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forming may be preferred over machining to improve material utilization. On the other
hand, when producing a small number of parts in a very cheap material, machining may
be preferred over forming. Criteria for process selection have been laid out in other works
[38]. Below are some general criteria to consider in the initial stages of conceptual
design.
General Shape: Not all processes can produce all shapes. Additive manufacturing has the
capability to produce parts with complicated internal structures that would normally require
several parts to be joined. A general understand of the shape will help to screen out
processes that make no sense.
Component Tolerances: It is important to remember that capabilities of any process
chosen must be capable of satisfying the dimensional and geometric tolerances of the part.
Surface conditions: Surface texture, surface finish and surface residual stresses are
considerations that can have impacts on the reliability of mechanical components. For
example, machining can leave tensile residual stresses on workpiece surfaces while
forming processes can leave compressive residual stresses on surfaces which are general
better for resisting crack nucleation.
Material: Not all processes can produce the required shape in all materials. For example,
casting processes are not a good match for metal matrix composites have oxide secondary
phases, as the secondary phases will separate during casting due to buoyancy. Further, it is
important to understand the desired final microstructural of the material. For example,
forming processes can provide a work-hardened microstructure compared with machining
processes.
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Material Utilization: The criteria in process selection is different if the MPD is driven by
material costs versus processing costs. For products driven by material costs, net shape or
near net shape processes like casting, molding and forming processes, which are capable
of higher material utilization, should be considered.
Production Volume: At low production volumes, the cost of specialized machine tools
and work holding tools cannot be distributed over enough products to be cost effective.
Consider moving from net shape and near net shape processing toward additive and
subtractive processes with more general-purpose tooling. Examples of processes with
general-purpose tooling include additive manufacturing processes and mechanical
machining processes.
Flexibility: The ability to adapt to changes in product demand (operational flexibility) or
the ability to efficiently changeover processes from old designs to new designs (product
flexibility) can be a competitive advantage. Generally, processes that have less productspecific tooling are considered more flexible in both operational flexibility (reducing
setups) and product flexibility (reducing changeovers). Additive manufacturing does not
have product-specific tooling and so ranks high in both types of flexibility.
Combinations: Additive manufacturing has been found to be desirable in market sizes
beyond tens of thousands when 1) it enables shapes and geometric features that provide
significant performance advantages; and 2) it eliminates supply chains by replacing a large
number of components with a single build cycle.
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Example 3: Mechanical Machining vs Green Sand Casting of the MSR
The distribution system for the MSR described above was designed for machining
during the prototyping stage of the project. In particular, because of the cost of the Nibased superalloy (Haynes 230) used in this project, availability could not be found for
standard diameters of piping. Therefore, machining of the headers was required,
resulting in very low material utilization. To improve this material utilization, green
sand casting was investigated.

Figure 2.7. Alpha prototype of the MSR including machined distribution system
Normally green sand casting would not be considered for microchannel applications due
to feature size. However, the header system was found to be sufficiently large enough for
casting to be considered. Adjustments to the design of the headers were made to
implement the header as a single part casting. In addition, adjustments were made to the
wall thickness to allow for pressure vessel standards to be met while minimizing material
usage. Use of green sand casting required the design of two green sand cores in order to
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implement the hollow internal features of the header system. Support of the cores was not
a concern as the base of the flow path is open allowing for the cores to be placed into the
green sand mold parting line prior to placing the cope on the drag. Because the walls of
the headers are substantial in thickness, the green sand vendor expected the melt to have
good flow through the mold cavity without misruns or cold shuts. To meet tolerances
after casting, a grinding step was added, so that the header assembly could provide
brazing clearances of 0.001 inches. The new MSR panel concept showing the cast header
is shown in Figure 2.8A. The updated process sequence diagram is shown Figure 2.8B.
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Figure 2.8. Alternative Fabrication Concept with Greensand cast distribution
system
This cast header system not only reduced the cost of raw materials but also reduced the
process steps by eliminating joining of the unit and module headers. Below is a
comparison of total cost of raw materials for each of the designs.
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Table 2.1. Material cost for alpha design and updated design.
Design
Alpha Prototype
Manufacturable Design

Distribution Raw Material Material Cost Reduction
Cost
$23,000
$12,395
48%

2.4.6 DETAILED DESIGN
Detailed manufacturing process design involves selecting specific machine tools to carry
out the requirements for each process step. Machine tool specification and selection are
important factors in determining the overall cost of a product. Capital equipment costs are
driven by the capacity and capability of the machine tools selected. Higher tonnage
presses cost more than lower tonnage presses. Vacuum furnaces cost more than
atmospheric furnaces. A 30 cm work envelope typically costs more than a 15 cm work
envelope. Further, capital facility costs are driven by the machine tool footprint. Utility
costs are driven by machine tool power requirements. The number of laborers is directly
related to the number of machine tools specified. Consumables can be driven by machine
tool selection such as certain furnaces which may require inert gases. Machine tool
selection to a large degree locks in the processing costs of the product, ultimately
affecting the shape of production cost curves and determining the price of the product in
the market. The specification and selection of machine tools for each process step is
determined based on the capability and capacity requirements of each process step. This
is referred to as process step analysis.
Process step analysis consists is the detailed design of a single process step. It includes
machine tool capability, capacity, including how the machine can be utilized to maximize
efficiency and reduce cost. Examples of this that are listed below include work envelope
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utilization, grouping of under-utilized machine tools for several processes and how this
effects downstream processes, as in the case of parallel processing and the need to
depanel.
Capability Analysis
A capability is the ability of a machine tool to carry out a particular processing function.
For example, presses must administer force in forming process steps. Furnaces must
control temperature profiles during brazing or heat treatment process steps. Machining
centers must provide certain cutting power and tolerances during machining process
steps. In many cases, the capability of a machine tool is governed by multiple criteria. For
example, stamping operations may require presses with not only a maximum load but
also adequate displacement and perhaps control over strain rate. Heat treatment
operations may require furnaces that control the ramp rate in both heating and cooling as
well as the type of environment. Finally, the capability of the machine tool depends on
the material and processing interaction and can usually be predetermined based on the
required outcome. For example, stamping of a geometry into a sheet metal part in
stainless steel will require higher forces than in aluminum.
The capability of a machine tool is different from the ability of a workpiece or touch tool
to survive the operation. For example, deformation processes are governed by the
elongation of the material being deformed and machining operations are constrained by
the temperature that the cutting tool can withstand. So to reduce the risk of specifying a
manufacturing solution that cannot be attained, machine tool specification are
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accompanied by process step analyses to determine that the machine tool, touch tool and
workpiece combination being proposed is viable.
Many manufacturing materials and processing textbooks exist that can help with
specifying the capability of machine tools [35-37]. These textbooks also can help with the
accompanying process step analyses of the workpiece and touch tools in order to
determine the viability of a production step.
Example 4: Strain rate of microchannel flow insert requires servo press versus a 4 post
press.
In order to support the pressure differential between incoming and outgoing channels
of a waste heat recuperative heat exchanger, a micro-scale pyramidal truss network was
developed as a microchannel flow insert (MFI). The MFI (Figure 2.9) is produced by,
first, piercing and stretching an Inconel 625 foil to produce a two-dimensional
expanded metal foil (EMF). The EMF is then stamped between a male and female die
set having a saw tooth pattern that matches the pitch of the EMF producing the threedimensional pyramidal truss network. The MFI ensures that adjacent high-pressure and
low-pressure channels within the heat exchanger maintain their proper dimension
during operation.
The final mechanical properties of the MFI are determined by the strain rate during
deformation, with higher strain rates resulting in more work hardening and a stiffer
network (
Figure 2.10). Therefore, to control the consequent material properties after stamping,
the press must be able to control the strain rate during the stamping stroke. This level
of strain rate control is difficult to control using a traditional four post press.
Alternatives for carrying out high strain rate processing might include a servo press
[39] or vaporized foil actuation [40].
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Figure 2.9. A microchannel flow insert with a low relative density providing the
means to prevent microchannel fin deflection with low fluidic pressure drop during
heat exchanger operation: a) top view unformed and b) side view post forming.
Images courtesy of Sam Brannon.
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Figure 2.10. Stress vs strain of Inconel 625 at various strain rates [41].
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Grouping Process Steps for Tool Sharing
Once the machine tool capabilities for each process step have been determined, efforts
can be made to group processes requiring similar capabilities in an effort to reduce the
capital cost of equipment. If several process steps are capable of sharing the same
machine tool, then tool sharing will reduce the number of machine tools, requiring less
capital. For example, assume that three laminae must be produced to implement a
particular reactor design. One of the laminae has a load requirement that is an order of
magnitude less than the other two. Several options are possible. At low production
volumes, all three can placed onto the same press reducing the number of presses that
must be purchased (see example below). Alternatively, at higher production volumes, it
might be more economical to purchase two presses, with one processing the two laminae
at higher loads and the other processing the lamina at lower loads. The outcome of this
activity is a preliminary machine tool specification. The next step is to determine if
what the capacity of these machine tools need to be in order to satisfy market demand.
Example 5: Grouping Stamping Operations
A steam reforming system has been designed to produce hydrogen for a fuel cell by
reacting steam and a hydrocarbon fuel at high temperatures. It is desired to take the
residual heat in the reformate stream and move it into the reactant stream to make the
reaction more efficient. A waste heat recuperator is designed to do so, consisting of two
sets of shims interdigitated for a total stack of 53 shims per heat exchanger (Figure
2.11). The forces required for embossing the two laminae were calculated as shown.
To reduce the capital cost at low production volumes, the two process steps can be
combined allowing one press to be purchased capable of providing a maximum force
above 254,000 newtons.
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Figure 2.11. The force requirements for two shims used in a waste heat recuperator
for a fuel reformer. Images courtesy of Chuankai Song.
Capacity Analysis
Capacity (or cycle time) analysis is a critical part of specifying machine tools. The
capacity of a machine tool is the number of parts that can be produced in one year.
Capacity can be calculated by dividing the total number of hours available for that tool in
a year by the cycle time (in hours) required for one part. The capacity is an integer
number so it is rounded up to the next whole number. The cycle time should include the
time needed to physically process one workpiece on the machine tool plus the time spent
loading and unloading the part onto the machine tool.
Example 6: Calculating the Capacity for a Vacuum Hot Press
One way to make a metal microchannel array is to stack together patterned metal
laminae and diffusion bond them into a monolith using a vacuum hot press (VHP). The
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VHP is a hydraulic ram with platens that can apply pressure inside a hot zone existing
within a vacuum vessel. The vessel is fitted with vacuum seals to allow the hydraulic
ram to penetrate the vacuum. In most cases, a tubular resistive heating element radiates
heat producing a hot zone in the middle of the heating element. The stack of laminae is
placed on platens within the hot zone and heated to the bonding temperature. At the
bonding temperature, metal atoms in the adjoining laminae surfaces within the stack
move by solid-state diffusion across surface boundaries producing metallic bonds. A
typical diffusion bonding cycle requires a short time to load the laminae within a
bonding fixture followed by a heating ramp to the bonding temperature at which time
the hydraulic pressure is applied. After several hours of solid-state diffusion at the
bonding temperature, the bonding pressure is released and the sample is cooled yielding
a monolithic microchannel array. For this calculation, assume the following:
Loading time = 0.1 hours
Heating ramp = (1025°C - 25°C)/(10°C/min) = 100 min = 1.67 hours
Bonding time = 4 hours
Cooling ramp = (1025°C - 125°C)/(5°C/min) = 180 min = 3 hours
Unloading time = 0.15 hours
8.92
where

is the time needed for each substep in the process (e.g. loading, ramping …).

To determine the capacity of the VHP, the total number of hours that the VHP can
operate must be calculated as follows:
Total hours available in a year = 24 hours/day x 7 days/week x 52 weeks= 8,736 hours
Total hours available per year by the vacuum hot press = 8,736 x 80% (due to scrap
and downtime) = 6,988.8 hours
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where the 80% is calculated as the total uptime (82.5%) times the total quality yield
(97%). Consequently, the capacity of the VHP can be calculated as:
Capacity

6,988.8
8.92

783.5 stacks

783 stacks

Interpreting these results, the VHP is capable of producing 783 microchannel arrays per
year. The implication of this analysis is determined by comparing the capacity of the
machine tool with the required production volume. In this case, if the required production
volume was 1,000 arrays per year, two VHPs would be required to set up the factory.
The goal of cycle time analysis is to try and design each machine tool setup so that it
slightly exceeds the required production volume. This is because, as previously noted, the
number of machine tools drives all other processing cost categories. The estimated cost of
goods sold (COGS) for a process step cannot go lower than the point at which the
machine tool makes the maximum number of parts. If all process steps are targeted to be
at maximum utilization at the required production volume, then the COGS for the product
cannot go lower than this cost, even if the production volume increases. This is because
an increase in the production volume will trigger the procurement of more machine tools
for each step which will actually cause the COGS to increase. Continued increases in
production will decrease the estimated COGS but the COGS will never go below the
COGS at maximum (80% in this case) equipment utilization.
In reality, it is not possible to get all machine tools to maximum utilization at the required
production volume. This is because there are not an infinite number of machine tool
capacities for each process step. Each family of machine tools typically has a discrete
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number of capacities. As suggested above, one strategy to consume excess capacity in a
machine tool involves combining the production requirements of several process steps
with similar capability requirements. Consider the table below showing the stamping
operations needed for a set of laminae required to build a recuperative heat exchanger.
Note that at the original production volumes of interest, the utilization of the machine
tool in each process step is around 2% to 4% suggesting excessive capacity. Purchasing
one press capable of meeting all force requirements will result in a reduction of capital
costs, increasing the percent utilization of the production press to 21%.
Table 2.2. Tool sharing for six processes steps showing low capacity utilization.
Courtesy of Chuankai Song.
Process
Name

Tool
Required
Capacity
Capability
Cycle
=1/Cycle
Time (s)
Time

Reformate
Blank
+Emboss

254004

Reactant
Blank
+Emboss

67667

Top
Bottom
Plate
Blanking

0.2

# of units

Total
Individual
Shared
Tool
Tool
Tool %
Hours
Utilization
Required

18000

2700000

169

4%

17%

0.2

18000

26000000

163

4%

17%

165970

3

1200

200000

185

4%

19%

Top Plate
Hole
Punching

12746

3

1200

100000

91

2%

9%

Reformate
Blanking

107445

3

1200

200000

182

4%

19%

546.5

3

200000

177

4%

18%

Reactant
Bending
Total
Percent
Utilization

21%
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More typically, efforts are needed to increase the capacity of a machine tool. Attributes of
machine tools that can lead to an increase in capacity include, but are not limited to, the
work envelope and the production rate. For example, if the diffusion-bonded array above
is made of laminae that are 50 mm x 50 mm, procurement of a VHP with a 100 mm x
100 mm work envelope would increase the capacity of the tool by four. Further, tripling
the spindle power of a machining center would increase the material removal rate by
three times. The implication of capacity considerations is that proper sizing of machine
tools dictates where the knee in the production cost curve is, which is a key factor in
MPD for minimizing cost at required production volume.
To more fully understand how the work envelop of a machine tool can be used to size the
capacity of a machine tool, consider two different types of process steps: serial versus
parallel processes. Serial processes are those that are executed sequentially, as in laser
processing, while parallel processes are those processes that are executed
simultaneously, such as diffusion bonding [9]. The use of larger work envelopes within
serial processes has much less effect than on parallel processes. Consider the following
examples.
Within a given process sequence containing all parallel processes, it may not be possible
to find the same sized work envelope all of the way through. This leads to considerations
of depaneling and singulating as shown in Figure 2.12. Consider the processing of a
printed-circuit heat exchanger (PCHE) using photochemical machining (PCM) and
diffusion bonding [42]. PCM is typically implemented on a continuous production line in
which etchants are sprayed onto both sides of a metal lamina with a patterned photoresist
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on both sides. The work envelope for PCM may be as large as 48 inches wide while the
work envelop for the next step in the process sequence, diffusion bonding, is constrained
by the size of the vacuum hot press (VHP) which generally can accommodate panels that
are 24 x 24 inches. For sake of illustration, assume that a particular PCHE is just under
24 x 24 inches in size. When the initial mother panel is machined, four shims (laminae)
are etched in parallel onto one panel (Figure 2.12). However, the resulting panels are
found to be too big for the work envelope of the downstream VHP. To accommodate the
VHP, the panels are depaneled, or blanked, into four sets of laminae that can be diffusion
bonded in the VHP.

