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PREFACE

The Ninth Solid Freeform Fabrication (SFF) Symposium, held at The University of Texas
in Austin on August 10-12, 1998, was attended by over 150 national and international researchers.
Papers addressed SFF issues in computer software, machine design, materials synthesis and
processing, and integrated manufacturing. New sessions on ceramic materials and multiple
materials SFF were added to this year’s program. The diverse domestic and foreign attendees
included industrial users, SFF machine manufacturers, university researchers and representatives
from the government. We are pleased once again with the strong showing of university students.
The excitement generated at the Symposium reflects the participants' total involvement in SFF and
the future technical health of this growing technology. The Symposium organizers look forward to
its being a continuing forum for technical exchange among the expanding body of researchers
involved in SFF.

The Symposium was again organized in a manner to allow the multi-disciplinary nature of
the SFF research to be presented coherently, with various sessions emphasizing computer issues,
machine topics, and the variety of materials aspects of SFF. We believe that documenting the
changing state of SFF art as represented by these Proceedings will serve both the people presently
involved in this fruitful technical area as well as new researchers and users entering the field.

The editors would like to extend a warm “Thank You” to Glorya Gutchess for her detailed
handling of the logistics of the meeting and the Proceedings, as well as her excellent performance
as registrar and problem solver during the meeting. We would like to thank the organizing
committee, the session chairmen, the attendees for their enthusiastic contributions, and the speakers
both for their significant contribution to the meeting and for the relatively prompt delivery of the
manuscripts comprising this volume. We look forward to the continued close cooperation of the
SFF community in organizing the Symposium. We also want to thank the Office of Naval
Research (Grant No. N00014-96-1-0441) and the National Science Foundation (Grant DMI-
9812084) for supporting this meeting financially. Other co-sponsors included DARPA, The Rapid
Prototyping Association of the Society of Manufacturing Engineers, The Minerals, Metals and
Materials Society, and the University of Connecticut at Storrs along with the Mechanical
Engineering Department, Laboratory for Freeform Fabrication and the Texas Materials Institute at
The University of Texas at Austin.

The editors.
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Direct Laser Fabrication of a Gas Turbine Engine Component - Microstructure and
Properties - Part I

Suman Das’, Timothy P. Fuesting*, Gregory Danyo, Lawrence E. Brown, Joseph J. Beaman',
David L. Bourell’, and Kathleen Sargent®

"Laboratory for Freeform Fabrication
University of Texas at Austin

*Allison Engine Company, Inc.
Indianapolis, Indiana

YAir Force Research Laboratory
Wright Patterson AFB, Ohio

Abstract

This paper presents the development of a new technique for the production of abrasive
turbine blade tips by direct laser processing. This superalloy cermet component is an integral part
of the low pressure turbine sealing system in a demonstrator engine. Direct laser fabrication of
this component from a bed a loose powder results in significant cost savings and improved
performance over the currently employed production technique. The technology has been
demonstrated by fabricating a prototype lot of 100 blade tips, which will be subjected to an engine
test. This is the first instance of a direct fabrication method applied to the production of functional
engine hardware. This research was funded by the United States Air Force contract F33615-94-
C-2424 titled “Affordable Turbine Blade Tips”.

SUMMARY

This program has contributed significantly towards meeting the Advanced Technology
affordability goals for turbine engine acquisition. These goals require engines to be developed and
maintained at a reduced cost. To meet some of these cost reduction goals, advanced
manufacturing methods such as solid freeform fabrication (SFF) must be applied. Although only
one small turbine engine component is being discussed here, SFF in general has great potential for
impacting cost reduction goals. The work performed is developmental, which means fewer parts
are produced regardless of the component. Since SFF costs are nearly independent of the number
of parts', it will allow components to be fabricated at reduced cost. Since SFF has the potential
to significantly reduce time from design conception to fabrication, it will also allow more design
iterations to take place.

The use of SFF to directly produce functional components eliminates the costs and time
associated with raw material acquisition, conversion and manufacture. The final goal of
developing such a process would be to have the ability to control the microstructure with respect
to precipitate size, density, porosity size and distribution, grain size, crystallographic texture and
solidification modes. Such process control would allow production of components tailored with
functionally graded microstructures to enhance properties and performance in specific regions of




the component. This would represent the pinnacle of life and performance enhancement, and
cost and schedule reduction.

SFF can also be applied to tooling production applications such as investment castings.
Investment castings are used for complex geometries such as airfoils, where SFF can provide a
means for prototyping tooling or patterns. These prototypes assist in production trials and
iterations that are necessary to finalize geometry and processingz. Whether it is used for
component or tooling manufacture, SFF is a critical area and a technology that is required to
reduce the cost and lead time for producing turbine engine components.

INTRODUCTION

Until recently, no work was reported on direct selective laser sintering (SLS) of high
performance materials such as Nickel and Cobalt base superalloys, superalloy cermets’, Titanium
base alloys® and monolithic high temperature metals such as Molybdenum4. These materials are
used for high performance components that typically experience high operating temperatures, high
stresses and severe oxidizing or corrosive environments. Direct SLS, with its ability to produce
components in such materials is especially useful for functional prototype, low volume or “one of
a kind” production runs. To manufacture a typical prototype lot of 100 superalloy cermet
abrasive turbine blade tips, direct SLS was shown’ to achieve acceptable microstructure and
properties with 80% cost savings over the traditional method. Automotive and aerospace
industries face typical lead times of several weeks for functional, metallurgical quality prototypes.
Direct SLS fabrication can lower cost and drastically reduce lead times by eliminating pre-
processing and post-processing steps, and by eliminating the need for specialized tooling.

Since its inception in the 1930's, the gas turbine engine has grown to be the workhorse
power plant of modern aircraft. Advanced technology propulsion systems are very important
from an overall system affordability viewpoint since higher engine performance can result in a
smaller airframe. SFF technologies are advanced manufacturing methods that can significantly
impact cost reduction of engine components. SFF is striving towards decoupling cost from
volume® by making it possible to produce the first unit at a recurring cost equal to the hundredth
unit®. To demonstrate SFF’s cost-effectiveness, a superalloy cermet abrasive blade tip (ABT) was
chosen for direct fabrication technology development and demonstration.

Gas turbine efficiency is highly dependent upon minimizing leakage of the gas away from
and around the working gas path. Therefore, clearance between rotating and static parts is
critical. This clearance changes with component expansion and contraction due to the thermal
cycling experienced in gas turbines. One of the primary methods developed to compensate for
this expansion and contraction is an abradable seal system”®. This seal system works by attaching
an ABT to the tips of the turbine blades. The stationary turbine shroud is coated with a abradable
ceramic, which is abraded by the abrasive blade tip during engine operation to form a gas path
seal around the rotating component. The abradable ceramic liner is relatively inexpensive and
simple to manufacture. However, the abrasive cermet (0.9-1.5 mm thickness) is difficult to
manufacture on a production scale and contains expensive components. The cost of the raw




materials makes scrap highly undesirable. Due to the difficulties encountered’, a more reliable
method for producing this material is desired. A direct SLS process for producing the cermet
abrasive can provide a uniform, repeatable manufacturing process that would eliminate much of
the manual labor, reduce scrap and make all unsintered surplus materials reusable.

OBJECTIVES

Prior research’ in direct laser processing ABT cermet material had shown the capability of
directly laser processing cermet material to obtain microstructure and properties that were
consistent with production specifications. The ultimate goal of ongoing research was to complete
technology development and demonstration of a direct laser manufacturing process capable of
repeatably producing the ABT component to dimensional specifications, with microstructure and
properties equivalent or superior to current production material. A prototype lot of 100 turbine
blade tips would be manufactured to demonstrate the developed process and the associated
efficiency.

During process development, the objectives were fourfold. The first objective was to
investigate and establish a variety of material composition variants and processing conditions, and
their effects on solidification microstructure, and mechanical properties. The second objective
pertained to identification and specification of optimal processing windows for manufacturing the
ABT component in a single pass laser scan. Under this objective, the optimal processing
conditions would result in fully dense, fully melted and rapidly resolidified material free of
solidification defects such as hot tearing, pinholing, entrapped porosity, grit floating or
segregation. A third objective was to demonstrate reusability of unprocessed material. Attaining
this objective would direcly impact cost effectiveness of the laser based manufacturing process by
eliminating scrap of expensive material constituents. The fourth and final objective was to prove
consistency and repeatability of the laser process by producing a large number of ABT
components in several experimental runs under identical processing conditions.

