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ABSTRACT

The purpose of this body of investigation is to examine the role of nanoscale and
functionally-graded materials on the laser processing and performance of freeform parts and
coatings. Both laser experiments and thermal transport models were utilized to achieve the
end goal with applications targeted to dies, molds and light-weight aluminum structures.
Specifically a computer-numerical-controlled, high-power CO, laser system with the aid of
computer-aided-design models was used to study: 1) nanoscale material additive
manufacturing (NAM) process where Ni-nanoparticles are dispersed in H13 steel molten
pool in layer-by-layer fashion to produce three-dimensional gear molds; 2) laser-cladding
based freeform fabrication (LBFF) process where shaped beam and novel quasi co-axial
powder delivery system were used to produce functionally graded H13/Ni-Cr/TiC mold
inserts; and 3) laser sintering (LS) of nanocrystalline diamond powders on aluminum alloy

substrate to form thick diamond-like carbon coatings for enhanced wear resistance.

In the NAM process, AISI H13 steel micro-powder (70-100 um), the standard material in the
industry for dies and molds, was blended with Ni nano-powder (70-150 nm) in a volumetric
ratio of 4:1 and then laser melted under conditions such that only H13 powder was melted
and solidified. With the aid of CAD/CAM models and layer-by-layer addition process, gear-
shaped molds were fabricated, characterized and tested. Scanning electron microscopy,
surface profilometry, Rockwell and Vicker’s hardness tests, corrosion test and injection-
molding test using polystyrene were used to evaluate the performance of Ni/H13 molds.

Results showed that nanoparticle dispersion has distinct improvements on the functional



XVi

capability of H13 steel molds to produce precision plastic parts; this is attributed to the role

of nanoparticles in enhancing mechanical, chemical and tribological properties.

In the LBFF process, a hollow square-shaped, functionally-graded mold (FGM) insert was
designed and built with additive layers of H13 steel, Ni/Cr alloy and TiC using circular and
rectangular beam profiles. Finite element numerical methods were applied to determine
temperature fields and thermal gradients. The cooling rates were estimated and correlated
with secondary dendrite arm spacing. Analysis and characterization of FGM insert revealed
nearly full density mold with excellent integrity, favorable microstructures, strong interfaces
and high hardness. Strength and dimensional stability of molds were tested in a thermal
fatigue environment and compared with baseline H13 steel. Improved strain tolerance, better

crack resistance and higher oxidation resistance were the primary benefits of FGM mold.

In LS, nanocrystalline diamond powders (4-8 nm) were sprayed on 6061 aluminum alloy
substrates to a nominal thickness of 25 um by an electrostatic spray method and then laser
sintered to consolidate and transform the diamond powder to diamond-like carbon (DLC) for
a nominal thickness of 10 um. Raman spectroscopy and X-ray diffraction analysis confirmed
the presence of DLC coatings. Microhardness tests showed an average hardness of 2250
kg/mm? (some regions had a hardness of 9000 kg/mm?) indicative of DLC. Fracture
toughness and surface roughness were well within the typical ranges of DLC. Scanning
electron microscope analysis revealed a near dense, fairly uniform coating with a flaw-free
interface. Scratch tests indicated the ability of DLC coating to carry high loads without

delamination. One-dimensional thermal energy transport models were formulated based on



XVii
laser energy absorption, thermal properties of diamond and aluminum, heat conduction and
convection and solved using finite element ANSYS code. Results guide to a hypothesis that
laser sintering of nano-diamond powder takes place in solid state around 800 K followed by

densification and phase transition to DLC and coating/substrate interface heating to nearly

the melting temperature of aluminum.

The general findings of this study lead to the conclusion that laser processing of
nanoparticles and functionally-graded materials is a prudent approach for not only
manufacturing of high performance dies, molds and aluminum structures but also a means of

offering the design flexibility in part geometry, tolerance and surface finish.



CHAPTER 1. Introduction

The purpose of this research is to investigate different CO, laser-based, solid freeform
technologies (Nanoparticle additive manufacturing (NAM), Laser based flexible fabrication
(LBFF) and Laser sintering (LS)) for producing dies, molds and hard coatings. Dies and
molds have extensive applications in manufacturing operations such as injection molding,
die-casting, stamping, extrusion and forging. Because die and mold materials such as H-13
(hot work tool steel, chromium type) and P20 (mold steel, chromium type) usually have high
hardness (40~60 HRC) and toughness, fabrication of such dies and molds relies heavily on
high-speed machining, finishing and electrical discharge machining (EDM); however these
processes waste significant amount of material and substantially increase the tooling costs.
Solid freeform fabrication (SFF) is proven as an alternative in low volume tooling industry.
In contrast to conventional subtractive machining, SFF is a flexible process to fabricate
physical models of complex geometry with little material wastage. The versatility of laser
aids this technology to become commercially viable. Laser cladding-based SFF is

particularly useful for producing functional parts or components.

In another area, thick wear resistant coatings are highly sought after on light weight
aluminum substrates. Laser sintering is an ideal process to form uniform dense coatings on
such substrates. Aluminum alloys are attractive candidates for numerous structural
applications due to their low density and high corrosion resistance. These are also potential
substitutes for steels and cast irons. However, the poor wear, fretting and galling resistance

and high thermal conductivity of aluminum alloys prevent their widespread application, for



example, in engine applications. It would be a significant advancement if the aluminum
surfaces were modified to exhibit high thermal resistance; low friction and high wear
resistance. This is particularly advantageous in energy-related manufacturing processes such

as injection molding of polymers and composites.

1.1 Dissertation organization

The dissertation is organized into seven chapters and two appendices. Chapter 1 (this
chapter) states the objectives of the research and summarizes the studies that are presented in
latter chapters. Chapter 2 provides a review of literature on solid freeform fabrication
technology, types of lasers for rapid prototyping, dies and molds, functionally-graded
materials and nanoparticles. Chapter 3, a paper published in the Journal of Manufacturing
Science and Engineering, reports the experimental investigations of laser-assisted
nanoparticle additive manufacturing process for potentially extending lifetime of dies and
molds. In this paper, molds were produced from nickel nanoparticle-dispersed H13 powder
beds and their performance were compared against those molds made using H13 powder
alone. Spur gear geometry was used as the mold design. Chapter 4, a paper published in the
Journal of Materials Processing Technology, reviews the current status of die and mold
making processes, as well as laser-cladding based solid freeform fabrication technology. It
presents a novel design of powder delivery system and experimental/modeling studies of
LBFF processing technology for producing functionally-graded molds of hollow square
shapes using H13, Ni/Cr composite and TiC powders, and of mechanical property evaluation
techniques for testing the functional components. Chapter 5, a paper to be published in

Surface Coatings and Technology, deals with the laser sintering of nano-diamond powders



on widely used aluminum alloy 6061. Diamond powders were transformed into diamond-like
carbon coating through this non-equilibrium, fast process. The coatings were evaluated using
scratch, hardness, toughness and surface roughness tests along with sample characterization
using Raman spectroscopy, scanning electron microscopy and X-ray diffraction. Chapter 6,
another paper submitted to Surface Coatings and Technology, presents steady state and
transient thermal analysis involved in the diamond powder bed before it transforms to
diamond-like carbon. Temperature profiles along the depth of the coating and the substrate as
well as the thermal stresses during cooling are calculated and displayed. Chapter 7
summarizes the general conclusions drawn from this body of research, and provides
recommendations for future work that could yield better understanding of the phenomena

behind the amplification of desired properties in the cases of NAM, LBFF and LS.

Two appendices are attached. One is the description of SFF facility that is available in
Mechanical Engineering department. The other describes the design of powder delivery
system, powder delivery rate calibration, together with detained uncertainty estimation
analysis. Continuous and uniform powder transport is of great importance for the success of

LBFF.



CHAPTER 2. Background

Solid freeform fabrication (SFF), also called as rapid prototyping (RP), is a manufacturing
technology that generates physical models directly from graphical computer data [1] using a
number of processes such as selective laser sintering (SLS). Currently, SFF is entering a new
phase where modern materials and manufacturing are used to produce functional geometry
that is generally difficult to carry out in traditional manufacturing. This technology fits well
in tool industry of small /medium-sized tools such as injection molding molds and die-
casting dies [2]. While modest engineering progress has been made in this field since 1990,
work on materials, processing, mechanical properties, and quality issues associated with
these layer-wise additive processes remains to be addressed. Laser-based flexible fabrication
(LBFF) is a SFF process designed to fabricate functionally graded molds and dies with an
objective of prolonging the life of dies and molds. Following sections provide an introduction
to the development of solid freeform fabrication, lasers for rapid prototyping, dies and molds,

and functionally graded and nanoparticle materials.

2.1 Solid Freeform Fabrication

SFF enables speeding up of iterative product development processes. Layer-by-layer
manufacturing, the core concept of RP technology, allows fabrication of three-dimensional
parts by the addition of materials rather than by the subtraction of material (as in machining)
[3,4]. In this layer-wise additive manufacturing process, a computer representation of a
designed part is decomposed into slices that provide 2-D dimensional information (Figure

2.1). Although RP can be achieved by use of CNC machining, the term, however, is



generally used in the context of fabricating parts by adding materials. The benefits of RP
include: 1) quick tools for visualization and for concept verification due to its capability of
producing physical models of designed concept in short time to allow rapid evaluation of
manufacturability and design effectiveness; 2) ability to fabricate complex structures that are
difficult to be built with traditional techniques; 3) flexibility in automation in process

planning and manufacturing; and 4) functional tooling in a short lead-time.

AD sobid model
representation

s

Muterial Addition Processes

T e e

s Slicing
» Trajectary planning

R

motion
control
Lrajectories

data
exchange
format

i

CAD Automatic Process Planner Automated Fabrication Machine

Figure 2.1 Schematic showing a 3-D model representation, slicing and process planning,
and material additive process in SFF [5].

Rapid fabrication of near net shape parts is attributed to the absence of fixtures and tooling,
the ability to work directly from computer geometric data, and the reduction of number of
process steps [6]. It is gaining popularity as a means to significantly reduce the time to
market [7]. Since the first RP technology, Stereolithography, or three-dimensional printing,
was introduced by 3D systems in 1982, more than 20 different rapid prototyping technologies
become available, some of them enjoy commercial success. In terms of the initial form of the

materials used, all RP systems can be categorized into liquid-based, powder-based, and solid-



based additive manufacturing processes. An overview of the RP systems is shown in Table

2.1.
Table 2.1 A list of additive manufacturing processes (RP) [1-4]
Process Configuration Materials and Process
Characteristics
Stereo- Photo polymers;
lithography (SL) Photo-polymerization by
Pl ertluminaton
: Hazardous effect;
Concept model and virtual
rapid prototyping (VRP).
Liquid [ Fyged Polymers, wax, metals with
Deposition binder, and ceramic with
Modeling (FDM) binder;

Solidification by cooling;
Concept model, VRP, and

limited functional uses.




Table 2.1 (continued)
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Ink Jet Printing Polymers, wax;

(1JP) Solidification by cooling;
Liquid Concept model, VRP, and

{ |
| limited functional use.

Three Ceramic, metals, polymer,

Dimensional and binder;

Printing (3D-P) = No phase change;

Concept model, VRP, and
limited functional

applications.

Selective Laser

Powder | Sintering (SLS)

/"””l’
T CeERe
| S

TSNS

= :(‘si/ S

NN
2
<
D22l
NNY

i
4

Polymers, filled polymers,
metals with binder;

Laser sintering;

Concept model, VRP, and

partially functional use.

Laser Cladding

(LC)

Metallic powders of micro-
scale;

Laser melting and
solidification by cooling;

Functional applications.




Table 2.1 (continued)

Laminated — Paper, polymer, polymer
Object foam, ceramics, and
Manufacture metals;
(LOM) — Laser cutting, knife cutting,
Solid and heated wire cutting;
— No phase change,

alignment problem, and
material wastage;
— Concept model, VRP,

functional applications.

Design for SFF affects not only the part surface integrity but also the strength. It is especially
important when an over-hanged structure is desired because a viable design can greatly
simplify the process with the least requirement of supporting structures and further post
processing. Limited work has been done in this area. Functionality, surface roughness,
minimal supporting structures and post processing are the control variables for SFF design.
Surrogate materials such as photo-polymers, powders, paper, wax, and plastics, and
functionally metallic powders are the two major choices for RP. There are some RP systems
beginning to build parts on structural materials, although many of the existing RP systems
are still using surrogate materials. The functions of prototypes vary significantly depending

on the RP process and the materials used for that process. The major application sectors of



RP are in 1) design and analysis; 2) engineering and planning, and 3) tooling and
manufacturing (dies and molds). The industries benefiting from RP include, but not limited

to, aerospace, automotive, electronics, biomedical, and appliance [8].

RP technology has been used to fabricate concept models, prototypes, and tooling for
manufacturing dies and molds [9,10]. However, a significant limitation of RP systems is the
use of surrogate materials rather than structural materials to construct prototypes, which are
good only for the concept verification, visual prototyping, and limited functional
applications. The physical, mechanical, and chemical properties of these surrogates do not

allow them to be used for functional prototypes or tooling applications.

Selective laser sintering (SLS) of powder materials is a classical example of SFF that initially
seemed to have potential for producing functional prototypes and even for direct tooling
fabrication. However, it requires polymer binders or low-melting compounds to become
feasible [11-14]. Because SLS just “wets” rather than really melts powder, drawbacks of
shrinkage, porosity, and low density exist in components that were fabricated. These
drawbacks prevented SLS from competing against conventional CNC milling and EDM for
mold and die fabrication, and seriously limited many other real world applications. Recently,
SFF systems based on laser-cladding (LC) technology have appeared to correct these
deficiencies. LC is a surface engineering technology that creates surfaces of enhanced
hardness, wear resistance, or corrosion resistance with minimal dilution. LC technology has
been around for some 20 years and mainly has been used for modifying surface properties or

repairing damaged surfaces. It basically consists of pneumatically injecting fine powders
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through a nozzle into a localized molten pool created by a laser on the substrate surface.
Subsequent solidification of the powder on the substrate produces strong, bonded layer. The
benefits of LC are 1) fully dense and homogeneous microstructures; 2) low thermal damage
to the underlying substrate, 3) reduced grain growth and distortion; 4) non-equilibrium and
amorphous structures, and 5) extension of solid solubility of alloying elements. These
benefits, in turn, strengthen the tribological and mechanical properties including hardness,
strength, wear resistance, corrosion resistance, and toughness. In addition, this process has
the potential to remedy the surface defects on die and mold surfaces by re-melting. The
commonly used powders are Co- and Ni-based alloys and carbides in micro-size. LC can be

used to fabricate 3-D geometry if layers of overlapped-track are built continuously.

LC technology was applied to RP systems [15,16]. Several LC-based RP systems having
minor variations were reported. These include 1) laser-engineered net shaping (LENS) from
Sandia National Laboratory [17]; 2) direct light fabrication (DLF) from Los Alamos National
Laboratory [18,19]; 3) direct metal deposition (DMD) at University of Michigan [20]; 4)
shape deposition manufacturing (SDM) at Stanford University [21]; 5) laser direct casting
(LDC) at the University of Liverpool [22]; and 6) the high-power, laser-based freeform
fabrication process from the Pennsylvania State University [22]. Among all these versions,
LENS is the only one having reached sufficient maturity to enter the commercial market
(Optomec™ LENS Model 750). It uses a continuous wave (CW) Nd:YAG laser of high
power (3 kW) to melt an area on the surface of a metal substrate while a nozzle, being

concentric with laser beam, simultaneously delivers metal powder to the molten pool. Layers
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are built in a direction perpendicular to the substrate, to increase the part height. The most

common application of LENS is the direct fabrication of injection molds [17].

LC-based RP technologies offer flexibility to design with tailored materials and potential in
producing components of high performance. However, none of the LC-based RP systems has
produced functional parts that are acceptable for industrial applications in terms of relevant
standards due to rough surfaces (Ra, higher than 50 pm), low degree of dimensional accuracy
(up to one millimeter offset from designed dimensions), and residual stresses existing in the
components built by use of existing RP systems. In addition, issues such as design for SFF,
material compatibility for complicated multi-materials construction, point-wise deposition of
one or more materials to fabricate novel microstructural and macrostructural features, and
process modeling remain to be addressed before these new techniques are technically and

economically successful for widespread industrial use.

In this work, we have developed a technique, laser-based flexible fabrication (LBFF), to
assist in solving these problems. It could be effectively used in creating parts (dies and
molds, direct metal prototypes) with configurations such as graded interfaces, designed
microstructures, and conformal cooling channels. It could also be used in other industrial
applications including die and mold repairing, surface modification, and coatings. LBFF
uses shaped laser beams, functionally graded materials, a CW CO; laser of 1500 W in rated
power, and a computer integrated CNC control system. The shaped beams can fabricate

layers of improved surface finish, dimensional tolerance, and reduced dilution among
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overlapped gradient layers. The shaped beam profiles produce more uniform temperature

gradient than circular beam, and also stretch beam trailing edges to preheat the powders.

2.2 Lasers for Rapid Prototyping

Many RP systems use lasers and beam steering devices in one way or the other to expose
photopolymers, cut non-photosensitive materials, sinter particulates, or to melt powder
materials [1]. Lasers are stimulated emission devices that generate narrow, intense beams of
coherent light in wavelength ranging from ultraviolet to infrared regions. The first industrial
laser was introduced in the late 1960s [23]. Lasers, the versatile industrial tools, find wide
applications in manufacturing ranging from machining (cutting, drilling, milling, scribing,
and marking) and joining (welding, brazing, and soldering) to materials processing (powder
synthesis, thin films, and heat treatment) due to their advantages in precision, productivity,

flexibility, and automation.

A variety of lasers including solid, liquid, and gas are available. Each specific type of laser is
normally identified by the medium that produces the light emission. The basic characteristics
of laser beams are 1) energy density (power density), 2) wavelength, 3) coherence, 4) mode
and beam diameter, and 5) polarization. Energy density is of great importance in materials
processing. Excessive energy density may evaporate materials and create molten surface of
high roughness; too low energy density may not melt materials fully and result in insufficient
bonding. Wavelength affects the laser beam size and the absorption of a given material.
Usually a beam of short wavelength and small divergence produces small spot size. Materials

tend to absorb laser beam of short wavelength more efficiently.
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The lasers most widely used in industry for material processing are solid-state neodymium-
doped yttrium-aluminum-garnet (Nd:YAG) lasers, gas carbon dioxide (CO,) lasers, and gas
excimer lasers, because they have the ability to produce high power outputs and flexibility in
controlling laser parameters such as pulse width, power, and wavelength. Nd:YAG laser is
the most common member of solid-state lasers with wavelength of 1.06 um. It can generate
CW beams with power ranging from a few milliwatts to over a kilowatt, pulsed beams of
average power up to several kilowatts with reasonable efficiency. Nd:YAG laser operates on
optical pumping, raising Nd atoms to an excited energy level by means of light from external
sources. The major industrial uses of Nd:YAG laser are in metal drilling, spot welding,
marking and resistor trimming. Because of its high peak power and short wavelength, and
easiness for beam delivery by means of optical fibers, Nd:YAG laser has also found
applications in medical field. Carbon dioxide laser, with wavelength ranging from 9 to 11
um, is one of the most versatile gas lasers. It is called as industrial workhorse because of its
ruggedness and reliability. It can run in both CW and pulsed modes. In CW mode, CO; laser
is capable of producing beam power from well under one watt to several tens kilowatts, while
in pulsed mode, it can generate pulses of nanoseconds to milliseconds. Carbon dioxide lasers
are pumped by use of electrical discharge, and mainly find applications in cutting, welding,

and heat treatment.