Figure 2.12. Depaneling and singulation concepts used to manage the work envelope
constraints within a process sequence.
Alternatively, consider a PCHE with lamina dimensions of 6 x 6 inches. Several
depaneling scenarios could exist. A cycle time analysis would be needed to determine if
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it is best to start with a 48 inch PCM line and depanel to a 24 inch VHP or to start with a
24 inch PCM line and avoid the depaneling step altogether. In either scenario, the final
PCHE would need to be singulated from the 24 inch bonded panel stack after diffusion
bonding. In this case, depaneling of a single layer panel could be carried out by laser
machining, waterjet machining or sheet metal blanking while singulating may involve a
much thicker bonded panel stack which would require sawing or wire electro discharge
machining.
Increasing the work envelope of parallel processes provides a direct multiplier for
increasing the capacity of the process. In the example above, the 48 inch PCM line has
double the capacity of the 24 inch line. Further, a 24 inch VHP would have four times the
capacity of a 12 inch VHP. In other words, running the same diffusion bonding cycle in
the 24 inch VHP produces four times the number of 6 inch bonded panel stacks than the
12 inch VHP could produce. In contrast, increasing the work envelope of serial processes
does not have a multiplying effect. Consider replacement of the PCM step with a laser
cutting process. Given the same laser power output, the process is constrained by the scan
speed of the laser. A larger work envelope can provide small incremental increases in
capacity by reducing the amount of loading and unloading associated with a process step
but capacity increases do not scale with the size of the work envelope.
Example 7: Metal Additive Manufacturing
To highlight the importance of maximizing the use of the work envelope within a
particular process step, consider the additive manufacturing of metals. For laser powder
bed fusion tools, there are two primary operations: powder layering and laser cladding.
Powder layering involves adding a thin layer of metal powder onto the powder bed.
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Laser cladding involves scanning the laser over the powder bed to melt and densify the
metal, allowing it to adhere to the surface beneath. Both process steps are serial and are
repeated over and over again to produce the final part. Consider two build approaches.
The first build cycle is used to make one part whereas in the second build cycle is
optimized to arrange the build of four parts simultaneously. The layering time needed
in both cases is identical and in the second case, that layering time is spread over four
parts. However, the laser cladding involves scanning the laser over the entire crosssection of each part (Table 2.3. Cycle time comparison 1 vs 4 3d printed parts per cycle
time Figure 2.13). Consequently, the layering time per part is the same in both
scenarios.
Table 2.3. Cycle time comparison 1 vs 4 3d printed parts per cycle time
Description

One Part Build Cycle
(Hours)

Four Part Build Cycle
(Hours)

Cladding time

3.1

12.4

Layering time

8.9

8.9

Figure 2.13. Chart showing effect of higher part build numbers per cycle. Courtesy
of Kijoon Lee.
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The outcome of detailed design is a final machine tool specification that can be used to
produce a layout for manufacturing operations. This typically requires interactions with
vendors to learn what capabilities and capacities exist for performing certain process
steps. This type of vendor interaction requires the specification of both the capability and
capacity of a machine tool before vendor engagement as shown in Table 2.4. Sometimes
the required machine tool may not be available, which will require adjustment in the
capability or capacity of the process step to perform the necessary operation within the
constraints of the machine tools available. An example of a final machine tool
specification shown below for the application of sheet metal stamping. In this case, the
machine tool was sized by force requirements and the excess capacity was chosen
because the client was interested in production costs across a range of production
volumes.
Table 2.4. Machine tool specifications for 40 ton press including cycle time per shim
and tool sharing. Grey area shows tool sharing percentages.
Step
Number

Required
Target # of Production
units
Volume

Total Tool Available Tool Count
Hours
Tool Hours/
@1
Tool Share
Required
Year
unit/cyc
%

Capability

Required
cycle time

Tool
capacity

Force (N)

(s)

Parts per
year

24,969

0.2

18,000

2,700,000

‐

4,608

229,035

0.2

18,000

2,700,000

‐

4,608

Blank+Emboss

254,004

0.2

18,000

3,049,838

2,700,000

169.4

4,608

3.68%

17.48%

Blank+Emboss

67,667

0.2

18,000

2,936,881

2,600,000

163.2

4,608

3.54%

16.84%

Top Bottom Plate
Blanking

165,970

3

1,200

222,525

200,000

185.4

4,608

4.02%

19.14%

12

Top Plate
Interconnect
Punching (2 hole)

12,746

3

1,200

109,568

100,000

91.3

4,608

1.98%

9.42%

13

Reformate
Header Blanking
Header

107,445

3

1,200

219,137

200,000

182.6

4,608

3.96%

18.84%

547

3

1,200

212,562

200,000

177.1

4,608

2

Unit

Process Name

Reformate
Lamina

2
5

Reactant
Lamina

5

12

Top
Bottom
Plate

Header Bending
40T press tool

398,561

(Tool‐hr)

Hours per
Year

3.84%

18.28%

21.03%

100.00%
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Inevitably, as the MPD unfolds, it may be found that production costs exceed the cost
target. In such a case, it is important to realize that some process steps will be more
important than others, so efforts must be made to evaluate which process steps have the
most influence on COGS. In this manner, it may not be important to size the capacity of
all machine tools to a given market. Rather, the emphasis should be on adjusting the
capacity of the steps having the largest influence on cost.
Machine Tool Block Diagram
The machine tool block diagram is an outcome of the machine tool specification above.
The diagram shows how material flows into and out of different machine tools
represented as aggregates of process steps with similar capabilities. This allows for a
process designer to determine whether there may be material flow challenges associated
with the machine tool arrangement between shared tools in upstream and downstream
processes. To create a machine tool block diagram, all process steps with similar
capabilities from the manufacturing process sequence diagram are grouped together into
a single machine tool. The machine tool block diagram also highlights the need for
changeovers between different tooling setups in order to implement the MPD within the
factory. For machines that are near maximum capacity, setup time should be considered
to ensure adequate capacity.
Example 8: Machine Tool Block Diagram
Below is an example of a manufacturing process sequence diagram (Figure 2.14) and
its corresponding machine tool block diagram (Figure 2.15), where like capabilities are
grouped in order to determine the set of machine tools that need to be modeled in design
evaluation.
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Figure 2.14. Manufacturing process sequence diagram for a laminated heat
exchanger. Courtesy of Chuankai Song.
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Figure 2.15. Machine tool block diagram showing the grouping of process steps with
the same capability. Courtesy of Chuankai Song.

2.4.7 DESIGN EVALUATION
In early product development, evaluation of the MPD will be mainly with respect to cost
targets. In order to evaluate the MPD relative to cost targets, a production cost model is
needed, capable of estimating the cost of goods sold (COGS) for the product. In this case,
the cost model is built from the bottom up by adding the raw material costs to the
processing costs for each process step. Processing costs are determined based upon a
process step analysis involving six cost elements, several of which are dependent on
production volume.

46

The model is developed assuming that the factory will be established as a greenfield site
i.e. no existing building or capital equipment. This assumption is a good starting point for
entrepreneurs with no existing assets. At lower production volumes, the COGS obtained
with the cost model is typically more expensive than what can be produced in the supply
chain. This is because suppliers typically have higher labor and equipment utilization due
to the ability to supply multiple customers. However, at higher production volumes, the
investment of capital can be depreciated over a larger number of products making the
COGS estimating cheaper than what can be obtained in the supply chain. However, this
assumes that the tacit process knowledge needed to operate the process under control
exists within the organization building the greenfield plant.

2.4.8 PROCESSING COST ELEMENTS
As stated before, the processing cost for each process step is calculated from six cost
elements which are described in greater detail below. Machine tool cost, CT, are the
capital costs and installation costs (CtooL, Cinstallation) of the equipment or machine tool
required to perform that step of the manufacturing process. The lifetime of the machine,
, and the annual production volume, , is used to determine the depreciation of the tool
per part produced.
∗
∗

,

where n is the number of machines needed for a particular production volume and is
defined as:
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∗

/
1

,

∗

where k is the number of hours the machine works per year, y is the number of acceptable
parts over the number of total parts produced, and u is the tool utilization fraction. As
machines are only integer values, n is rounded up to the next whole number. This equation
can be generalized to multiple sub steps in a process step, such as two machines for
progressive dies. Generalizing for a process step with i sub steps and j machine tools we
arrive at

,

,

∗
Note for a process step with multiple sub steps

∗

,

is calculated to take into the account

every sub steps yield into account in determining tool numbers, as unsatisfactory parts still
use machine tool time.
Like capital machine tool costs, capital facility costs are spread out over time, in this
case, over the life of the building,

,

manufacturing space is represented by,
square meters) is

in years. The cost per meter squared of
, and the space needed for each tool (in

.
∗

∗n
∗

This equation like the previous can also be generalized to several operations with multiple
tools if the process step has several machines within it. The space required for a machine
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includes the footprint of the machine as well as space needed around the machine for
operation:

The Labor Cost, CL, is based on the cost of annual salaries plus benefits for
manufacturing employees.
∗
where

∗

∗n

is the annual salary of an employee on the tool, R is the loaded labor cost rate,

is the number of employees to operate that tool, n the number of tools needed to meet
production volume P.
Utilities cost,

, includes the cost of process cooling water, wastewater disposal and

electricity among others. All calculations are made by determining the hourly use of the
tool for each utility, ɳ , and the cycle time of the tool,
∗ɳ
where

is the hourly cost of water,

∗ɳ

.
∗ɳ

∗

is the hourly cost for electricity, and

is the

hourly cost for waste water. This equation can be modified to add other utilities that are
needed.
Consumables are materials used during operation that are not part of the final product.
For example, the wire in a wire electro-discharge machining setup is a consumable as it
does not become part of the final product. Consumables can be calculated by either the
amount required based on the design of the part or the amount used as a function of the
process, such as processing gases.
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∗ɳ
where

is the cost per unit, and ɳ is the quantity used per process step. This equation

can be expanded to include all consumables used at a particular process step.

2.4.9 RAW MATERIAL COST
Raw materials are the base materials used to produce the component being manufactured.
Raw material requirements can be determined using the product specifications within the
engineering drawings. For casting and molding processes, the final mass is a good
estimate for raw material. For machining and forming processes, the mass of the blank
needed to perform the operation is required. It is assumed that raw material unit cost, Pr,
is constant over any demand.
∗ɳ
where ɳ is the quantity used per part. If a product has several materials, raw material costs
are calculated by summing all materials

values.

2.4.10 CUMULATIVE YIELD
Cumulative yield is an important concept for cost modeling. Each step has some yield
less than 100% and, consequently, is required to produce more components than
scheduled to meet the annual demand. For example, consider the bonding of two laminae
with a yield of 90%. If ten bonded assemblies are needed, then eleven assemblies must be
bonded to offset the yield. In addition, this concept compounds over many steps so that
upstream processes (those at the start of the process sequence) have to make up for losses
in downstream processes. This loss of yield must translate into additional costs within the
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cost model and is captured by a cumulative yield from the current process step, x, to the
end of the process sequence, N.

where

is the cumulative yield and

is the yield of every downstream step in the PSD

including the current process step [43].
To aid in the calculation of the production cost, a Mat lab program was developed to
make all raw material and processing calculations based on the format of an input
spreadsheet. The format of the input data is shown in Table 2.5. The resultant
calculations are plotted in a production cost curve as shown in Figure 2.16. The
characteristic curve is an exponential decay with asymptotic behavior that moves toward
minima as the utilization of all machine tools in the MPD are maximized. The production
volume at which the curve approaches the minimum production cost is considered the
knee in the curve. In Figure 2.16, the curve appears to reach near minima between 1,000
and 2,000 units per year.
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Table 2.5. Process Input database example for calculating production costs

Figure 2.16. Example of production cost curve from output of data input file.
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If the production cost at the production volume of interest is not below the cost target,
additional MPD is needed. Development of a strategy for taking the next iteration of
MPD typically involves producing pie charts showing whether material or processing
costs are dominating. If the latter, efforts are needed to determine which process steps are
most important and, then, which cost elements are driving those process steps. In our
experience commercializing microchannel process technology, several strategies have
been used for reducing costs. First, if material cost dominates, efforts must be made to
move toward near net shape, high material utilization processes like casting and forming.
Second, if processing costs dominate, efforts must be made to determine if wholly new
manufacturing technologies can be used to address cost drivers. Some of these lessons are
expressed in the following case study.

2.4.11. PROCESS VALIDATION
The final step in MPD is validation of process steps by implementation. This can often be
done on the subscale level to reduce cost of initial investigations, understanding that
scaling up may bring a new set of challenges that were not identified on the subscale. An
example of this would be parallelism tolerances that are easy to maintain on the subscale
become increasingly difficult as scale up occurs. High temperature brazing may cause the
part to fall out of tolerance as it relieves stress imparted by previous forming or machine,
even if the part that went into the furnace met these requirements. The final validation of
MPD would ideally be building a full size or near full size part.
Validation of the process reduces the risk associated with the large capital investment
required to build a facility and acquire the machine and touch tooling required for all
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process steps. It also minimizes shakedown time of the full factory saving additional
time. Having to do additional process development after the capital has been spent costs
significantly more in terms of overhead and machine tool depreciation that would be
required if this was done beforehand.

2.5 CASE STUDY: MICROCHANNEL SOLAR RECEIVER
The U.S. Department of Energy is interested in finding ways to replace coal-fired power
plants with solar-driven power plants. Typical power plants operate on a Rankine cycle
where a boiler superheats steam which is used to drive a turbine. The output of the
turbine is in a mixed gas and liquid state so additional heat must be removed through the
use of condensers. Once the fluid is restored to liquid phase, it can then be pumped back
up to the boiler, restarting the cycle. The idea of a solar-driven power plant is to heat the
steam with solar energy through a solar receiver. The solar receiver has a sun-facing
surface that receives the solar flux. Typically, that surface may be an array of tubes
through which the water is passed for heating. A microchannel solar receiver (MSR) is a
receiver that has embedded microchannels within the sun-facing surface of the flux plate.
Microchannels can remove much more heat from the flux plate than can cm-scale tubes.
Consequently, not as much surface area is needed for a MSR causing the mass of the
solar receiver to reduce by as much as five times which is important for reducing the cost
of the central tower where the receiver can be placed at the focal point of a mirror array.
An actual microchannel solar array would consist of 250 one x one meter panels placed
next to one another forming a receiver capable of receiving solar energy from a heliostat
array surrounding the tower 360 degrees.