MATERIALS AND METHODS
Cermet Specifications

The cermet in production is vacuum sintered using a Silicon and Boron containing Cobalt
based braze alloy (Amdry 788) and subsequently bonded to the blade using a similar braze.
Elimination of the low melting point braze constituent could extend oxidation life and possibly
allow higher operating temperatures. Higher operating temperatures could be achieved by
replacing the braze used for bonding the ABT to the blade by a higher temperature diffusion
braze. Currently, interactions between the component braze and the bonding braze prevent the
use of a diffusion braze alloy. The goal of developing a brazeless cermet composition for direct
laser processing was achieved during previous work®. This cermet is composed of Mar-M-247
nickel superalloy matrix (Table 1), GE Borazon 510 (titanium coated cubic boron nitride) and
Alundum 90 (titanium coated alumina). The thickness and chemical quality of the titanium
coating on the abrasive grit is critical. Poor chemical quality of the coating causes contamination
of the molten matrix alloy either through dissolution alone or in combination with spallation. A




titanium coating of non-uniform or insufficient thickness results in poor metallurgical bonding
with the nickel matrix, and grit floating out of the melt due to large density and surface energy
differences.

To meet homogeneity requirements, the sintered material must exhibit no discrete layering
or agglomeration of abrasive particles which would result in grit pullout and associated decrease
in seal efficiency. Porosity requirements allow for no more than 20% linear porosity as
determined from a metallographic montage using a line intercept method. If the material meets
these specifications, coupons are removed and brazed into the gauge section of a CMSX-4 single
crystal test bar conforming to ASTM-E139 and subjected to an application specific stress-rupture

test.

Material Ni |Co | Cr| Al | Ti | W | Si| B |Mo| Ta | Hf
MAR-M-247 | Bal | 10.0| 84| 55| 1.0]10.0 001 0.7] 3.1| 1.4

Table 1. Nominal composition of matrix material used in the cermet.

Process Apparatus and Methods

A laser processing machine dedicated to the production of ABTs was designed jointly by
the University of Texas and Allison Engine Company. The principle of operation of this machine
is similar to a generic SLS machine. However, it has a few distinguishing features. Since one
objective of ABT process development was to produce the full thickness (0.9-1.5 mm) in a single
laser pass, this machine does not provide multiple layer powder delivery. This machine is
equipped with a 250 Watt CW Nd:YAG laser, high temperature powder heating capability and
controlled atmosphere. Metal powders can be heated up to 1000°C in this workstation. This
workstation has the capability of maintaining high vacuum (< 10° Torr) as well as high purity
atmospheres of select gases. Custom software for CAD geometry processing was used to convert
the electronic drawing of the demonstration ABT component into the desired laser scanning
sequence. The machine control software allows the user to control and set processing parameters
including preheat temperature cycle and setpoint, laser power, scan speed and scan spacing.

Material preparation for the direct SLS method consists of combining by weight 73%
superalloy, 18% Ti coated alumina, and 9 % CBN. This mixture is blended for 4-6 hours prior to
loading in the SLS chamber. The blended mixture is poured into a 4" diameter, 0.060-0.100"
deep processing dish and leveled to produce a uniform thickness powder layer. The powder
mixture was then baked out under high vacuum (< 5 x10° Torr) and with 25° C to 875° C
temperature ramp over 30 minutes prior to SLS processing.

Direct SLS involves directly melting and consolidating selected regions of a powder bed
to form a desired shape having full density. This method of fabrication involves melting the
component matrix and obtaining the appropriate amount of flow from the molten material. The
appropriate amount of flow is critical. It can be described as the flow that eliminates porosity,
produces a highly dense part maintaining dimensional tolerances and minimizes other defects such
as hot tearing, pitting, pinholing and solidification cracking. A number of experiments were




conducted to evaluate the influence of the most important SLS process parameters on the
solidification behavior of this material composition. These parameters are atmosphere, preheat
temperature, scanning sequence and energy density’. The appropriate amount of flow is
controlled by several factors such as atmosphere, degree of preheat and three characteristic
variables affecting laser energy density: laser power, scan spacing and scan speed.

Rectangular coupons 1” long X 0.5” wide were produced by raster scanning across the
width. These samples were used for process parameter development and mechanical testing. Tip
shape processing was done by two alternate methods. The first method involved raster scanning
the shape of a tip on a powder bed container. The second method was to laser process a rail
shaped tip out of powder contained in a mold. The mold material directly affects the thermal
profile generated and thus can be used in conjunction with preheat and laser scanning preheat to
assist in control of the solidification microstructure of the component. The physical properties of
the powder container influence the microstructure of the part dramatically. A ceramic powder
container insulates the bottom surface of the powder bed and sets up a fairly uniform thermal
gradient which results in partial directional solidification or epitaxial growth. A more conductive
powder, e.g. a steel or superalloy container can produce a very fine dendrite spacing in the
solidification microstructure.

The laser scanning sequence significantly affects the thermal profile of the part during
processing, therefore it will have a significant affect on tendency of the material to tear, crack and
separate. The scanning sequence incorporated on actual parts will be dependent upon part
geometry and modified in an attempt to provide a uniform thermal profile. This experiment
involved only two variables on rectangular coupons, rastering the beam on continuously back and
forth, and intermittently shutting the laser off and only rastering left to right. Scanning sequence
can dramatically affect local solidification time, which affects dendrite spacing or solidification
mode.

Traditional metallurgy practices dictate that the superalloy cermet material requires
processing in a high vacuum atmosphere. However, a quick evaluation of the affects of different
atmospheres was performed to document the degree of degradation. This consisted of
performing trials in different types of atmospheres that included rough vacuum (of order
30mTorr), rough vacuum purged with argon, high vacuum (< 5X10” Torr) and high vacuum
followed by argon-2% hydrogen backfill.

Experiments were conducted to determine the affects of preheating the powder bed in the
range of 350°C to 1000°C vs. no preheat. The experimental results provided two findings. First,
preheat was beneficial in that it hastened outgassing of the powder. Second, if a well outgassed
powder was placed in the powder bed, the preheat improved the surface characteristics, wetting
and flow, and minimized hot tearing or cracking. In general the components manufactured were
more consistent in surface texture quality if a preheat is applied.  Preheat could also be used to
manipulate the thermal gradient during solidification which affects dendrite spacing and the mode
of solidification.




RESULTS AND DISCUSSION

Component Demonstration

During the course of this research program solid blade tips were manufactured by laser
scanning the shape on a powder bed. The ABT component for technology demonstration is a
hollow, rail type tip which is brazed to a projecting outline at the blade top surface. The
component drawing called for +/- 0.001” variation in the dimensional outline. The fully solid tips
did not have the dimensional control needed to meet this specification. Thus, a series of ceramic
and metallic molds were manufactured. The tip shown in Figure 1 is a typical tip produced from a
mold. The outline drawing above it represents the part according to the print showing a direct

match up between the drawing and the tip.

Figure 2. Prototype production lot of abrasive blade tips.




The life of the ceramic mold was not as long as desired, therefore a metallic mold was
used to produce the components. A partial production lot of ABTs produced via this method is
shown in Figure 2. The production yield was excellent, in excess of 95%. The mold was 0.090”
deep and yielded parts that were in the 0.077 to 0.084” thick range. Subsequently, one surface
was ground flat for bonding. The tips attained a final thickness in the 0.073 to 0.077” range.

Process Parameters for Production

Precipitate strengthened nickel base superalloys are considered difficult to weld or work
with in the molten state due to their tendency to strain age crack'®"'. Therefore, SLS processing
parameters should be aimed at attaining the most uniform thermal profile possible during
processing to minimize the tendency for hot tearing and solidification cracking due to residual
stresses and stresses resulting from aging during processing. This implies that a very fine scan
spacing with a high scan speed should be incorporated. These two parameters also affect the
surface roughness of the sintered coupon. A fine scan spacing will provide a relatively uniform
smooth surface. Scan speed effects on surface roughness are dependent upon the overall energy
density and the associated residence time in the molten region. For a given material a high scan
speed with a high energy density which would produce extensive superheat or a long molten
residence time will produce a poor surface finish. The same scan speed with a lower energy
density and thus a lower degree of superheat will produce a better surface finish. In general
excessive superheat will allow growth of morphological instabilities in solidification fronts that
produce non-uniform surface finish. Controlled heating, superheat, and cooling rate will produce
a uniform solidification front thus producing a uniform surface appearance and microstructure. In
general a fine scan spacing was chosen with the power and scan speed being variables used to
deliver different energy densities. The goal was to produce a short molten residence time with full
through thickness melting.