Laser power, beam profile and dimensions, and traverse speed are important parameters for
materials processing. Beam profiles can be varied using diffractive optics. Usually power
density, dwell time, and sometimes also laser wavelength define the processing ranges for

specific applications as shown in Figure 2.2.
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The availability of computer controlled positioning stages, computer aided design techniques,
and versatile laser technology further advances the development of RP systems. The
integration of these technologies has already impacted the fabrication of shaped structural
materials.

The laser-associated RP technology is reducing the use of traditional material

removal manufacturing and will eventually be a replacement for subtractive processes to

generate functional components such as dies and molds.
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Figure 2.2 Window of laser power density and interaction time suitable for material
processing applications [24].

2.3 Dies and Molds

Dies and molds are extensively used in non-ferrous casting (aluminum, zinc, magnesium, and
etc.), plastic injection molding, and forming (cold extrusion and hot extrusion, stamping, and

forging) industries. The global market for dies and molds is estimated at 65 billion US dollars
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[25]. Dies and molds constitute a major portion of costs associated with manufacturing
operations such as injection molding, die-casting, stamping, extrusion, and forging. For a
company or an industry to survive in today’s fiercely competitive market, modern materials
and fabrication technologies must be used to shorten the product time to market and produce
products of high quality with cost-effectiveness. Dies and molds are becoming standardized
in order to ease fabrication and to reduce cost [26]. Often dies and molds are composed of
supporting and functional components [25, 26]. Parts with square or round shape, which are
readily designed and made, usually serve as bases or supporting blocks for immediate use.
The other supporting components are used for alignment, part ejection, and heating or
cooling. Functional components, which include die cavity, core insert, and punch, have to be
designed specifically to tailor for different applications. The cavity and core inserts for
injection molding and die-casting are usually made out of solid blocks of alloy steels
Occasionally, forging dies and injection molds are manufactured by cold or hot hobbing. The
widely used materials for dies and molds are hot work tool steel H series (chromium type),
mold steel P series (chromium type), among which H13 and P20 are the two most common
[27]. The general requirements for die and mold materials are (1) strength and toughness at
elevated temperature, (2) mechanical and thermal shock resistance, (3) hardness, and (4)

wear resistance [26-28].

Design of dies and molds is generally an iterative process though various CAD/CAM and
virtual prototyping (VR) technologies are available to assist or speed up the process. Die and
mold design must be closely interactive with processes because design models have to be

updated accordingly after any modification to the prototypes. When methods are chosen for
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manufacturing mold and die parts, important criteria of feasibility, cost, productivity and
quality have to be considered [26]. Usually the conventional fabrication of dies and molds
starts with rough machining followed by finishing and tryout processes. Currently milling
(CNC, high speed milling) and electrical discharge machining (EDM) are the two major
methods used to make most of dies and molds out of wrought tool steel blocks [25,26]. They
are classified as subtractive processes. The sequential steps of processing used in traditional

die and mold manufacturing are shown in Figure 2.3.
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Figure 2.3 A flow chart showing the process plan for conventional manufacturing of
dies and molds.

Die and mold machining is a costly and time-consuming process, in which a significant

portion of material is wasted. Also, machining does not allow for flexibility in obtaining the
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desired tool geometry. For example, conformal cooling channels and holes, which could
increase product throughput by some 25% or more, are difficult to produce in traditional
machining [29]. In addition, the machined mold often has to be subsequently heat-treated,
surface treated or coated to impart the desired microstructure and properties. The heat
treatment, if improperly done, causes dimensional instability and generates residual stresses.
Study has showed that more than 70% of die failures are attributed to the improper heat-
treatment of the steels [30]. Post-treatment operations such as grinding and EDM may
damage the surface integrity if not carefully executed because these operations can easily
result in tempered layers and soften the surface materials [26]. Alternatives to machining are
powder consolidation processes such as hot isostatic pressing (HIP), which uses rapidly
solidified powders to produce dies and molds that outperform cast and machined tools.

However, the high cost and long lead-time of these processes limit their applications [31].

2.4 Functionally Graded Materials

A functionally graded material (FGM) is a combination of two or more materials in which a
gradual transition among microstructures and compositions across the interface exists rather
than the distinct junction found in laminated composites or coatings. In a FGM, there is no
“gap” of material properties due to its composition and structure gradually changing over
volume. Design of FGM’s is to ascertain required properties that one material normally does
not have by varied combinations of constituent materials. It is usually represented by the
geometry of a FGM with the spatial distribution of its constituent materials, microstructures
and properties. Besides functional requirements, compatibility between materials, residual

stresses, and component element diffusion at elevated temperatures are also of great concerns
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in designing a FGM. Quantitative microstructural analysis methods are helpful in
understanding the fundamental relationships between structures and properties. Rules of
mixtures, variational approach, micromechanical methods, and empirical approach are

usually used to estimate the properties [32].

A variety of processing techniques are available for fabricating of FGMs. These processing
methods include powder metallurgy, physical and chemical vapor deposition, plasma
spraying, self-propagating high temperature synthesis (SHS), galvanoforming, and the most
recently solid freeform fabrication. Basically, most of these methods work on either
constructive processing or mass transport mechanism. Constructive processing starts with
addition of thin slice of materials on a substrate; and mass transport is closely related to the
flow of fluids, the diffusion of molecules or atoms, or the conduction of heat. Usually
different processing techniques and conditions result in FGMs exhibiting significantly
different microstructures and properties. The characterization of FGMs includes the
evaluation of their local microstructures and properties. Determination of size, orientation,
and phases of local microstructures can be achieved by means of optical microscopes,
scanning electron microscope (SEM), and chemical analysis; and evaluation of properties
such as microhardness, thermal conductivity, fatigue behavior, and so on may be measured

by use of standardized technique or designed experiment.

The FGM concept has been demonstrated in many engineering applications, including
cutting tools, machine parts, and engine components. Typical examples of FGMs are SiC/C,

WC/Co, and FeAl/SS. One SFF technique, extrusion freeform fabrication (EFF) with
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multiple extruders, has been developed to produce prototype of alumina/NiAl,

alumina/stainless steel, and WC/NiAl [33].

2.5 Nanoparticles

Nanoparticles possess unique mechanical (strength, modulus, toughness) and physical
(density, thermal expansion, conductivity) properties. They have large surface area-to-
volume ratios, large fraction of atoms residing at the interfaces, phonon scattering, quantum
effects, small residual pore sizes, and extremely fine grain, phase and domain sizes. They can
significantly enhance mechanical properties like an increase in strength, hardness, toughness,
and thermal expansion and a decrease in thermal conductivity, stiffness and density [34-36].
Nanoparticle-reinforced dies have longer die life because of higher densities, greater
structural integrity, reduced residual stress and lower dilution. Coatings containing
nanoparticles have an enormous role to play in applications because of their wear-, erosion-,
and abrasion-resistant properties [37]. Nanocoatings have improved hardness and toughness

when compared to other commercial coatings as shown in Figure 2.4 below.



20

L'y

vy

L

c

=

L=}

=

[=]

— .

Nanocoatings

Commercial
Coatings

Hardness

Figure 2.4 Comparison of nanocoatings and other commercial coatings [34].

Table 2.2 shows some beneficial effects of nanoparticles in real-world applications.

Table 2.2 Durability improvements using nanoparticles [34].

Coating Programs Critical Nanostructure Component/Engine Benefit
Property
Co-WC wear-resistant Increased hardness 5X life
coating
Erosion/moisture-resistant | Increase hardness 5X life
coating for polymer matrix | Increases adherence Higher design allowable
composites
High temperature, crack- Increases strength 3X life
resistant coating Interface crack blunting
Oxygen impermeable layer
Advanced thermal barrier Reduced conductivity +2% thrust/weight
coating -1% fuel consumption

Nanoparticles have proven their values by enhancing environment (catalytic converters),
improving energy performance (fuel cells), extending Moore’s law (single electron devices)

and advancing healthcare (drug delivery). Nanomaterials constitute the largest application
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(about 37%) of nanotechnology in the fields of electronics, biomedical, functional materials,
human safety and environmental protection, and consumer and diversified products [38, 39].
The total world market for nanomaterials reached an estimated one billion dollar [38-40].
The electronic, magnetic and optoelectronic applications account for nearly 75%; biomedical,
pharmaceutical and cosmetic applications account for 16%; and energy, catalytic and
structural applications take the remaining 14%, according to the Business Communications

Company report [41].

The two major challenges facing nanoparticles are manufacturing and health and worker
safety. In manufacturing, the key issues are: 1) lack of cost-effectiveness due to low-level
production; 2) large variation in particle size and shape due to the difficulty in controlling the
process; and 3) segregation and agglomeration during processing. Conventional techniques
that produce nanoparticles share the common drawback of low production rate (grams per
hour) at moderate quality, suggesting an enormous need for “high-productivity and high
quality” manufacturing techniques, which are central to the commercialization of
nanoparticle products. Hence, a major impediment to the use of presently manufactured
nanoparticles is the extreme cost ($100 to $2000 per kilogram, depending on the type). The
other issue that confronts the method of preparation is the control over nanoparticle's size,
shape and composition that are necessary to ensure that the nanoparticle will be made to
comply with future requirements and be tailored for specific commercial applications. In
addition, surfactants and dispersants are used to obtain stable, agglomeration-free
nanoparticles. Consequently, the existing manufacturing techniques are being continuously

refined while at the same time novel production methods are being invented and developed.
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The societal problems of nanoparticles include health, worker safety and education. There
were many uncertainties as to the health effects of nanoparticles. For example, nanomaterials
can be inhaled and ingested, raising the questions of potential health effects on skins, lungs
and brain. Research is needed to better understand the impact of these occupational
exposures on workers’ health. In the U.S., an estimated 2 million people work
with nanoparticles on a regular basis in development, production, and use of nanomaterials
or products (based on year 2000 national industry-specific occupational employment
estimates by the U.S. Department of Labor’s Bureau of Labor Statistics). If growth in
nanotechnology-related industries meets expectations, a similar number of additional workers
will be required globally. Some critical questions that need to be answered for supporting the
responsible development of nanotechnology include: In what ways might employees be
exposed to nanomaterials in manufacture and use? In what ways might nanomaterials enter
the body during those exposures? Once in the body, where would the nanomaterials travel,
and how would they interact physiologically and chemically with the body’s systems? Will
those interactions be harmless, or could they cause acute or chronic adverse effects? What
are appropriate methods for measuring and controlling exposures to nanoparticles and

nanomaterials in the workplace?

The commercially important nanoparticulate materials are metal oxides such as SiO,, TiOs,
AlLO3, Fey03, ZnO, CeO, and ZrO, [38, 40]. While silica and iron oxide nanoparticles have a
commercial history spanning half a century or more, nanocrystalline TiO,, ZnO, CeO, and
other oxides have recently entered the marketplace. Mixed oxides, such indium-tin oxide

(In,03-SnO;, or ITO), antimony-tin oxide (ATO), and titanates (BaTiO3;), are highly sought
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after. Other types of nanoparticles such as semiconductors, ceramics (e.g., tungsten carbide)

and metals are also under development and available in laboratory- and pilot-scale quantities.

Table 2.3 lists the potential applications of nanomaterials. Most of the cutting edge work in
nanomaterials is being done by small companies, many of which have proprietary processes
for generating the nanoparticles in highly uniform sizes, shapes and purities. Some of these
firms have formed marketing and development alliances with large global chemical and
plastics suppliers such as Honeywell and DuPont. Although several companies are involved
in the development and production of nanoparticles, the major suppliers can be short listed to
about 10, whose products are described in Table 2.4. A variety of processes, shown in Table
2.5 [36, 37, 42-44] suggest that the production rate is quite limited. Chemical and physical
vapor phase synthesis’s are well-established technologies for large-scale production of metal,
metal oxides, and ceramic nanoparticles. However, the challenges for vapor phase synthesis
are the control of particle size distribution, in-situ formation of hybrid particles and
structures, inefficient collection systems, and difficulties in running continuous operations at
high throughput and yield. Separation of nanoparticles in solid/liquid and solid/gas is
scientifically challenging. Spray pyrolysis, precipitation, crystallization, sol-gel, emulsion

polymerization are processes designed to produce complex nanoparticles.
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Table 2.3 Potential Applications of Nanomaterials.

Electronics Displays; Gas sensors; Printing; CMP slurry; Photonics; Inks; Batteries;
Fuel cells; Quantum dots

Biomedical Drug delivery; Gene delivery; Biosensors; MRI contrast agents; Smart
polymers; Protein-assisted self-assembly; Biocatalysts; Dental fillings;

Functional Conducting polymers; Ink-jet inks; Scratch-resistant coatings; UV

materials; Packaging films; Lighter/stronger/tougher composites; Cutting
tools, and transparent armor materials. catalysts for emissions reduction

Environment

Antiviral and antifungal; Pollution-free air and water; Fire protective
apparel Military uniforms. fire retardants; wearable sensors

Consumer Functional foods; Nutraceuticals; stain-free khaki pants; Paints; Skin care
products;Deodorizers; Fragrance; Self-cleaning windows; Tennis balls
Table 2.4 Major suppliers of nanopowders.

Company Product Technology Market
Nanophase Oxides of Al, Sb, Ce, | Vapor condensation | Health care,
Technologies, Inc. Cu, Fe and Zn catalysts, coatings
Kemco International | Oxides of Al, Fe, Ce, | Vapor synthesis Health care,
Associates Sn, Cr, Ti, etc. electronic displays,

catalysts
Nanomaterials Dspersions such as Combustion Electronics,
Research Corporation | ZnO, SiC etc. Synthesis Advanced ceramics
Nanox Ultrafine ZnO, FeO | Unknown Cosmetics, coatings

Nanopowder Metals, oxides, Combustion flame, Coatings, electronic
Enterprises carbides, nitrides spray forming devices, displays
Altair Technologies | Titanium oxide Film growth, Coatings, catalyst,
pigment process cosmetics,
electronics
Advanced Powder Nano-oxide and Metal melt Electronics,
Technolgies, Inc. metal powders atomization advanced ceramics

Nanodyne, Inc.

WC, WC-Co

Solution spray and
thermal spray

Coatings, cutting
tools

Powdermet Metal and ceramic Fluidized bed CVD Coatings, advanced
powders ceramics
NexTech Materials Ceramics Chemical Synthesis Advanced ceramics
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Table 2.5 Nanopowder synthesis methods [36, 37, 42-44].

Method Production rate Problems
Mechanical milling 1-5 g/hr Powder contamination
Vapor Condensation 1-5 g/hr Difficult to control particle morphology
Sputtering <5 g/hr Only 6-8% of particles are < 100 nm
Chemical precipitation 10-50 g/day Agglomeration and oxidation
Induction Plasma -- Efficiency is <50%
Microwave plasma -- Limited precursors, coupling energy to

metals is difficult

Combustion synthesis 10-50 g/hr Difficult to control particle morphology
Laser ablation <0.1 g/hr Low energy efficiency
Sol-gel 1-3 g/hr Additional step of solvent removal
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CHAPTER 3. Nanoparticle Additive Manufacturing of Ni/H13 Steel Injection Molds
Paper published in ASME Journal of Manufacturing Science and Engineering, 126(3), 2004

Rajeev Nair, Wenping Jiang and Pal Molian

Abstract

Nanoparticle Additive Manufacturing (NAM), a novel solid freeform fabrication process, is a
computer-integrated, numerical controller-guided, beam-shaped, laser-cladding process that
involves dispersion of nanoparticles into the laser-melt pool. Subsequent solidification results
in a thin horizontal layer of nanoparticle-reinforced composite and layer-by-layer addition
generate freestanding structures with spatial variations in microstructure. In this paper, we
report fabrication of Ni-nanoparticle-dispersed H13 steel gear-shaped molds through use of
NAM, characterization of the mold’s microstructure, measurement of hardness and corrosion
resistance, and determination of the mold’s functional capability to produce plastic gears by
means of injection molding. The properties and performance of nanopowder-dispersed H13

molds were compared against the benchmark H13 steel molds.

3.1 Introduction

Nanoparticles possess unique mechanical and physical properties because of their large
surface area-to-volume ratios, small residual pore sizes, large fraction of atoms residing at
the interfaces, phonon scattering, and extremely fine grain, phase, and domain sizes. The
effects of nanoparticles on the properties include an increase in strength, hardness, toughness,
thermal expansion and diffusivity and a decrease in thermal conductivity, stiffness and

density [1-3]. Nanoparticle containing bulk materials and coatings promise to offer a
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quantum leap in improvement of engineering properties, compared to properties of current
engineering materials. The enhancement of mechanical properties by nanoparticles has
enormous implications for a wide variety of wear-, erosion-, and abrasion-resistant materials
as well as thermal insulation applications. Nanoparticles have the potential to produce dies of
higher densities, with great structural integrity, reduced residual stress, and lower dilution.
For example, single-layer test coupons with nanoparticles showed improved integrity, with

greatly reduced macro-crack formation, in the selective laser sintering process [4].

In this work, we have developed a novel technique, Nanoparticle Additive Manufacturing
(NAM), for fabricating high-performance, long-life dies and molds. NAM, a solid freeform
fabrication (SFF) process, involves dispersion of nanoparticles in the laser-melt. It is capable
of producing freeform, complex geometry components directly from a computer-generated
model, with significantly greater benefits over traditional SFF processes. Such advantages
include improved mechanical properties, greater dimensional accuracy, smoother surfaces,
and decreased residual stresses. Consequently, NAM has the potential in a wide range of
industrial uses, to improve quality, reduce cost, and shorten lead-time in die and mold tooling
applications for major manufacturing sectors, including the automotive, electronics, and

appliance industries.

Our approach to engineering a gear-profile injection mold involved laser melting of a powder
bed composed of micropowders of H13 steel and nanopowders of Ni, resulting a near-
uniform dispersion of nanoparticles (Figure 3.1). When H13 steel is in the molten state,

nanoparticles can be readily dispersed by virtue of characteristics such as high melting
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temperature, high ratio of surface area-to-volume, short diffusion length for solid-solid
reaction, and the presence of atomic forces comparable to the mass of an individual particle.
The envisioned process is a form of liquid-solid sintering in which the laser energy is used
only to raise the powder temperature of the binder metal (in this case H13 steel) and cause it
to melt and flow through the solid nanoparticles by driving forces such as the liquid pressure,
viscosity and capillary forces. If the liquid has low viscosity and high surface tension, it will
wet the nanoparticles, resulting in excellent bonding. Subsequent solidification of the melt
results in a thin horizontal layer of nanoparticle-reinforced-composite. Continued layer-by-
layer addition generates a gear mold with spatial variations of microstructure. The fabricated
molds were tested, evaluated, and compared against traditional H13 steel molds, which are an

industry standard.

Laser Beam - Steel Substrate
H13 (70-100 um)
® Ni (70-150 nm)

Layer 2

L2
S9) @ |
ﬂ. ) ﬁ_’ -

Figure 3.1 Schematic of nanoparticle additive manufacturing of two layers.

3.2 Background
The market for dies and molds is fiercely competitive, with a global size of US $65 billion

[5]. Dies and molds constitute a major portion of costs associated with manufacturing
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operations such as injection molding, die-casting, stamping, extrusion and forging [6, 7]. For
example, a stamping die for an automobile body costs $2 million. Consequently, premature
failures, including erosion, heat checking (thermal fatigue), oxidation and soldering must be
prevented. The traditional die/mold manufacturing process involves detailed design features,
part functionality and interfaces, tool path generation, selection of a steel like H13, CNC
milling of concave/flat/convex surfaces, heat treating, electrical discharge machining (EDM)
of cavities, coating and polishing (mechanical/chemical), quality control (geometry,
tolerance, surface roughness and integrity) and parts tryout [5, 6]. Additionally, the machined
mold often must be subsequently heat-treated and surface-treated/coated to impart the desired
microstructure and properties. If improperly done, the heat treatment causes dimensional
instability and generates residual stresses. Post-treatment operations such as grinding and
EDM may also damage the surface integrity if improperly used. Alternatives to machining
are powder-consolidation processes such as hot isostatic pressing (HIP), which uses rapidly
solidified powders to produce dies and molds that outperform cast and machined tools.