54

The function of a single one by one meter MSR panel is to distribute the flow of
incoming steam down into the microchannel array where it is solar heated and gathered
back up into a single outflow of superheated steam. The operating conditions needed for
an MSR panel to meet efficiency requirements are 760° C and 250 bar internal pressure.
The material needed to resist corrosion at these temperatures for 30 years is an expensive
Ni-based superalloy. The cost of these materials are 5 to 10 times that of stainless steel.

2.5.1 PRODUCT AND PROCESS REQUIREMENTS
The product requirements for the microchannel solar receiver included:





Wall thickness must be sufficiently thick to withstand 250 bar at 760° C given
material choice
The Material must be corrosive resistant.
Distribution and microchannel flow paths must not exceed 6 bar pressure drop.
Material must have sufficient strength to withstand 250 bar internal pressure at 760°
C

The initial process requirements for the microchannel solar receiver included:



As-processed material must have sufficient strength to withstand 250 bar internal
pressure at 760° C
Final microchannel depth must vary by less than 15 μm over an average of 300 μm.

2.5.2 CONCEPTUAL DESIGN
The initial conceptual design of the MSR (A) and the manufacturing process (B) is shown
in
Figure 2.17. The MPD was initially established based on the need to prototype the MSR.
Note that in addition to the initial process requirements, the brazing process required a
brazing allowance of 50 μm driving flatness tolerances of 25 μm between the unit cell
and panel headers.
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Figure 2.17. A) Initial concept design b) Initial process sequence diagram
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2.5.3 INITIAL EVALUATION
Using this conceptual design, efforts were made to develop a cost estimate for the MSR
using data from suppliers and equipment vendors. The final cost to produce the MSR at a
production volume of 1000 was found to be approximately $45,000 per MSR. As this did
not meet our cost target of $25,000, the costs were broken down by process step as shown
in
Figure 2.18 and a strategy for redesigning the MPD was conceived.

Figure 2.18. Cost breakdown of initial vendor estimate by process step.

2.5.4 DETAILED DESIGN
As mentioned above, cost targets using machining resulting in low material utilization
did not meet cost targets to support economic feasibility. Moving to casting the header
system not only saved 48% in material costs, it also simplified the process steps, by
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reducing the number of brazing runs from two to one, as the header system is now one
piece and no longer requires joining.
Feasibility of sinker EDM on the scale of 1 meter squared was unlikely with the
fabrication of electrodes containing 6 million posts was found to be unrealistic.
Modifications to the bonding and patterning schemes were developed to allow for a Wire
EDM approach. By using wire EDM we move to a parallel patterning approach, of
working on thousands of pins simultaneously, requiring only 6000 wire line cuts to result
in a similar pattern with negligible effect on efficiency. As a result bonding geometry was
also adjusted to take into account that wire EDM can only create proud features, so the
flux plate was redesigned to include a pocket in the middle of the microchannel array to
allow for the proud post features, and a picture frame perimeter the same height of the
microchannel pins for a hermetic perimeter (
Figure 2.19). This bonding geometry had previously been investigated and proven to be
feasible.
Wire EDM’s ability to create large aspect ratio also increases the design window of the
MSR itself. Initial use of Sinker EDM limited consistently achievable aspect ratios to 2:1
depth to width ratio, while sinker EDM has been shown to allow for up to 10 to 1 aspect
ratios. This will allow future indurations of the MSR to have much deeper channels,
reducing pressure drop and required number of inlet and outlet headers, which number is
determined by the pressure drop across the microchannel array. For this iteration, an
aspect ratio of 1:1 was used to determine final header design.
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Figure 2.19. Updated a) design and b) process sequence diagram
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2.5.6 FINAL EVALUATION
Evaluation consists of meeting all of the specifications for this device, including the
$25,000 cost per 1-meter panel at 1000 annual production cost target. To determine if our
updated manufacturing process diagram can effectively reach meet the cost targets, a
production cost model was developed using the methods introduced in this chapter.
Process adjustments allowed for reduction of the COGS from approximately $45,000 to
$23,109 at a production volume of 1,000 units/year which is below our production cost
target of $25,000 at 1,000 units/year. Final cost breakdown is shown in Figure 2.20.
Finally, the production cost curve for the new process design is shown in Figure 2.21.
This figure shows that the minimum unit cost for the MSR panel asymptotes at$21,625
beyond a production volume of about 2500 units/year. Beyond this production volume,
more capital equipment is needed which prevents additional cost reductions based on
mass production economics.

60

Figure 2.20. A breakout of the production cost of the microchannel solar receiver a)
by process step and b) by cost category.

Figure 2.21. Production cost curve for the microchannel solar receiver
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3. PRACTICAL CHALLENGES AND FAILURE MODES DURING
FABRICATION OF HAYNES 230 MICRO-PIN SOLAR RECEIVERS
FOR HIGH TEMPERATURE SUPERCRITICAL CARBON DIOXIDE
OPERATION

3.1. ABSTRACT
Printed circuit heat exchangers (PCHX) fabricated from high nickel alloys have shown
promise as primary heat exchangers, recuperators, and solar receivers for high
temperature and pressure supercritical carbon dioxide power cycles. There are numerous
challenges in fabricating these devices including forming channel features, joining via
diffusion or transient liquid phase bonding, and brazing/welding of headers. Commercial
entities are understandably hesitant to share propriety best practices, and both commercial
and non-commercial entities working on these components tend not to publically share
failures and mistakes. However, sharing of this information could prevent similar costly
errors and further the understanding of the coupled manufacturing, materials and
mechanics issues in creating these components.
Thus, in this paper, we document the challenges, failures, and mitigation methods
uncovered in fabrication of prototype micro-pin based solar thermal receivers constructed
of Haynes 230 and fabricated through a combination of photochemical machining
(PCM), wire electrical discharge machining (EDM), transient liquid phase (TLP)
bonding, vacuum brazing, and gas tungsten arc welding (GTAW). The receiver is
designed to absorb concentrated solar fluxes greater than 140 W cm-2, while heating
supercritical carbon dioxide from 550 °C to 720 °C at a pressure of 20 MPa to 25 MPa.
The prototype receiver consists of a thin (~ 450 µm), Haynes 230 coversheet bonded to a
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15 cm × 15 cm Haynes 230 micro-pin plate. The pieces are joined using a TLP bonding
process with a nickel-phosphorus interlayer. Prior to bonding, micro-pins with height
~150 µm and diameter 300 µm are fabricated using PCM in the plate, and through slot
features are made using wire EDM. Finally, flow headers are joined to the microchannel
plate through a combination of vacuum brazing and GTAW.
During hydrostatic proof testing, the prototype device failed when the coversheet
delaminated from the pin array at a pressure of 290 bar. A failure analysis including
scanning electron microscopy (SEM) to view failure sites and energy-dispersive X-ray
spectroscopy (EDS) to evaluate elemental analysis of the failed areas was conducted. The
failure modes can be broadly categorized as (1) failures potentially relating to
reliquification of the transient liquid phase bonds between the micro-pins plate and
coversheet during post-processing, (2) failures related to manufacturing defects, and (3)
failures attributed to design.

3.2 INTRODUCTION
The United State Department of Energy (DOE) has identified supercritical carbon
dioxide (sCO2) Brayton cycles with turbine inlet temperatures >720 °C as the most
promising power cycle for next generation concentrated solar thermal power (CSP)
systems [1]. In these systems, a field of two-axis tracking heliostats concentrate solar
radiation on to a receiver located atop a central tower. The concentrated thermal energy is
then transferred to the sCO2 power system or to thermal storage through a circulating gas,
liquid molten salt, or through solid particles [1].
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In ongoing work by the authors, we are developing a solar receiver technology that uses
concentrated solar flux greater than 140 W cm-2 to heat sCO2 from an inlet temperature of
550 °C to an outlet of 720 °C at an operating pressure of > 20 MPa. The receiver must
have an efficiency greater than 90%, meaning that for every 1 MW of concentrated solar
flux incident on the surface, 900 kW of energy is transferred into the sCO2. This
efficiency is inclusive of optical reflection losses, reradiation losses, and convective
losses from the receiver surface. Gas based solar receivers (air, helium, etc.) are typically
constructed of multiple tubes in parallel/circuited flow arrangement to minimize pressure
drops. However, the gas-side convective heat transfer coefficient is relatively low,
resulting in high receiver surface temperature and unacceptable thermal losses [2]–[4].
Furthermore, using high pressure sCO2 in a tubular receiver would require thick walled
tubes, further increasing thermal resistance and surface temperature.
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Figure 3.1 Conceptual schematic of numbering-up concept.
Thus, we have pursued a micro-pin (DH ~ 300 µm) concept to meet the challenges of
high temperature/pressure operation and the need for extremely high gas-side convective
heat transfer coefficients. Micro-pins were chosen over microchannels as they are more
resistance to plugging and provide better flow distribution. A blocked microchannel
could result in local overheating and failure of the device.
This technology allows incident fluxes greater than 140 W cm-2 with efficiency > 90%,
and the use of very thin walls to contain the pressures. Figure 3.1 shows a conceptual
schematic of how micro-pin based receivers could be numbered-up to multi-MW central
receivers. Here, multiple-parallel unit-cells are fabricated into modules (~ 1 m × 1 m),
which are then arranged into a central receiver and plumbed in parallel. Supercritical
CO2 from the main receiver riser is split into each module, and then further subdivided
into each unit-cell where it is heated, recombined in the outlet headers and sent back to
the power cycle/thermal storage. This approach minimizes parasitic pressure drop of the
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sCO2 [5], enables the possibility of zoned flow control within the receiver to maximize
annualized performance [6], and allows for the realization of economies of scale in the
manufacturing of the individual modules.
Table 3.1 : Dimensions of unit-cell and pin array
Variable
Name
t
L
W

Dimension

Value

Coversheet
thickness
Unit-cell
base length
Unit-cell
base width

450
µm

Dpin

Pin diameter

hpin

Pin height

SL
ST
SD

Longitudinal
pitch
Transverse
pitch
Diagonal
pitch

5 cm
15
cm
300
µm
150
µm
520
µm
600
µm
600
µm

The goal of our ongoing work is to demonstrate the ability to fabricate and test a scaled
prototype (15 cm × 15 cm, approximately 15 kW of thermal input) in a concentrated solar
dish. The prototype consists of multiple unit-cells and is designed to heat sCO2 to
temperatures of 720 °C using concentrated solar flux. Materials, mechanical, and thermal
computational and experimental studies [5], [7]–[11] were used to specify designs and
fabrication techniques that would meet the performance targets and survive the extreme
conditions. This paper describes the challenges, failure modes, and opportunities for
improvements from the initial attempt to synthesize these separate effects investigations
into the design and fabrication of a prototype unit.
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3.3 RECEIVER MATERIAL AND DESIGN
To survive the extreme operating conditions, only nickel-based solid-solutionstrengthened and precipitation-strengthened superalloys were considered. After
considering (a) the availability of material in the required form factor (sheet, plate, and
bar), (b) the corrosion resistance with sCO2 at temperature and pressure, (c) the ease of
fabricating micro features, and (d) our experience with diffusion and transient-liquid
phase bonding of the materials, we selected Haynes 230, a solid-solution-strengthened
alloy. First, although Haynes 230 is primarily a solid-solution-strengthened alloy, it
contains high volume fraction of M6C phase, which is instrumental in stabilizing matrix
grain size at high bonding temperatures. Haynes 230 is known as one of the most graingrowth-resistant materials in the solid-solution-strengthened superalloys family. Second,
Haynes 230 is one of the most corrosion-resistant alloys at high temperatures. Third, we
had prior bonding experience with this alloy. Finally, we were able to demonstrate
excellent channel depth tolerances using sinker electrical discharge machining (EDM)
(±0.7%) and photochemical machining (PCM) (±3.9%) using Haynes 230, as well as
identify vendors that could scale these processes to a 1 m × 1 m scale.
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Figure 3.2 Schematic of unit-cell with representative dimensions (a) with bonded
coversheet on and (b) coversheet removed showing internal pins and sCO2 flow
paths.

Figure 3.3 Detailed schematic of micro-pin array.
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With this material as the basis, a conceptual rendering of a single unit-cell within the
prototype is shown in Figure 3.2. Each unit-cell consists of a thin, flat, coversheet coated
with a high absorptivity material (Figure 3.2a). The inside of the unit-cell consists of a
flow passage containing a staggered array of micro-pins (detailed schematic shown in
Figure 3.3). The flow length of a unit-cell is determined by the maximum allowable
pressure drop within the device. As shown in Figure 3.2b, each unit-cell consists of two
inlet headers (from the left and right), and a central outlet header. Supercritical CO2
enters from both sides, is heated to the desired outlet temperature, and leaves through the
middle. The dimensions for the unit-cell and staggered pin-array in the prototype device
are provided in Table 4..

Figure 3.4 Schematic of three unit-cell prototype (a) with coversheet removed (b)
unit cell and module headers shown and (c-d) header cross section with dimensions.
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Figure 3.5 Rendering of the inlet/outlet slits for transition of flow from unit-cell
headers to micro-pin array
The prototype module consists of three unit-cells in parallel (Figure 3.4). Figure 3.4a
shows a top view of the three-unit-cell prototype with the coversheet removed. Figure
3.4b shows the backside of this pin array with flow distribution headers and Figure 3.4c-d
shows the cross section of the unit-cell and module headers with important dimensions.
Flow enters through the module inlet header (in green) from the main receiver riser. The
sCO2 is distributed to the four unit-cell inlet headers (in blue), and then exits each unitcell through the three unit-cell outlet headers (in red). Finally, flow from each unit-cell
outlet header is collected in a module outlet header (in yellow), and returned to the main
receiver downcomer. The dimensions for the prototype unit headers are shown in Table
3.2.
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Table 3.2: Dimensions of unit-cell and module headers
Header

W (mm)

L (mm)

D (mm)

t (mm)

(A) Unit-cell header

8.125

16.25

6.25

5

(B) Module header

22.7

22.7

12.7

5

Finally, penetrations were made through the micro-pin plate to allow sCO2 to flow
between the micro-pin array and the unit-cell inlet/outlet headers, shown conceptually in
Figure 3.5. The width of these slits was 0.20 mm, and the length was 10 mm. They were
staggered from the top of the unit-cell to the bottom to enable flow to be well distributed.
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Figure 3.6 Process flow diagram for fabrication of prototype receiver.