Prior process development® resulted in manufacture of test coupons (1 inch long, 0.5
inches wide and 0.060 inches thick) with acceptable microstructures for mechanical property
characterization. The energy density used for producing these specimens was 3202 Jem’. In
order to develop acceptable processing parameters for the ABT geometry, a number of
experiments were conducted investigating a wide array of energy densities. These tests proved
that the ABT component having acceptable microstructure and surface finish could be produced
in the 2400 J/em® to 3878 J/cm’ range. The microstructure produced at 2400 J/em® is shown in
Figure 3.
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Figure 3. Microstructure of ABT produced at 2400 J/em?, 50X (left) and 500X (right).

Thermal Boundary Effects

Experimentation with different mold materials, energy densities, and preheats indicated
that the solidification microstructure in a component can be controlled. This implies that the
mechanical properties of a component can also be controlled or tailored through region specific
manipulation of the microstructure. The variables listed above were manipulated to alter the
cooling rate and thermal gradient and thus the solidification rate. The solidification dendrite arm

spacing d can be described as a function of local solidification time 7, or the average cooling rate
€ ., during solidification as'?
d=at; =bé,,
where a and b are constants, the exponent n is usually 0.3 to 0.5 for secondary spacings
and nearly 0.5 for primary spacings.

The constants a and b are related because the local solidification time ¢, is a function of
the average cooling rate £,,, during solidification and the solidification temperature range AT,

which is a physical property of the alloy. Thus,




The average cooling rate in turn is the product of the temperature gradient at the solid-
liquid interface G and the velocity of the solidification front R. Thus,

s O O & o
£ ot ox ot

It is evident that the temperature gradient and the solidification rate are easily manipulated
through preheat, laser power density, scan speed, scan spacing and thermal boundary conditions
at the mold-melt interface. Therefore the dendrite spacing as well as the solidification mode can
be controlled through control of these parameters. For example, it has been shown® that the
solidification microstructure of SLS processed MAR-M-247 superalloy is a function of laser
energy density and thermal boundary conditions, ranging from fine-grain equiaxed to dendritic and
directionally solidified. Mechanical properties such as fatigue can be improved through dendrite
arm spacing refinement.

The solidification mode, i.e. plane front, cellular, dendritic or equiaxed as well as the types
of defects that can form such as shrink and entrapped broken dendrite tips are known to depend
on the cooling rate GR and the ratio G/R". Increasing G/R results in progressive transition from
equiaxed to dendritic towards cellular onto planar front growth. Increasing the cooling rate GR
results in finer structures. Thus G/R influences the type of structure whereas GR controls the
scale of the structure. In laser surface remelting, the velocity of the solidification front is known to
be related to the velocity of the moving heat source via the epitaxial growth angle'*. Therefore, by
appropriate control of process parameters in direct laser processing such as preheat temperature,
laser power density, scan speed, scan spacing and thermal boundary conditions, it is indeed
possible to locally control the type, scale and directionality of the solidification microstructure. An
example of process control to obtain epitaxial growth is shown in Figure 4.

Figure 4. Directional solidification (DS) by imposing insulating boundary condition at mold

surface, 50X.




Direct Laser Fabrication of a Gas Turbine Engine Component - Microstructure and
Properties — Part II

Processing Atmosphere

Both rough vacuum and the purged argon contained sufficient oxygen to oxidize the
molten alloy thus causing balling, separation, and tearing due to surface tension effects. The high
vacuum atmosphere resulted in relatively uniform surface features, no cracking, tearing or
separation when experimentation was conducted within an acceptable window of parameters.
Volatilization of low vaporization temperature elements may be a concern depending upon
preheat temperature and alloy composition. Volatilization can lead to problems with alloy
depletion and or laser energy inconsistencies over long periods of time.

Reactive metal coating thickness and quality

Two vendors were evaluated for depositing the reactive metal coating on the abrasive
ceramic grit. Significant differences were noted in how the product performed when subjected to
the SLS process. In some instances the SLS preform would simply disintegrate while in other
instances the preform was not sufficiently strong to withstand surface grinding. Internal
contamination of the superalloy matrix was noted on the microstructure of these specimens. In
other cases the components performed flawlessly in all aspects. An analysis of the coating
deposited on the abrasive grits explained the differences.

Coated grit from two vendors were metallographically analyzed for coating thickness and
uniformity. The photomicrographs shown in Figure 5 illustrate the difference in coating thickness
and uniformity. The titanium coating thickness on Brand B is greater and much more uniform than
of Brand A. Consequently, the Brand B material always performed better. However it was also
noted that when the Brand A coating thickness was increased, the performance of Brand A still
did not compare to that of Brand B. It was also noted that when only the Borazon 510 CBN
(titanium coated cubic boron nitride) was used in the powder mixture the results were excellent.
Therefore, chemical analysis of the Ti coating on both Brand A and Brand B titanium coated
alumina as well as the Borazon 510 CBN was performed. The contaminants C, O, and N were of
interest. Significant levels of these contaminants could dramatically diminish the performance of
the Ti coating and consequently the overall integrity of the laser processed cermet.

Two types of analyses were conducted in order to determine the contaminant content in
the Ti coating. Auger analysis with intermittent ion milling from the surface of the particle
provided data at different depths of the coatings. The data from this analysis is shown in Table 2
and Figure 5, Figure 6 and Figure 7. The tabular data at different depths indicates that the surface
layers of all coatings analyzed were severely contaminated. A significant drop in contaminant
level was noted at 1000 A on all coatings, however the levels were still extremely high. At 1000
A a large drop to relatively pure material was noted on the CBN coating while both the Brand A
and Brand B dropped to near similar levels with Brand A having the highest overall contaminant
level. At 5000 A only the CBN still possessed coating. The CBN’s titanium coating at 5000 A
was relatively pure. The data from the Auger Analysis indicated that the overall thickness and
uniformity as well as purity at depths of approximately 1000 A is of high importance in
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performance. Auger analysis could not discern nitrogen from titanium because of peak overlap.
Therefore microprobe analysis was conducted on cross-sectioned samples.

Figure 5. Titanium coating thickness and uniformity, Brand A (left) and Brand B (right), 500 X.

CBN
Brand B-5.2 wt %

Brand A-52wt%
Brand A - 2.4 wt. %

Atomic % Concentrations

Surface 100 Angstroms | 1000 Angstroms | 5000 Angstroms
Ti O C|Ti O C|Ti O C|Ti O C
35.6 33.8 30.6(72.7 16.0 11.3192.0 3.1 491927 15 538
# 78.0 12.7 931798 13.0 7.2 *
# 56.1 20.6 23.3|73.7 10.1 16.2 *
21.1 23.8 55.1(50.7 32.2 17.1 * *

# - Surface was charging too much to obtain data.
This indicates that there was no free titanium or carbon
* - Lack of data indicates that base particle had been exposed by ion milling.

Note: Nitrogen cannot be discerned because nitrogen peak overlaps with titanium peak.
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Table 2. Auger chemical analysis of titanium coating.
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Figure 6. Titanium coating purity vs. coating depth.
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Figure 7. Oxygen content vs. titanium coating depth.
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Figure 8 Carbon content vs. titanium coating depth.
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The results of microbrobe analysis are shown in Table 3. The microprobe analysis also suggested
that the CBN had the purest titanium coating. Brand A coating did have a much higher nitrogen
content than Brand B with the overall contaminant content being similar. When a composite
contaminant level is calculated for each of the abrasive grits using the C and O Auger data at 1000
Angstroms and the N levels from the microprobe analysis, a clearer picture of the performance is
evident. The CBN composite contaminant content is approximately 28 atomic %, The Brand B
Ti coated alumina is approximately 42%, While that of Brand A is approximately 63%.  The
chemical analysis data indicates that there is a significant difference in the coating purity of the
three different grits. The results of the SLS trials combined with the chemical and metallurgical
analysis indicated that the coating’s uniformity and overall chemical purity are all equally
important. The coating thickness is also important. However, the presence of significant residual
coating on SLS processed specimens such as that shown earlier in Figure 3 indicate that the
coating's thickness is not as important as uniformity or chemical purity.

Microprobe Data for Cross - Sectioned Grit Samples

CBN |BrandB-5.2wt. % |Brand A - 5.2 wit% |Brand A - 2.4 wt %

Weight % | Avg. Avg. Avg.
Ti 86.3 72.0 69.2 39.0
Al 0.0 0.6 4.3 14.3
0 5.9 171 7.5 43.5
N 7.9 10.4 19.0 3.2
100.0 100.0 100.0 100.0

CBN |Brand B -5.2 wt. % |Brand A - 5.2 wi% {Brand A - 2.4 wt %

Atomic % | Avg. Avg. Avg.
Ti 66.1 48.7 43.3 19.0
Al 0.0 0.6 6.7 12.3
O 13.5 30.2 13.6 63.4
N 20.4 205 36.4 5.3
100.0 100.0 100.0 100.0

Table 3. Microprobe data for cross-sectioned grit samples.