However, these processes are costly and require long lead times [8].

Solid freeform fabrication (SFF) processes, which have been actively pursued in recent years
for direct manufacturing of dies and molds, offer benefits such as geometric flexibility,
simplicity, rapid turnaround, and the environmentally benign nature of the process [9, 10]. Of
all the techniques reported to date, only laser-cladding-based SFF (LC) processes are paving
the way to generating direct metal tooling. However, such techniques are still in their infancy
and are not commercially viable. LC technologies include: 1) directed light fabrication

(DLF), from Los Alamos National Laboratory [11, 12]; 2) direct metal deposition (DMD),
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from the University of Michigan [13]; 3) laser-engineered net shaping (LENS), from Sandia
National Laboratory [14-16]; 4) shape deposition manufacturing (SDM), from Stanford
University [17, 18]; 5) laser direct casting (LDC), from the University of Liverpool [19], and
6) laser-based flexible freeform fabrication (LBFF) from lowa State University [20-22].
Among these, only LENS has reached sufficient maturity to enter the commercial market
(Optomec LENS™ Model 750). The most common application of LENS is direct fabrication
of injection molds. Although the LENS™ process has gained some commercial success, it is
generally limited to a small number of metals. It also uses an Nd: YAG laser that has lower

power and reliability ratings than the industrial workhorse, the CO; laser.

3.3 Experimental Procedure

3.3.1 Materials

AISI H13 is chromium hot-work die steel characterized by high degree of hot-strength,
hardenability, toughness and thermal fatigue resistance. The nominal composition of H13
steel in weight percentage is Cr 5.23, V 0.96, Mo 1.43, Si 1.01, Mn 0.39 and C 0.39, with the
balance Fe. It is preferred over other alloys for dies and molds [23] and is usually the
standard material for laser-clad dies and molds because of its consistent flow during laser
processing although residual stresses due to martensite transformation create harmful effects

[13, 24].

In this work, H13 powders (70-100 um) were obtained from Crucible Research, a division of
Crucible Materials Corporation. Nickel powders (70-150 nm, Figure 3.2 (A)) were obtained

from Argonide Nanometal Technologies. Nickel was selected as the dispersing element
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because of its beneficial effects on strength, toughness, and corrosion resistance [25]. Nickel
nanopowders were blended with H13 micropowders in the volumetric ratio of 1:4 to produce
efficient nanoparticle dispersion. Hot-rolled AISI 1020 steel was used as the substrate on

which successive layers of H13 /Ni layers were built.

R0.8
R0.99

(A) (B)

Figure 3.2 (A) Nickel nanopowders, (B) A schematic of mold geometry.

3.3.2 Mold Design

Spur gear geometry was selected for the mold design because, 1) it is widely used for
injection molding of plastic gears in industry; 2) the complex (involute) geometry allows
improved understanding of the uniformity of powder dispersion; and 3) its curved surfaces
and taper impose stringent requirements regarding the molds ability to withstand stresses
during injection molding. Figure 3.2 (B) is a sketch of the gear with its dimensions. The

outside diameter of the gear was 40.64 mm (1.6 in.), the pitch circle diameter was 36.06 mm
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(1.42 in.) and the inner diameter was 29.96 mm (1.18 in.). Thus the addendum and dedendum
were 4.57 mm (0.18 in.) and 6.1 mm (0.24 in.) respectively. The gear’s wall thickness was

2.25 mm (0.088 in) and its height 2.5 mm (0.098 in.).

The mold was designed in AutoCAD software. A 3D solid model, which is a geometric
representation of the designed spur gear mold, was sliced into 2D “blocks” in the Z-direction
for a layer thickness 0.2 mm using a CAD/CAM software. CNC codes were then created and
used to direct the laser beam scanning in a raster pattern within the boundaries defined by the
slices. The laser machine bed moved in the X- and Y-directions. This, in combination with
the motion of the laser optics in the Z-direction, paved the way for the generation of the 3D

spur gear mold structure.

3.3.3 Powder Feeding

In laser cladding, two methods are generally used to feed the powder [26]. One is to pre-
place a powder bed on the substrate and then allow the laser beam to melt the low thermal
conductivity powder before melting the high thermal conductivity substrate. Here, the bed
depth is a critical parameter for good metallurgical bonding. In the second method, powder is
delivered through a pneumatic feeder into the laser-generated molten pool. Table 3.1
summarizes the benefits and drawbacks of these two methods and illustrates the advantages
of the powder delivery method. However, in this work, attempts to use the powder delivery
method were not successful because the nanopowder flow was unstable and disorderly.
Hence, we resorted to the powder bed method, in which a layer was placed and then leveled

off for a thickness of 1 mm and in which no attempt was made to pack down the powder
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layer. The powder was uniformly spread across the substrate for each pass of the laser. This

method was adopted for both the Ni-H13 composite and the H13 micropowder gear molds.

Table 3.1 Comparison of two powder feeding methods.

Characteristic Powder Bed | Powder Delivery
Beam energy absorption | Higher Lower

Melting Top to bottom | Bottom to top
Control of dilution Inferior Superior

Specific energy required | Higher Lower

Bonding integrity Poor Good

Complex geometry Difficult Acceptable
Cover gas effectiveness | Less More

3.4 NAM Process

Figure 3.3 displays the schematic setup of NAM process, which uses a 1500 W continuous
wave CO, laser to melt the blended powders on the substrate, with little dilution into the
substrate. The laser beam scanned the steel substrate, with its pre-placed powder bed,
according to the gear profile and tool paths obtained through use of CAD/CAM software.
Table 3.2 lists the process parameters used. Because each laser scan produced a layer of
about 0.2 mm, a dozen scans were used to produce a thickness of 2.25 mm. A CNC mill was
then used to remove the supporting material (1020 steel) from the fabricated parts so that the

molds could be used in injection molding.
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Figure 3.3 A schematic for the NAM process.

Table 3.2 Process parameters for the fabrication.
Parameter Value
Laser Power, Watt 550
Focal length of lens, mm 191
Spot radius at the powder surface, mm 0.8
Scanning speed, mm/sec 4.2
Standoff distance from the nozzle to the substrate, mm | 15
Overlap among passes, % 25
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3.5 Characterization and Testing

A surface profilometer with a diamond stylus of 0.025 mm diameter was used to measure the
arithmetic average value, R, of the roughness of the inside surface. Metallography was
performed by sectioning, polishing and etching the molds in a 4% nitric acid solution.
Scanning electron microscopy (JEOL JSM35, 10 kV) was then used to examine the flaws
(porosity and cracks) and to characterize the dispersion and microstructure of the molds.
Hardness (Rockwell C scale) on the top surfaces of the molds was measured by use of a
Wilson/Rockwell series 500 hardness tester. Vicker’s microhardness measurements were also
conducted along the transverse sections. Certified calibration blocks were used to verify the
hardness measurements. Corrosion tests of the molds were also performed to evaluate
corrosion resistance in 10% HCI solution with intermittent stirring for a period of five hours

while measuring the weight loss every hour.

Injection molding was conducted to determine the mold relief ability, the presence of macro-
defects and the ability to resist stress deformation. A Boy 30M injection molder was used for
the injection process. Polystyrene was the injection material. A Brown and Sharpe coordinate
measuring machine (CMM) was then used to measure the extent of mold deformation.
Injections were restricted to 10 per mold, owing to the difficulty in removing the plastic gears
from the molds. The injection temperature and pressure were set to 210°C and 100 bars

respectively.
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3.6 Results and Discussion

3.6.1 Analysis of Molds

Figures 3.4A and B show the photographs of nanocomposite and straight H13 steel gear
molds, respectively, fabricated on hot-rolled AISI 1020 steel substrate, machined on the top
surface ready for injection molding. The molds have tapers both inside and outside. The
inside taper was intentionally added to aid in removal of the plastic gears later in injection
molding. However, the outside taper, which was unintentional, was caused by shrinkage in
the solidification process. Introducing a “compensation” offset in CNC programming can

eliminate the outside taper.

Visual examination of the molds revealed excessive material deposition at the program
starting and end points, and some partially melted powders on the walls. This is normal
considering the intrinsic characteristics of the CNC programming and the powder bed
method. Excessive material was deposited because the beam was programmed to move
inward or outward for an increment after it finished a cycle at a given position. The sudden
change in direction of movement made the beam dwell longer at these points than at others,
which produced thicker layers. Two processes were used to correct this unevenness: shifting
of the point to different peripheral positions during laser processing and post surface

grinding.
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Figure 3.4 Photographs of A) Ni/H13 steel mold, B) H13 steel mold.

Surface roughness of the inside walls of molds showed an average surface roughness (R,) of
286 pm for the nanocomposite mold and 416 um for the H13 steel mold, which represented
some improvement of surface finish by use of nanopowders. The poor surface roughness is
attributed to the formation of partially melted particles, smaller percentage of overlap,
powder bed uniformity, thermal conductivity differences of powder and substrate, and beam
energy distribution. However, the surface roughness can be improved by switching the
powder bed process to the powder delivery system [27]. Optical and scanning electron
microscopy examination of the molds did not reveal defects such as porosity, inclusions and
cracks, which implies that NAM is capable of producing molds with near-theoretical density.
The absence of interfacial porosity (a common problem in laser cladding) is attributed to the
material combination of powder and substrate. Since both powder and the substrate are
primarily steels with nearly the same melting temperature, the solidification front ends up at

the top surface instead of at the interface, thus avoiding interfacial porosity.
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3.6.2 Solidification Structures of Molds

The solidification microstructures of NAM molds are complex and varied, as one might
expect with use of a rapid solidification process. Figure 3.5 shows electron micrographs of a
single-layer in the z-direction (height of the build). Figure 3.5A shows the single-track clad
layer, while Figures 3.5B to D depict the solidification structures of axial cross sections
(transverse to the wall thickness) from top to bottom. The morphology of these structures is
determined by the thermal gradients and cooling rates in and around the molten pool. The
top layer shows cellular structure, reflecting the relatively low temperature gradient and
cooling rates. The bottom (interface) layer shows very fine columnar dendrite structures
cause by the epitaxial growth and the rapid heat dissipation from the melt pool through the
substrate. Columnar grain structure is predominantly present in the middle layer, suggesting
that solidification proceeds from the bottom to the top by the conduction mode of heat
transfer. Figure 3.6 shows that the dendrites and cells were finer because of the lower laser
power levels used in this work. The secondary dendrite arm spacing was widely used to
estimate the cooling rate of H13 steel by the equation: dT/dt = 3.87 x 10™%/x® where dT/dt =
cooling rate in K/sec and x = spacing in meters [13]. This expression yields a cooling rate on

the order of 10* K/sec for the arm spacing of 4-7 um obtained in this study.



44

©) (D)

Figure 3.5 Scanning Electron Micrographs (SEM) of H13-Nickel nanocomposite gear
mold, a) Single clad track, b) Equiaxed cellular structure at the top, ¢) Columnar
dendrite in the middle, and d) Fine epitaxial growth at the bottom (interface). Etchant
used was 4% Nital.
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Figure 3.6 Optical micrographs of heavily-etched samples showing the cellular-dendrite
structures. Note also the Vicker’s hardness indentations.

3.6.3 Composition and Microstructure of Molds

Figure 3.7 shows the dispersion of nanoparticles (black particles) in the steel matrix. Since
these particles were clearly observed in the polished condition, any suspicion that they were
etch pits was laid to rest. The average chemical composition of the mold, in weight
percentages, estimated from the energy dispersive spectra (SEM/EDAX) of the molds, were
Ni 5.7, Cr 4.0, Si 0.65, V 0.9, and Mo 0.95, with the balance Fe. Because of the addition of

Ni, there was a decrease in all the alloying elements of the H13 steel.
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Figure 3.7 Low and high magnification SEM micrographs showing the dispersion of
nanoparticles in the steel matrix.

SEM/EDAX spot analysis confirmed that these particles are composed of Ni and small
amounts of Si. Figure 3.8 shows the particles and the X-ray spectrum of nanoparticle. The
dotted line in Figure 3.8B comes from those of the whole region. Such X-ray spectra must be
interpreted with some caution. One must understand that the solid line in the spectrum also
includes the emission of elements from bulk, because the X-ray penetration depth in the
sample exceeds the particle size. Compared to other elements such as Cr, Mo, and V in H13
steel, the preferential diffusion of Si into the Ni-nanoparticles is quite intriguing and might be
understood by its atomic size and solubility. Silicon has a very small atomic radius and a
higher self-diffusion coefficient, both of which aid in rapid diffusion into nickel [28]. In
addition, the solubility of Si in Ni is quite high as evident from the Ni-Si phase diagram,
which shows the formation of several phases: NiSi NiSi,, NisSiz, and NisSi,. Figure 3.9
shows a typical grain structure of the gear mold. The small grain size (2-4 um) illustrates the
rapid solidification associated with laser processing as well as the ability of nanoparticles to

prevent grain growth.
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Figure 3.8 (A) SEM micrograph showing the nanoparticles, (B) EDAX spectrum of the
black nanoparticle (solid line). Dotted line is the spectrum of overall alloy.

Figure 3.9 Grain structure of nanocomposite mold.

3.6.4 Hardness and Corrosion Resistance

Figures 3.10 (A) and (B) display the hardness data. The hardness in the peripheral region for
H13/Ni molds is higher than H13 molds by about 5 to 10 points in Rockwell C scale.
Hardness measurements along the top and bottom surface revealed no discernible
differences, consistent with the uniformity of microstructure through the axial direction.

Figure 3.10 (B) shows the Vickers microhardness along the depth for a sample with single-
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layer of about 0.4 mm. The hardness of nanoparticle-dispersed molds exceeded that of H13
mold by 50 points, indicating a similar pattern. Corrosion test data of both molds in 10% HCI
acid medium, shown in Figure 3.11, revealed that the weight loss per surface area for H13-Ni

mold was more than two times higher than that of the H13 mold.
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Figure 3.10 (A) Rockwell hardness C scale for H13 and H13/Ni nano molds (Scatter +
3%0), (B) Variation of microhardness with distance from the top surface of single-layer
mold of about 0.4 mm (Scatter * 4%).
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Figure 3.11 Weight loss of molds with immersion time in 10% HCI.

3.6.5 Injection Molding Data

Injection molding tests showed that the injected polystyrene blocks could not be easily
ejected from the cavities although a relief angle was present in both molds. This may be due
to the poor surface finish at the inner surfaces. In total, 10 shots were made per mold. CMM
measurements on the deformation at the bottom of the molds showed that, up to 10 shots, the
plastic deformation was insignificant. Also there was no evidence of wear. A higher abrasive
resistant material than polystyrene and a large number of shots are necessary to identify the
effect of nanoparticles on the abrasive wear resistance molds. Plastic gears produced had
acceptable tolerance and surface roughness among both H13 and H13-Ni molds although the

latter provided improved finish and tolerance.
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3.7 Conclusions
The following conclusions are based on the experimental results obtained when nanoparticle
additive manufacturing was applied to the freeform fabrication of the molds:

(1) NAM is a successful process of dispersing Ni-nanoparticles in H13 steel melt and
producing injection molds with excellent structural integrity, higher hardness and
increased corrosion resistance.

(2) Nanoparticles have improved the surface finish of fabricated molds.

(3) Limited functionality tests of the NAM molds revealed their potential for long-life

and high performance.
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CHAPTER 4. Functionally Graded Mold Inserts by Laser-based Flexible Fabrication:
Processing Modeling, Structural Analysis, and Performance Evaluation
Paper published in Journal of Materials Processing Technology, 166(2), 2005

Rajeev Nair, Wenping Jiang and Pal Molian

Abstract

Laser-based flexible fabrication (LBFF), a novel solid freeform fabrication method based on
the principles of laser cladding, was developed to produce functionally graded mold inserts
using shaped laser beams, quasi-coaxial nozzle for powder delivery, and functionally graded
materials. As a case study of this innovative method, a hollow square mold insert was
fabricated with additive layers of H13 steel, Ni/Cr alloy, and TiC using circular and
rectangular beam profiles. Finite element analysis using ANSYS® was applied to determine
temperature fields and thermal gradients associated with circular and rectangular beams. The
microstructures and interfaces were examined using a scanning electron microscope, and
related to the temperature gradients. Characterization results show a nearly full-density mold
with excellent integrity, beneficial microstructures, strong interfaces, and high hardness. In
addition, the mold insert was tested and compared to H13 steel molds in a thermal fatigue

environment for ability to resist crack initiation, thermal strain, and oxidation.

4.1 Introduction
Solid Freeform Fabrication (SFF) is an advanced manufacturing technology designed to
make solid physical models directly from 3D-CAD data representation without special

tooling. It uses material addition technology to produce concept models, prototypes, and
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tooling for manufacturing dies and molds [1]. SFF offers benefits such as reduction in lead-
time, ability to make complex components, and cost savings [2]. However, fabrication of
functionally metallic and ceramic components by use of SFF still remains elusive. Initially,
selective laser sintering (SLS) of powder materials seemed to have the potential to produce
functional prototypes, even for direct tooling fabrication [3, 4]. However, SLS required
polymer binders and low-melting compounds. Shrinkage, porosity, and low density of parts
are the drawbacks of SLS that prevent it from competing against machining and EDM for
mold fabrication. Laser cladding (LC) based freeform fabrication technology has emerged as
a promising approach to remedy the deficiencies in SLS. LC consists of pneumatically
injecting powders through a quasi-coaxial nozzle into a laser-created molten pool of substrate
or by laser melting pre-placed powders. Subsequent solidification forms strongly bonded
layers of fully dense and possibly homogeneous microstructures. LC offers several
advantages including flexibility in processing structural materials, fine grain structure, low
dilution, minimal thermal degradation, formation of non-equilibrium crystalline and

amorphous structures, and extension of solid solubility of alloying elements [5].

LC was applied in multiple, overlapping layers to create functional 3D objects [6-8]. Several
LC-based SFF processes with minor variations were developed [9-14]. These include: 1)
directed light fabrication (DLF) from Los Alamos National Laboratory [9, 10]; 2) direct
metal deposition (DMD) from the University of Michigan [11]; 3) laser engineered net
shaping (LENS) from Sandia National Laboratory [12]; and 4) shape deposition
manufacturing (SDM) from Stanford University [13]. Despite such significant development,

the LC-based SFF processes suffer from drawbacks including unsatisfactory surface finish,
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residual stresses, low dimensional accuracy, porosity, and crack formation [15]. As a result,
this technology could not be implemented in industry. A number of experimental and
numerical studies were conducted to understand the LC-based SFF processes. Kobryn et al.
[16] investigated the effect of laser power and traverse speed on the formation of built height
and porosity in laser deposition of Ti-6Al-4V using a factorial experiment. Vasinonta et al.
[17] developed process maps for fabricating thin-walled sections using AISI 304 stainless
steel with emphasis on stress-induced warping. Kaplan and Groboth [18] analyzed laser
beam cladding of Stellite-6 powder process using simplified energy and mass balance

equations.