3.4 RECEIVER FABRICATION APPROACH
A process flow diagram for the fabrication of the prototype receiver is shown in Figure
3.6. Raw material inputs are shown in green. First, a hot-rolled plate of Haynes 230 with
a thickness of 6.35 mm was cut to size (~ 15 cm × 15 cm) and then the micro-pin array
design was etched using a vendor proprietary photochemical etch process (Step 1 in
Figure 3.6). An example of etched pin-array is shown in Figure 3.7. Then, the plate was
sent to a second vendor for a wire EDM of the 0.2 wide mm slits (Step 2). A graphite
punch was used to create a through hole to thread the cutting wire. Each staggered slit
required a new through hole to be made.
Then, a 450 µm thick sheet of cold-rolled Haynes 230 was cut to size for the receiver
coversheet. The micro-pin plate and cover sheet bonding surfaces were prepared with an
alkaline cleaning and hydrofluoric acid etch (3). The treated surfaces were then joined
using a transient liquid phase bonding process (9). Here, the parts are subjected to a high
temperature and pressure. The faying surfaces are plated with a material that contains a
melting point depressant (in this case, phosphorous), causing the joint to liquefy at high
temperature. Then, the melting point depressant diffuses into the base metal, resulting in
an isothermal solidification of the joint. Initially, a NiCl strike was applied to help
increase adhesion. Then, a 2 µm sulfonated layer of pure nickel was electrically
deposited, followed by a 2 µm electroless mid-phosphorus layer (~6% P). This resulted in
a phosphorous content of approximately 3% in the interlayer. The bonding temperature
was 1150 °C at a vacuum pressure less than 1 × 10-5 torr for a dwell time of 4 hours.
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Once bonding was complete, the combined part was ground flat on the faying surface for
the unit-cell headers.

Figure 3.7 Example of etched pins

Figure 3.8 Complete receiver prototype.

In parallel, the unit-cell header plate was milled out of hot-rolled Haynes 230 plate to
achieve the dimensions shown in Table 3.2, previously. Rather than individual parts as
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shown conceptually in Figure 3.4, a single plate was used that contained all the unit-cell
headers with inlet/outlet ports (Figure 3.8). After machining, the part was stress relief
annealed at 1200 °C for 1 hour (3 °C per minute ramp up/down), and ground flat. The
unit-cell header plate was then joined to the micro-pin plate via a vacuum brazing process
(Table 3.3) using a 50 µm nickel based brazing foil containing boron as a melting point
depressant (MBF-51 in [12]).
Finally, the module headers were machined from Haynes 230 bar and joined to the unitcell header plate via a gas tungsten arc welding (GTAW) process. GTAW was also used
to repair an external leak from the TLP process, and to join a set of Haynes 230 tubes for
pressure testing. The entire part was shown to be hermetic to a shop air test of
approximately 0.76 MPa. A photograph of the complete prototype receiver is shown in
Figure 3.8.
Table 3.3 Vacuum brazing parameters.
Step
1

2

3

Description
Ramp
to
950 °C @ 5
°C
per
minute
1st
Hold:
950 °C for
1.5 hours
2nd
Hold:
1195 °C for
2.5 hours

Purpose

Ensure
part
evenly
heated
Liquefy
braze
and
diffuse
away
boron
and
silicon
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Cool
to
1100 °C (2
°C per min)
in 1.5 mbar
Argon
3rd
Hold:
1100 °C for
3.5 hours

4

5

Solidify
braze for
diffusion
hold
Diffuse
away
any
residual
boron or
silicon

3.5 PROOF TESTING AND FAILURE ANALYSIS
Prior to installing the prototype on-sun, a room temperature proof test was conducted
using the standards outlined in ASME Section VIII Div. 1 Hydrostatic Pressure Testing Article UG-99(b). The hydrostatic test pressure was determined from Equation 1.

P  1.3  MAWP 

T
D

(1)

where MAWP, σT , and σD are the maximum allowable working pressure/design
pressure (20 MPa), the allowable stress at test temperature (20 °C), and the ASME
maximum allowable stress at design temperature (720 °C). For Haynes 230 at these
temperatures, the values of σT and σD were determined to be 207 MPa and 65 MPa,
respectively [13]. This resulted in a room temperature required proof pressure testing of
82.8 MPa. The testing procedure is based on the ASME guidelines, summarized in Figure
3.9.
After confirming the unit showed no external leakage with air at 0.76 MPa, the unit was
connected to a manual hydraulic pump and filled with hydraulic oil. The first step in the

81

test required pressure to reach 33 MPa. The unit was ramped up to 33 MPa by first
increasing pressure to 10 MPa, holding a minute, increasing pressure to 20 MPa, waiting
a minute, and then increasing pressure to 33 MPa. During the last ramp to 33 MPa, the
unit failed at approximately 29 MPa. Failure occurred when the coversheet produced a
bulge due to separation from the micro-pins (Figure 3.10). No external leakage occurred
during the failure event.
The bulged area shown in Figure 3.10 was removed via laser cutting (Figure 3.11a),
cleaned in an ultrasonic acetone bath, and sectioned using wire EDM (Figure 3.11b). We
then conducted detailed scanning electron microscopy (SEM) to view failure sites and
energy-dispersive X-ray spectroscopy (EDS) to evaluate elemental analysis of the failed
areas. Analysis was conducted of the top coversheet, and the micro-pin plate in the failed
region. This analysis revealed several potential failure modes that can be broadly
categorized as (1) failures potentially relating to the transient liquid phase bonds between
the micro-pins and 0.45 mm coversheet during post-processing, (2) failures related to
manufacturing defects, (3) failures attributed to design. Each are described below,
followed by some suggestions for mitigation of the failures that may be of use to the
sCO2 community fabricating high temperature/pressure heat exchangers based on printed
circuit type architectures.

3.5.1 FAILURES RELATED TO TLP BOND
In general, the SEM analysis showed that the fracture took place in the bond region in a
ductile manner. Notably, the failure appears to be centered over the series of slits in the
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micro-pin array which function as fluid inlet/outlets (Figure 3.11a). Within the failed
region, some pins were not adhered, or were poorly adhered to the top plate (Figure
3.12a-b). These “missing” bonded pins were sporadically located, and likely not the sole
cause of failure. In regions where pins were partially adhered, aluminum oxide particles
were found using EDS, causing a local brittle failure (Figure 3.12c). For pins that were
well adhered, Al-oxide was found in the periphery of the bond, causing local brittle
failure, despite a general ductile failure in the center (Figure 3.13). In both the well and
poorly adhered pins, voids within the bonding region were detected (Figure 3.14).
Finally, the profiles of both the adhered and poorly adhered pins show “liquid-like” wavy
solidification features (see Figure 3.14) that are inconsistent with the original smooth
photochemical etching process.
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Figure 3.9 Proof pressure testing operating specifications.
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Figure 3.10 Photograph of coversheet bulge failure

All of these findings support a hypothesis that failure was at least in part due to the TLP
bond re-liquefying during the high temperature vacuum brazing and post-processing (heat
treatment process). In this prototype, phosphorous was used as the melting point
depressant based on prior work at Oregon State University. Phosphorous is much slower
to diffuse than the more industry standard boron used in many TLP process. If all of the
phosphorous did not diffuse out during the bonding process, then during the brazing or
heat treatment process, the coversheet may lift off the pins or slide (article was not
horizontal), causing the observed sporadic attachment and voids/inclusions. Furthermore,
a liquefied bond would be much more susceptible to oxygen diffusion, resulting in the
formation of Al-oxide within the bonding area of poorly adhered pins, and at the
periphery of the well bonded
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Figure 3.11(a) Top view of coversheet showing bulge section removed and (b) side
view of section micro-pin plate.
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Figure 3.12: SEM of bottom side of coversheet showing (a) regions where not all
pins were adhered (b) close up of “missing” pin area showing limited bonding and
(c) backscatter image of “missing” pin area showing dark Al-oxide regions (red
arrows) and areas of limited ductility (green arrow).
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Figure 3.13 SEM of bottom side of coversheet showing failure of a well adhered pin
with Al-oxide (dark spots) in bond periphery and local brittle failure.

Figure 3.14: Observed voids in bond region of (left) poorly adhered pin and (right)
well adhered pin.

3.5.2 FAILURE RELATED TO MANUFACTURING DEFECTS
The fluid inlet/outlet slits are machined in the micro-pin plate using a wire-EDM process,
as discussed above. The through hole for insertion of the wire is made with a graphite-
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based tool. SEM images of the pins near the slits show that some pins are cut due to
misregistration of the wire, reducing the cross section and bonding area (Figure 3.15).
Furthermore, carbon contamination near the slits was observed (dark color in Figure
3.15b), attributed to the graphite hole punching tool. The carbon contamination was not
removed by the cleaning process prior to electroplating and TLP bonding process,
potentially altering the TLP bonding process. The probability of the contribution of both
of these factors to the failure is increased due to the apparent initiation of failure in the
region of the fluid inlet/outlet slits, shown in Figure 3.11a.

Figure 3.15 Image showing (a) cut pins and (b) potential carbon contamination
(dark spots) in vicinity of wire EDM slit.
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Figure 3.16 Image showing top view (a) of failed pin array with decreased pin
diameter and (b) pin diameter in region without failure.

During the failure analysis there was some concern that the micro-pin array may have
been over etched during the PCM process, yielding smaller than expected pins. This
concern was due to the small pin cross sectional area observed in the failed regions as
shown in Figure 3.15a. However, we analyzed the pin geometries in a region without
failure by machining away the thin coversheet to reveal the pins, shown in Figure 3.16a.
Here, the pin spacing and diameter are as expected (Table 3.1). Thus, the observed
decreased area in the failed region is believed to be from necking of the pins during
failure.
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3.5.3 FAILURES RELATED TO DESIGN
We identified the inability of the design to accommodate manufacturing defects related to
the TLP bonding and wire EDM processes as a key failure mode. The use of micro-pins
versus continuous microchannels allows the device to be resilient to plugging. In a solar
application, if even a single channel were plugged, a hot spot could develop leading to
failure. To specify the geometry of the pin array design, the primary constraints were
mechanical, manufacturing, and hydraulic.
The target lifetime of the solar receiver is >10,000 cycles. The type of failure observed in
the proof test (i.e., coversheet delimiting from micro-pin array) was identified as the most
critical potential failure mode to address. To develop a design to avoid this, elasto-plastic
properties of TLP joined samples of Haynes 230 with patterned features similar to those
of the prototype were obtained at room temperature and operational temperature of 760
°C. The data were then used to calibrate a FEA model of the joint, where the yield
strength of the bond layer was iteratively changed and resulting force-displacement
simulations compared to the data [9]. It was found that the joint materials’ elastoplastic
behavior was similar to that of the base material. Using these elastoplastic properties,
FEA was performed for a range of micro-pin geometries (spacing and diameter) to detect
the onset of plastic failure at 25 MPa and material properties at operation temperature
(from [13]). The FEA model used to examine the deformation of the micro-pin included a
bottom plate, pins, and a top plate, as well as a bonded region between the top plate and
the pins. A pressure of 25 MPa was applied to all interior surfaces. Potential designs were
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then limited to geometric combinations that would remain elastic. The avoidance of
plastic failure would also prevent failure of the joint via low-cycle fatigue, i.e., > 10,000
cycle life.
When fabricating the pins with PCM, the pin-to-pin span/height ratio was approximately
2. This, combined with the mechanical model results specified the geometric limits of the
pin array. With these limits, computational fluid dynamics simulations were used to
evaluate the thermal hydraulic performance of the prototype unit-cells with different pin
geometries and unit-cell flow length, as described in Hyder and Fronk [5]. These analysis
considered axial conduction through coversheet, radiation and reflection losses for
different optical coatings, and convection losses for different ambient conditions. The
thermal analysis was confirmed with lab-scale experimental data from [14]. The design
targets were a receiver efficiency > 90% (with assumed optical coating) and pressure loss
less than 0.4 MPa, while heating 20 to 25 MPa sCO2 from 550°C to 720°C. The pin-array
dimensions reported in Table 3.1 met these targets with a mechanical safety factor > 1.2
at operating temperature using conservative mechanical properties of Haynes 230 [13].
However, over the 15 cm × 15 cm area of the prototype device, there are approximately
125,000 pins. Thus, even for highly controlled manufactured processes, there is a
relatively high statistical likelihood that one or more pins may not be fabricated to
tolerance, bonded correctly (Figure 3.12), and/or damaged during other fabrication
process (Figure 3.15). The observed failure indicates that a more defect tolerant design of
the pin array would increase the likelihood of prototype success. Many other sCO2
recuperator and primary heat exchanger printed-circuit type designs fabricated with
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similar methods use micro channels with continuous walls rather than micro-pins. This
increases the area available for bonding and increases the resilience of the device to
manufacturing defects. However, this comes at the cost of decreased resilience to channel
plugging and flow maldistribution, which is unacceptable for concentrated solar
applications. Some alternatives are discussed below.

3.6 LESSONS LEARNED AND CONCLUSIONS
Fabricating high temperature and pressure heat exchangers is challenging and expensive,
and the subject of multiple ongoing efforts across the world. The extreme operating
conditions of the concentrated solar thermal environment make the problem even more
challenging. This paper presented details on the design, fabrication, and identified failure
modes in a printed-circuit type heat exchanger. From the challenges presented above, a
few lessons learned can be of value to the sCO2 community working with high-nickel
content alloys.

Figure 3.17 Image showing top view (a) of failed pin array with decreased pin
diameter and (b) pin diameter in region without failure.

Joining: One of the key failure mechanisms was related to the joining process. Joining of
nickel-based alloys is widely studied in the literature. Generally, these studies are done
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with carefully controlled tensile test articles, and not with full components. As shown
here, there can be difficulties when scaling proven laboratory processes to actual devices.
Based on prior success of transient liquid phase bonding Haynes 230 with a Ni-P
interlayer in 5 cm and 8 cm scale devices [15], the approach was adopted here, with
approximately 3% P as a melting point depressant within the interlayer. Transient liquid
phase bonding has the positive aspect that the bond region liquefies and can potentially
fill some surface defects during the bonding process. However, due to the relatively slow
diffusion of phosphorous into the base metal, there is some concern that the bond in the
prototype device may have become liquid during other processes, causing degradation in
the bond. Boron will diffuse faster than phosphorus, which would help ensure isothermal
solidification of the joint during bonding. However, there is the possibility that because it
diffuses so fast, uneven heating of large parts during the thermal ramp to the bonding
temperature could cause the melting point depressant to non-uniformly diffuse out of
some regions of the part before it is at the desired temperature.
To retire these risks, we have moved to a solid-state diffusion bonding process for
Haynes 230. Here, the interlayer and bond region will remain solid throughout the
diffusion bonding process and, therefore, surface features have a more pronounced effect
on porosity along the bond line. Based on the work of Kapoor et al. [16] for diffusion
bonding of Haynes 230, we have identified process parameters (temperature, pressure,
time) that will provide high percent bonded area without significant creep, permitting us
to move forward with a solar receiver prototype design based on solid-state diffusion
bonding. In our preliminary work exploring this approach, we are considering sub-scale
prototypes either with or without a pure nickel-layer, with promising initial results in
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terms of joint yield strength and percent bonded area. Our second generation prototype
will be fabricated using a diffusion bonding process.
Design: Another key lesson is to develop designs that are resilient to manufacturing
defects, particularly when fabricating many small micro features. In our first prototype
design, the failure of one pin potentially caused a cascade of failures resulting in
“unzipping” of the bonded coversheet from the micro-pin array, as observed. In the
failure analysis, some poorly bonded pins due were observed, although it was not
possible to identify one single pin as the initiation of the failure. To mitigate this, we are
considering designs consisting of arrays of pins and short bars (Figure 3.17). This type of
design maintains resistance to plugging and blocking of the flow, while also increasing
the area available for bonding. FEA analysis shows that this two feature design is more
resilient to “missing” pins or bond area defects than a pure pin array. Work is ongoing to
identify the best statistical distribution of defects to assess the resilience of the design.
In sum, we hope that the challenges, failure modes and lessons learned presented here can
be used by others in the sCO2 field to develop designs and fabrication strategies for their
own applications that have a higher probability of success. Ultimately, this will decrease
the time and cost in moving sCO2 technology from the laboratory to the field.