Effect of Dopants

Due to some of the processing difficulties encountered because of the coating uniformity
and purity, an experiment involving doping was performed. Doping consists of adding a material
to the cermet mixture that would assist in scrubbing and breaking down the highly contaminated
surface of the Ti coating on the grit particle and also assist in cleaning the remainder of the melt.
Scrubbing of the Ti coating is necessary in order to clean the refractory type surface and activate
the more pure underlying Ti in order to improve the wetting and bonding with the superalloy
matrix. Different methods were evaluated for adding various levels of free Ti to the melt. Other
elements that have been evaluated as dopants are F and Y. Both methods yielded promising
results. In addition to Ti doping, multiple coatings were also evaluated. The coating in this case
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was a very thin Ni overcoat with minor addition of dopant type elements. Both the Ti doping and
the multiple coating provided dramatically improved SLS results.

The initial trial of an addition of 1 to 2 wt.% Ti provided an exceptional cermet coupon.
However, when the coupon was metallurgically analyzed, it was noted to have Topologically
Close Packed (TCP) phases, shown in Figure 9 as the light cross hatched needle phases nucleating
off the interdendritic eutectic phase. TCP phases result in Ni base superalloys as a result of
improper chemistries or chemical imbalances. TCP phases typically have an acicular or needle
like morphology and are very hard. These phases are deleterious to high temperature mechanical
properties such as stress rupture, tensile, and creep'', and are therefore not desirable. An
additional effect of the Ti addition that can be noted in the low magnification micrograph is the
excessive amount of interdendritic eutectic that forms as compared to previous samples without

the Ti addition.

Wl @

Figure 9. Topologically Closed Packed (TCP) phases resulting from 1 wt.% free Ti addition, 50X
(left) and 500X (right).
Mechanical Properties

Stress-rupture and rub-testing of SLS processed ABT cermet material have been reported
previously9 . The stress rupture samples were divided into two distinct groups: ABT specimens
with uniform surface appearance and ABT specimens with some “acceptable” levels of pitting and
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porosity. The surface condition did not produce any difference in stress rupture properties. An
additional variable involved eliminating the 2150°F/32 hour standard diffusion cycle from some of
the specimens. Elimination of the braze diffusion heat treat cycle significantly improves the
properties of the CMSX-4 base material. The stress-rupture data in Larson Miller form is shown
in Figure 10. The testing was conducted in the temperature range of 1900°F to 2200°F with
some of the samples tested in excess of 500 hrs. The samples brazed without the diffusion heat
treat cycle exhibited slightly reduced life. All samples failed in the braze joint and did not traverse
the SLS material. This indicates that the plot of Figure 10 is actually a representation of the braze
bond strength. Standard production material exhibits failures that traverse through the center of
the cermet because of the braze component in the standard mixture. Therefore this difference in
failure mode indicates an improvement in temperature capability of the laser processed cermet.
These results imply that the brazeless material composition processed by direct SLS is superior to
the standard cermet.

f ]
¢ Brazed with No Diffusion
|
E O  Brazed With Diffusion
Py
g
o Power (Brazed With Diffusion)
------ Power (Brazed with No Diffusion)
0.1 : - ;
45 50 55 60 65
Larson Miller Parameter - P
0.001 * {T +460)*(log(t)+20)}
Figure 10. Stress-Rupture of CMSX-4 bar with ABT brazed in-gage.
FUTURE WORK

The primary goal of future work is to develop a laser process for direct tipping. Direct
tipping is performing SLS on top of the turbine blade and actually bonding the cermet layer to the
blade at the same time that melting and densification is occurring. A laser based process that
fabricates abrasive tips directly onto turbine blades will yield three important benefits. The first
and most important potential benefit is that the base material of the blade will have substantially
better mechanical properties since it will not be exposed to either the braze or diffusion thermal
cycles. Both the braze and diffusion cycles involve high temperatures and long times which
degrade the microstructure and mechanical properties of the base material. Elimination of these
degrading thermal cycles will allow higher design mechanical properties and higher operating
temperatures, potentially resulting in designs that improve efficiency. Second, the need for
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tooling and the intensive labor associated with preparing and brazing tips to blades will be
eliminated. Third, mechanical properties of the tip-blade bond interface will be improved as a
result of epitaxial solidification of the tip material off the blade base material.

Additional goals of the future include incorporating process understanding and control
such that region specific or tailored microstructures can be produced. This ability could
significantly improve the performance of a given region or component overall thus increasing
expected life. Such achievements may also allow the repair of single crystal turbine hardware to
original conditions or the production of super plastically formable components of a given alloy
which were not available previously. The total control over processing environment should favor
technological breakthroughs in the manufacture of net shape components in extremely difficult to
process high performance materials such as refractories, in-situ composites, and intermetallics.

CONCLUSIONS

A successful direct SLS process was developed and approximately 100 tips produced. The
process developed achieved all of the objectives and goals originally set forth. The goals are
listed below.

1. Raw material input is proportional to quantity of tips needed.
2. Fall off materials are reusable.
3. Majority of processing steps of standard production process eliminated.

4. Process produces the fully dense component in a single pass by achieving full through
thickness melting.

5. Mechanical properties were improved by eliminating the cobalt braze material from the cermet
composition .

6. Elimination of Processing steps, scrap, fall off, and input stock required produced cost savings
in excess of that originally calculated.

7. Microstructure, properties and performance are superior to that of the standard production
material.

In addition to achieving all of the original program goals and outlining parametric
windows, important information was noted concerning the effects of preheat temperature,
processing atmosphere, thermal boundary effects, energy density, dopants, and reactive metal
coating quality on ceramic grit in cermets. Some of these effects are summarized as follows.

Preheating the powder bed has been shown to be beneficial by outgassing the powder thus
preventing further contamination during processing. Preheat was also noted to improve the
uniformity of flow and solidification of the molten material, thus enhancing the surface finish
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uniformity of the final component. It is also known that preheat to appropriate temperatures also
reduces hot tearing, hot cracking, and balling of the molten material.

Energy density and the associated parameters of laser power, scan spacing, and scan speed
were crucial in minimizing hot tearing, balling and cracking. Without the proper selection of
energy density parameters significant porosity, incomplete through thickness melting, and very
poor surface finish may result.

The SLS apparatus developed during this program allows total process control. The
extent of process control capability allows the manipulation of thermal boundary effects and
solidification rates. This in turn may be used in the future to tailor region specific microstructures.
Experiments conducted during this program illustrate that it is possible to dramatically
manipulate the microstructure of the material.

The experimentation with different types of abrasive grit, Ti coatings and contaminant
analysis revealed the importance of uniformity and purity of the reactive metal coating in the
processability, performance and properties of cermets produced by direct SLS. High quality
coatings can result in the difference between failure and success.

Dopants were evaluated in an attempt to overcome the detrimental affects of the poor
quality reactive metal coatings. The usefulness of dopants to improve melt cleanliness and
activate the reactive metal coating on the abrasive grit to enhance bonding was demonstrated.
However, caution should be exercised with dopants due to secondary affects resulting from alloy
chemistry modification. The coated grits used for production were of sufficient quality that a
dopant was not necessary to provide a robust production process. However, dopants may be very
beneficial if one were to produce a very large part or multiple layer part.
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Geometry Processing for SLS/HIP
Ravi Venkataramani, Suman Das, Joseph J. Beaman
Laboratory for Freeform Fabrication
University of Texas at Austin

Abstract

SLS/HIP is a new net shape manufacturing method that combines
the strengths of direct selective laser sintering and hot isostatic pressing.
Direct selective laser sintering is a rapid manufacturing technique that can
produce high density metal parts of complex geometry with an integral,
gas impermeable skin. These parts can then be directly post-processed by
containerless HIP. Sophisticated processing of the part geometry is
required to facilitate the desired results from SLS/HIP. This paper presents
geometry processing algorithms being developed for in-situ canning of
SLS/HIP components. This research is funded by DARPA/ONR contract
N00014-95-C-0139 titled "Low Cost Metal Processing Using SLS/HIP".