To produce high-performance functional components such as molds and dies that are free of
the defects mentioned above, a novel LC based SFF technique, namely, laser-based flexible
fabrication (LBFF), has been developed. This technique is different from others such as
LENS in the following aspects: 1) use of materials to make parts with functionally graded
composition and microstructure; 2) application of shaped laser beams to produce desired
surface finish and dimensional tolerance, and to reduce residual stresses and dilution in the
functional layers; and 3) use of a quasi-coaxial nozzle for powder delivery [16]. Since LBFF
involves direct interactions between moving heat source and powder materials, the
phenomena of mass transport (powder), heat transfer, and fluid flow make it rather complex.
For the processing conditions be optimally chosen to produce parts with high integrity (in
terms of surface roughness, crack, and porosity) and mechanical properties, such as hardness
and toughness, which are primarily dependent upon microstructures, it is important to

understand the underlying physical mechanism associated with the process. Hence,
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ANSYS® was used to solve the heat transfer problem related to the fabrication process and to
map out the temperature distribution and temperature gradients that are essential to predict
the molten pool dimensions, layer depth, type of microstructure, and thermal distortion. In
this paper, the production, process modeling, characterization, and evaluation of the FGM

mold inserts associated with the novel LBFF process are presented.

4.2 Experimental Materials and Methods

Figure 4.1 shows a schematic of LBFF, where shaped beams are used to make functional
objects from CAD files and CNC programming by controlled laser melting of the localized
powders of different materials in a functionally graded manner. Micro-sized powders of TiC
(2 um), Ni/Cr alloy (100 um), and H13 (70~100 um) were used as construction materials in
this work because they exhibit the desired mechanical and physical properties of die and
mold materials. TiC, a ceramic coating material with low thermal conductivity, is capable of
increasing die- and mold-operative temperature, while maintaining a low temperature at the
die surface. Ni/Cr alloy serves as the intermediate metallic layer (mainly due to diffusion)
between TiC and H13 layers. Its major functions are to further reduce oxidation and high-
temperature corrosion of the H13 layer as well as to improve the adhesion between these
layers [20, 21]. H13 is a benchmark material for dies and molds. In addition, these materials
also have closely matching thermal expansion coefficients [21], minimizing crack formation
and improving adhesion during processing. The addition of materials in creating the inserts
was configured in such a way that each side was composed of TiC, Ni/Cr alloy, and H13
powder, respectively, from outside to inside. Through these combinations, high surface

hardness and core toughness were anticipated.
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A 30 mm square-shaped geometry was chosen as die insert design, with a wall thickness of 8
mm. The maximum building height of parts was varied depending on the width of
overlapped track, thickness of single layer, and number of layers deposited. A high-power,
continuous wave (CW) CO, laser with beam configurations of circle and rectangle was used
to melt the powders, introduced through a powder delivery system on H13 steel substrate.
First, H13 powders were laser melted and solidified to a thickness of 6.2 mm. Second, Ni/Cr
alloy was deposited for a thickness of 1.5 mm. Defocused circular beams (15 mm below
focal plane) with a diameter of 0.8 mm were used in both cases. Third, TiC was formed to a
thickness of 0.3 mm using a focused rectangular beam of size of 0.1 mm x 1 mm. The

rectangular beam offered a high degree of surface integrity compared to the circular beam.

The fabricated inserts were cleaned up, sectioned, polished and etched for characterization of
microstructure and composition by SEM. Vickers microhardness (1.0 kgf) test was used to
determine the hardness distribution across the mold and compared with the benchmark H13
mold. Additionally, a low cycle thermal fatigue experiment was performed on both a H13
mold and the functionally graded mold of same geometries and dimensions, to compare their
performance in accordance to crack initiation, thermal strain, and oxidization resistance. The
molds were put in a high-temperature (850 °C) Lindberg heat treatment furnace and held for
3 minutes, then quenched in water at room temperature (20 °C) for one cycle. The molds
were checked under a microscope of 30x for any cracks at designed intervals. The cycles

were repeated till cracks initiated at any of the molds.
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4.3 Process Modeling

4.3.1 Problem description

The first law of thermodynamics states that thermal energy is conserved. For a differential
control volume associated with laser beam melting of pre-placed H13 powder, if the effect of
heat losses from convection and radiation are nullified, and latent heat is neglected, then heat

transfer problem can be mathematically described as:
oT
pC—+{Lj {aj=0 1
ot
in which p is temperature dependent density; C is specific heat; T is temperature; and t is

time; L represents the divergence operator; ( is the heat flux related to the thermal gradients

by Fourier’s law:

@j=-{DRLIT @)
ke, 0 0
where, [D]=] 0 k, 0| is conductivity matrix. If material is homogeneous, then there
0 0 Kk,

isk, =k, =k, =k . Combining equations (1) and (2), we have:

or o oT 0 oT 0 oT
P(T)CG)E—&(k(-r)&}ra[k(‘r)a—y}rg(ka)gj (3)

This equation, based on the global Cartesian system, is used for solving the surface thermal
gradients of circular and rectangular beams. Since we are only interested in surface thermal

gradients, equation (3) can be reduced to:

T _ 0 (), 2 kT
p(T)C(T)E— aX(k(T) axj+ ay(k(T) ayj 4)
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with initial condition: T (£, y,t) =T (X,20,t) =T (X, y,0) = 293 K; and boundary condition:

aP .
x> +y? <R;, —5 = constant; in other areas, heat flux=0.0.
b

The solution of non-linear equation (4) is dependent upon temperature-dependent density,
specific heat, and thermal conductivity. The powder material, H13, used in this computation
is assumed to have the physical properties of bulk material. Since the temperature-dependent
properties of H13 are only available up to a temperature of 600°C (873 K), for its properties
at any temperature, higher than 600°C and lower than its melting point, are taken as the
values at 600°C. Table 4.1 lists the variation of thermal properties with temperature for H13

steel.

4.3.2 Solution

In this study, ANSYS®, the widely used finite element analysis software package, was
applied to solve the aforesaid non-linear heat conduction problem of laser melting the pre-
placed H13 powder. Plane elements (2D solid) of 6 nodes and 4 nodes were chosen for
meshing the computation domains of circular and rectangular beams, respectively. The
domain was a rectangle of 60 mm in length and 30 mm in width. Only a quarter of the
rectangle was considered due to the symmetrical characteristics of the domain geometry and
load. Element edge length was set to 6.25 x10™ m within the beam, 1.5 x10~ m for all other
regions. In the regions adjacent to the beam, elements were refined. The meshes for surface
thermal gradient computation corresponding to circular beam and rectangular beam are
illustrated in Figure 4.2. Laser energy is assumed to be uniform over the beam profiles. The

related basic load settings for the computations related to ANSY'S are listed in Table 4.2.
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4.4 Results and Discussion

4.4.1 The square mold insert fabricated by LBFF

Figure 4.3 shows a photograph of the functionally graded mold insert in which visual and
scanning electron microscope (SEM) examination revealed few defects such as porosity,

indicating nearly full density. The time for fabricating this die insert was 56 min.

In this fabrication process, the laser power was set between 500~600 W as powers greater
than the above values tend to produce layers with poor surface integrity. Scanning speeds

were set as 5, 8.5, to 42 mm/s for Ni/Cr alloy, H13, and TiC powder, respectively. Under

these processing conditions, energy density (%) for metal powders (73.5 for H13 and 150

J/mm? for Ni/Cr powder) was much higher than that for TiC powder (33 J/mm?) due to large
surface area from the reduced size of TiC particles, leading to enhanced absorption of laser
beam. The deposition layer thickness for H13 and Ni/Cr alloy powder per laser scan was 0.13
mm, while it was only 0.008 mm for TiC. All these deposition thickness yielded good surface

roughness.

4.4.2 Surface thermal gradient profiles of shaped beams

As heating sources, laser beams of the same intensity but of shaped geometry can produce
thermal gradients of different magnitude and distribution (Figure 4.4). At a typical power
density of 9.4x10” W/m?” (corresponding to laser power of 500 W on rectangular beam) and
an interaction time of 0.0235 s, finite element analysis shows that rectangular beam (RB)

produces a more uniform thermal gradient profile than circular beam (CB). RB has a
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maximum thermal gradient of 4.94x10° K/m, 10% lower than CB. In addition, the highest
thermal gradient position of RB is farther away from the beam center than CB. The
differences in thermal gradients affect surface tension gradient, a controlling factor for the
formation of cross flow in a molten pool [23]. Cross flow plays a decisive role in the
uniformity of alloy distribution and surface roughness. Steep thermal gradient variations
result in severe cross flow, and possibly rough surfaces. Depositions of TiC powder using
rectangular beam produced layers with surface roughness (Ra) value less than 20 pm, while

using circular beam did not produce acceptable surface roughness.

4.4.3 Cooling rate

Normally, cooling rate is related to thermal gradient and beam velocity given by R = [\/ X G| .

Variations of cooling rate along the beam-moving direction follow the same trend as shown
by surface thermal gradients. The cooling rate is computed in the order of 10* K/s
(corresponding to a laser power 500 W and a scanning speed, 8.5 mm/s), which is similar to
the results from a point source analytical model [24]. This cooling rate is very high in
comparison to those obtainable in conventional material processing, however, it is somewhat

lower than laser glazing and alloying.

4.4 .4 Solidification microstructures

For a given composition, the formation of specific microstructure depends mainly on

solidification parameters such as thermal gradient (G ZC;—T), cooling rate (R, :(:j_-lt-)’
X

solidification-front moving velocity, and the degree of undercooling [25]. SEM micrographs
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(Figure 4.5) show a variety of dendrite structures, typical of the high cooling rate and larger

undercoolings. In the H13 layer, the average secondary dendrite arm spacing, A,, is 2.5 um,

and the cooling rate can be estimated as 2.5 x 10* K/s (T = /%3(3.87 x107%)[26]), which is

2
very close to the cooling rate obtained from simulation. Columnar dendrites, segmented by
the interfaces of individual deposition layer and aligned in the direction of maximum thermal
gradients, are observed in H13 and Ni/Cr alloy layers. This could be explained by the
epitaxial growth of the layer on the substrate where the grains are favorably situated as well
as steeper temperature gradients are provided by the laser parameters. In contrast, equiaxed
dendritic structures were observed in TiC layers. Here, new dendrites form and grow in the
mushy zone with random orientation. The equiaxed dendrites arise from a heterogeneous
nucleation mechanism in which Ni/Cr layer diffuses to provide sites for nucleation.
Additionally, the reduced thermal gradients and high growth rates made possible by the laser
parameters reduced the G/R ratio, resulting in equiaxed dendrites.

Formation of these microstructures is favorable to the expected mechanical properties. The
segmented columnar microstructures observed in both H13 and Ni/Cr layers could increase
strain tolerance [27], yielding improved ability to resist thermal shock and spallation caused
by cyclic thermal loadings in service. The equiaxed layer of TiC produced by LBFF would
likely exhibit reduced thermal conductivity [28], which is beneficial to reduce oxidation of

the underlying H13.

Final grain sizes depend, to a large extent, on the rate of cooling and have a direct effect on

the mechanical properties [29]. The maximum grain dimension of all regions was measured
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less than 25 um. However, those grains in the regions closer to surface were much smaller.
Re-heating of the preceding layers during layer processing caused the growth of grains in

zones away from the surface.

Figure 4.6 displays sharp interfaces among distinct layers. Defects were not identified at the
interfacial zones. H13 layer was “interlocked” with Ni/Cr layer possibly due to the
disturbance of the moving substrate to the slowly solidifying molten pool, which was because
of the high density (150 J/mm?) and the thick deposition layer (0.13 mm) used, while no
“interlock” occurrence was observed at the interface between Ni/Cr layer and TiC layer,
because of the quick solidification resulting from low energy density (33 J/mm?) and a thin
deposition layer (0.008 mm). Elemental analysis of energy by the energy dispersive spectrum
(EDS) shows that more than two-third of TiC layer was diluted by Ni/Cr powder.
Furthermore, it did not show any abrupt change in the constituents across those interfaces
(Figure 4.7). The observation was in agreement with the definition of functionally graded

materials.

Figure 4.8 shows the Vickers microhardness variation with the distance from outside to
inside surface. The data scatter was + 4%. Compared to the hardness of heat-treated H13
steel, the hardness in the H13 layer of this functionally graded die insert was 15% higher, a

direct benefit of rapid solidification resulting in fine structures.
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4.4.5 Performance evaluation

High resistance to thermal fatigue, strain deformation, and oxidization at elevated
temperature are desired properties for tooling as dies and molds. To examine the performance
of dies and molds in a thermal fatigue environment, low cycle thermal fatigue tests were
carried out on both machined molds of H13 steel and functionally graded mold (FGM) from
LBFF. Results showed that, at the same conditions, machined H13 mold inserts did not have
any cracks till onset of deformation due to alternating thermal loads, while the FGM had
initiated cracks in the TiC layer around the 15th cycle. The occurrence of crack in TiC layer
indicated the existence of residual stresses. In terms of resistance to deformation and
oxidization at elevated temperatures, FGM displayed reduced scale formation (weight loss)
and improved dimensional stability than the machined H13 molds, which is in consistence
with our previous experiment results [21]. The enhanced ability to withhold oxidization and
thermal stain deformation is attributed to the additional benefits of the fabrication process,

and the peculiar arrangement of the material matrix.

4.5 Conclusions

(1) A square die insert of functionally graded compositions of H13, Ni/Cr alloy and TiC was
designed and fabricated using shaped beam profiles with LBFF. Characterizations
showed full density of the insert, and gradual change of the composition in the
transitional regions between distinct layers.

(2) Surface thermal gradients of circular beam and rectangular beam were modeled using
ANSYS and compared. The cooling rates were estimated and correlated with secondary

dendrite arm spacing.
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(3) Maximal grain size was found to be approximately 25 um. The coarse grains were
resulted from repeated heating by the layer addition process.

(4) Microhardness of FGM, on average, was higher than that of conventional HI13 steel.
Performance evaluation in a low-cycle thermal fatigue environment demonstrated
improved strain tolerance, and resistance to oxidization at elevated temperature for
FGM, but a better resistance to crack initiation for H13 mold due to alternating thermal

loading.
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Figure 4.1 Schematic showing the LBFF process.
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Figure 4.2 The meshes used for surface thermal gradient computations for: (A) circular
beam (CB), and (B) rectangular beam (RB).
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Figure 4.3 Photo illustrating a square functionally graded mold insert fabricated using
LBFF.
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Figure 4.4 Surface thermal gradient profile of: (A) rectangular beam (RB), and (B)
circular beam (CB) (laser power: 500 W; and interaction time: 0.0235 s).
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Figure 4.5 Typical microstructures in: (A) H13 layer, (B) Ni/Cr alloy layer, and (C) TiC
layer.
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Figure 4.6 SEM showing the interfaces of: (A) H13 and Ni/Cr alloy, and (B) TiC and
Ni/Cr alloy.
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Figure 4.7 SEM of compositional distribution of the FGM interface of: (A) H13 and Ni/
Cr alloy, and (B) TiC and Ni/Cr alloy.
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Figure 4.8 Vickers microhardness (1.0 kgf) profile along the mold insert wall thickness
starting from outside (1: TiC; 2: interface; 3: Ni-Cr alloy; 4: interface; 5: H-13).
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Table 4.1 Density, specific heat, and thermal conductivity of H13 steel [22].

Temperature (K) 293 773 873
Density (kg/m’) 7800 7640 7600
Specific heat (J/kg.K) 460 550 590
Thermal conductivity (W/m.K) 25.0 28.5 29.3

Table 4.2 Load Settings of ANSY'S for surface thermal gradient computation.

Heat flux (W/m?) 3.75 x 10°
Interaction time (sec) 0.0235
Time at the end of load step (sec) 0.0235
Time step size (sec) 0.00235
Initial temperatures (K) 293
Automatic time stepping ON
Use previous size YES
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CHAPTER 5. Preparation and Characterization of Diamond-like Carbon Coating on
Aluminum 6061 T-91 Substrate using Laser Sintering
Paper submitted to Surface Coatings and Technology, 2007

Rajeev Nair, Wenping Jiang and Pal Molian

Abstract

Diamond-like carbon (DLC) coatings have been prepared on aluminum 6061 T-91 substrates
with the aid of electrostatic spray coating of synthetic nanocrystalline diamond powders
followed by direct laser sintering technique. A continuous wave CO, laser was utilized,
producing a dense coating with an average thickness of 10 um. The optimal laser parameters
were, power of 200 W, spot size of 1mm by 0.1 mm, and speed of 254 mm/s. The evidence
of DLC formation and its purity was obtained by characterizing the samples with energy
dispersive spectroscopy, Raman spectroscopy, X-ray diffraction and scanning electron
microscopy. Functional evaluation of DLC coating was performed using scratch, micro-

hardness, fracture toughness and surface roughness tests.

Raman measurements showed the presence of a broader peak at around 1332 cm™
(characteristic of pure diamond) for samples which were electrostatically coated with
diamond nanopowders while the samples which were laser-processed at a higher scan rate
showed the presence of DLC with a broad asymmetric hump in the region from 1000 to 1600
cm™. Energy dispersive spectroscopy and X-ray diffraction confirmed the presence of carbon
phases in the processed samples. Scanning electron microscopy showed a 60-80 um heat-

affected-zone between the aluminum sample substrate and the coating, leading us to believe
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that the diamond may have diffused into aluminum at the interface to form nano-composite
diamond-like carbon-aluminum, while the surface revealed a fairly uniform and dense
coating. These coatings exhibited micro-hardness in the range of 2150 to 2350 kg/mm? when
measured using a Vickers diamond pyramid indenter. In some localized regions, hardness of
9000 kg/ mm? were obtained. Scratch tests revealed a fairly homogenous coating with strong
adhesive nature having almost four times the average critical force (L) when compared to
the electrostatic spray coated sample. Fracture toughness and surface roughness are within
acceptable ranges of DLC coatings. Sample characterization showed a strong bond between
the substrate and the DLC layer. Coating of aluminum with the outstanding chemical and
tribological resistant DLC layer offers the possibility to tailor an extreme lightweight, strong

and wear-resistant material.

5.1 Introduction

Nanoparticles are essential building blocks for manufacturing of nano-structured porous and
dense coatings, which have unique properties such as ultrahigh hardness, thermal
conductivity, strength, and wear resistance. Nanostructured coatings have significant
potential applications in wear resistance with enhanced hardness and toughness [1].
However, these coatings are prone to the formation of agglomerates and tend to stick to the
surfaces in physical contact during the deposition process. Electrostatic spray coating can
avoid particle agglomeration for coating sub-micron and nano-sized particles especially on
flat geometries. Laser sintering of electrostatic sprayed nanoparticles is a better technique
because the traditional laser sintering using powder delivery method does not allow smooth

flow of nanoscale powders through the pipes due to high drag forces [2].
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Introduction of a protective layer(s) on a metal substrate is an efficient means of minimizing
wear and premature failure because it imparts the desired mechanical (increased wear,
erosion, and heat checking resistance) and thermal properties (heat insulation) with much
reduced cost [3]. Diamond-like carbon (DLC) is an amorphous (hydrogenated or non-
hydrogenated), meta-stable carbon. The extraordinary properties of the DLC explain the
ardent interest shown in the development of these coatings in recent years. DLC has
established as wear resistant coating on cutting tools, heat dissipation in hybrid integrated
circuits, wear-resistant and anti-sticking overcoat for computer disks and wear and corrosion-
resistant biocompatible coating for surgical prostheses. Formation of hard, lubricious
coatings of DLC on structural substrates results in the substantial improvement of the overall
performance of an automobile especially in power train components and piston-bore
assembly. Diamond-like carbon coatings fall into the category of high quality surface
coatings and have excellent tribological properties [4, 5]. DLC coatings on aluminum alloys
are particularly attractive in high vacuum environment such as in outer space, due to
chemical inertness, high hardness, thermal conductivity and elastic modulus, low friction

coefficient and low wear rate [6-8].