3.7 NOMENCLATURE
Dpin pin height (µm)
hpin pin height (µm)
L unit-cell base length (cm)
MAWP max allowable working pressure (MPa)
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P pressure (MPa)
SD diagonal pitch (µm)
SL longitudinal pitch (µm)
ST transverse pitch (µm)
t coversheet thickness (µm)
W unit-cell base width (cm)
σD allowable stress at design temperature (MPa)
σT allowable stress at test temperature (MPa)
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4. MANUFACTURING PROCESS DESIGN OF A MICROCHANNEL
SOLAR RECEIVER USING ELECTRICALLY-ASSISTED
EMBOSSING

4.1. INTRODUCTION
High temperature heat exchangers, with operating temperatures above 650° C, are
important for industrial processes and waste heat recovery[1, 2]. Specifically, the next
generation of high pressure closed-cycle solar thermal receivers, used to heat working
fluids via concentrated solar radiation, could benefit from the use of compact heat
exchange technology with high temperature mechanical performance [3]. Typical
materials with sufficient strength and creep resistance at these operating temperatures are
nickel-based superalloys [4], with material costs approaching 20 times that of stainless
steel.
Conventional printed circuit heat exchanger (PCHE) technology has been explored to
enable microchannel solar receivers (MSR) capable of handling thermal fluxes well over
100 W/cm2 [5]. PCHE technology uses photochemical machining (PCM) to etch fluid
passages in sheet metal followed by the diffusion bonding (DB) of stacks of etched sheets
into microchannel arrays [6] having joints with near parent material strength [3, 7, 8].
The main disadvantage of applying PCHE technology to MSRs is that isotropic PCM
limits the depth-to-width aspect ratios to less than 1:2 [9], leading to increased pressure
drop, shorter flow paths, more headers on the backside of the receiver and, consequent,
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higher mass and cost. Higher channel depth-to-width aspect ratios have the potential to
reduce pressure drops across the device leading to fewer headers, less mass and lower
cost.
Prior efforts to shape the MSR flow geometry have included the use of wire electro
discharge machining (EDM) to increase the depth-to-width aspect ratio of the flow
channels [10, 11]. However, wire EDM limits the design of the patterned microchannel
plate to a single repeating geometry across the entire array (Figure 4.1). Subsequent work
on the MSR has shown the need to use post geometries with varying shapes within the
flow region of the device. Metal forming processes provide one possible means to handle
posts with varying shapes as well as to increase the depth-to-width aspect ratio of
microchannels. Chan et al. (2012) demonstrated the EA microstamping of microchannels
into copper, showing that larger grains resulted in higher surface roughness and greater
thickness variation [12]. Further, Xu (2015) EA embossed microchannel arrays into
ultrafine grain aluminum, determining that die filling was improved when the grain size
was small compared to feature size [13]. However, in both of these cases, top-facing
faying surfaces adjacent to the microchannels showed poor flatness, making downstream
diffusion bonding difficult. Using 316L stainless steel, Fu showed that increased
embossing pressure, as a means to improve die fill and flatten faying surfaces, led to
tearing of posts from the base material during demolding [14]. To date, no one has
demonstrated the means to produce a microchannel/micropost array that can be diffusion
bonded using embossing processes.
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Figure 4.1. Single geometry of diamond shaped posts from wire EDM process

In this paper, electrically-assisted (EA) embossing is investigated as one means for
producing high aspect ratio arrays while being capable of handling a wide variety of post
shapes. In the next section, a manufacturing process design is developed and evaluated by
the use of a unit cost model, to determine the impact of EA embossing on the cost of a
MSR. Next, methods used to validate the cost model are described followed by
experimental results and discussion.

4.2. MANUFACTURING PROCESS DESIGN OF THE MSR
A manufacturing process design, based on EA embossing, was developed for producing a
one MW MSR produced out of Haynes 230 using the lamina design as shown in Figure
3.1. To meet cost targets set by the U.S. Department of Energy, each panel was required
to cost $25,000 at a production quantity of 1,000 units/year, permitting a cost of $25 per
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kilowatt beyond all other costs associated with constructing an MSR power plant.
Subsequently, the manufacturing process design was evaluated by determining the cost of
the MSR using cost models previously described elsewhere [15].

4.2.1. PRESSURE DROP ACROSS UNIT ARRAY
Pressure drop across the array of microchannels in parallel can be defined as:
(1)

where

is the pressure drop,

is the density, v is the mean velocity, L is the channel

length and DH is the hydraulic diameter [16]. The hydraulic diameter for a non-circular
cross section is defined as:
(2)
where H is the channel height and W is the channel width. By doubling the channel depthto-width aspect ratio from 1:2 to 1:1 and assuming a square channel of 0.3 mm in
dimension, decreases in the pressure drop allow for increases in the flow path between inlet
and outlet header leading to the need to increase mass flow rate to achieve the same outlet
temperature of the working fluid [5, 17]. Considering all of these factors, the resulting
header spacing reduces the number of headers for an EA-embossed design from 30 headers
to 15 headers [17].

4.2.2 EA EMBOSSING PROCESS DESIGN
Figure 4.2 shows the process flow diagram and design of an EA-embossed MSR. The
microchannel plate was formed by first embossing the post array and second, flattening
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the tops of the posts to enable diffusion bonding. Inlet and outlet through features,
produced by wire EDM, were needed in the microchannel plate to enable fluid from the
headers on the backside of the MSR to pass into the microchannel array. As previously
reported, efforts were made to design the headers to be sand cast. The microchannel plate
and top plate were joined using diffusion bonding. Figure 4.3 shows the COGS graph
and its breakdown into the seven cost categories. Capital tooling costs, consumables and
raw material costs were determined based on vendor estimates, and all other cost
categories (facility, labor, maintenance, and utilities) used assumptions summarized in
Table 4.1.
Table 4.1. Values of assumptions used in cost analysis
Parameter

Value

Cost of manufacturing space

$1,000 USD/m2

Facility amortization schedule

30 years

Equipment amortization schedule

10 years

Annual operator salary

$40,678/ year

Fully Burdened Labor Multiplier

1.5

Annual maintenance as

5%

a fraction of capital cost
Electricity cost

$0.11 per KWh

Yield

95%

Max tool capacity

85%
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As a result of the increased microchannel depth leading to fewer headers, the overall
mass of the device was reduced by 24% over the previous PCM design. The cost model
found that the total cost of the MSR @ 1,000 units per year for the EA embossing design
was estimated to be $22,254 (Figure 3.5). In support of this cost model, forming forces
were estimated using material properties supplied by the material vendor [18]. A simple
force calculation for producing a 300 µm deep channel within a 5 mm thick plate was
determined to be 60 MPa at 650°C. Multiplying by the size of the MSR patterned area
(90 cm x 90 cm) resulted in a total force requirement of 5,000 tons. A budgetary
quotation for a 5,000 ton four post hydraulic press was found to be approximately
$850,000. The equipment cost used for the EA embossing steps was produced by
multiple $850,000 by two to account for modifications to the press due to electrification
and improved parallelism and strengthening of the embossing platens. Capacity was
determined by the opening and closing time of the tool. The embossing die was estimated
to cost approximately $500,000 with a useful life of 1,000 stamps, which is a
conservative estimate for die life.

Figure 4.2. Left: Process Flow of EA embossing based MSR design. Right: EA
embossing design
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Figure 4.3. Left: Cost curve for EA Embossing MPD. Right: Cost breakout at 1000
MSR panels per year

4.3 EXPERIMENTAL APPROACH
In order for EA embossing to be an effective shaping process for the microchannel array,
it must satisfy both performance and processing requirements. Based on prior work, it
was expected that the channel variation across the array needed to be below about 5%
[19]. Further, the faying surface for diffusion bonding required adequate roughness (Ra =
0.5 µm) and flatness (5 µm) of the bonding surface to enable fitup with the top plate.

3.3.1 EA EMBOSSING TOOL
To validate that EA embossing can obtain all required bonding and patterning
requirements, an EA embossing tool was designed, fabricated, and placed into a Instron
universal tester equipped with a 50kN load cell (Figure 4.4). Insulating quartz platens
were utilized to insulate the Instron from both thermal and electrical loads during testing.
The tool also included retraction springs and electrical platens that allowed for the die
and workpiece to be connected to a power supply capable of applying tens of amps per
mm2 of the embossed area. Current was directed to flow through the die touch tool and
into the workpiece as a means of guaranteeing proper current density. To avoid electrical
shorts or poor connections, preloads of approximately 5 kN were applied before current
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was turned on. The voltage across the system was varied to keep a constant current
density, and the power supply was programed to increase total current as a function of
time linked to the pressing rate to account for changes in cross sectional area of the die in
contact as it sank deeper into the workpiece. Parallelism of the die to the workpiece was
accounted for with two spherical bearings that allowed for the pressure bearing columns
to adjust to maintain good contact between die and workpiece. Pressure was applied
before embossing to allow theses bearings to ensure good contact.

Figure 4.4. SolidWorks rendering of EA embossing tool.

4.3.2 DIE INSERTS
CPM T15 Die
Die inserts made out of CPM T15 alloy, having excellent hot hardness, were purchased
from Sun Microstamping of Clearwater, FL. The room temperature hardness for CPM
T15 is 68 HRC [20] compared to nine HRC for H230 [18]. The alloying composition is
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listed in Table 4.2. Post features were machined using wire EDM as through holes with a
three degree draft angle to facilitate die removal from the workpiece after embossing. The
die consisted of the inverse of an array of 16 microposts separated by 280 micrometer
channels at the bottom of the channel (Figure 4.5 and Table 4.3). These dies were
attached to a die adapter, attached to the Instron, by fastening screws, ensuring a good
electrical connection.
Table 4.2. Composition of CPM T15
Element

Fe

C

Mn

Si

Cr

V

W

Co

Composition (wt %)

Bal. 1.6 0.3

.3

4.0

4.9

12.0

5

Figure 4.5. Die containing a 16 post array with a microchannel width of 285
micrometers at the base, with 3 degree draft angle.
Table 4.3. Nominal dimension of the post array die
Channel Depth (Max)

500 µm

Channel Width

285 µm

Rib Width

750 µm
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Tungsten Die
A second die was fabricated from commercially pure tungsten in round bar form. The
tungsten raw material was formed by powder processing using hot isostatic pressing, then
warm formed into a round of 38.1 mm in diameter, and ground to tolerance. Next, it was
cut into 25.4 mm thick disks by wire EDM and channel features were machined by wire
EDM (Figure 4.6). Table 4.4 summarizes the nominal sizes of the tungsten die features.

Figure 4.6. SolidWorks model of channels machined into tungsten die
Table 4.4. Dimensions of Tungsten Die features.
Channel Depth (Max)

600 µm

Channel Width (Max)

300 µm

Rib Width (Max)

340 µm

4.3.3. EMBOSSING AND FLATTENING
Embossing of the microchannel array was performed using an open die with a current
density of 18 A/mm2, and was kept constant throughout the embossing process by
functioning the current to the change in die contact for a given extension rate. The final
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embossing temperature reached was 607 ± 8°C as measured with a thermocouple in
contact with the workpiece directly outside of the bonding area. This temperature is lower
than what was achieved during tensile specimens on the same current density. Although
higher temperatures were likely obtained at the die-workpiece interface, the lower
temperatures were attributed to heat conduction into the embossing tool. After pressing,
the electrical current was disengaged and the die was removed from the workpiece by
retraction springs on the embossing die.
For this investigation, one mm thick Haynes 230 was solutionized and cut to size prior to
EA embossing. Conditions for the embossing test articles are listed inError! Reference
source not found.. For the third test article, embossing forces were applied in an attempt
to further the depth of the channels, which led to die failure. Higher currents were not
attempted due to concerns over the high temperature mechanical properties of the CMP
T15 die. For the samples that were successfully embossed, a second embossing step was
performed to flatten the post array to enable diffusion bonding to the tops of the pin
array. Flattening was performed using a flat tungsten carbide die without the application
of current.
Table 4.5. Embossing conditions for the three test articles.
Test Article

Flow Stress

Current Application

Backside Platen

1

1.7 GPa

17.5 A/mm2

A2 Tool Steel

2

1.7 GPa

17.5 A/mm2

Tungsten Carbide

3 (Die Failure)

1.9 GPa

17.5 A/mm2

Tungsten Carbide
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4.3.4. BONDING PROCEDURE
The bonding recipe developed in Chapter 2 was modified for this test article to eliminate
the need for a Ni-based interlayer [21]. Diffusion bonding conditions for H230 were
determined through analysis and testing [22]. Diffusion bonding was performed in a
vacuum of 10-5 torr with a bonding pressure of 12.7 MPa and a bonding temperature of
1150°C, to limit creep during bonding to 2% as determined by [22].
After bonding, samples were cross sectioned using wire EDM, ground flat with
increasing grit sand paper and then polished with 5 nm alumina polish. They were then
optically investigated to determine feature dimensions and EBSD was utilized to
investigate the microstructure of the formed posts. Prior to cross sectioning, the top and
bottom surface of the test articles were imaged using a white light interferometric
microscope (Zygo Zescope) to evaluate the planarity of theses surfaces. Bond line
characterization was performed by optical micrograph where the pores were summed up
and divided by the total bonding length determining the percent area bonded at the top of
the pins and the perimeter of the microchannel post array. Percent bonded area was
calculated via equation 5:
(5)

%

4.4. RESULTS AND DISCUSSION
4.4.1. EA EMBOSSING
Test article 1 (TA1) achieved an depth-to-width aspect ratio of 0.93:1 after the first strike
with an average depth of 282±4.9 µm and an average channel width of 304 ±58.7 µm.
The channel width variability is due to the far outside channels, which showed much
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larger widths (382 µm on average), compared to the inside channels (274 µm on
average). This was not due to die dimensions, rather it was attributed to the unconstrained
nature of open die embossing, where the outside of the test article was able to strain
laterally to the stamping direction. Similarly, the use of a die with through hole post
features lead to “mushrooming” of the posts due die-workpiece friction. This phenomena
was more pronounced on the inside of the die where the material was more constrained
(Figure 3.9).
After embossing, the backside of TA1 was imaged showing a large out-of-plane
deformation of 48 micrometers in the center of the test article (Figure 4.8). This
suggested that the lower platen of A2 tool steel had plastically deformed under the
embossing load. This led to the replacing of the tool steel platen with a tungsten carbide
platen for the second test article.
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Figure 4.7. Test Article 1 Top: Image of test article pins extending beyond planar
surface of sheet metal. Bottom: Diagram showing warped nature of test article

Figure 4.8. Characterization of backside of test article one after the first EA
embossing indicating backside platen deformation

Using the new platen, test article 2 (TA2) showed significantly lower channel depth with
an average depth of 162 ± 6.5 µm. This was attributed to the stiffer backside platen which
consumed more strain energy. TA2 showed a channel width variation of 305 ± 38.1 µm,
similar to test article 1, with more consistent channel widths in the middle of the array
(265 µm on average) and larger widths along the perimeter (326 µm on average). The
backside of TA2 also showed less plastic deformation than TA1 with a maximum out-ofplane deformation of 9.2 µm, an 81% decrease from TA1 (Figure 4.10). This is in
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contrast to the 43% reduction in channel depth between the first and second embossing
operations.
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Figure 4.9. White light interferometric image of TA2
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Figure 4.10. Test article two backside deformation after first strike

In an attempt to increase the channel depth further, TA3 was subjected to greater
embossing force, which resulted in die fracture. The effect on the test article was that
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channel regions under the smaller part of the fractured die were made deeper as that piece
of the die was less constrained than the remainder of the die (Figure 4.11). As a result,
TA3 had an average depth of 179 ± 34.5 µm, with the greater variability due to the
greater depth under the fractured part of the die. A summary of width and depth
characterization for the three test articles is presented in Table 4.6.