INTRODUCTION

Selective laser sintering (SLS) is a layered manufacturing technique that can
produce freeform three-dimensional objects directly from their CAD models without part
specific tooling or human intervention. Parts are built by selectively fusing layers of a
powder material using a scanning laser beam. Details on this process are described
elsewhere'”. The next generation of selective laser sintering i.e. direct fabrication of
functional metal and cermet components and tooling is under development at the
University of Texas™*. To produce full density metal parts having complex geometry, a
novel net shape manufacturing technique called SLS/HIP>® has been developed at the
University of Texas. The idea is to consolidate the interior of a component to 80% or
higher density and to fabricate an integral gas impermeable skin or “can” at the part
boundary in-situ. Sophisticated geometry processing is required to obtain the desired
results. It is proposed to develop parametric representations of the part contours at the
slice level. These parametric curves will then be offset in a suitable direction, to grow or
shrink the curves, to generate skins. This parametric representation will also enable local
shape change to compensate for any changes in dimension or shape that might occur after
HIP post-processing for a specific part. These parametric representations for each layer
are then used as the contours for SLS processing. The SLS processed part can then be
directly post-processed by containerless HIP to full density. The optimal thickness of the
skin will depend on the HIP deformation model and the tolerance requirements. A final
machining step will result in a part having the desired geometry, mechanical properties
and tolerance.

BACKGROUND
In the SLS/HIP process (Figure 1), the component is produced by selectively

consolidating a metal powder with a laser beam layer by layer. While producing each
layer, a gas impermeable high-density skin (> 98% density) is formed at the boundaries
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of the part. The interior of the part is laser processed to a high density typically exceeding
80%. Thus, the part is shaped and canned in-sifu.  The encapsulated part is evacuated,
sealed and post-processed by containerless HIP to full density. A final machining step
may be applied if necessary.

Laser beam scans
interior of current
cross-section

Laser beam scans high
density skin for current
cross-section

In-situ canning SLS/HIP Direct SLS

- Final Machining

Hot Isostatic Pressing

Figure 1 The SLS/HIP Process

Offset curves have been used in industry for a range of applications some of
which are mold design, NC path planning, tolerance analysis and CAD in the
automobile industry. An offset curve is a curve parallel to the original curve at some
offset distance. Offsets can be generated for implicit curves as well as freeform curves.
Offset techniques have been well established for a series of parametric curves like
Hermite curves’, B-splines®, NURBS’, Pythagorean Hodograph curves'’ etc. It is
proposed to use B-splines and NURBS for the considered application.
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B-splines have been chosen because they are used widely in industry and have
been well documented. However they cannot represent regular or implicit curves like
conics precisely. NURBS, being rational, are more versatile in representing both
freeform and regular curves precisely. One of the drawbacks of using NURBS is that the
offsets generated will not be rational requiring the use of special polynomial parametric
curves like Pythagorean Hodograph curves, which surmount this problem.

GOALS
This research proposes to address the following issues:

Generation of skins for each slice contour data, modification of part geometry based on
part-specific HIP deformation models, development of intelligent scan patterns to
produce an integral, gas impermeable skin by SLS, and to incorporate the above in
intelligent process control.

PROCEDURE

The sliced CAD data file of the component considered gives the contours along each
layer. A B-spline or a NURB is fit to the slice data points. Details on the formulation of
B-splines and NURBS can be found elsewhere'""'2. This parametric curve is then used to
generate the offset. Depending on the relative location of the part contours at the slice
level it may be required to grow or shrink the curve, thus denoting a positive or negative
offset respectively.

Offset Procedure

Let (x(2),y(t)) be a point on a parametric curve C. Then, the curve C, offset a distance +d

has points (x,(2),y,(2) that satisfy the equations"’

where ((x(¢), v(¢)) is the tangent vector at (x(¢), y(¢)). This is illustrated in Figure 2.
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Figure 2 Offset Procedure

Some of these offset curves may have self-intersections forming loops as shown in
Figure 3. These loops need to be removed to get an intersection-free contour, giving
the offset.

Loop Removal

In order to remove loop that may occur in the offset generated the following sequence of
operations may be performed

1) Analyze the offset for self-intersections'®. Self-intersections define multiple closed
loops”.
2) If the direction of rotation of such a loop is inconsistent with the direction of rotation

of the original contour, it is removed.
3) For loops whose direction of rotation is consistent, check the span of the remaining

part of the offset.
4) If the span of the remainder is greater, discard the loop.
5) Ifthe span of the loop is greater, keep the loop and discard the rest of the offset.

The result of the given set of operations on an offset curve with self-intersections is
shown in Figure 4.
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Figure 3 Offset with loops

Figure 4 Loop Removal
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RESULTS

Two test cases were considered to validate the algorithm, one for a freeform contour and
the other for a regular or implicit contour.

Case 1 : Slice Contour of a Stator Vane

This is one of the candidate components chosen to demonstrate the capabilities of
SLS/HIP.

Offset

Figure 5 Growing of the Stator Vane

Offset

Figure 6 Shrinking of the Stator Vane
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Case 2 : Curve with Convexities

—>

Offset Loop Removal

Figure 7 Offset of an Implicit Curve

The polar form of the curve of Figure 7 is given by

_ p
P Tve cos(mep)

p>0, 0<e<l, meNm>1

SUMMARY

An offset technique for B-splines was developed and tested for a series of curves. This
technique will be validated by producing an SLS/HIP component. A similar technique
for NURBS should be developed to optimize contour specific processing. Part geometry
re-engineering will be performed based on HIP deformation models.
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ABSTRACT

Compared with conventional subtractive manufacturing technologies, RP has great benefits
in shortening the design-manufacture cycle time of a product. Even if mechanical properties are
not considered, most RP products still cannot be directly used in applications until the
requirements for overall surface quality are satisfied. To improve the overall surface quality of
Selective Laser Sintering parts, a robotic finishing system has been developed as a part of an
ongoing research project. A finishing tool is held by a robot and moved according to
programmed paths generated from the original CAD model data. This paper describes the
experimental system in detail and shows that the surface roughness, dimensional accuracy, and
geometrical accuracy can be improved.

Keywords: Rapid Prototyping (RP), Selective Laser Sintering (SLS), Surface Finishing, Robot.

INTRODUCTION

Rapid prototyping is now widely regarded as a major technological breakthrough similar to
the development of computer numerical control (CNC) technology. Compared with
conventional subtractive manufacturing technologies, RP has demonstrated benefits in
shortening the design-manufacturing cycle time. Over the last decade, RP has been developed
quickly and is widely used in industries such as automotive, aerospace, medical and consumer
electronics. As users become experienced, they seek more functional and practical RP parts in
which the overall surface quality must compare with products manufactured by conventional
technologies.

According to Wohlers in 1997 [1], almost one-third of all RP parts are being used for fit and
functional applications, also more than one-quarter are being used as patterns for secondary
tooling. These applications require RP parts to have a good overall quality, which includes
surface quality and quality of mechanical properties. With the development of RP technologies
and material science, the quality on mechanical properties of RP parts is improving and will
continue to improve in future. But the surface quality is always influenced by some factors such
as stair-steps and shrinkage since RP parts are produced layer by layer. Looking through all RP
technologies at present, it is difficult to find a suitable RP technology by which the surface
quality of parts produced can be comparable with CNC machining or precision machining.
Without finishing or polishing in post-processing, RP parts can not be directly used in industries
due to their poor surface quality.

With many materials capable of being processed, nearly any RP application can use a
suitable SLS part as the required prototype. It is therefore important to improve the surface
quality on SLS parts. Considering the combined characteristics of SLS and industrial robotics,
an ongoing project in which a robotic finishing system has been developed for improving the
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surface quality on SLS parts. Experiment results have shown that the surface roughness,
dimensional accuracy, and geometrical accuracy can be improved.

THE OVERALL SURFACE QUALITY ON SLS PARTS

In the field of manufacturing engineering, the exact degree of overall surface quality, which
affects the functioning of a component and also its cost, is considerably important [2]. Usually,
the overall surface quality includes surface roughness, dimensional accuracy, and geometrical
accuracy. Surface roughness is the recurrent irregularities of a surface, which are inherent in the
production process. The most common indicator of surface roughness is R,, the arithmetic
average roughness value over one sampling length. Accuracy is the correctness of dimension or
geometry. Different manufacturing processes can obtain different overall surface quality [3].
For design engineers or production process planning engineers, the most important thing they
should be concerned with is determining a set of suitable manufacturing processes in the shortest
lead time for satisfying the application requirements on the overall surface quality.

In SLS, the overall surface quality of parts is influenced by many factors, some of which are

shown in figure 1.

Slice thickness (stair-steps)
Surface roughness Orientation in sintering
Geometrical structure
Material properties

Overall surface - : RP machine characteristics
quality on SLS Dimensional accuracy Material properties (shrinkage)
parts ' Sintering parameters

RP machine characteristics
Geometrical accuracy Material properties (shrinkage)
Sintering parameters

Figure 1 Influence factors of overall surface quality on SLS parts

To improve the overall surface quality on SLS parts, some efforts should be carried out on
improving RP machine characteristics, optimizing sintering parameters, decreasing slice
thickness, and improving material properties. At present, the minimum slice thickness in DTM
SinterStation 2000 or 2500 systems is 0.003”. The shrinkage of material is also unavoidable in
the sintering process. Most SLS parts still have need of surface finishing or polishing to obtain a
good surface quality. An industrial robot, with its programming flexibility and advanced
kinematic structure, can assist in performing this finishing task.