The tribological property profile of a coated-material depends on both the coating and the
substrate. Therefore, when discussing tribological properties, one has to take into account not
only the behavior of the coating, but also the property profile and suitability of the substrate
as well. Low specific gravity and high strength-to-weight ratio make aluminum and its
alloys extensively used in many industries, especially in aviation and space industry. DLC

coatings are emerging as successful tribological coatings for aluminum alloys. However
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these coatings are prepared by techniques such as chemical vapor deposition (CVD) and

physical vapor deposition (PVD) which are quite cumbersome.

Nanocrystalline diamond powders were sprayed by electrostatic forces and then laser-
sintered on aluminum 6061 T-91 substrates to form DLC coatings with a strong substrate-
coating interface unlike other processes like PVD. Laser sintering is a manufacturing
technique which uses a laser beam to sinter material powder in several scans to produce
three-dimensional parts directly from a computer aided design model (CAD) [9-12]. It can
also be used to form a coating on substrate in a single scan. There are four most widely used
forms of laser sintering: a) Direct solid-state sintering, b) Direct liquid-phase sintering, c)
Indirect solid-polymer sintering, and d) Indirect solid-solid sintering. In direct solid-state
sintering, the laser energy is applied to induce a temperature close to the melting temperature
so that binding occurs at the interfacial grain contacts [13]. In direct liquid-phase sintering,
owing to higher viscosity and surface tension effects, the molten metal tends to form a
spherical, ball-type structure, which is basically a coalescence of several nanoparticles [14].
In the case of indirect solid-polymer sintering, the polymer by virtue of its low viscosity acts
as a binder and prevents the balling effects as in liquid-phase sintering [15, 16]. Finally, the
indirect solid-solid sintering method consists of a mixture of two metal powders comprising a
high-melting-point metal and a low-melting-point metal, the latter serving as a binder. In this
case, the laser energy should be high enough to raise the powder temperature between the
melting points of the two metals to make the binder metal melt and flow by driving forces
such as the liquid pressure, viscosity and capillary forces through the pores between the solid

particles [17].
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5.2 Experimental Procedure

5.2.1 Aluminum substrate

In this work, aluminum 6061-T91 metal substrates are used which have good acceptance of
coatings [18, 19]. This grade of aluminum is used for a wide variety of products and
applications especially where strength, weldability and corrosion resistance are needed. The
heat treatment processes from the wrought aluminum 6061 to transforming it into aluminum
6061 T-91 involves three major steps: The first step is solution heat treatment where the alloy
is soaked at 530 °C for a time, long enough to achieve a nearly homogenous solid solution;
The second step is to quench the solid solution formed, rapidly enough (and without
interruption) to produce a supersaturated solution at room temperature. The final part of heat
treatment is precipitation heat treatment where precipitation of solute atoms is done at
elevated temperature (160 °C) for 18 hours. Cold working subsequent to precipitation heat
treatment is necessary to attain the specified properties for this temper [20]. The following
table shows the percentage composition of various elements in aluminum 6061 T-91 used in

this work.

Table 5.1 Composition of various elements in Aluminum 6061-T91 [18].

Component | Wt. % Component | Wt. % Component | Wt. %
Al 98 Fe Max 0.7 | Si 0.4-0.8
Cr 0.04-0.35 | Mg 0.8-1.2 Ti Max 0.15
Cu 0.15-04 | Mn Max 0.15 | Zn Max 0.25

5.2.2 Preparation of Nano-diamond Powders
Diamond powder production and purification is an expensive process. The diamond

nanopowders used for this experiment was acquired from Ames Laboratory (Dr. Anatoli
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Frishman, Dept. of Physics, lowa State University) and its production is based on explosion,
also called as shock detonation synthesis [21]. This process is based on the effect of ultra-
fine diamond nanopowder formation through the detonation wave of some special explosives
like Trinitrotoluene (TNT) and Cyclotrimethylene Trinitramine also known as RDX. The
nanopowders contained 2% impurities consisting of Ca, Fe, Cu, Al, Cr and Si. Transmission
electron microscopy (TEM) micrographs of the acquired diamond nanopowders demonstrate
the uniformity of the particles and a particle size range between 4 to 8 nanometers. The
electron diffraction rings in the upper right hand corner in part A of Figure 5.1 is a
characteristic of nanophase structure. Part B of the figure shows the rounded nature of the
grains obtained though the detonation synthesis. Table 5.2 provides the characteristics of
nano-diamond powders acquired. It has been found that nanocrystalline diamond is more
stable with respect to graphitization than usual diamonds at high temperature and ambient
pressure [22]. Direct laser sintering is non-equilibrium high temperature process at ambient
pressure and the acquired diamond nanopowders is believed to be excellent towards the
creation of a uniform layer of DLC. The wetted and bonded DLC coating is expected to

provide properties superior to the often used micro-sized granulate coatings.
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(A) (B)

Figure 5.1 TEM micrographs of the as-received diamond powder, A) Lower
magnification with a selected area diffraction pattern in the upper right hand corner,
B) High magnification micrograph showing the rounded nature of the grains.

Table 5.2 Basic technical characteristics of the diamond nanopowder.

External kind Powder of gray color
Moisture quantity, % not more 0.5

Average size of prime particles (coherent scattering region), nm | 2-8

Specific surface, m°/g 250

Pouring density, g/cm® 3.0

Quantity of metallic impurities, % not more 2.0

Quantity of carbon cubic phase, % not less 90

Quantity of impurity additives, % not more 2.0

5.2.3 Electrostatic Spray Coating (ESC) Process

Electrostatic spray coating is a widely used method in paint technology; however, it was
relatively unexplored in ceramic and metal coating industry. In ESC process, the powder
particles are generally electrically insulating in nature and can carry the static charge over a
distance of a few tens of centimeters. The powder particles are charged when they come out

of the powder spray gun and exposed to an electrostatic field generated by a pointed
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electrode, which is subjected to, typically a few tens of kilovolts. The charged powder
particles follow the electric field lines toward the grounded objects (substrates) and form a

uniform coating preform (Figure 5.2).
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(A) (B)
Figure 5.2 (A) Schematic of the ESC Process [2], (B) Electrostatic spray coater.

In general, powder particles with particle size in the range of a few tenths of a micron have
extremely high surface energy and thus, in the dispersion process they tend to clump with
each other to minimize the surface energy. The cluster of the particles with reduced sizes
significantly increases the difficulty for conventional powder delivery and deposition
process. However, in the electrostatic process, particles are charged with similar polarity and
will have little chances to form cluster, thus a uniform coating could be obtained covering the
entire grounded sample surface. Since the charged powder particles follow the field lines

emanating from the entire surface of the grounded objects, the spray coating is formed all
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over the object surface, which is a significant advantage for coating complex geometry
surfaces. An electrostatic powder deposition system helps in reducing space requirement,
achieving a more packed bed and enabling powder storage in a different location other than

the workspace [23].

Al-6061 T-91 metal coupons (of sizes 25.4 mm by 25.4 mm by 9.5 mm) were sand blasted
and electro-statically deposited with synthetic diamond nanopowders of size range 4 to 8 nm
(2% impure). The deposition process was carefully controlled so as to get a uniform and
homogenous coating. The thickness of the deposited nano-diamond powder coating was in

the range of 20 to 30 um.

5.2.4 Laser Sintering Process

Laser sintering is a rapid process developed for making thick single-layer coatings on metal
samples pre-coated with powders using electrostatic deposition process (Figure 5.3). Laser
sintering of nanoparticles is probably a better approach than furnace sintering to retain the
grain sizes in the nanometer range. Furnace sintering leads to a coarsening tendency, particle
agglomeration, inherent contamination, and ultimate loss of nanofeatures. Molecular
dynamics simulations showed that sintering of nanoparticles proceeds extremely fast, which
can be explained by sintering mechanisms such as dislocation motion, particle rotation and
viscous flow in addition to surface and volume diffusion [1]. Consequently, laser-sintering
would be preferred to match the speed at which nano-sintering takes place. The laser power
required for sintering nanoparticles is much lower because nanoparticles can readily absorb

laser light due to their large surface areas, and kinetics of sintering indicate the onset of
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sintering temperature as 0.2-0.3 T, (melting point) as compared to 0.5-0.8 T, for microscale
powders [1]. Consequently laser-sintering is expected to form a homogeneous and dense
layer while furnace sintering will produce layers consisting of agglomerates and inter-

agglomerate pores.
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Figure 5.3 Schematic of the direct laser-sintering process.

In this work, we use the direct solid-state laser sintering approach to bond the nanoparticles
and the substrate. Direct-solid state sintering offers the benefit of sound bonding, which is
important for functional coatings. A factor that can have great impact on the stabilization of
nanoparticles is the shape of the laser beam. A defocused Gaussian beam is almost always
used for sintering. If the beam is stretched in the direction of sintering, a smooth, flat type of
layer can be obtained because of reduced temperature gradient. In addition, the coupling

between the beam and material can be made more efficient due to the preheating of the
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powder at the leading edge of the beam, making more energy available for heating the
powder. Furthermore, switching the circular beam to a high-aspect-ratio rectangular beam
(RB) significantly reduces heat conduction losses. Consequently, the shaped beam facilitates

even sintering, leading to improved surfaces.

A 1500 W continuous wave CO, laser (820 Spectra — Spectra Physics®) was used for the
laser-sintering process. A focused RB (with a focal length: leading edge of 1 mm by a width
of 0.1 mm) was chosen for the process which gave a laser spot area on the surface of 0.1
mm?. The laser beam motion controlled by a programmed CNC controller, was used to scan
the work piece in straight lines across the workpiece with the distance between the scans
being 0.254 mm. Argon was used as the assist gas during the sintering process. The range of

process parameters used for the laser-sintering process is shown in Table 5.3.

Table 5.3 Process Parameters for the Fabrication.

Parameter Value
Laser power, Watt 100-300
Focal length of lens, mm 127
Spot area at the powder surface, mm® 0.1
Scanning speed, mm/s 40-254
Standoff distance from the nozzle to the substrate, mm | 15
Overlap among passes, % 15-25
Assist gas flow rate, m*/s(*10™) 3.15
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5.2.5 Measurements and Sample Characterization

Micro-hardness tests were conducted to determine the surface hardness of the laser-sintered
samples followed fracture toughness evaluations. Surface roughness, R, of the scanned
surface was measured using a surface profilometer with a diamond stylus of 0.025 mm in
diameter. Scratch test (Micro Photonics® MST) was performed to determine the critical and
frictional forces on the nano-diamond laser-sintered aluminum sample as well as the non-
sintered diamond-coated aluminum sample. Metallographic samples of the molds were
prepared, and then examined for flaws (porosity and cracks) and microstructure using
scanning electron microscopy (SEM, JEOL 840A, 10 kV). X-ray diffraction was carried out
on the sintered sample to confirm the presence of carbon phases using a SIEMENS® D500 X-
ray diffractometer. Raman spectroscopy measurements were conducted: on the pure diamond
powder before coating, electro-statically deposited diamond powder on the aluminum
samples, and the laser-processed coupons to examine sp® and sp? bonding (Ramascope,

Reinshaw® 1000).

5.3 Results

5.3.1 Effects of Laser Parameters

Line energy, that is, the ratio of laser power to scanning velocity, in the range 0.78 and 0.94
J/imm, has the most favorable effect on the laser-processed samples. Line energy below 0.78
J/mm did not show a noticeable change in the powder characteristics. Essentially the energy
was not adequate for sintering. Above 0.94 J/mm, the electrostatically-deposited powders
melted and vaporized, leaving a highly uneven, non-uniform and discontinuous coating.

There were fairly uniform and thick coatings obtained in the range of 0.78 and 0.94 J/mm.
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5.3.2 Micro-hardness

Micro-hardness experiments were taken as the benchmark to decide on the effectiveness of
laser-sintering of the diamond nanopowders on the aluminum substrate. A Vickers micro-
hardness indenter was used for the study with a load of 50 gf along the transverse section. A
total of 4 measurements were made for each sample for different power and scan rate. The
results show that lower laser scan rates produced coatings with very poor micro-hardness
values when compared to those produced using higher rates for all power. The best results
(Figure 5.4) were obtained for a laser power of 200 Watts and a laser scan rate of 254 mm
per min. yielding an average micro-hardness value of 2250 kg/mm? (22.5 GPa). There were a
few spots which produced hardness in the range of 9000 kg/mm? (200 W and 254 mm per

second).

Micro-hardness

2500

" 2000 - —e— 100 W
S~ —=— 150 W
c (9\]

° $E 1500 - ——200 W
S E 1000 250 W
gg —%—300 W
= 500 |

0

0 50 100 150 200 250 300

Laser Scan Rate (mm/sec)

Figure 5.4 Micro-hardness of diamond sintered samples (Scatter + 4%).
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Vicker’s microhardness test using 100 gf load was performed on the cross-section of DLC
coated 6061 aluminum substrate. Figure 5.5 shows the optical micrograph with
microhardness indentations. Figure 5.6 shows the hardness distributions in the heat affected
zone (HAZ) and substrate. Only one hardness reading could be taken in the HAZ at one
location because the diagonal of square indentation was about 55-60 pm, which is nearly
80% of the size of HAZ. The hardness depends on the precipitate distribution such as Mg,Si.
The hardness was lower in the HAZ (based on three locations) than the substrate because of

re-solution of precipitates and overaging effects that caused growth of precipitates.
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Figure 5.5 Optical micrograph of the substrate cross-section with microhardness
indentations (coating at the left, substrate from left to right).
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Figure 5.6 Vickers microhardness distribution across the cross-section

5.3.3 Fracture toughness

Since the optimal laser power was found to be 200 W and scan velocity 254 mm/s, it was
decided to conduct fracture toughness tests on the sample sintered using those processing
conditions. The fracture toughness K. is a measure of the resistance of a crack to propagate in
a material and may be determined by observing how a crack of known geometry extends as a
function of applied stress [24]. The technique used here to find fracture toughness is based on
the observation that brittle materials will normally fracture when indented with a certain
critical load. Although this method is crude to ascertain fracture toughness, a general
estimate can be found. The load depends on the material and type of indenter but typically
for a Vickers indenter and brittle coatings (like ceramics and DLC), the critical load at which
cracks will nucleate and propagate from the corners of the impression are above 0.25 N,

depending on the thickness of the coating [25].
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In this experiment a Vickers indenter was used to make indentations on the sintered sample
(Figure 5.7), laser-treated at 200 W and 254 mm per second, which was found to have the
maximum micro-hardness among all the samples. It has been shown in multiple derivations
that length of the corner cracks can be related to the fracture toughness of a material by the

formula [26],

N

(PXc) 2 &)

=0

E = Young’s Modulus of DLC = 3.4 * 10° MPa, H = Hardness = 2250 Vickers hardness
number = 2250 * 9.81 = 22072 MPa, P = Load = 2 kgf = 19.62 N, ¢ = Distance from the

center of the indentation to the end of the crack = 105 pum, ¢ = Constant taken as 0.016,

K= 1.15 MPay/m

Indentation

Figure 5.7 Indentation profile with a Vickers probe.

The fracture toughness obtained in this case, is in the range of 1 to 2.3 MPam, generally

obtained for diamond-like carbon film coatings. Repetitive experiments (four tests) all
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revealed the fracture toughness value to be in this range and showed the brittle nature of the

coating.

5.3.4 Surface Roughness
The average surface roughness (R;) of the 200 W laser-sintered sample was measured using a
Sheffield Measurement® surface profilometer. The measurements were done perpendicular to

the direction of the movement of the laser beam.
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Figure 5.8 Average surface roughness of laser-processed samples (Scatter + 3%b).

The average surface roughness tends to increase with increased laser scan rate as seen in
Figure 5.8. This has to do with the laser energy on the diamond-coated sample surface and
the conversion into various carbon forms. It is believed that higher energy density may create
different carbon phases like graphite that can give rise to low surface roughness which

essentially is the case when the laser scan rate is lower. At lower laser scan rates, the energy
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density is higher and the nano-diamond powders convert into full polycrystalline graphitic

phases rendering it very smooth, giving a better surface finish.

5.3.5 Scratch test

The scratch-test method consists of the generation of scratches with a spherical stylus,
generally Rockwell C diamond, tip radius 200 um, which is drawn at a constant speed across
the coating-substrate system to be tested, under either constant or progressive loading at a
fixed rate. For progressive loading, the critical load (L) is defined as the smallest load at
which a recognizable failure occurs; for the constant loading mode, the critical load
corresponds to the load at which a regular occurrence of such failure along the track is
observed. The driving forces for coating damage in the scratch test are a combination of
elastic-plastic indentation stresses, frictional stresses and residual internal stresses. In the
lower load regime, these stresses generally result in conformal or tensile cracking of the
coating which still remains fully adherent. The onset of these phenomena defines a first
critical load. In the higher load regime, one defines another critical load which corresponds to
the onset of coating detachment from the substrate by spalling, buckling or chipping [27].
The scratch test is basically a comparison test. The critical loads depend, of course, on the
mechanical strength (adhesion, cohesion) of a coating-substrate composite but also on several
other parameters: some of them are directly related to the test itself, while others are related

to the coating-substrate system.

There are different means for critical load determination. Microscopic observation is the

most reliable method to detect coating damage. This technique is able to differentiate
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between cohesive failure within the coating and adhesive failure at the interface of the
coating-substrate system. Acoustic emission (AE) detection is the detection of elastic waves
generated as a result of the formation and propagation of micro-cracks. The AE sensor is
insensitive to mechanical vibration frequencies of the instrument. Tangential force (F)

recording enables the force fluctuations along the scratch to be followed.

Table 5.4 Scratch test conditions and procedure.

Loading range 0to9N
Loading rate, dL/dt 6 N/min
Scratch length 7.5mm
Scratching speed, dx/dt 5 mm/min
Acoustic emission sensitivity, Sae | 9
Diamond indenter tip radius 200 pm

A laser-sintered sample (200 W, 254 mm per second) was chosen for the scratch test and was
compared to an ‘as-coated’ sample under progressive loading of 6 N/min. An ‘as-coated’
sample refers to an aluminum sample which has been electrostatic spray coated (ESC) with
synthetic nano-diamond powders. Average critical force (L.) based on the sudden change of
the acoustic emission signal for a laser-sintered sample (200 W, 254 mm per second) was
found to be 4.51 N and that for an “as-coated’ sample 1.61 N. The critical load can be clearly
seen to be almost 350 % more compared to an ‘as-coated’” sample for a long delamination. As
the aluminum alloy substrate is soft that the deformation of the substrate occurs during the
scratch test, the measured average critical force value of 4.51 N may not be the actual
adhesion strength of the DLC coating, but, this is a good comparison test versus the ‘as-
coated’ sample. A few optical micrographs of sintered and ‘as-coated’ samples during the

start of the scratch test till the long delamination are shown below. In a recent study, PVD
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(physical vapor deposition) coatings of Ti and TiN of different thicknesses deposited on
aluminum were evaluated using the same scratch test [28]. The critical loads were

substantially lower than those reported here.
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Figure 5.9 Pictures of delamination for sintered and ‘as coated’ sample (1. Sintered -
Beginning of Scratch (50x), 2. Sintered — 1% Delamination (200x), 3. Sintered — 1%
Delamination Valley (200x), 4. Sintered — Long Delamination (LD) (200x), 5. Sintered —
LD (cont...), 6. Sintered — Large/LD (200x), 7. As coated - Beginning of Scratch (50x), 8.
As coated — 1° Delamination (200x), 9. As coated — LD (200x)).
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Friction Force vs Delamination Length
Sintered Sample
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Figure 5.10 Friction force of the sintered sample.