Figure 4.11. Test article three showing die failures effect on edge of sample
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Figure 4.12. TA3 after first strike
Table 4.6. Summary of channel depth and width measurements after EA embossing
Average
Test

Channel

Article

Depth
(µm)

Depth
Standard
Deviation

Percent
Variation

≤ 5%
Depth
Variation

Average
Channel
Width
(µm)

Width
Standard
Deviation

≤ 5%

Percent
Variation

Width
Variation

1

282

4.9

1.8%

Yes

304

58.7

19.2%

No

2

162

6.5

3.9%

Yes

286

38.1

13.3%

No

3

179

34.5

18.9%

No

302

41.5

13.7%

No

4.4.2. FLATTENING OF THE FAYING SURFACE
A second strike of TA1 was made to flatten the diffusion bonding faying surface at the
top of the posts. The flattening step was found to decrease channel depth (251 ±16.3 µm).
This decrease in channel depth was attributed to two phenomena. First, the plastic
deformation on the backside of the test article was reduced by approximately 20
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micrometers (Figure 4.13). Second, the pins in the middle of the array were reduced in
height more because they were higher than the pins on the outside after embossing. After
flattening, the tops of the pins showed good flatness (4 µm), which was deemed sufficient
for diffusion bonding (Figure 4.14). The final average channel depth-to-width aspect ratio
was found to be 0.87:1 which was near the goal of 1:1.
Similar results were found in the other two test articles. TA2 showed a decrease in
backside deformation (Figure 4.15) by 5.5 µm, leading to an increase in the variability of
the channel depths of TA2. TA3, having been formed during die failure, resulted in even
greater channel variation (16.3 µm for TA3 vs 11.4 µm from TA2). A summary of post
second strike characterization is located in Table 4.7.
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Figure 4.13. Backside characterization of test article one after second strike
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Figure 4.14. Test article one after second strike, showing reduced channel depth in
the center of the post array and flattened tops of post sufficient for bonding.
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Figure 4.15. Backside of test article two after second strike, with a reduction of 5.5
micrometers at maximum height.
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Table 4.7. Summary of channel depth and width measurements after flattening
Average
Test

Channel

Article

Depth
(µm)

Depth
Standard
Deviation

Percent
Variation

≤ 5%
Depth
Variation

Average
Channel
Width
(µm)

Width
Standard
Deviation

Percent
Variation

≤ 5%
Width
Variation

Depth to
Width
Aspect
Ratio

1

231

16.3

6.9%

No

266.5

71.1

26.7%

No

1:0.87

2

142

11.4

8.0 %

No

276.6

72.0

26%

No

1:0.53

3

151

16.3

10.5%

No

280.2

70.3

25.1%

No

1:0.57

4.4.3. DIFFUSION BONDING
Diffusion bonding was performed on all three test articles. Figure 4.16 is an scanning
white light interferometric image of the top surface of TA2 after bonding showing a 4 µm
depression over the micrpost array. Because the formed posts experience more stress than
the unformed base material around it, it is expected that this is the result of creep within
the microposts during diffusion bonding.
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Figure 4.16. Scanning white light interferometric image showing a slight depression
over the microchannel array after bonding. Red box indicates where the micro post
array is located.

Due to failure of a control thermocouple, TA1 experienced excessive creep during
bonding. Consequently, only TA2 and TA3 were characterized by metallography after
bonding. Figure 4.17 shows a cross-section of TA2 with significant deformation of the
posts and severe changes to microchannel dimensions. Average channel depths of TA2
and TA3 were found to be 87 ± 6.2 µm and 101 ± 13.3 µm, respectively (Table 4.8).
These result suggests that the EA formed posts were subject to accelerated creep. In
contrast, the percent bonded area for TA2 and TA3 were found to be good at 87% and
89%, respectively. Bond lines show large bonded regions with small voids.
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Figure 4.17. (Top) TA2 cross section after bonding showing significant deformation
of posts into channels. (Bottom) Micrographs showing a close up of the bond lines.

Table 4.8. Characterization of test articles 2 and 3 after bonding
Test Article

Depth

% Change

Width

%
Change

Test

Article 87± 6.2 µm

-38%

135± 66.2 µm

-51%

Article 101± 13.3µm

-33%

147 ± 36.6 µm

-47.5%

#2
Test
#3

4.4.4. MICROSTRUCTURAL INVESTIGATION OF MICROPOSTS
To better understand the creep phenomena of the microposts, electron backscatter
diffraction (EBSD) was performed on a new set of microposts after EA embossing but
prior to diffusion bonding. Figure 4.18 shows an EBSD image with elongated grains in
the direction of the embossing force (i.e. along the post height) as well as a summary of
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the orientation angle of these grains. It can be seen that more than 35% of the grains show
a low angle orientation (< 15°), which is consistent with sub grain formation during high
strain. These elongated subgrains have high grain-boundary-area-to-volume ratios, which
is known to reduce creep resistance of materials at high temperatures [23].

Figure 4.18. (Left) An electron backscatter diffraction image showing elongated
grains in the post in the direction of the forming force; Right: Number fraction of
grains with respect to their orientation showing a high concentration of low angle
grains.

Figure 4.19 shows the area fraction of grains as a function of log-scale of their size. It can
be seen that the grain size in the deformed posts have a maximum of approximately 40
µm with smaller grains having lower are fractions. In prior work, the creep resistance of
H230 has been shown to decrease by seven times at 760°C due to prior
thermomechanical processing [24]. In that case, the material was cold rolled and
intermediate solution treated four times to reduce grain size by 33% from 57 µm on
average to 37 µm on average. This reduction in creep resistance was attributed in part to
the reduced grain size [24]. Reduced grain size increases grain boundary density
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providing for increased grain boundary sliding and faster diffusion rates [25]. Further,
H230 is capable of forming tungsten-rich and molybdenum-rich carbides at the EA
embossing temperature, which would remove solution strengthening elements out of the
matrix that can also reduce strength and ductility[26]. These results suggest that a postforming solutionizing heat treatment to 1) restore strengthening elements to the matrix;
and 2) increase grain size, would like improve the creep properties of the material after
forming, allowing the laminae to be diffusion bonded.

Figure 4.19. Area fraction as a function of grain size (log scale) of unbonded post.

4.4.5. FAILURE OF DIE
Failure of the CPM T15 occurred when applying a flow stress of 1.9 GPa. Failure was of
a brittle nature, fracturing the die into two pieces. CPM T15 is a precipitation hardened

126

material. On investigation into the properties of this material, it was concluded that
forming temperatures were near the aging temperature of the die, leading to over aging
and loss of strength. Die wear was not observed, indicating that the material was
extremely hard compared to Haynes 230.
As a result of this failure, a tungsten die was machined, as described earlier, in an attempt
to choose a material that was harder than Haynes 230, but still malleable enough so that
facture could be avoided without significant increases in die wear. Wrought alpha
tungsten was chosen for the second set of dies and was believed to have adequate
hardness (106 Rockwell B at RT) and yield strength (700 MPa) at 500°C [27] compared
to H230 hardness (92 Rockwell B at RT) and yield strength (263 MPa) at 538°C [18].
Upon testing this material at the embossing temperature, it was found to deform rapidly
and only gave 85 µm deep imprints into the H230 samples at greatest depth. Subsequent
hardness testing of the alpha tungsten used for tooling showed a RT value of 88 Rockwell
B which is below that expected. In addition it has been shown that properties of
recrystallized alpha tungsten mechanical properties drop significantly with increasing
temperature compared to wrought [28]. Investigation into the process history of this
material showed it to be: 1. hot isostatic pressing of powder; 2. hot working into a round;
3. grinding to tolerance; and 4. stress relief anneal. A previous report from NASA
showed that the yield strength of tungsten which had been subjected to a stress relief
anneal, was under 92 MPa @ 400°C in compression [29] while the yield strength of
H230 in tension at the same temperature is over 300 MPa [18]. These findings suggest
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that the tungsten needs to be sufficiently cold worked in order to work as an embossing
die for H230.
For hot working of Haynes 230, Haynes International suggested using Haynes 25, a
solid-solution-strengthened cobalt-based superalloy, or Haynes 282, a precipitationhardened nickel-based superalloy.

4.4.6. RECOMMENDATIONS FOR IMPROVING THE DIMENSIONAL
ACCURACY OF EMBOSSING
Channel size variability was found to be greater than desired. Variability of the channel
height and channel width are both important as they both have significant effect on the
hydraulic diameter. The open die embossing setup can account for significant
discrepancies in the channel width. This result has been reported in other works using EA
embossing approaches to the formation of microchannels [30, 31]. Reduced channel
depth in the center of the array has also been observed and attributed to uneven pressure
distribution between the die and the workpiece surface [32].
Suggested improvements to advance this work includes constraining the lateral motion of
deformation, chamfering the edges of the workpiece and increasing the material
thickness. Constraining the lateral motion of the workpiece will limit outward motion of
the deformation at the expense of increased forming load. By adding chamfered edges to
the workpiece you can allow some of the deformation to move outward increasing bulk
deformation while still resulting in improved feature consistency along the edge of the
sample. This approach has the added benefit of reducing the force required as a function
of part consistency [32].
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4.5. CONCLUSIONS
The use of EA embossing and diffusion bonding of Haynes 230 shows promise for
producing economically-viable micropost arrays for application within microchannel
solar receivers. Channel-depth-to-width aspect ratios of 0.93:1 and 0.87:1 were obtained
after embossing and flattening, respectively. Efforts to increase this aspect ratio will
require the use of different tool materials as described above. Further, the relative
standard deviation for channel depth across the micropost array was found to be 1.8%
and 6.9% after embossing and flattening, respectively, while channel width was found to
be 19.2% and 26.7% after embossing and flattening, respectively. Future strategies for
managing these dimensions include constraining the lateral motion of the workpiece
within a closed die, although as the size of the micropost array approaches one meter in
scale, the effect of lateral strain may be insignificant. Diffusion bonding of the micropost
arrays in this work resulted in considerable creep and loss of channel dimensional
integrity. A solutionizing heat treatment of the Haynes 230 micropost array prior to
diffusion bonding is needed to restore the high temperature mechanical properties of the
posts, preventing accelerated creep during diffusion bonding.
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5. ELECTROPLASTICITY EFFECTS IN HAYNES 230
5.1 ABSTRACT
Electrically-assisted forming has the potential to reduce the cost of hot working Haynes
230 by enabling better material utilization, shorter cycle times and lower energy costs. In
this paper, we investigate the presence of an electroplastic effect in Haynes 230 through
electrically-assisted and isothermal tensile testing, thermomechanical simulation and
microstructural characterization. Experimental results show discernable reductions in
yield strength and elongation between a purely thermal response and an electricallyactivated thermal response across the space of parameters studied. Evidence of a “rapid
aging” effect during the electrically-assisted pulling of Haynes 230 is demonstrated via
microstructural characterization. Results suggest that in Haynes 230, localized joule
heating is brought on by electron-ion collisions which leads to fast precipitation of
solutionized elements that increase subsequent flow stresses compared to an equivalent
purely-thermal response without the application of electric current.

5.2. INTRODUCTION
Ni-based superalloys provide high-temperature strength, corrosion resistance, and creep
resistance in many industrial applications including gas turbine engines [17], steam
turbine power plants [18], chemical reactors [19], nuclear power plants [20] and solar
thermal applications [21]. Haynes 230 (H230) is a solution-strengthened Ni-based
superalloy known to combine high-temperature strength with good oxidizing and
nitriding resistance [22] and long-term thermal stability. H230 is nearly 20 times the cost
of 316 stainless steel. Consequently, the forming of H230 is an attractive alternative to
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conventional and non-traditional machining due to higher material utilization [23]. The
cold forming of H230 is difficult due to poor ductility, high springback and high flow
stresses at room temperature and the hot forming of H230 results in accelerated die wear
and other expenses associated with high temperature processing [24].
Electrically-assisted (EA) forming involves passing high currents through metal
workpieces during deformation in order to improve formability and reduce springback
[25] [26]. Compared to hot forming, the EA forming of certain metal alloys has resulted
in lower flow strength and higher ductility at lower temperatures caused by temporary or
permanent changes in microstructure, which has been attributed to an electroplastic effect
[27]. Explanations for electroplasticity mechanisms include: 1) localized Joule heating
and 2) drift electron theory. The first explanation proposes localized heating around
defects, extending beyond the bulk temperature of the material, causing local changes to
the material microstructure which aid dislocation motion [24]. The second explanation,
first suggested by Troitskii [28], proposes that the drift of electrons enable dislocations to
overcome obstacle resistance, which results in reduced flow stress.
In prior EA forming studies, alloy composition and concentration have been shown to
affect electroplasticity. Dzial et al. showed that larger concentrations of zinc in brass (no
precipitates) led to the reduction of the current density needed to reduce flow stress [29].
Commercially pure titanium has been shown to have no electroplastic effect [30] while
several studies demonstrate electroplasticity effects in titanium alloys [31]–[33]. Further,
in previous work by Zhang et al. [24], the EA tensile testing of solution-treated Inconel
718 (I718) sheet using pulsed electric current resulted in reduced flow stress and better
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ductility. I718 is a precipitation-hardened alloy containing a γ’ (Ni-Al-Ti) phase as a
hardening mechanism [34], with a δ phase (Ni3Nb) used to stabilize grain size. In the
Zhang experiments, the as-received material was found to have almost no δ phases (1.69
vol%) in the initial microstructure. After EAF at 24 A/mm2, a γ’ phase was found to
precipitate at a bulk temperature of 312°C, far below the expected temperature for
precipitation of ~600°C. In addition, at 56 A/mm2, the  phase was found to precipitate at
a bulk temperature of 686°C, over 100 °C below expected precipitation temperatures.
Zhang suggested that joule heating resulted in localized hot spots around dislocations and
defects, due to their much higher electrical resistivity, leading to the recrystallization and
precipitation of both δ and γ’ phases and increased elongation. Although Zhang used a
current density of 56 A/mm2, due to the pulsed nature of his electrical application,
effective current densities did not surpass 12 A/mm2. H230 contains approximately the
same amount of nickel as I718, but contains different alloying elements and
concentrations (Table 5.1). H230 is capable of forming M6C-type tungsten-rich primary
carbides which may marginally reduce strength and ductility [22].
During EA tensile testing, Zhang observed a sawtooth pattern on stress-strain plots,
suggesting instabilities in plastic flow. This behavior was explained as a Portevin–Le
Chatelier (PLC) effect. Sawtooth stress-strain results have also been reported in the
isothermal tensile testing of H230 at 600°C [35]. The PLC effect has been explained as
an artifact caused by the diffusion of solute atoms in the metal that impedes dislocation
motion, known as dynamic strain aging [36]. Based on these observations, Zhang
speculated that localized heating may be the main mechanism of electroplastic behavior
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in metal alloys undergoing tension. It is interesting to note that I718 is a superplastic
material and that the conditions for the Zhang et al. experiments were at or near the
conditions necessary for superplasticity. Specifically, strain rates were on the order of 0.1
to 0.0001 s-1 and temperatures were 0.5 Tmelt or greater. Grain size (14 µm) was only
modestly outside the superplastic range for I718 (< 10 µm) [37].
Table 5.1. Weight percent composition of Haynes 230 and Inconel 718 [17].
Alloy

Ni

Cr

W

Mo

Fe

Co

Mn

Nb+

Al

Ti

C

La

B

0.3

0.1

0.1

0.02

0.0015

Ta
Haynes

57

22

230

bal.