ARCHITECHTURE OF ROBOTIC FINISHING SYSTEM

To improve the overall surface quality of SLS parts, a robotic finishing system has been
developed. The architecture of the system is shown in Figure 2
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Figure 2 The architecture of the robotic finishing system: 1-controller; 2-articulated manipulator;
3-finishing tool; 4-SLS part; 5-fixture; 6-platform.

In the 3D modelling stage, a design part is produced using EDS Unigraphics (UG) software,
which outputs a STL file to a SinterStation 2000 machine. If needed, a base fitting is added to
the part. After the sintering process, the SLS part is placed in a fixture that is compatible with
the base fitting. The position and orientation of the part relative to the robotic system is
determined in the calibration process. The robot holds a high-speed finishing tool and moves
over the surfaces according to a programmed path.

ABB IRB1400 Robot
This system uses an ABB IRB1400 robot, an industrial robot with 6-axis articulated
movement and a linear external axis [4]. The robot is programmed using the machine-specific
RAPID language [5]. In order to finish a part, the robot holds a finishing tool as its end-effector.
Using a high-speed finishing tool, combined with the complex motion of the robot, results in a
fine finish on the surfaces of the SLS part.

Finishing Tool
To achieve a smooth surface in the shortest time, the finishing tool should be changed
according to the RP material, finished surfaces and surface requirements. The finishing tools
used in this research include abrasive belts, ballnose endmills, spiral endmills, polishing bobs
and special end brushes. Currently, finishing tool change is not automatic. Suitable finishing
tools result in good surface quality.

Fixture and the Base Fitting
To be finished by the robot system, the SLS part should first be placed on a fixture. Since
RP caters for different geometries, it is impossible to design a general fixture that is suitable for
fixing all parts. It is therefore necessary to add a standard base fitting to the part at the design
stage, which is fabricated during the sintering process. Some parts, such as injection rapid
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tooling molds, have their own base fitting and do not need this additional feature. Using this
method, many designs can be placed on a single fixture. The base fitting can also be designed to
aid the position and orientation of the part relative to the robotic system during the calibration
process.

CALIBRATION AND ROBOTIC PATH PROGRAMMING

Co-ordinate systems exist within the robot system for the tool, user, object, base and world.
It is necessary to define these correctly by calibration. The calibration procedure is divided into
two steps: tool data calibration and base fitting calibration. Tool data calibration expresses co-
ordinates in terms of the tool centre point (TCP). Base fitting calibration relates the position and
orientation of the part relative to the base co-ordinates. Both calibration data are needed in
programming robotic finishing paths.

The robotic paths are programmed using the ABB RAPID language. A software module
was developed for generating robotic finishing paths. It was programmed using Visual C++ ona
PC platform. The principle is based on the corresponding relationships between the RAPID
language and the cutter location source file (CLSF) generated using UG software. The CLSF is
a tool path file that describes machining processes in a UG manufacturing application [6].

EXPERIMENTAL STUDY

With a DTM SinterStation 2000 system, SLS parts were produced using polycarbonate,
nylon composite, fine nylon, true form and rapidsteel powders. After sintered or infiltrated with
copper, some parts were then finished with the robot. Experimental results are shown in table 1
to table 3, figure 3 to figure9. The surface roughness and surface profile were measured with a
TAYLOR HOBSON surface texture-measuring machine (Form-Talysurf Series 2). The flatness
was measured with a MITUTOYO coordinate-measuring machine (BLN122).

Polycarbonate | Nylon Composite | Fine Nylon True Form
Slope-planar 30~35um 28~35um 28~35um 22~24um
surface (up 1 50)
Slope-Planar 24~28um 15~18pum 12~16pm 13~15pm
surface (down 1 50)
Planar surface (up) | 18~22um 14~17pm 12~16pm 7~10pm
Curved surface 32~36pm 32~36pum 32~36pm 30~34pm

Table 1 Surface roughness (R,) in the unfinished SLS parts (slice thickness=0.1mm, other
parameters are default)

In table 1, it is very clear to see that surface roughness in the unfinished SLS parts is very
poor especially in slope-planar surfaces and curved surfaces. It is also shown that surface
roughness is varied with material types, geometrical structures and orientations.
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Photo No.=1 Detector= SE1

Figure 3 A microstructure of an unﬁnlshed slope-planar surface (material: fine nylon, slice
thickness=0.1mm, slope angle=15° (upward), other parameters are default).

EHT=10.00 kV W= nn = N
108un  |— Photo No.=6 Detector= SE1

Figure 4 A microstructure of a ﬁmshed slope-planar surface (material: fine nylon, slice
thickness=0.1mm, slope angle=15° (upward), other parameters are default; finishing tool:
abrasive belt, type: Zirconia, grit: Z#120).

In figure 3, we can see that particles adhered to adjacent surfaces. Stair-stepping can be

seen clearly in this figure. When finished with abrasive belt, stair-steps were diminished and
some grit marks were left on the surface in figure 4. Therefore, the surface roughness is
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decreased after finishing. Figure 5 and figure 6 are surface roughness profiles on an unfinished
curved surface and a finished curved surface. Ry is the vertical height between the highest and
Jowest points of the profile within the sampling length. Comparing figure 5 with figure 6, it is
shown that both R, and R, are greatly decreased after robotic finishing.
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Figure 5 Surface roughness profile on an unfinished curved surface (material: fine nylon, slice
thickness=0.1mm, other parameters are default, R, =33.9250um, R; =179.0299um; horizontal

scale: 200um/division).
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Figure 6 Surface roughness profile on a finished curved surface (material: fine nylon, slice
thickness=0.1mm, other parameters are default; finishing tool: abrasive belt, type: Zirconia, grit:
7Z#120; R,=2.7754um, R=18.3384pum; horizontal scale: 200pm/division).

During finishing, some particles on the surface were melted due to machining temperature.
Since the main defects on the surface are grit marks from tools, which influence the surface

roughness, with the change of finishing tools it is possible to obtain different surface roughness
as shown in table 2.
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Abrasive belt (type: Zirconia) Ballnose Spiral

7480 7#120 7#180 endmill endmill
Finenylon | 6.0~10pm | 2.8~4.5um | 2.5~3.8um 3.2~4.8um | 3.5~4.2um
RapidSteel | 2.0~5.2um | 1.5~4.0pm 1.0~1.8um | 2.0~3.2pm | 1.5~2.0um

Table 2 Surface roughness R, obtained by different finishing tools.

Another finishing example is on two RapidSteel molds. The two molds in figure 7 were
made with RapidSteel at the same time. After furnace treatment, only one mold was finished by

robot. Some experimental results are shown in table 3, figure 8 and figure 9.

Figure 7 The two injection molds of HKU badge: left-unfinished (A); right-finished (B).

Surface roughness Dimensional accuracy | Flatness
Curved surface | Planar surface | Length Length
50.25mm | 102.50mm
Mold A Ra:14.5~15.5um | Ra:8.5~9.5um | 49.38+ 101.65+ | 0.20mm/
(unfinished) | R7165~220um | R£:128~135um | 0.10mm | 0.15mm | 100mm
Mold B Ra:5.0~7.0um | Ra:1.2~1.5um | 50.35% 102.65+ | 0.05mm/
(finished) | R#:73.8~75.0um | R:17~20pm | 0.05mm | 0.10mm | 100mm

Table 3 Surface quality comparison between the two injection molds.
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Figure 8 A section surface profile of mold A (horizontal scale: 2.0mm/division)
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Figure 9 A section surface profile of mold B (horizontal scale: 2.0mm/division)

Table3 is the surface quality comparison between the two injection molds. It is shown that
surface roughness, dimensional accuracy and flatness are improved after the mold was finished.
In mold A, it is very clear to see the stair-steps on the curved surface in figure 8. The top and
bottom area of the curved surface appears planar due to lamination. After finished with the
robot, we can see in figure 9 that stair-steps were diminished but their fragments still left on the
surface profile. Because the robotic finishing paths are generated from the original CAD data,
the geometrical accuracy of the surface profile was improved after the mold was finished. The
overall surface quality of the injection mold will directly determine the surface quality of the
final injected products.