The comparison graph (Figure 5.10) above shows the relationship between the friction force
and delamination length for the laser-sintered sample. It can be seen in the figure that the
frictional force gradually rises from O N to 7.65 N over the test scratch length of 7.5 mm as
the depth reaches 9.4 um which is the approximate thickness of the sintered coating. The
friction coefficient fluctuates between 0.2 and 0.5 as the full depth of the coating is reached.
As we compare this to the ‘as-coated’ sample (Figure 5.11) where the synthetic diamond
powders are deposited and coated uniformly by the electrostatic spray coating process (ESC),
it is seen that the friction force rises to 3.6 N over the test length. The friction coefficient
fluctuates between 0.1 and 0.4. The higher value of friction force and friction coefficient for
the sintered sample can be attributed to the rough surfaces developed due to laser-sintering
and the more cohesiveness in the laser-sintered microstructure. The friction force is a

function of counter face material and hydrogen content of DLC. For example, the friction
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coefficient with steel is 0.2 and with alumina is 0.08 [29]. Most DLC’s contain >30 at%

hydrogen, making the friction coefficient highly variable.
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Figure 5.11 Friction force of the ‘as-coated’ sample.

5.3.6 Raman Spectroscopy

Raman Spectroscopy is a non-destructive technique for the identification of a wide range of
substances and has been widely used to study the structure of DLC materials [30]. It involves
illuminating a sample with monochromatic light and using a spectrometer to examine light
scattered by the sample. The frequency shift corresponding to the energy difference between
the incident and scattered photon is termed as the Raman Shift. A plot of detected number of
photons versus Raman Shift from the incident laser energy gives a Raman spectrum. Raman
spectra of crystals behave differently from that of gases and liquids, as they do not behave as

if composed of molecules with specific vibration energy levels, instead the crystal lattice
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undergoes vibration and these macroscopic vibration modes are called Phonons. A micro-
Raman spectroscope (Ramascope, Reinshaw 1000) using monochromatic light of wavelength
488 nm was used to characterize the coatings. Diamond powder and the powder-coated,

laser-treated samples were separately analyzed. The results are as given below.
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Figure 5.12 Raman Spectra of Nano-diamond Powder.

Natural diamond exhibits one main Raman active vibration which manifests itself as a sharp
first order peak in the Raman spectrum at 1332 cm™. In the nano-powder sample that was
tested for Raman Spectra a broader peak can be seen at 1332 cm™ as shown in Figure 5.12.
Broadening of the diamond band is a result of decreased grain size (nanometer scale) and
impurities. A strong, narrow first order diamond peak, located close to 1332 cm™, and a lack
of features attributable to non-diamond forms usually indicates that the material is of good
quality. Since our nano-diamond powder had 2% impurity, a strong, narrow first order peak

was not visible. In addition, graphitic inclusions can ‘screen out’ the diamond signal from
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diamond regions deeper in the sample making the Raman spectrum to indicate a worse

quality material than is actually the case.

Natural single crystal graphite exhibits a single Raman peak at around 1580 cm™, namely the
G peak. If graphite becomes disordered in the carbon layers, the G peak broadens. For
polycrystalline graphite, a second peak at 1350 cm™ appears namely the disordered or the D
peak. If the long range order of the crystalline material is lost and the carbon phase becomes
glassy, both the G and D peaks broaden. For a laser-processed diamond sample (200 W, 254
mm per second), the Raman Shift shows a broad band over the range of 1200 to 1600 cm™
(Figure 5.13). However, unlike resonant Raman scattering, visible laser light such as 488 nm
light is not sensitive to sp* carbon bonding in DLC materials. Therefore, fitting D and G
peaks has commonly been used to interpret the Raman spectra acquired from DLC materials.
The emergence of the D peak can be used to predict the appearance of sp? clusters in the

coatings containing high sp® content [31, 32].
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Raman Spectra of Laser Processed Diamond Sample
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Figure 5.13 Raman Spectra of Laser-processed Diamond Sample (200 W, 254 mm/s).

The Raman spectra for the sintered coating gave a broad band overlaid by G and D peaks. It
is well known that the G band of bulk graphite is located at 1580 cm™ of the Eoq mode which
represents the C-C stretching vibration in the graphite layer. In DLC materials, the decrease
in the C-C stretching vibration corresponds to the lengthening of the C-C bond and some
carbon atoms leave the layer. Under these conditions interlayer bonds may appear. DLC
materials therefore usually show a lower G peak position as is seen in Figure 5.13.
Researchers have also shown that for DLC films containing aluminum, both G and D peak
positions shifted to lower frequencies as the content of aluminum was increased [31].

Amorphous carbon produces a broad asymmetric hump in the region 1000-1600 cm™.
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5.3.7 Microstructure & Surface Morphology

SEM micrographs of the surface (Figure 5.14) of the laser-sintered samples showed it to be
fairly uniform and smooth. EDS (Energy dispersive spectroscopy) spectrum at a
magnification of 500X, showed trace amounts of iron, magnesium and silicon, which were
reported to be impurities in the synthetic diamond nanopowder. SEM micrograph at a

magnification of 4000X shows a near dense coating with very few cracks.
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Figure 5.14 EDS and SEM micrograph of the laser-sintered sample (200 W, 254 mm/s).

Polishing and etching (Aqua Regia) of the cross-section of the sintered sample was
performed. A very thin layer of gold was coated (DENTON® sputter coater) on the sample
for better resolution and signal quality. This sample was studied under an SEM (Figure
5.15). Etch pits were seen in the interface between the coating and the aluminum substrate
possibly due to the use of aqua regia as the etchant. The coating is seen to be fairly uniform

and smooth. It is also free from crack, porosity and inclusions.
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© D)

Figure 5.15 SEM micrographs of the laser-sintered sample (200 W, 254 mm/s), A)
Coating at 50X magnification, B) At 300X, etch pits can be seen between the coating
and the substrate, C) Thin layer of coating with an average thickness of 10 um, and D)
Coating at 7,000X.

5.3.8 X-ray Diffraction (XRD)

XRD patterns from a known or approximated crystal data for the laser-sintered sample
proved the existence of DLC coating on the aluminum substrate. However, since a thin film

XRD was not done, the data obtained showed only trace amounts of the DLC phase as

expected, because the X-rays penetrate deep into the substrate material as well.
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As seen in the diffractrogram in Figure 5.16, the y-axis is a logarithmic value of the counts
and so most of the peaks generated are extremely small in real scale. The aluminum peaks at
two-thetas of 38.49, 44.74 and 65.11 are reflective of the face centered cubic (FCC) structure
of the aluminum alloy. Two-theta peaks of 28.45, 47.31 and 56.18 represent the presence of
silicon, possibly from the silicon content (Si is in the form of inter-metallic compounds) in
aluminum 6061. XRD diffractrogram clearly shows a DLC peak at Two-Theta (deg.) of
26.61. Rest of the peaks represent the reflection of X-rays from aluminum which exist in
orientations other than FCC and can be interpreted as crystalline structures developed as a
consequence of the processes involved in the preparation of the coupons of aluminum 6061
T-91, including cold working and heat treatment. There are trace phases of other elements

and compounds which are part of the aluminum alloy.
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Figure 5.16 XRD diffractrogram of the sintered sample.
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5.4 Discussion

Among all the nonferrous alloys, aluminum alloys are the most widely used. AA 6061 is the
most general purpose aluminum alloy with numerous applications which demand high
specific strength, low friction and high wear resistance. While the desired strengths can be
achieved through alloying, cold work and heat treatment, the tribological properties of
aluminum alloys are usually attained by a variety of surface coating technologies that include
anodizing, Cr-electroplating, Ni-P electroless plating, sputtering, CVD and laser

alloying/cladding methods.

In this work, we have employed laser-sintering in preference to other coating techniques for
the following reasons: anodizing, Cr-plating and PVD coatings are usually too thin and
contain a high density of defects. PVD is also limited by the large size and complexity of part
as well as by vacuum requirements. In addition, the poor bonding strengths at the coating-
substrate interfaces restrict the PVD processes from applying it to high load-bearing
components. CVD is a high-temperature process that causes dimensional change, geometric
distortion, and grain growth. Laser sintering has the advantage of overcoming many of these
obstacles. The general benefits of laser-sintering can be summarized as:

e Better functionality (excellent bonding, less residual stresses, higher hardness)

e Simplicity (absence of vacuum chambers)

e Flexibility (selective area deposition)

e Low substrate temperatures

e Minimal changes in dimensional accuracy

e Fairly smooth surfaces
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e Minimal contamination
e Environmental friendly

e Nanostructured coatings due to suppression of grain growth.

Aluminum alloys are traditionally subjected to anodizing treatment, a classical route, to
enhance the tribological properties. Anodizing produces an oxide layer at ambient
temperature with hardness close to that of high strength steels but well below that of a-
alumina, the principal constituent of the oxide coating. Anodized coatings are quite porous,
sometimes as much as 50%. In addition, the coating brittleness and the cracks induced during
the process strongly affect the fatigue performance. Furthermore, low PH acidic electrolytes
used in the process do not meet the environmental regulations. Cr and Ni-P plating processes
suffer from similar problems. Recent innovation in anodizing is a controlled oxidation
process, designated as microplasmic anodizing by the Microplasmic corporation, which
offers the benefits of less environmental damage due to increased pH, less porosity,
increased density and much improved hardness of around 1300 kg/mm? [33]. However,
studies of micro-arc oxidized aluminum alloys have shown that as-deposited and polished
alumina coatings have a relatively high friction coefficient >0.7 [34]. A variety of PVD and
CVD coatings such as TiN have been applied to aluminum to improve its tribological
properties [28, 35 and 36]. Although PVD-coated TiN or CrN on aluminum alloys exhibited
high surface microhardness, the low thickness of coating and thermal/mechanical mismatch

of the coating with the substrate did not allow adequate load support in service [36].
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One specific coating that had a marked tribological effect on aluminum was DLC which
consists mainly of a mixture of “‘diamond’” sp® and ““graphite’” sp? hybrid carbon atoms with
no long range order. The level of hardness obtained in DLC depends on the volume fractions
of two phases. General Motors R&D Center initiated a study of DLC coating (CVD process)
for aluminum A390 alloy to determine its potential for improving the tribological properties
of the piston bore in automotive engine applications [14]. Results showed the beneficial
effects of low friction coefficient and absence of scuffing wear. However the thin coatings
(<2 um) performed well only for short time. The life expectancy of a modern combustion
engine requires much thicker coatings. However, increasing the DLC coating thickness by
CVD processes has detrimental effects such as increased deposition time and increased
internal stresses causing delamination. A unique method of combining micro-arc plasma
oxidation and plasma implantation was used to deposit thick, dual coatings of alumina and

DLC on aluminum alloy parts, which improved the load-carrying capacity [34].

DLC coatings have been deposited using various deposition methods that include ion beam
deposition (IBD), magnetron sputter deposition (MSD), and plasma CVD (PECVD). IBD
has the advantage of being able to deposit high quality coatings at very low temperatures
(near room temperature) but the deposition rate is very low (1um/hr). In addition, complex
manipulation of the substrate was required in order to ensure uniform deposition. Plasma-
assisted CVD techniques employing RF and DC glow discharges in hydrocarbon gas
mixtures produce smooth films but at the expense high substrate temperatures of at least
600°C to give the required combination of properties. This will in turn deleteriously affect

the aluminum substrate properties by causing the overaging. The CVD technique results in
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good deposition rates and very uniform coatings, and is well suited to large-scale production.
Another technique is unbalanced magnetron sputter ion plating that has recently been
developed to apply thick coatings (4 um) at 200°C with much improved adhesion to any
substrate. This technique combines the benefits of both plasma CVD and ion beam

deposition.

Laser sintering of DLC coatings carried out in this work is certainly advantageous over the
current techniques as can be seen from Table 5.5. DLC coatings could be produced because
high-energy precursive carbon atoms are rapidly cooled on the relatively cold surfaces. Here
cubic and hexagonal phases are randomly intermixed because of the lack of time for one

crystalline phase to grow at the expense of other phase.

The shrinkage behavior of laser-sintering affects the density and formation of residual
stresses. The electrostatic spray coated samples had an average thickness of 25 um. The
nano-diamond particles are loosely attached with the substrate (van Der Waals bonds),
resulting in a substantial amount of porosity. Upon laser-sintering, the average thickness was
reduced to 10 um. In addition, there was an intermixed layer (aluminum and DLC) of about
60 pm observed. Laser sintering consolidates the electrostatic spray coating to near
theoretical density with little evidence of porosity. This is essentially attributed to localized
thermal diffusion that binds the particles and causes shrinkage. There is also some melting
and resolidification of aluminum that increases the amount of shrinkage. The residual
stresses in the laser-sintered coatings are expected to be much lower than CVD and PVD

processes primarily due to its localized nature.
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Laser surface cladding and alloying of aluminum alloys using different metals and ceramics
have been carried out by a number of researchers [37-43]. Various degrees of improvements
on the surface hardness and wear-resistant properties have been reported. However none of
these works dealt with DLC coatings as well as laser-sintering of electrostatic sprayed
coatings. As has been demonstrated, the formation of a well adhered, very hard, good
toughness and low friction DLC coating on aluminum substrate by laser-sintering has

potential economic benefits for a wide variety of mechanical parts.

Table 5.5 Comparison of coating characteristics produced by laser-sintering (current
work) and other methods (previous works).

Characteristic Other Methods | Laser-sintering
Hardness, Vickers 1000-1500 2000-2500
Deposition Temperature, °C | 20-600 27

Deposition time Long Short

Friction coefficient 0.1-0.3 0.1-04
Coating thickness, um 0.001to 4 9

Surface roughness Fine Coarse
Adhesion Weak Strong
Deposition equipment Complex Simple
Environmental effect Malign Benign

5.5 Conclusions

Electrostatic spray coating technique was utilized to deposit a fairly uniform coating of
nominal thickness 25 um diamond nanopowders on industry standard Aluminum 6061 T-91
substrates. Laser sintering was then followed up to create a uniform 10 pm thick DLC
surface with excellent surface properties such as microhardness, fracture toughness and

scratch critical force and good structural integrity. Laser power and scanning speed played
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vital roles in obtaining the uniform DLC coating. Vickers microhardness number of 22.5 GPa
falls in the category of super-hard materials. Fracture toughness values are as expected of a
DLC coating in the range of 1 to 2.3 MPa . Although scratch critical forces could not be
compared to other industry standard DLC coatings, the value of 4.51 N obtained for the
laser-sintered sample was almost 4 times, greater than the electrostatic spray coated (non-
sintered) specimen. Average surface roughness was in the desired range of 1 to 1.5 um.
Raman spectroscopy measurements showed a broad asymmetric hump in the region of 1000
—1600 cm™ confirming the presence of a fairly uniform DLC coating. Finally, X-ray
diffractrogram proved the existence of the DLC coating with a two-theta peak at 26.61
degree. Results of the present work offer a new method of DLC coating of aluminum with
advantages of simplicity, cost effectiveness, environmentally benign, enhanced properties
and improved bonding over CVD and PVD coating methods. In addition, it also provides and
excellent alternative to the existing anodizing and microplasmic coating processes for

improving the tribological performance of aluminum.
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CHAPTER 6. Thermal Transport Analysis of Laser Sintering of Nanocrystalline
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Nomenclature

A laser spot size area [m’]

Ay area fraction of the holes

C, specific heat [J kg' K1

E Youngs modulus of elasticity [Pa]
E, activation energy [kJ mol™]

fy probability of phase transformation

GTQ’P Gibbs free energy for graphite

g volumetric heat generation [W m™]

h heat transfer coefficient [W m™? K]

K, thermal conductivity of solid [W m™ K™']
K, thermal conductivity of gas [W m' K]
K. effective thermal conductivity [W m™ K]
L plate length [m]

Ly length of the laser beam [mm]

Nu Nusselt number

Pr Prandtl number

P total laser power [W]

P’ power absorbed by the powder surface [W]

Q heat flux [W m?]

R gas constant

Re Reynolds number

t time [s]

T temperature [K]

Ts surface temperature [K]

T; film temperature [K]

T ambient temperature [K]

Teny environment temperature [K]

T, uniform temperature [K]

u, flow velocity of argon gas [m’ s™']
V; laser beam velocity [mm s

Abstract

Laser sintering of electrostatically-sprayed diamond nanopowder (size 4-8 nm, nominal

thickness 25 um) on aluminum 6061 T-91 substrate was carried out using a continuous wave

W, width of the laser beam[mm]
x coordinate [m]

X dimensionless coordinate

y coordinate [m]

Y dimensionless coordinate

z coordinate [m]

Z dimensionless coordinate

Zg bottom of the substrate [m]

Greek symbols

p density [kg m”]

@ porosity parameter

@ empirical coefficient

¥ absorptivity

& emissivity

&y, emissivity of the hole

&4 emissivity of the solid

O Stephan-Boltzmann constant
V divergence operator

O partial derivative

o thermal diffusivity [m* s™']

V kinematic viscosity [m? s']

M dynamic viscosity [kg m’s']

O, thermal stress [Pa]

[ coefficient of expansion K]
A difference
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CO; laser. The optimum laser parameters were experimentally determined to be 200 W (laser
power) and 254 mm/s (scanning speed) based on the criterion of maximum hardness of
coating. The optimal coating consisted of a mixture of mostly diamond-like carbon (DLC,
accounting for a hardness of 2250 kg/mm?) and some nanocrystalline diamond (hardness of
9000 kg/mm?). Finite element model (FEM) solutions of one-dimensional thermal energy
transport through the powder bed were obtained for these optimal laser parameters. The heat
transfer and parametric design capabilities of the FEM code ANSYS were employed for this
purpose. Thermal properties of the diamond powder bed and aluminum 6061 T-91 were
evaluated and applied in these models. The steady state and transient temperature profiles
along the depth of the coating and substrate as well as the time-dependent cooling in the case
of transient model were obtained and used to validate the experimentally-obtained coating
thickness and phase transition. Inclusion of convection in the models showed negligible
effects of shield gas on the temperature distributions during heating and cooling. A
hypothesis of the events that occur during laser sintering is postulated based on the evidence
obtained from both model and experiment. Finally, thermal expansion coefficients of the
coating and the substrate were used to determine thermal stresses at the coating-substrate

interface.

6.1 Introduction

Laser sintering (LS) is a manufacturing technique which uses raster scanning of a laser beam
to a specific shape, dictated by a computer-aided design solid model, to sinter powder
material and thereby produce three-dimensional objects and coatings [1-5]. Sintering

normally refers to furnace processes where the powder compacts are heated to elevated
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temperatures, usually close to its melting point, where diffusion mass transport is appreciable
so that binding occurs at the interfacial grain contacts [6]. However, LS is advantageous
over furnace sintering by suppressing the grain growth and particle agglomeration,
minimizing the contamination, and reducing the sintering temperature. LS generate
homogeneous and dense layers while furnace sintering produces layers consisting of
agglomerates and inter-agglomerate pores. For example, Macedo and Hernandes [7] reported
that laser sintering of ceramics produced finer grain size (50% smaller) and much denser
(95%) parts than those obtained in electric furnace sintering. In addition, LS is a line-of-sight
technique providing simplicity, flexibility and environmental safety in processing complex
shapes while achieving the functionality, dimensional accuracy, smooth surface, and fine

microstructure of the components.