Inconel

50-

17-

718

55

21

14

.2

0.35

3

5

max

max

bal.

0.5

0.5
max

max

3.3

5.5

0.8

1.15

max

max

max

max

max
0.08

0.006

It has also been shown that high electrical resistance alloys, such as titanium alloys,
require relatively low current densities to initiate electroplasticity [32]. Perkins
determined that Ti6Al-4V has no current density threshold, meaning the electroplastic
effect can be observed at any current density [33]. Ti6Al-4V contains γ –TiAl
intermetallics with substantially higher electrical resistance than bulk Ti6Al-4V [38]
which could produce localized hot spots. Zhang et al. realized electroplasticity at an
effective current density of ~12 A/mm2 [24], well below the 40 A/mm2 threshold found
in brass 464 and 55 A/mm2 for 2024 T4 and T351 aluminum [33]. I718 and H230 have
approximately double the electrical resistance of titanium alloys suggesting that the
threshold for electroplasticity could be achieved at lower current densities for H230.
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To date, no investigations have been published on the EA forming of H230. In this paper,
we use thermal modeling, purely thermal test, and microstructure experimental analysis
to investigate electroplastic effects associated with the EA forming of Haynes 230.

5.3. MATERIALS AND METHODS
Approaches for determining the effect of electrical current in EA forming (EAF) include
comparisons with both furnace experiments and models [30], [39] as well as
microstructural investigations [18], [40]. Here, a thermomechanical model and isothermal
tests were used to provide direct comparison with the EAF response. In addition, the
microstructure of EAF materials was investigated to help determine the effect of EAF on
material properties and microstructure.

5.3.1. MATERIAL CONDITION
Haynes 230 was acquired as a 0.5 mm sheet from Haynes International. Samples of
Haynes 230 were laser cut into a dog bone geometry (ASTM E8/E8M) using a Rofin
1000 W laser and then sanded and inspected per the standard prior to heat treatment.
After laser cutting and removing the thermal burr, all samples were annealed at 1200°C
for 1 hour to remove any residual stress from cold rolling and laser cutting. These “stress
relief annealed” (SRA) samples were cooled in the furnace at a rate of 20°C/min, yielding
2.3 of precipitates vol. Percent volume was determined by calculating percent area of
cross section then assuming this is correlates to a volume percent through the sample
[41]. Sixteen samples were randomized across four current densities (4, 8, 12 and 16
A/mm2) for EA tensile testing. Prior to tensile testing, the samples were coated with a
high emissivity black paint and speckled with a high-temperature white paint for digital
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image correlation (DIC) measurements. After tensile testing, the microstructure from
each test group was analyzed as described below. An additional four samples were sent to
a materials characterization vendor (Ithaca Materials Research in Portland, OR) for
isothermal tensile testing in a furnace. In order to see the effect of applied current on a
fully homogeneous microstructure, two “solutionized” dog bones were solutionized at
1200°C for one hour before being removed from the furnace and rapidly air quenched
(1.3 % precipitates). Two additional “aged” samples were solutionized at 1200°C for one
hour before being equilibrium cooled to 750° C for 10 hours followed by equilibrium
cooling room temperature in an attempt to introduce a larger number of precipitates into
the H230 matrix (3.2% precipitates). These four additional coupons bound the range of
precipitate content and were tested in order to confirm that electrically-assisted material
response were the result of precipitates. These samples underwent the same laser cutting,
deburring and stress relief anneal as the previous samples, followed by a solutionizing or
aging heat treatment. Material and testing conditions are summarized in Table 5.2.
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Table 5.2. Summary of material and testing conditions

Samples that involved microstructural analysis were cut with a high speed diamond saw,
mounted in epoxy, ground flat with silica sand paper and then polished with 50 nm
alumina grit for 2 minutes. Samples were then cleaned and electro-etched for 5 seconds at
4 volts, in a solution of 95 ml HCl and 5 g oxalic acid anhydrous, before being
submerged in water, air dried and imaged. Images were taken by bright-field optical
microscopy with video overlay and scanning electron microscopy (SEM) in standard and
backscattering mode.
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5.3.2. EXPERIMENTAL SETUP
A schematic representation of the experimental setup is shown in Figure 5.1. An Instron
6069 universal tester was used to perform the tensile tests, while a digital image
correlation system collected strain data. A thermal camera monitored the temperature of
the specimen so that the same thermal conditions could be investigated in the model and
subsequent isothermal elevated temperature tensile tests. In order to electronically isolate
the sample and grippers from the rest of the setup, two insulating clevis pins were put in
series with the Instron. In addition, Sprayon EL 600 Clear Insulating Varnish for motors
was used to ensure surface contact would not short during the application of current. A
Dynatronix DHP-1000 power supply was used to apply various current densities to the
tensile sample (4, 8, 12 and 16 A/mm2). The power supply was set to current control,
permitting a constant current through the sample during tensile testing.

Figure 5.1. Schematic diagram of the experimental setup

Isothermal tests were performed in a furnace by a materials characterization vendor
(Ithaca Materials Research, Portland OR), at the average temperature (598°C) observed
during the 12 A/mm2 tensile test, for direct comparison with EA test results.
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5.3.3. COMPUTATIONAL MODEL
To predict the thermal response of the material, a finite element model was developed
using a commercially-available FEA software (Abaqus). An explicit, thermomechanical
von Mises yield stress model was used to determine the expected behavior of the H230
tensile bars due to thermal effects only. Specifically, a one-half model was used with
symmetry along the long axis of the tensile specimen (Figure 5.2). One side of the tensile
specimen was encastred while the other side was constrained to move a given
displacement, which was chosen as a result of the temperature condition being modeled.
A C3D8T thermally-coupled brick element was used for modeling and 144,000 elements,
at a size of 0.1 µm were used for discretization.

Figure 5.2. Thermal mechanical FEA model geometry with specified boundary
conditions (Encastre, X symmetry, displacement, in addition to a temperature which
is not shown here).

This model was informed using thermomechanical properties provided by Haynes
International. The Haynes data was validated at three temperatures using independent
furnace tensile test data from the literature [35]. Comparison of the literature data with
model results showed maximum errors of 8% at room temperature and -8% at both
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600°C and 800°C at strains of 0.14, 0.33 and 0.15, respectively (Figure 5.3). Mesh
convergence was carried out showing less than a 0.01% change in maximum stress for
additional mesh refinement.

Figure 5.3. Validation of model compared to" Hrutkay & Kaoumi 2014"[35] @ 25,
600 and 800 plot showing model and reference’s test results.

5.4. RESULTS AND DISCUSSION
5.4.1 THERMOMECHANICAL MODEL VERSUS ELECTRICALLYASSISTED BEHAVIOR
Figure 5.4 shows a comparison of the empirical and modeling responses for the four
current densities investigated (4, 8, 12 and 16 A/mm2). Experimental results were
averaged from four tests (three replicates) and experimental standard deviation bars were
added to each graph. Experimental and modeling results at 4 A/mm2 showed less than 3%
difference which is within the uncertainty of the experimental data at a 95% confidence
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interval. However, at 8, 12 and 16 A/mm2, the model and experimental data had
statistically significant difference. In particular, the yield strength of the material reduced
by 28% at 12 A/mm2. Also, the ductility varied significantly with modest increases in
elongation at the two lower current densities but a 22% reduction in elongation at the
highest current, which is consistent with previous work in EA forming of other alloys
[42]. Finally, the strain hardening exponent increased across the three highest current
densities. To confirm that the differences at 12 A/mm2 were due to an electroplastic
effect, furnace tests were conducted for comparison at the average temperature achieved
during the 12 A/mm2 experiments and results are discussed below.

5.4.2 THERMAL RESPONSE TO THE APPLICATION OF CURRENT
Figure 5.5 shows the bulk process temperature over the course of the tensile testing
cycles. It is interesting that in moving from a current density of 12 to 16 A/mm2, the
increase in temperature is by only ~100°C while for the other two steps it is ~200° C.
This may be due in part to a lower electrical resistance for H230 beyond 600°C [1]. This
change in electrical resistance above 600°C is believed to be due to the precipitation of
metal-carbide precipitates above this temperature, where, for example, tungsten carbide
has an order of magnitude smaller resistivity than Haynes 230 at room temperature [43].
A DRM-40 manufactured by NDB Technologies, with a range of 0.01 µΩ to 200 Ω, was
used to measure the electrical resistance of the solutionized versus aged samples and
found the difference to be statistically significant (p value-0.02, t-test 95% confidence
interval) at 0.096 Ω and 0.084 Ω at room temperature, respectively. Additional evidence
for this effect was observed in subsequent tests where precipitate-rich samples yielded
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lower temperatures than solutionized samples (Figure 5.10). Further, these thermal
conditions were confirmed by a thermoelectric finite element model, which was
constructed by applying a current density to a tensile specimen while taking into account
the specific heat and thermal conduction of the grip section and radiative losses of the
surface and resistivity of Haynes 230. The model reached a steady state temperature of
611°C at 12 A/mm2 and 714°C at 16 A/mm2. The average temperature during the 12
A/mm2 tensile tests was found to be 597°C.
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Figure 5.4. Stress-strain graphs of EA experimental and thermal mechanical model
results.

146

Figure 5.5. Temperature response of four testing groups at time of testing.

5.4.3 FURNACE VERSUS ELECTRICALLY-ASSISTED BEHAVIOR
Isothermal tests were performed in a furnace at 597°C to mimic the thermal profile of the
12 A/mm2 samples for direct comparison of the electrically-assisted and purely thermal
behavior of H230. This condition was chosen as its mechanical behavior varied most
significantly from thermal modeling. Average stress-strain graphs and experimental
standard deviation error bars for each are shown in Figure 5.6. It shows that the electrical
response has a steeper flow curve with a higher strain hardening exponent and a higher
ultimate strength compared to the furnace tests. Strain hardening exponent and strength
coefficient values were determined by truncating the data to exclude the elastic region of
the mechanical response, transforming the results into a log/log plot and measuring the
slope (strain-hardening exponent) and y-axis intercept (strength coefficient) of the log/log
plot. A two sided t-test (alpha=0.05) was performed on yield strength, strain hardening
exponent (n) and strength coefficient (K). Results are summarized in Table 5.3. It can be
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seen that strain hardening exponent (n), yield strength and strength coefficient (K) all
show statistically different results. Modulus showed no significant difference. These
results provide evidence that H230 does have a significant electroplastic effect at 12
A/mm2 resulting in a lower yield strength but higher strain hardening exponent and
strength coefficient. Microstructure characterization was performed to investigate the
cause of the changes in material response.

Figure 5.6. Comparison of furnace tensile testing to electrical current tensile testing
for SRA (slow-cooled) samples.
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Table 5.3. Results of statistical analysis of furnace and electrical mechanical results,
each with three replicates.

5.4.4. MICROSTRUCTURE OF STRESS RELIEF ANNEALED SAMPLES
Figure 5.7 shows microstructural results of SRA samples both before (left) and after
(right) having 12 A/mm2 applied. On the right, the grains and precipitates of the EApulled materials are distorted in the direction of the major strain but the grains show little
change in average size (29.4 ± 3.1 µm; average ± experimental standard deviation)
compared to the SRA pretest samples (28.9 ± 5.7 µm). A Student t-test comparison of the
grain size means yielded a p-value of 0.81 suggesting that changes in mechanical
behavior of the material at 12 A/mm2 cannot be explained by grain growth. Comparing
Figure 5.7a and 3.7b, it can be seen that the post EAF microstructure shows more black
regions compared to the pretest microstructure. The electrochemical etchant used is
known to aggressively attack Cr [44] suggesting an increase in the number of chromiumrich carbide precipitates as a result of EA tensile testing.

149

Figure 5.7. Microstructure of SRA samples a) before EA tensile testing and b) after
EA tensile testing at 12 A/mm2. Rolling direction, pulling direction and current
direction are left to right
To quantify the change in etched area as a function of processing conditions, two samples
of each condition, were imaged at the same magnification at three random locations, and
the etched area was calculated using ImageJ software. In addition, two furnace samples
were also analyzed. For this analysis, the minimum error threshold algorithm in ImageJ
was used to distinguish the etched area from grain boundaries, and intensity threshold
adjustments were made to compensate for varying light intensity. Results show that pretest SRA and furnace conditions have similar etched areas, (4.0% and 5.3% respectively),
while post-test SRA samples show much higher etched content in the range of 8-10%
(Figure 5.8). Prior work has shown that the precipitate density in several nickelchromium alloys was effected by temperature and processing history [45]. Results
suggest that the application of current has a “fast aging” effect on the microstructure,
possibly due to the drift of electrons and local joule heating, precipitating chromium-rich
carbides. These chromium-rich phases are likely associated with the M6C carbides that
are known to transcend grains [46].
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Figure 5.8. Bar graph showing percentage area etched for cross-sections of stress
relief anneal (SRA), thermal and all EAF samples, including error bars showing
experimental standard deviation.