CONCLUSIONS

The overall surface quality of SLS parts is influenced by many factors. To improve the
surface quality, some efforts should be carried out on improving RP machine characteristics,
optimizing sintering parameters, decreasing slice thickness, and improving material properties.
Due to stair-steps and shrinkage, surface finishing on SLS parts is needed.

34




The overall surface quality of SLS parts can be improved using a robotic finishing system.

Because the robotic finishing paths are generated from the original CAD model data, the
finishing process can eliminate the influences of stair-steps and shrinkage in the finished parts.
Experimental results have demonstrated that surface roughness, dimensional accuracy and
geometrical accuracy are improved in the finished SLS parts.

With the change of finishing tools, different surface roughness can be obtained. But

dimensional accuracy and geometrical accuracy of the finished parts are mainly dependent on the
robot accuracy. Further research will include continued experiments with different geometry
parts, decision support for suitable finishing tools, development of an intelligent calibration
technique and changing the open-loop control mode to a tool-based closed-loop mode.
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Abstract

Lasers have been widely used in surface modification. In this research a CO, continuous
wave laser has been used to polish the slot surface of the silica rods. The strong absorption of the

10.6 um CO, radiation by the silica surface promotes the softening of a very thin layer of material
that flows under the action of surface tension. As a result, a mirror smooth glassy surface has been
formed which decreases the surface roughness without any substantial change in the surface
geometries. The effect of laser to surface inclination angle on the requisite power requirement was
assessed experimentally and theoretically. With laser beam scanning controlled by a computer-
aided design (CAD) database without specific tooling or human intervention, reliability and
reproducibility of this process have been greatly improved compared to conventional fire polishing.
The potential use of laser polishing as a post-processing step for freeform-fabricated parts is very
promising.

Introduction

Lasers have been widely used in surface modification. The properties of a surface layer of a
metal or semiconductor are modified by changing its composition or microstructures using focused
radiant energy. Laser-driven heating })rocesses can also be used to enhance the resistance of crystal
and glass surfaces to laser damage!"”. Recently, laser beams have been used to polish glass in the
optics industry®.. It has been suggested that preheating the bulk to a point above glass
transformation temperature before starting the laser-driven surface heating process can help avoid
the generation of undersiable thermal stress.

Surface finish is a critical and, for some applications, limiting feature of parts produced
using Solid Freeform Fabrication (SFF). Selective laser sintering (SLS) uses a laser and scanning
system, so the possibility of laser polishing SFF parts is a logical approach to surface finish
improvement. It is most desirable to present the laser to a part without regard to part geometry
specifics. That is, the most robust laser polishing process would not require “on the fly” changes
in laser parameters such as laser power or the inclination of the laser onto the part surface. The
purpose of this investigation was to assess the feasibility of laser polishing of a part with simple
surface features and constant initial surface roughness. Specially, we have chosen a silica rod with
slots mechanically cut into the periphery.

A conventional polishing process is fire polishing, which requires technicians to sweep a
hand-torch over the silica slots. This process can smooth the edges of the slots, but because of the
relatively narrow space between adjacent slots, about 0.07 inch wide, fire polishing cannot polish
the inside surface. Obtaining reliable and reproducible surfaces by fire polishing is difficult because
the process is highly dependent on the skill and technique of the technicians.

The disadvantages related to fire polishing are effectively overcome by irradiating the slot
surface with a laser beam as discussed in this paper. The results of this work are directly applicable
to surface finishing of freeform-fabricated parts produced both from silica and from other materials
amenable to laser surface polishing.

This work was done at the laboratory of SFF at University of Texas at Austin, where the
SFF approach was first invented, originally conceived as a shortcut to making models and
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prototype parts. Solid Freeform Fabrication is now expanding its potential applications into short-
run production, mold/die manufacturing, and smart laser processing.

CO, Processing Apparatus

Mechanically cut silica rod slots were used during the experiments. The geometry of the
silica rods is shown in Figure 1. The silica slots were cut normal to the rod surface. The material

was fused quartz, which is an amorphous phase of silica.
The absorptance of 10.6 um radiation is about 80% for quartz), which is one of the

crystalline state of silica. This is a high level of absorption. There is no available absorptance data
for fused quartz. Since the wavelength of CO, radiation is much longer than the wavelength of the

absorption edge of fused quartz, fused quartz has very strong absorption of the 10.6 um radiation
also??. Fused silica does not reflect CO, laser significantly™.

In Figure 2, a schematic drawing of the laser polishing process is shown. A CO,
continuous wave laser, with a maximum beam power of 50 W, was incident on the rod with angle

¢ after passing through the optical system. The inclination angle ¢ has been defined to be the angle

(in degrees) between laser beam and the normal to the slot surfaces. ¢ can be changed to
accommodate different slot geometries. For this work, the silica rods were moved by a motor in

the X-Y plane, and the angle ¢ had been set up manually by geometrical measurement.

CO, Laser

Quartz Rod Geometry

!

Slot Width

A
X-Y DRIVE CIRCUIT
Diameter: 15 mm; Length: 50 cm
Tooth width: 0.07 inch; Slot width: 0.07 inch CO, Laser; ¢: inclination angle

Slot depth: 0.22 inch; Slots per rod: ~ 150
Figure 2. Schematic drawing of laser polishing

Figure 1. Schematic drawing of quartz rod
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Experimental

To facilitate the effects of polishing, initially large, flat surfaces were made by bisecting
silica rods using the same method as the slot cutting. Two sets of experiments were set up. Test I

was carried out using 32 and 40 watt laser beam power on the bisecting surfaces with ¢ fixed at 0°.

Test II was carried out using slot surfaces with various laser powers and angles, ¢. The test results

were studied by using Scanning Electron Microscopy (SEM), optical microscopy, a profilometer
and a beamscanner.

Laser scanning for this work was a single-pass set up, which is shown in Figure 3. During
this process, CO, laser radiation was incident on surfaces with different inclination angles, .

V: scan speed in Y, pm/S
|‘—'| U: scan speed in X, um/S
4 SS: scan spacing, um
D: laser beam diameter, um
v T_' A" U L: length of polishing surface, um
X w b W: width of polishing surface, um
A: overlapping, D/SS

Figure 3. Plan view of single pass polishing

Results and Discussion

Laser Beam Energy Distribution

In Table I, D was defined to be 50% cliplevel of the laser beam energy density E, which in
theory should obey a Gaussian distribution as shown in Figure 4. By using a beamscanner, the
beam energy distribution was recorded, which is shown in Figure 5. It has been found that the
energy distribution for the CO, laser used in this work did not conform to the Gaussian form. In
the X direction, E is uniformly distributed across the beam diameter. In the Y direction, the
distribution was skewed. The energy distribution varied according to working conditions such as
the laser cooling condition, power supply stability, beam power, etc. For simplicity, D was taken
to be the 50% cliplevel of the Gaussian distribution in the Y direction for every laser power used in
this work. E was taken to be uniformly distributed across the whole beam area.

Because of the non-uniform distribution of E, overlapping (A) was introduced into this
work to be the ratio of D and SS, to accommodate the lower energy density at the edge of the laser

beam. The importance of A will be discussed in detail later.
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Figure 4. Gaussian distribution and 50% cliplevel for laser beam energy distribution
(Beam distribution for X axis is not based on this results)

Test D (50%) (um) scan spacingum E(J/ cm*2) ) overlapping)
Laser Polishing
32 watts

1 1000 50 408 20
2 1000 100 408 10
3 350 50 429 20
4 350 100 429 10
5 300 50 510 16
6 300 100 510 8

7 500 50 679 12
8 500 100 679 6

9 300 200 679 3
10 4150 100 906 4.5
1 450 200 906 2.25
12 150 300 906 1.5
13 250 200 163 1 1.25
14 250 300 163 1 0.8
15 250 400 163 1 0.6
16 200 400 2038 0.5
17 200 500 2038 0.25

40 watts
1 1000 50 510 20
1000 100 510 10

3 350 100 536 9.5
4 350 200 536 4.75
5 300 100 637 8

6 300 200 637 4

7 300 300 637 2.67
8 500 300 849 2

9 500 400 849 1.5
10 500 500 849 1.2
11 500 600 849 1.0
i2 500 800 849 0.75
13 450 400 1132 1.13
14 450 600 1132 0.75
15 250 300 2038 0.83
16 250 800 2038 0.31
17 200 800 2548 0.25

TableI. Different Experimental parameters for Test I and E (Energy density)

Test| Laser power | Inclination. angle(degree) | Scan speed|{Scan spacing(um)]| Overlapping(}) Beam size( um)
1 11.8~30 0 1 cm/s 85 3 250
2 5.85~15 0 0.5 cm/s 85 3 250
3 13.5~33.75 30 1 cm/s 85 3 250
4 16.5~41.25 45 1 cm/s 85 3 250
5 8.33~20 45 0.5 cm/s 85 3 250
6 17~41 70 0.5 cm/s 85 3 250

Table I.  Different Experimental parameters for Test II
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Figure 5. Beam profiles for 40 watt laser (Upper: Y direction; Lower: X direction)

Laser Polishing Working Window

The effects of a variety of important laser polishing parameters have been studied. These

include laser power, beam diameter, scan speed, scan spacing and inclination angle ¢.