In laser sintering, the use of nano-sized particles is quite attractive over micro-sized particles
because sintering can be done at substantially lower temperatures. In addition, nanoparticles
can better absorb laser light. Both these effects are attributed to large surface area-to-volume
ratio of nanoparticles. Furthermore, the melting temperature decreases markedly with
particle size reduction in the nanoscale range [8]. Molecular dynamics simulations [9]
showed sintering of nanoparticles proceeds extremely fast due to mechanisms such as
dislocation motion, particle rotation and viscous flow in addition to surface and volume
diffusion. Consequently, laser sintering would be preferred to match the speed at which
nanopowder sintering takes place. Studies of laser sintering of nanopowders indicate the
onset of sintering temperature is 0.2-0.3 T, as compared to 0.5-0.8 T, for microscale

powders where Ty, is the melting temperature [9]. Furnace sintering studies of WC/Co
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showed that nanopowder starts to shrink at much lower temperatures than micropowder and
concluded that nanopowder densifies mostly in the solid state while the micropowder

densifies in the liquid state [10].

In this work, laser sintering of nanocrystalline diamond powders (4-8 nm) on aluminum 6061
substrate was performed to create a fairly thick layer of diamond-like carbon (DLC),
alternatively known as tetrahedral-amorphous carbon films. DLC exhibits high hardness due
to the significant fraction of sp’ hybridized carbon atoms [11]. DLC has many potential
applications due to their superior thermal, electronic, optical, mechanical and tribological

properties [12-15].

The melting point of diamond is 3800 K. For nanocrystalline diamond powders, temperatures
around 800-1200 K (0.2-0.3 T,,) are expected to cause binding along the particle surfaces.
However, at these temperatures, nanocrystalline diamond can potentially undergo phase
transition to fully graphitic phase if it is held for a longer time such as in furnace annealing,

even under an inert gas environment [16].

In this paper, experimental results of DLC coating formation, coating thickness, size of heat
affected zone and adhesion strength are corroborated with finite element solution of thermal
energy transport models which take into account laser energy absorption, powder
densification, heat conduction and convection. We have utilized one-dimensional steady and
transient heat flow models to explain the observed results. Dabby and Paek presented a

transient one-dimensional model considering the penetration of radiation into the material
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[17]. Noguchi, et al. applied the enthalpy method to formulate a one-dimensional volumetric
heating model and solved it using a finite element technique [18]. Mazhukin, et al. analyzed
the volume overheating of solid and liquid phases in pulsed laser evaporation of
superconducting ceramics using a one-dimensional model [19]. It may be noted that there are
several analytical and numerical models ranging from 1-D to 3-D available for predicting the

effects of laser-induced heating.

6.2 Experimental procedure and results

Sample coupons of aluminum alloy 6061-T91 with a size of 25 mm x 25 mm x 9.5 mm were
prepared by cutting and grinding from a large plate stock. Nanocrystalline diamond powders
with a size range of 4-8 nm were electrostatically sprayed on the aluminum coupons for a
nominal thickness of 25 pum. A high-power continuous wave CO; laser (820 Spectra —
Spectra Physics®) was then used to densify and sinter the diamond powders. A focused
rectangular beam (length of 1 mm by width of 0.1 mm) was chosen for the process. The laser
beam in raster scan configuration, controlled by a programmed CNC controller, was used to
sinter the nanoparticles. Argon was used as the assist gas during the sintering process.
Numerous laser parameter variations such as laser power and scan rate were attempted. The
optimum laser parameters were determined based upon the criterion of maximum hardness

and listed in Table 6.1.

Following laser sintering, the coatings were evaluated for densification, phase
transformation, hardness, coating thickness and coating/substrate interface strength. Detailed

examination of the coating using a variety of instruments (presented in Chapter 5) revealed
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>99% dense, mixture of DLC (>90%) and diamond phases for a nominal thickness of 10 pm,
and average hardness of 2250 kg/mm®. A few regions exhibited hardness of nearly 9000
kg/mm?®. Figure 6.1 shows a scanning electron micrograph showing the regions of coating,
heat affected zone (HAZ) and substrate. HAZ is essentially a zone of overaging in
precipitation hardened alloys where the precipitates become coarse and the material becomes

quite heterogeneous. Consequently, the etchant aqua regia had a severe attack through

ensuing chemical reactions and creating etch pits (Figure 6.1).

Table 6.1 Optimal Process Parameters.

Parameter Value
Laser power, Watt 200
Focal length of lens, mm 127
Spot area at the powder surface, mm” 0.1
Scanning speed, mm/sec 254
Standoff distance from the nozzle to the substrate, mm | 15
Overlap among passes, % 15-25
Assist gas flow rate, m>/s(¥*10™) 3.15
DLC coating (10 pm thick)

DLC coating (10 pum thick)

}

Heat effected Zone (80 pum thick)

Heat effected Zone (80 pum thick)

Aluminum 6061 T-91 substrate

Aluminum 6061 T-91 substrate

Not to scale

(A) (B)

Figure 6.1 (A) Schematic, and (B) SEM micrograph of the transverse section of the
coating.
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6.3 Thermal energy transport model description

Laser sintering involves several physical phenomena including energy absorption, heating of
the powder, binder melting, densification and sintering of particles. Laser power, energy
distribution, spot size, beam speed, and extent of overlapping control these phenomena. The
incident angle of the beam is kept normal to the powder bed source to minimize the reflective
energy losses. Multiple scattering occurs and helps in a nearly homogeneous distribution of
the radiation in the powder bed. Energy absorption is also enhanced by the powder porosity.
Densification begins in the solid state based on the hypothesis that the nanoparticles
rearrange rapidly and diffusion rate is much higher. In contrast, the sintering behavior of
micropowders is such that there is no measurable shrinkage until close to the melting point
where densification becomes rapid and the specimen is fully sintered by liquid-phase [10]. It
is also possible that the laser energy heats and melts the aluminum substrate and enough
liquid is produced to achieve liquid-phase sintering with an inter-particle connection to
minimize surface energy. In thermal analysis, the individual diamond particle is considered
as a dense material while the surrounding air is approximated by a low thermal diffusivity

continuum. The process model has several parts as described below.

6.3.1 Properties of Powder Bed, Substrate and Assist Gas
Powder Bed: The nanocrystalline diamond powder received had 2% metallic impurities and
moisture. Electrostatic spraying resulted in an average thickness of the powder bed as 25 pm.

The degree of packing of a powder bed is characterized by the relative density, p; defined as:

pr =L (1)
Ps
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where p is the density of the powder bed and p, is the theoretical density of the solid. The

determination of actual powder bed density is an uncertain process. There are some idealized
extremes, one of which involves the assumption that all the solid particles in the powder are

spheres of equal size/density arranged in a cubic array. In such a case the bed density is given

7.
by p=""
yP ="

, and hence p; becomes 52.3 % [20]. The porosity content can be estimated from

the porosity parameter as:

p=1-p,=0.477 or 47.7%. (2)
Actual powder beds in laser sintering exhibit porosities between 40 and 60% [20]. It is
assumed in our study that the porosity is 55%, which makes the porosity parameter

p=1-p,=0.55. Since the solid theoretical density of polycrystalline diamond

kg
F.

is p, = 3500k—g3 and p,=0.45, the density of powder bed becomes p =1575 When the
m
powder particles are composed of the same material, and voids are filled with air, the specific

heat capacity C of the powder bed is practically same as the solid particles [21-23], which in

this case, is composed of nanocrystalline diamond powders.

Heat transfer through powder bed mainly occurs through conduction and radiation since
inter-particular distances are too small to permit convection heat transfer. Powder particles
are separated by gas in the bed and since gases have smaller thermal conductivities at room
temperature, the thermal conductivity of a powder bed is essentially dictated by the gas (air

in this case) embedded within the voids [22, 24]. Effective thermal conductivity of a powder
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bed including radiation, convection and conduction effects was given by Yagi and Kunii [25]

as,

K =L G
{1 + LSS ]
KQ
Where, K,is the solid thermal conductivity, K, is the thermal conductivity of air which
surrounds the diamond nanoparticles and ¢ is an empirical coefficient given by:
¢ =0.02%10%"7) (4)
Temperature-dependent numerical values of specific heat and effective thermal conductivity

of the powder bed used for the finite element modeling are enumerated in Table 6.2. These

properties are assumed to be constant after 1100 K.

Table 6.2 Some thermo-physical properties of the powder bed [26-28].

Temp. (K) | Ks WmK) | Ky (WmK) | Ker WmK) | C, (/KgK)
300 2050 0.0262 0.1864 500
400 1500 0.0338 0.2404 875
500 1250 0.0407 0.2894 1125
600 1000 0.0469 0.3335 1375
700 950 0.0524 0.3725 1525
800 900 0.0575 0.4087 1700
900 850 0.0626 0.4449 1750
1000 850 0.0676 0.4804 1800
1100 850 0.0726 0.5159 1850

Substrate: Aluminum 6061 T-91 was selected as the substrate in this study for a number of
reasons. It is an excellent structural material with beneficial characteristics such as light
weight, good strength and high corrosion resistance. It is also an excellent substrate material

for deposition of coatings. It is used in a wide variety of products and applications [29, 30].
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Properties of aluminum 6061 T-91 used in thermal analysis are listed in Table 6.3. However,
it lacks tribological properties for which DLC coatings would be the most preferred choice
[31].

Table 6.3 Thermo-physical properties of aluminum 6061 T-91 [29].

Temp. (K) | K (WmK) | C, J/KgK)
300 170 892
400 175 947
500 170 993
600 165 1047
700 160 1086
800 155 1148
900 150 1226

Assist Gas: Argon, used as the shield gas during laser sintering, creates convection heat
transfer. Hence, it is imperative to calculate heat transfer coefficient (h) of argon. In order to
calculate h, the surface temperature must be known. For this purpose we have assumed a
surface temperature of 1200 K (based on transient heat conduction model that will be shown
later). The film temperature, T is the average of the surface temperature and the ambient
temperature (300 K).

T, :TS +T,

= 750K (5)

Dynamic viscosity and density of argon at 750 K are 44.5%10° kg/ms and 1.784 kg/m’

respectively [25]. Hence the kinematic viscosity is,

2
y=H _24.94%10 M 6)
D s

It is necessary to understand whether the flow of argon gas over the diamond powder is a

laminar or turbulent one. The Reynolds number is hence calculated as follows.



130

Re, =—¢ (7)
v

where U is the flow velocity of argon gas and L is the plate length over which the gas flows.
u, is 27.59 m/s for a gas flow rate of 3.15*10™ m’/s through a pipe of diameter 0.00381 m

and L is 0.0254 m. This gives a Reynolds number of 28,100 which is well below 100,000
necessary for developing full turbulent flow over a flat plate [24].

For a flat plate in parallel flow [24],

Nu, =0.664Re’ Pr"* Pr>0.6  (8)

Pr=—=2_2" 9)
a

C, and K for argon at 750 K are 520.5 J/kg K and 0.0353 W/m K respectively, giving a

Prandtl number of 0.6561. Hence, the Nusselt number becomes,

Nu, = 0.664(28,100)**(0.6561)"** =93.8

The heat transfer coefficient, h, is now calculated as:

Ny K (93.8)(0.0353) W

h =130.35—— (10)
L 0.0254 m>K

6.3.2 Energy Input Sub-model

Duration of laser irradiation 7 for a line beam of L, x Wy, is,

z'zi (11)

where L, is the length of focused beam, Wy, the width and V, is the beam speed
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For Ly = 1 mm, V, = 254 mm/sec, 7 == =— ™™ _ 00305

Vo p54MM
S

Next step is to find out the power absorbed by the powder bed surface, P’ which is related to

the beam power, P, as follows [32].
P=yP-eo (TS -T,) (12)
Neglecting radiation losses (second term on the right side of equation (12)), and based on
gray body approximation wherein emissivity of a body is equal to its absorptivity, we obtain,
P'=¢P (13)
Emissivity of the powder bed can be derived from the following equation [32]:
e=Aey +(1-Ay) & (14)
where A, is the area fraction of the surface that is occupied by the radiation-emitting holes,
&, 1s the emissivity of the hole and & is the emissivity of the solid particle (nanocrystalline

diamond).

For the CO, laser (infrared) emitting a laser beam at a wavelength of 10.6 pum, the
reflectance, R of a diamond particle surface is 0.1668 [33]. Assuming that the rest is

absorbed, the solid emissivity ¢, becomes 0.8332. A, is based on the porosity parameter ¢
and is given as [32],

0.908¢°
1.908¢° —2p+1

A, = and fora ¢ of 0.55, A, =0.5756

Emissivity of the hole, &, is dependent on & and ¢ by the following equation [32],
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& 2+3.082(_¢j
¢
2
£ 1+3.082(_¢J +1
¢

=M, +(1-A; )& =0.9022

&y =

—

For incident laser power of 200 W and emissivity of 0.9022, the power absorbed by the

powder bed surface, P', is, 180.44 W.

Power density (or the heat flux) is given as power over the spot area. For a rectangular beam

of length and width Imm by 0.1 mm, A=1%0.1=0.1mm’, Power = 180.44 W,

180.44W

Power density = =
Y 0.1mm?*

1804.4*10° ﬂz
m

6.3.3 Heat transfer Sub-model
The first law of thermodynamics states that thermal energy is conserved. For a differential
control volume associated with laser beam melting of diamond powder, heat transfer problem

can be mathematically described as [24]:

oT
pCpE:V(KVT)_Fg(X:yaZ:t) (15)

The term on the left represents energy storage, the first term on the right provides the three-
dimensional heat conduction and the second term on the right corresponds to the internal heat

generation, which in this case is zero.p is the temperature-dependent density; C, the

specific heat; T the temperature; t the time and V represents the divergence operator.
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Since the material is assumed to be homogeneous, K, =K =K, = K. Combining equations

we have:

T2 (e k)2 (kT
pU)Cp(T)E—aX(K(T)6Xj+8y(K(T)ayJ+az(K(T)6zj (16)

Figure 6.2 depicts a three-dimensional representation of the model. In this work, we have
considered only one-dimensional equation as it is deemed adequate for the purpose intended,
namely determining both steady state and transient temperature profiles as a function of

depth that result from the moving heat source by the raster scan of laser beam.

One-Dimensional, Steady-State Formulation: In the steady state case the heat conduction

equation becomes,

0 oT
Z I KM=Z=1=0 17
SRusy a7
The boundary conditions are,
oT . : L
-K F l,_,=0 , neglecting both convection and radiation
z
-K a l,., =0

oz
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Laser beam

L

Scan rate — 254 mm/s /iv Laser spot
I mm by 0.1 mm

! Z

Diamond powder Xr
Y

Aluminum 6061 T-91 substrate

Not to scale Z=7p

Figure 6.2 Three-dimensional representations of the thermal model.

One-Dimensional, Transient Formulation: In one-dimension transient condition, the heat
diffusion equation (16) reduces to,

or o oT
p(r)Cp(T)E—E(KU)Ej (18)

Following boundary conditions are applied:
Case 1: Convection is considered but radiation is neglected

oT
_KE|2:0= h(rzzo _Tenv) (19)

where h is the convection coefficient of argon and T, is the ambient temperature.

Case 2: Both convection and radiation are neglected

T,
oz =

=0 (20)
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For both cases, no heat is assumed to be lost at the bottom of the aluminum substrate of

thickness z, and hence,

—Kﬂ\zzz =0 (21)
oz ™

The following initial condition is also applied to recognize the existence of uniform

temperature, T, , throughout the powder bed prior to the laser sintering process,
T(z,0)=T, (22)
Thermal conductivity K and specific heat C, are temperature-dependent properties in the

powder bed and hence Tables 6.2 and 6.3 are used to solve the non-linear heat conduction

equation.

6.3.4 Finite Element Solution Procedures

Solving the heat transport equations along with material properties in ANSYS code yields the
time-dependent temperature distribution throughout the powder bed. One-dimensional
conduction elements called “link 32” were used for conduction between nodes, and
convection element called “link 34” was used for simulating the convective heat transfer
between the top of the coating and the argon shield gas. The material properties of
nanocrystalline diamond powder and aluminum 6061 T-91 were used. The aluminum alloy
substrate of 0.009525 m long was represented by 10 elements (10 nodes), each element being
0.0009525 m long. The 25 pm thick electrostatic spray sintered diamond nanopowder
coating on the aluminum alloy substrate was represented by 5 elements, each 5 um long.

There was a common node at the interface. The spot size area of 0.1 mm® was incorporated
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as a real constant. The bottom of the substrate was assumed to be at a room temperature of
300 K with no heat loss (fully insulated). Particulars of loading the heat flux were different
for steady state and transient analyses and are listed in Tables 6.4 and 6.5 respectively. The

following assumptions were made.

e Effects of radiation are negligible and hence ignored

e Material properties are assumed constant wherever its dependence on time is not
available

e Laser beam transmission, deflection and scattering losses are ignored

e Laser beam energy is assumed uniform over the spot size and normal to the surface

e Absorbed laser energy is converted to thermal energy instantaneously

e Losses due to ablation of the sample surface, if any, are ignored

e Room temperature is assumed to be 300 K

Table 6.4 Load Settings used in ANSYS for the steady state analysis.

Heat flux (W/m”)*10° 1804.4
Interaction time (s) 0.0039
Time at the end of load step (s) | 0.0039
Time step size (s) 0.00039
Initial temperature (K) 300
Automatic time stepping On

Use previous size Yes
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Table 6.5 Load Settings used in ANSYS for the transient state analysis.

H, Heat flux (W/m°)*10° 1804.4
Interaction time (s) 0.0039
Cooling time (without convection) (s) 0.0039
Cooling time (with convection) (s) 0.017
Load, Time at the end of load step 1 (s) 0,0

Load, Time at the end of load step 2 (s) H, 0.00001
Load, Time at the end of load step 3 (s) H, 0.0013
Load, Time at the end of load step 4 (s) H, 0.0026
Load, Time at the end of load step 5 (s) H, 0.0039
Load, Time at the end of load step 6 (s) 0, 0.00391
Load, Time henceforth (s) 0, increments of 0.0013
Step size increments 10

Load type Step
Initial temperature (K) 300
Automatic time stepping On

Use previous size Yes

6.4 Results and Discussion

6.4.1 One-dimensional steady state results

Laser sintering is not a steady state process. In this analysis, there is no dependence of
temperature on time or thermal diffusivity. The effects of change in density, thermal
conductivity and specific heat of the powder bed along with the phase transition to DLC are
not accounted for in this model. Despite all these deficiencies, the steady state analysis is
capable of providing a quick estimate of temperature distributions, DLC formation and

coating depth. Figures 6.3 and 6.4 shows the temperature-depth profile obtained in this work.
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Temperature vs Depth
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Figure 6.3 Temperature versus depth profile for a one-dimensional steady state analysis
(0.0039 s).
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Figure 6.4 Temperature versus depth profile for the steady state analysis, from just
below the interface to the top of the coating (0.0039 s).

The temperature at the top surface of the coating is about 2450 K and average temperature of

about 1500 K can be seen within the coating depth. The phase transition of diamond to DLC
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usually occurs in this temperature range for micropowders (lower for nanopowders). For
example, studies of the high-temperature transformation of diamond to graphite performed
on micro-sized diamond powders in vacuum revealed that specimens which were heated
below 1500 K remained as diamond while those which had been heated to above 1500 K but

below 2300 K transformed into a mixture of diamond, DLC and graphite [34, 35].