Backscatter images of cross sections perpendicular to the current, pulling and rolling
directions were made by SEM and analyzed using ImageJ software over 350 µm x 400
µm fields of view. These cross sections were taken approximately 1 cm away from the
fracture surface of the sample, to minimize the effect of temperature spiking due to
increased current density in the necked region. Precipitate area was recorded and percent
area and equivalent circular diameters were calculated and averaged as shown in Table
5.4.
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Table 5.4. Percent area, D25, D50, D75, and D90 of SRA 12 A/mm2, and furnace test
results.
Condition

% area

D25

D50

D75

D90

SRA

2.3

0.44 μm

0.98 μm

3.21 μm

6.30 μm

12 A/mm2

2.9

0.62 μm

1.75 μm

3.18 μm

5.02 μm

IMR Furnace

2.4

0.76 μm

1.64 μm

3.07 μm

4.92 μm

These results show that the percent area of precipitates increases with the application
current at 12 A/mm2 compared to the pre-test SRA and furnace tested samples. This
result is in spite of the expectation that the furnace samples would have more
precipitation due to having extended times at temperature from heating and cooling
ramps. At D90, both EA and furnace-processed samples show a decrease in diameter,
supporting the precipitation of smaller M23C6 precipitates, which is consistent with
processing temperatures [41].

5.4.5 BEHAVIOR AND MICROSTRUCTURE OF SOLUTIONIZED AND
AGED SAMPLES
Figure 5.9 shows solutionized and aged samples after EAF at 12 A/mm2. The EAF
solutionized sample follows a similar curve to the furnace-pulled SRA samples above
(Figure 5.6). The yield strength of the furnace SRA samples are 17% lower than the EA
solutionized samples likely due to the furnace SRA samples having more precipitates
(Table 5.3) Similarly, the EA aged sample (Figure 5.9) has smaller yield and ultimate
strengths than the EA SRA samples (Figure 3.6) likely due to the higher number of
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precipitates but certainly also due to the higher temperature seen during testing of
solutionized sample vs aged sample (Figure 5.10).
As shown in Figure 5.9, the EAF aged sample has a higher ultimate strength than the
EAF solutionized sample, suggesting a higher strain hardening exponent. This may be
due to the precipitates acting as dislocation barriers within the grains. In addition, M23C6
precipitates are known to “chain” along grain boundaries, which was experienced in this
paper as well. Figures 3.11 and 3.12 show an SEM micrograph along with an energy
dispersive X-ray spectroscopy (EDS) analysis of one of the precipitates along the grain
boundary of a solutionized sample after EA processing. Based on prior literature, this
likely had an even greater effect on plastic behavior [35]. Embrittlement of H230 has
been shown with increased aging by Kim [47], which is also associated with larger
quantity of M23C6. This is consistent with the reduced strain at ultimate strength shown
in Figure 5.9.
Further, Figure 5.10 shows that the temperature for the solutionized sample was much
higher than for the aged sample, which is expected to lower the mechanical properties of
the solutionized sample. Experiments on the electrical resistance of the aged versus the
solutionized samples at room temperatures, confirm that the solutionized samples have
greater electrical resistance at room temperature, suggesting that higher electrical
resistance at higher temperature could result in the higher temperatures seen at testing.
The solutionized material is known to less ordering in the matrix, resulting in increased
electrical resistance due to additional electron ion collision. The effect of reduced
electrical resistance due to aging and the ordering of NiCr alloys due to higher attraction

153

of different atoms compared to atoms of the same type has been shown by Marucco [48].
In addition, the temperature profiles of the solutionized and aged samples bound the
temperatures seen in SRA tests (Figure 5.5), suggesting a correlation between electrical
resistance and initial precipitate density (Table 5.5).
In Figure 5.9 unstable plastic flow is also observed, manifesting in a sawtooth-like
response on the stress-strain curves. These instabilities are likely due to the PLC effect, in
which unstable plastic flow results in serrated stress strain curves. These serrations were
accompanied by clicking sounds during testing, similar to what was reported by Hrutkay
and Kaoumi during Haynes 230 samples around 700°C [35]. Based on the initial
occurrence of PLC instabilities, these precipitates appear to start forming within 6
seconds at a temperature of 300°C, which is much faster and at a lower temperature than
previously reported [35]. MXCY precipitates in H230 typically require approximately 20
minutes to precipitate at 600°C [49]. It is expected that in the EAF samples, localized
heating likely accelerated this precipitation as explained in Zhang who found
precipitation of γ’ and  occurring at much lower temperatures than would be expected
[24].

154

700
600
True Stress (MPa)

500
400
300
200
Aged

100

Solutionized

0
0

0.1

0.2

0.3

0.4

0.5

True Strain
Figure 5.9. Stress-strain graphs of one solutionized and one aged sample undergoing
EAF at 12 A/mm2. Averaging of these samples was not used to allow for unstable
plastic serrations to be observable

700
Temperature (°C)

600
500
400
300
200

Aged

100

Solutionized

0
‐5

5

15

25
35
Time (seconds)

45

55

65

Figure 5.10. Temperature graph for solutionized and aged samples subjected to 12
A/mm2 taken after mechanical testing.
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Figure 5.11. (left) An optical micrograph and (right) SEM showing the chaining of
M23C6 precipitates along grain boundaries in a solutionized sample after EA
processing. Red circle shows the particle measured by energy dispersive X-ray
spectroscopy (EDS).

Figure 5.12. EDS spectrum of the precipitate circled in red in Figure 11 showing
high concentrations of Cr.
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Figure 5.13 shows the lateral microstructure of solutionized and aged samples before (a
and c) and after processing (b and d). As can be seen, the aged microstructures show no
appreciable difference in its etching effect, while the solutionized sample has more
etching after EA pulling. Again, these chromium-rich phases are more likely associated
with the M6C carbides.

Figure 5.13. Aged and solutionized samples. a) Aged before EAF; b) aged after EAF;
c) solutionized before EAF; and d) solutionized after EAF. Rolling direction, pulling
direction and current direction are left to right

Figure 5.15 and 4.16 are histogram distributions of precipitate sizes before and after EAF
for both solutionized and aged samples, obtained by ImageJ processing of backscattered
SEM micrographs (Figure 5.14) of sample cross-sections. Image threshold adjustments
were made in order to isolate the precipitates from the rest of the sample, and to account
for differences in image brightness. Diameters were calculated by determining an
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equivalent circular diameter from the total area of each precipitate. Percent area of
precipitates and precipitate size distributions within the solutionized and aged samples
before and after EAF are shown in Figure 5.16.
It is shown that for the solutionized sample, there were a larger quantity of smaller
precipitates after EAF. This is consistent with the creation of M23C6 precipitates, which
are generally much smaller and found along grain boundaries where carbon has migrated.
In contrast, the aged sample contained more instances of small particles in comparison to
the solutionized sample prior to EAF, but showed a decrease in the number of small
particles after EAF. These results suggest a maturation of carbides in the form of M6C
within the EA processed aged samples. Smaller M23C6 carbides are known to form at
lower temperatures than M6C, via grain boundary diffusion, due to lower activation
energy requirements [41].
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Figure 5.14. Lateral BSEM image of post EA processed solutionized sample. White
particles in image are MxCy precipitates.
Figure 5.17 shows an SEM backscattered micrograph along with EDS analyses showing
material composition across a grain within a solutionized sample after EA processing. As
expected, this analysis shows that the carbides have greater concentrations of W and Mo
which are high temperature strengthening elements within H230. These types of
tungsten-rich carbide phases are likely the cause of reductions in electrical resistance, and
subsequent lower processing temperatures, in other H230 samples.
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Figure 5.15. Histogram of precipitates prior to and post EAF for solutionized
samples.

Figure 5.16. Histogram of precipitates prior to and post EAF for aged samples.

160

Table 5.5. Precipitate percent area for solutionized and aged samples
Condition

% area

D25

D50

D75

D90

Pre-EAF solutionized

1.3

1.76 μm

3.04 μm

5.27 μm

6.92 μm

Post-EAF solutionized

1.7

1.26 μm

2.17 μm

3.54 μm

5.76 μm

Pre-EAF aged

3.2

0.42 μm

1.42 μm

2.51 μm

4.22 μm

Post-EAF aged

4.2

0.84 μm

1.79 μm

3.28 μm

5.08 μm

Figure 5.17. (left) A backscattered SEM micrograph and (right) EDS analyses of a
solutionized sample after EA processing showing material composition across a
grain.

Finally, the EA processing of solutionized samples was found to reduce grain size. The
average grain size of solutionized samples before EA processing was 68.2 ± 23.8 µm,
whereas after EA processing average grain size reduced to 53.4 ± 24.3 µm. This change
in grain size is marginally significant at a p-value of 0.051 for a two-sided t-test with a
95% confidence interval. Grain size reduction of H230 with large equiaxed grains was
reported by Hrutkay and Kaoumi [35] during tensile testing under large deformations at
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high temperatures (950°C). In this study, SEM images of solutionized samples before and
after EA processing show a similar response (Figure 5.18), with large equiaxed grains
showing twinning in the preprocessed condition and smaller elongated grains after EA
processing. Hrutkay and Kaoumi believed this grain size refinement was due to
recrystallization at large strains, which is consistent with current efforts.

Figure 5.18. Comparison of grain size of solutionized samples before EA processing
(left) and after EA processing (right) via backscattered electron microscopy.

5.6. CONCLUSIONS
The electrically-assisted tensile testing of solid solution-strengthened Haynes 230 shows
several differences in mechanical behavior and microstructural evolution compared to
purely thermal outcomes. Specifically, in EA tensile testing at 12 A/mm2, the yield
strength of H230 reduced by 16% in comparison with isothermal testing and by 28%
versus isothermal modeling. In addition, at 12 A/mm2, elongation was reduced by 6%
compared to isothermal testing. These results are in contrast with prior efforts to
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investigate precipitation-hardened, gamma prime Ni-based superalloys which showed a
reduction in yield strength along with an increase in elongation. In gamma prime
superalloys, oxide precipitation can lead to localized heating. In Haynes 230, localized
heating does not come about by carbide precipitation, which brings with it lower
electrical resistance. Rather, localized heating is explained by reduced ordering of the
matrix leading to increased electron-ion collisions. It is therefore proposed that localized
heating in solution-strengthened Haynes 230 is less than that in gamma prime superalloys
suggesting lower elongation values.
Like prior work, precipitation in H230 happened at much lower temperatures and times
compared to conventional hot working and/or heat treating. Flow stress properties of
H230, specifically strain hardening exponent and strength coefficient, increased due to
the precipitation of carbides. This effect is contrary to electroplastic effects usually
observed in other alloys. The precipitation of carbides in H230 works to impede
dislocation motion, whereas in other metals, local increases in temperature reduces
material strength. This carbide precipitation in H230 is known to reduce the corrosion
resistance and high temperature creep resistance of the superalloy. Consequently, this
suggests that after electrically-assisted forming, efforts would be needed to solutionize
the microstructure via heat treatment. In addition, it was shown that solutionized H230
has higher electrical resistance which leads to high temperatures at lower currents. Future
work will focus on leveraging these findings for the electrically-assisted embossing of
H230.
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6. GENERAL CONCLUSIONS
Economic feasibility and manufacturability of the microchannel solar receiver (MSR)
requires the implementation of several traditional and nontraditional manufacturing
technologies. The distribution system for the working fluid requires 80% of the
expensive Haynes 230 material, making it the most costly part of the system. Intelligent
manufacturing process design can lead to reduced cost of the MSR, making it cost
effective. Specifically sand casting of the distribution system as well as using processes
that allow for a 1:1 or greater aspect ratio of the microchannels (electro discharge
machining and electrically assisted embossing) can greatly reduce raw material and cost.
Electrically assisted forming of Haynes 230 was investigated in chapters 4 and 5,
showing that a post processing heat treatment is required in order to limit creep during
bonding and return the materials high temperature characteristics to the material.
The manufacturing process design of the MSR indicated that sand casting, a
manufacturing process not normally utilized in microchannel fabrication, was essential to
meet cost targets for the MSR. The single layer of microchannels, and the resulting
branching distribution system that it requires, is ideal for sand casting; both due to its
high material utilization compared to machining, and the required wall thickness of this
distribution system that is needed to meet pressure vessel standards for a device
constructed from H230 operating at 760°C and 250-bar pressure.
Development of subscale MSR prototypes, it was shown that several design and process
modifications were required for successful manufacturing and operation. These
modifications include:
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Improvement on joining edge tolerances of the distribution system to meet
vacuum brazing tolerance requirements. This includes a stress relief anneal to
ensure the distribution system will not warp out of tolerance during the brazing
process, leading to non-hermetic joints.



Replacing transient liquid phase diffusion brazing to solid state diffusion bonding
for the joining of the microchannel plate and flux plate of the device. Nickel
phosphorus interlayer applied as a joint filler material did not completely solidify
during bonding runs, resulting in solidification voids that adversely affected the
strength of these joints.



Redesign of the microchannel post array to be more resistant to manufacturing
defects. This includes adding supporting “bar” structures to improve strength
around poorly bonded pins, and replacing inlet/outlet microchannel areas with
features that could be machined through during back end inlet slit machining.
This allowed for lower precision of the wire EDM through cuts as they no longer
needed to avoid the microchannel posts.

Investigation into electrically assisted embossing of a microchannel post array
determined that EA forming a diffusion bondable post array was feasible by applying a
second forming step to flatten the tops of the formed microposts to create good contact
between posts and flux plate bonding layer. This process can achieve aspect ratios of 1:1,
as long as adequate forming force, electrical current and parallelism is achieved. Proper
die material selection is imperative for successful embossing of Haynes 230 due to high
temperature strength properties. In addition, a post process heat treatment is required to
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return the material to solutionized condition and restore creep resistance. The degradation
of the creep resistance of Haynes 230 under electrically assisted forming was a result of
grain refinement as well as a fast ageing effect of the applied current.
Haynes 230 was also determined to have an electroplastic effect, or an effect beyond
simple joule heating of the material as the result of applied current. FEA and isothermal
tests as well as SEM micrographs showed that the application of high current density DC
current led to the precipitation of M6C23 carbides in the material matrix, resulting in a
stiffer material that was less corrosion resistant. This is in contrast to many electroplastic
effects seen in other materials, where the application of current results in increased
ductility and reduced forming forces, due to Haynes 230 being a solid solution
strengthened material. This precipitation out of the solutionizing elements results in
dislocation barriers that inhibit plastic deformation. Where many other materials have
localized joule-heating effect around precipitates, which assist with dislocation motion,
Haynes 230 precipitates have reduced electrical resistance that does not assist with
deformation in this manner.

6.1 FUTURE WORK
The MSR would be implementation of a full 1 meter by 1-meter panel using the
processes developed. With this there are likely to be tolerance scale up problems that
require adjusting design and processes to meet these new challenges. After successful
fabrication of a full scale MSR panel on sun testing at operating conditions set forth for
the MSR and thermal efficiency studies would need to be implemented. These studies
will inform future iterations of design and manufacturing process flow. In addition,
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reliability tests of the MSR panel would need to be conducted to ensure that the
manufacturing technique used would result in a panel that would survive the 30 year life
expectancy of a solar thermal plant. Another possible avenue for investigation would be
how to refurbish the MSR panels after exceeding expected lifetime in order to reuse
panels and further reduce solar thermal costs.
Further investigations into EA embossing and forming of Haynes 230 would revolve
around improving die design and material selection as well as investigating the effect of
pulsed electric current onthe mechanical and microstructure properties of Haynes 230.
Scale up of EA forming of microposts and the tolerance effects that this would have need
to be investigated to move this technology forward towards practical industrial
implementation.
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