At normal pressures, diamond is thermodynamically unstable form of carbon and at high
temperatures, diamond transforms to other forms of carbon. Based on the traditional phase
diagram of carbon, the general expression of the fraction of diamond to transform to graphite,
f,, as a function of temperature and pressure is given by [36]:

—(E, —AG?
fy :exp{—( B, ﬂ—exp ( 2 T’P) (23)

RT RT

AG?, =1.77*10"° (2.73*10"’T +7.23%10° — P) (24)

Where E, is the activation energy equal to 120 kJ/mole, R is the gas constant 8.31 J/mole K
and P is the pressure in Pa. Application of this equation in the present study (P =100,000 Pa,
T = 1500 K) yields f;= 0. However, the particle size dependence is not shown in these
expressions. Figure 6.5 shows the phase diagram of ultra-fine carbon [37] where the particle
size is assumed to be 100 nm in the horizontal plane. This diagram illustrates that the
diamond is more thermodynamically stable than graphite particularly when the particle sizes
are less than 3 nm. Thus, it is inferred that the use of diamond nanopowders can minimize

the phase transition to graphite at high-temperatures.
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Figure 6.5 Phase diagram of ultrafine carbon [37]: OBTT, T, is the existence domain of
the graphite phase, OTT;T14 is the interface between the graphite and diamond phases,
BTT, is the interface between the liquid carbon and graphite phases, and TT,L;L is the
interface between the liquid carbon and diamond phases.

The issue of phase transition from nanocrystalline diamond to DLC warrants explanation.
There are three means by which crystalline diamond can be transformed into amorphous
carbon: 1) Melting and rapid quenching of diamond crystals - Lee et al. [38] used molecular
dynamics simulations to demonstrate the formation of amorphous structure of carbon by
rapid quenching of the melted diamond lattice from 10,000 K at various cooling rates from
1.25x10" K/s to 6.25x10'° K/s. This method of phase transition is unlikely in the present
work because both temperatures and cooling rates obtained are much lower; 2) Ion beam
irradiation - Reinke et al. [39] studied the effects of ion irradiation on the surface structure of
polycrystalline diamond using photoelectron spectroscopy and found that a gradual change
from diamond to amorphous carbon occurred for certain ion doses. The tendency of diamond
surface to amorphize rather than graphitize under ion irradiation is essentially to do with the

type defect structures generated. This type of mechanism is again ruled out in our present

work because the laser beam does not exert momentum as much as ions; 3) Annealing —
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Nistor et al. [40] subjected polycrystalline diamond to furnace annealing in vacuum at
temperatures of 1623—1723 K and then examined the changes by optical absorption, Raman
spectroscopy, transmission electron microscopy and electron energy loss spectroscopy. The
formation of amorphous carbon and/or of well-crystallized graphite layers was observed
along grain boundaries. The diamond-to-graphite transition occurred in such a way that three
(111) diamond planes transform into two (0002) graphitic sheets. This type of mechanism is
probable in our work where the temperatures are quite similar. However, rapid heating and
cooling associated with laser sintering caused diamond transformation to DLC rather than
graphite. Furthermore, the fact that phase transition takes place at the grain boundaries during
annealing implies that nanoparticles would provide large number of sites for the formation of

amorphous carbon.

Another interesting observation in the temperature plot (Figures 6.3 and 6.4) is the interface
temperature of 700 K, which is close to the melting point of aluminum 6061 T-91 (855 K).
The sintering process is culminated when the aluminum alloy starts melting at 855 K along

the interface and diffuses into the lower part of the sintered coating.

6.4.2 One-dimensional transient state results

The laser energy is distributed as near Gaussian according to the laser manufacturer
specification. However due to multiple scattering of powder particles in the bed, it is
assumed that the laser power is uniform along the spot size and remains constant throughout
the laser-material interaction time. The temperature profiles along the depth with and without

convection are shown in Figures 6.6 and 6.7. Convective heat transfer by argon gas has an
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insignificant effect. The temperature at the top node representing DLC layer is reduced only
by 1.23% while it is even less (0.003%) at a node representing the surface just below the

substrate-alloy interface.

Both steady state and transient analyses exhibit the same slopes of the ‘substrate’ and the
‘coating’ parts of the plots. However, the primary difference is the actual temperature
predictions. In the transient analysis, the top surface exhibits a temperature of 1275 K and
1258 K without and with convection respectively as opposed to 2450 K in the steady state.
The transient analysis also predicts much lower temperatures at the coating-substrate
interface. This substantial reduction in temperatures compared to the steady state is explained

below.

Since each section of the powder bed collapses through densification as it reaches its
sintering temperature, there is a subsequent reduction in the depth of the coating and an
increase in density and thermal conductivity. There is also the formation of DLC phase
which could change some of the assumed properties of the diamond nanopowders. In FEM, it
is assumed that the powder bed is remaining with the same thickness until the end of laser
beam passage. But in reality, the powder bed is compacted from 25 pm to 10 um during laser

processing. This reduction in 16 pm is not accounted for in the FEM solution.
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Figure 6.6 Temperature versus depth profile for the transient analysis (0.0039 s).
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Figure 6.7 Temperature versus depth profile for the transient analysis, from just below
the interface to the top of the coating (0.0039 s).

Cooling curves for the ‘convection-free’ and ‘with convection’ analyses are shown in Figures
6.8 and 6.9. As expected, the top surface reaches much higher temperatures compared to the
middle, interface and substrate. Even after the heat flux is removed at 0.0039 s, it can be seen

that the temperature continues to rise till about 0.006 s for the middle of the coating and then
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decreases. This is also true for the interface and for a portion just below the interface
although the magnitudes are very small. For the forced convection model, the temperatures

are slightly lower compared to the convection ‘free’ model.
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Figure 6.8 Temperature versus time curve for a transient ‘convection free’ model.
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Figure 6.9 Temperature versus time curve for forced convection transient model.
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Both experimental data and transient heat transfer analysis offer evidence for postulating the
following hypothesis: During the first three-fourth of the interaction time of the beam with
powder bed, adequate temperatures have reached for initiation of nanoparticle sintering and
densification of powders to take place followed by phase transition from diamond powder to
DLC. The depth of coating is reduced to 10 pm from 25 um. Density of the powder bed
increases as material flow into voids, causing a decrease in overall volume. Mass transfer
occurs during this phase that reduces the total porosity by repacking, followed by material
transport due to diffusion. Atoms move along crystal boundaries to the walls of internal
pores, redistributing mass from the internal bulk of the object and smoothing pore walls.
Surface tension is the driving force for this movement. In the final one-fourth of time,
melting and overaging of aluminum alloy takes place at and below the interface. The
conversion of diamond nanopowder into amorphous carbon form occurs around 940 K [41]
at ambient pressure in fast pace due to large surface area of nanoparticles and non-

equilibrium nature of laser sintering.

To partially support this hypothesis, a revised transient analysis (with convection) is carried
out with the following assumptions. Since it is known that the final thickness of the coating is
10 pm and we believe that it occurred after %4’ Th of the beam interaction time, the model is
revised wherein the temperatures at the top three nodes in the transient model after 75% of
the laser interaction time are chosen as the initial conditions. The coating thickness of 10 um
is represented by 2 elements each 5 pum long having thermal properties of tetrahedral
amorphous carbon (ta-C) which is one of the forms of DLC [42]. The rationale behind

making such an assumption is because the powder bed collapses in the laser sintering process
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and the temperature in the interface is seen to be high enough to melt the substrate-coating
interface. Heat is supplied for the remaining 25% of the laser interaction time and the final
temperatures obtained match closely to that observed in the experiment as shown in the
figure below. The substrate-coating interface temperature obtained is just below melting
temperature of the aluminum alloy. At 80 pm below the substrate-coating interface is the
heat affected zone (HAZ)-substrate interface where the temperature is close to 430 K. The
average temperature in the HAZ is large enough to support the possibility that overaging

process can occur in this zone.

Temperature vs Depth
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Figure 6.10 Temperature versus depth plot after the revised analysis (0.0039 s).
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6.4.3 Stress calculations

Based on these stresses obtained and taking 735 K (interface temperature at the end of the
laser beam interaction) as the stress free temperature, a thermal stress versus depth plot can
be drawn, where it is seen that the 10 pm coating above the substrate exists in tension, while
the substrate exists in compression. Thermal expansion coefficient and Young’s modulus of

DLC [43, 44] are used for calculating the stresses in the coating and that of aluminum 6061

T-91 [29] for the substrate.

Thermal stress vs Depth
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Figure 6.11 Thermal stresses developed above and below the coating-substrate interface

after heating (based on the revised analysis).

The tensile stresses above the interface have a maximum value of 0.2 GPa which 1s well
below the yield strength of DLC (varies between 5 and 9 GPa) [45]; this shows that the

thermal stresses are small and hence cracks are non-existent or minimal.
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The interface thermal stress values after the coating has cooled down to 300 K, were
computed based on the differences in thermal expansion coefficients. Since the thermal
expansion coefficient of DLC (1*10°%/K) is lower than aluminum 6061 T-91 (23.6*10°/K),
the thermal expansion mismatch will result in the formation of tensile stresses in the coating
during cooling down. Magnitude of tensile stresses in the coating can be estimated from the

following equation where the Young’s modulus of DLC is 200 GPa.

o =Ep¢ (IBDLC — B )(T =T ) (25)

Considering interface stress free temperature (Tr) as 735 K (from the revised analysis), there
are compressive stresses created below the interface and tensile stresses above it. These
tensile stresses can cause delamination of the coating if it exceeds that of the strength of
diamond. Calculations show that at ambient temperature (300 K), the residual tensile stresses

in the coating will be 1.96 GPa which are substantially lower than the yield strength of DLC.

6.5 Conclusions

Laser sintering of nanocrystalline diamond powders is an ultra-fast, non-equilibrium process
that provides a unique opportunity to produce fairly thick DLC coatings without any graphite
impurity at low substrate temperature. This technique is indeed very efficient when compared
against the traditional chemical vapor deposition (CVD) technique, which is deemed as
tedious and time-consuming operation. Finite element analysis of thermal energy transport
provided the temperature distributions and inferred that sintering takes place at substantially

lower temperatures (solid state).
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CHAPTER 7. General Conclusions and Future Work

Solid freeform fabrication (SFF) is emerging as a potential competitor for subtractive
machining processes to make dies and molds. Its role in tooling industries is beginning to
change from early proof of concept to currently real tools. However, rough surface, non-
uniformity in deposited tracks, and residual stress limit reaching the maturity of this new
technology. In this work, we have demonstrated that laser-based flexible fabrication (LBFF)
that uses laser beams and quasi co-axial nozzle for powder delivery can improve surface
finish, dimensional tolerance, and reduce distortion. LBFF not only offers the flexibility to
design functionally graded dies and molds with tailored properties but also provides the
feasibility to build up functional tools with geometry such as embedded structures that would
be difficult to fabricate in conventional machining methods. Another conclusion is the use of
nanoparticles in SFF to enhance the properties of dies and molds leading to their longevity as

well as performance.

Hard coatings for light weight aluminum structures are severely limited. The best coating
available for aluminum substrates is DLC applied through CVD processes. In this work, we
have showed the formation of thick DLC coatings by a fairly simple laser sintering

technique. This can have significant impact in automobile and space industries.

The principal results of the thesis are:
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1. Nanoparticle-dispersed H13 steel molds have outperformed baseline H13 molds based on
various tests that include Rockwell hardness, Vickers microhardness, corrosion test in 10%

hydrochloric acid and plastic injection molding tests.

2. LBFF is capable of producing fully dense and functional parts. Functionally graded
H13/NiCr/TiC mold insert was superior in resistance to stressed deformation and in

dimensional stability at elevated temperature compared to an H13 only mold.

3. Laser sintering on electrostatically deposited nano-diamond powders, produced a near-
dense and uniform layer of diamond-like carbon coating on aluminum 6061 T-91 substrate
for a laser power of 200 W and scan speed of 254 mm/s. Microhardness of 22.5 GPa
obtained for this sample comes under the category of super-hard materials. Fracture
toughness values fall with in the expected range for a DLC coating. Presence of DLC was
confirmed with Raman scattering tests and X-ray diffraction. Scratch tests revealed a critical

force for delamination, almost 4 times more than a sample that was not laser sintered.

4. Finite element solutions of steady and transient one-dimensional heat transfer problem
revealed that laser sintering of nano-diamond powders begins to occur around 800 K
followed by densification and then heating of the interface to nearly the melting temperature

of aluminum. Residual stresses are much lower than the yield strength of diamond.

Future work is recommended in the following areas. 1) Accelerated tests of functionally

graded inserts for corrosion resistance in static aluminum alloy melt or a thermal fatigue test
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by alternatively immersing test sample into molten aluminum and water. Immersion of the
insert in melts results in dissolution. Weight loss per unit area can be used as evaluation
criteria for this test. Thermal fatigue can be justified by the inception of cracks resulted from
cycled loads. 2) The deposition of nano-powder by means of LBFF is an area of interest but
agglomeration of nanoparticles remains a concern. 3) Laser sintering of diamond
nanopowder on aluminum-carbon fiber composite alloy substrates could produce much better
substrate-coating bond. DLC coatings made on these types of substrates using other methods
have shown improvement in tribological and mechanical properties. This could be due to the
C-C bonds formed between the carbon in the deposition and the carbon in the substrate. 4) A
heat transfer model that takes into account the thermo-physical and phase change properties
of the diamond nanopowder bed as it collapses and becomes dense, as the laser sintering
proceeds, could give a better understanding of the temperatures and stresses involved in this

process.
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APPENDIX A. Laser-based, Solid Freeform Fabrication Facility

In laser-based SFF process, a geometric CAD model of the part is mathematically sliced into
very thin layers, resulting in a series of contours that describe the part boundaries in each
layer. The model is then reconstructed one slice at a time by material addition. A thin layer of
powder is raster-scanned with a laser beam to sinter the powder in areas to be occupied by

the part. Successive layers of the powder are then deposited and sintered until the entire part

is complete.
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Figure A.1 A schematic of laser-based solid freeform fabrication process
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Based on this concept, a multiple material SFF laboratory workstation was designed and built
in the Mechanical Engineering department that uses a powder mixing subsystem consisting
of two computer controlled screw feeders. The mix composition of powder is determined by
controlling the relative flow rates of the two powders (Figure A.1). A motor driven impeller
then mixes the powders. The mixing chamber then deposits the powder in a line for roller
transferal to the part cylinder. This system has been integrated with a counter-rotating roller
and part cylinder, similar to those in the commercial SLS process. Additionally, scanning and
optimal control subsystems for a 2000 W CO; laser have been developed and tested. The
laser experiments are usually performed with shaped beam profiles obtained by an off-axis
mirror scanner or by focusing the beam through a cylindrical/spherical lens. A chamber with
gas flow and low vacuum purge capabilities has been developed for atmospheric control.
With this system, we have successfully fabricated test parts whose composition varies,

allowing fabrication of functional gradient materials shown in Chapter 4.
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APPENDIX B. Powder delivery system design and powder delivery rate calibration

B.1 Design of powder delivery system

Power delivery system is critical to the success of building parts from laser-based flexible
fabrication method. The goals of designing such a system are to transport required amount of
powders continuously and uniformly to laser-created molten area. The challenge is the
irregular shapes of powder particles that make powder delivery very difficult even with the
assistance of excited vibration. Task of powder delivery becomes even tougher with the
powder sizes scaled down to nano-scale because 1) nano-sized particles have much higher
ratio of surface-to-volume than micro-sized particles, and 2) nano-sized powders’ atomic
force are comparable to the mass of individual particles. These sharp changes of physical
and dynamic properties further impact the balances among the criteria governing particle
movement as they are among micro-sized particles. For example, adhesion force plays much
more important role in nano-sized powders than it does in micro powders. Given traditional
gas powder delivery practice, a system with a venturi was designed (Figure B.1). Pressure
gas (argon, helium or nitrogen) is the driving force to move powder particles from venturi to
an intended spot. As shown in Figure B.1, powders are driven down from the hopper by
gravity, and are collected by “recesses” evenly distributed around the rotator of a metalmeter.
The collected powders are dumped to the outlet side as the rotator runs at a preset speed,
which is linearly proportional to the powder mass delivery rate. When pressure gas passes
through the venturi, it sucks in the powders and delivers them along the path. Tests have

shown this powder delivery setup works well for micro-sized powders.
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Figure B.1 A schematic showing the design of powder delivery system for laser-based
flexible fabrication process.

B.2 Calibration of powder delivery rate

Powder delivery rate, Q, is defined as the total mass passing across a controlled section in
unit time. It is usually represented in grams per minute or per second. Quantitatively control
of the powder delivered to a laser-melted zone is of great significance to ensure quality.
Calibration is an effective way to check the uniformity of powder delivery. A block diagram
for powder quantification is shown in Figure B.2. A capped glass vessel was used to collect
powder. A stopwatch with an accuracy of 1/100 second was used to measure time, ¢, and a
scale with an accuracy of 1/1000 gram to quantify the mass of powder, m, corresponding to
the time A¢. At a setting (pressure or flow rate) for assisting gas, adjustment on the reading of

metalmeter changes the revolution speed of the rotator, and further the powder delivery rate.
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Powder calibration was performed in such a way that at a pressure setting for assisting gas, at
least four to five points were measured to get the relationship between readings of

metalmeter and powder delivery rate. To ensure accuracy, three measurements were made for

each point.
Clock, 1/100s Time, ¢, min.
Powder delivery rate
O=mlt
Powder Collection Scale, 1/1000g

» Mass increment, m, g

Figure B.2 A block diagram of powder calibration.

The calibrated results for powders of H13 and Ni-Cr composite are showed in Figure B.3 and
B.4, respectively. Good linearity was obtained for the most often used readings ranging from
5 to 13 in the powder delivery system for the two powders. An inconsistency between the
slopes for these two powders, however, was observed, which can be explained by the
differences in powder particle dimensions and shapes. Interestingly, recursive calibrations
executed beyond readings 13 gave results of significant discrepancy (Figure B.5). This

discrepancy may result from the number of recesses and assisting gas pressure settings.
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Figure B.3 Calibrated results of H-13 powder. (Assisting gas, argon, at flow rate of 10
CFH)
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Figure B.4 Calibrated results of Ni-Cr composite powder. (Assisting gas, argon, at flow
rate of 10 CFH)
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Figure B.5 Calibrated result inconsistency of Ni-Cr composite powder beyond readings
13. (Assisting gas, argon, at flow rate of 10 CFH)

The total uncertainty of powder delivery rate at a 95% confidence level can be estimated as
less than 2.5% by use of theory of uncertainty propagation, with both bias and precision
errors considered. Take H13 powder calibration corresponding to readings of 7.5 for an

example, the estimation of uncertainty based on single-sample is summarized as follows.

The powder mass, m, is measured with a scale. Bias uncertainty depends on the scale
calibration, and also to some degree on the magnitude of the mass measured relative the scale
range. To this situation, an uncertainty of £0.5% is justified, with a confidence of 95%.
Precision uncertainty in mass measurement is by reading error in the scale and the other

factors, and taken as +0.1%.
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The time, t, is measured with a stopwatch. Synchronization between the powder delivery and

watch actions will be the main uncertainty, which is essentially precision error. If time

standard deviation is simply estimated as +2s, and a total time period of 200s will be

measured, then the standard deviation is +1%. The bias error can be assumed to be

negligible.

Applying the uncertainty propagation theory [1], we have:

uy u_m2 &21/2 -
ool o

The bias uncertainty is estimated as:

B B Y (BY e I2
EQ:K_MJ {TJ ] ~ 057 +(0)2]* =0.50% (at confidence of 95%)
m

Likewise, the standard deviation of Q is

% _ Ka_j +(i” _[0.27 + ¢ }'* =1.00%

0 m t

The estimate for the single-sample precision uncertainty in Q is

P, _ 1.960‘Q

o

=1.96(0.01) =1.96% (at confidence of 95%)

So the total uncertainty in Q is
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