The scan speed of the polishing process was restricted to be less than 1 cm/s. Laser beam
diameter can be adjusted according to the laser power that has been used. By using higher laser
power, larger beams can be used which will cover more surface at one time. This will decrease
polishing times greatly.

From experiments, we found that there was a laser beam energy density range for
polishing: the Laser Polishing Working Window. Too low a laser energy density didn’t cause any
obvious polishing for the slots. If too much laser power or slower scan speed was used, the
surface was cut into grooves or covered by a layer of white powder. The grooves are shown in
Figure 6.

(a) 32 watt ,Test I #14 (b) 40 watt, Test I #15

Figure 6. Grooves and cuttings on the polished surfaces

To smooth the slot surfaces, the surface temperature needs to reach the softening point of
the material. Beyond that point a thin layer of material can flow under the action of the surface
tension. If the laser energy is too low, the heat provided by the laser beam is not enough to raise
the sample surface to the softening point where the viscous flow of silica can happen, and there is
no smoothing effect.

At higher laser power or slower scan speed, SiO, evaporated from the irradiated region
followed by decomposition. The resulting SiO can only exit as vapor phase. It redeposited as white
loose particles of SiO, on the cooler parts of the sample.

2 Si0, = 2 Si0 +0,
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This redeposition should be avoided by maintaining the slots surface temperature below the
vaporization point. The depth of the damage increased with laser power density.

I} j|
0 408 430 510 536 637 680 850 906 1132 1631 2038 2548
E< E (J/cm®) <E,
Nothing Polishing Cutting

Figure 7. Laser Polishing Working Window for Test I

The results for Test I is shown in Figure 7. The working laser energy densities are from E,
to E,. The results for Test II are shown in Figure 8. The polishing windows have been shifted
according to different inclination angles. Changes in the scan speed did not cause obvious
deviations in these windows. The effect of surface roughness before polishing is not clear from

this work.
Laser Beam Energy Density (E)

E for this work has been defined as following,

Ezﬁ )

Where P is the laser power (watt), t is the duration time of the laser beam on the surface at any
given point and A is the area of laser beam (um?). By changing ¢, beam shape changes from a
circle with diameter D to an ellipse with D (semimajor axis) and Dcos¢ (semiminor axis).
Substituting t, which is shown as following in Equation 3, and A into Equation 2,

produces Equation 4,

D D’

f=— 3 E=—— @
v 4cos¢

Temple produced similar surface smoothing results (2 although for a different laser
application. His laser beam energy was calculated out to be 796 J/em® when using Equation 4. It is
just inside the laser polishing density range from our work.
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Figure 8. Polishing Working Windows of laser beam energy density for Test II
(Listed in the same order as Table II)
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Surface Morphology

The surfaces profiles of silica slots before and after fire and laser polishing are shown in
Figure 9. The as-cut surface is very rough with a lot loose particles adhering to it. After fire
polishing, some of the loose particles have been removed and the surface roughness is improved.
In comparison, laser polishing created a mirror-smooth surface without any loose particles sticking
on it. There are distinct differences between the fire and laser polished surfaces. Laser polishing
can guarantee the reproductivity and reliability by computer controlling the whole process.

Figure 10 shows the features of slot edges after different processes. Both fire and laser
polishing can debur the edge without changing the feature of the egde. Although fire polishing can
smooth the edge of the slot, it can not reach the inside because fire is blocked from entering into the

narrow space between adjacent slots. By changing ¢, laser beam can reach any point deep inside
the slots, provided the laser has line-of-sight to all the areas of the surfaces. So, the surface inside
the slot can be smoothed also as shown in Figure 10 (c).

Different overlapping had been used for Test I. Some results are shown in Figure 11.
Surface (a) and (b) in Figure 11 both had the same laser power but different scan spacing. Between

the polished areas, there was an unpolished space left in Figure 12(a). A for both tests was greater
than unity, which meant that beam overlapping occurred. But the lower energy density distributed
at the brim of the laser beam did not provide enough heat to raise the surface temperature to the
softening point of the materials. The larger laser beam size decreased the beam energy density also
in Test I #12. So viscous flow was not sufficient for polishing.

%

(a) partially polished surface, Test I # 12 (b) continuous polished surface, Test II, #4

Figure 11. Overlapping effect for polishing at 32 watt laser power

A surface profilometer was used to record the surface profiles for as-cut and after fire and
laser polished slots. The results are shown in Figure 12. The surface roughness for an as cut

surface is about 2um for the peak to valley height. After fire polishing, it reduced to about 1um.
Laser polishing can reduce the surface roughness to 0.05um.

Summary and Conclusions

The materials studied for this project is amorphous silica, which does not exhibit a well-
defined fusion phase transition. By absorbing laser energy, the surface temperature was raised to
the softening point and the softened silica flowed under the action of surface tension and cooled
before recrystalization could take place. The resulting surface was a mirror-smooth glassy film
without any significant change in surface geometry.
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Figure 12. Surface roughness profiles for as-cut and after-polished surfaces

Laser polishing process can potentially benefit a lot of materials. According to materials
parameters such as absorptivity and reflectivity, different wavelengths can be chosen for laser
polishing to provide the necessary energy.

We offer the following conclusions:

1. CO, laser polishing can create mirror-smooth surfaces on mechanically cut silica.

2. There is a laser polishing working window for silica surfaces. Below this power density range,
there is no obvious surface roughness decrease; above this range, vaporization of SiO, to SiO
occurred. SiO redeposited back on the surface producing a thin layer of white, loose particles of
Si0,

3. The pre-polished surface roughness affects the required laser beam energy density. The rougher
the initial surface, the higher the required beam energy density.

4. Based on the physical properties ( heat capacity, absorptivity, reflectivity, etc.) of the materials
to be processed, different wavelength lasers can be chosen to provide the energy required for
surface polishing.

5. Laser polishing can work on different surface geometries under the condition that laser has a
line-of-sight to all areas that need to be polished.

6. Overlapping of laser beam was required for continuous surface polishing because of the non-
uniform distribution of the beam energy density.

7. The potential use of laser polishing as a post-processing step fro freeform-fabricated parts is
very promising.
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Abstract

Current commercial Rapid Prototyping (RP) systems like Stereolithography (3D
Systems Corporation) and Selective Laser Sintering (DTM Corporation) use
galvanometers from General Scanning Inc. (GSI) for the positioning of the laser beam.
The GSI scanners are delivered as a "black box". Operating Consoles which are usually
Personal Computers (PC) have very few feedback from the performance of the GSI
scanners. Therefore, the PC spends 90% or more of its time waiting for the GSI scanners
to be over with the building of the current layer before sending the information
regarding the next layer. Also, very little process control can be performed during the
scanning of a layer using the GSI scanners. This kind of setup prevents any dynamic
controlling of the process that could prevent building errors like burning, warping etc.

At Clemson University, our team has developed both hardware and software
components that allows a dynamic control of the building process. New features like
scanning one vector with laser power as a function of position and/or time are now
possible. Both hardware and software issues will be presented.

Background

To create objects using the Selective Laser Sintering process, an X Y optical scanner
using CAD solid model data, guides or directs the laser beam to target points requiring
sintering. The SLS system employs the General Scanning Incorporated (GSI) optical
scanner, the DE series 2000 scanner controller and two G325 DT galvanometers with
mirrors (1,3). The objective of Stanley's work (1) has been to identify the technological
limitations of the GSI optical scanner, as related to the scanning requirements of SLS, and
present a new optical scanner design based on digital signal (DSP) control theory. One
important accomplishment of the research done by Stanley is the use of information
derived from the closed loop position control of the galvanometers to trigger the laser
on/off function. This functionality has been enhanced and constitutes one of the main
components for the dynamic optical scanning controller.

The GSI system has always been used as a "black box", and a very small amount of
data is returned to the operating console. We will describe how the build of an object is
managed: the software that supervises the SLS process (the main software) downloads the
informations required to build one single layer into the GSI system. When the
downloading is over, the main software orders the GSI system to go ahead and build (scan)
the layer. The main software then waits for the GSI system to finish. When over, the GSI
system sends an "OK" command back to the main software. Then the main software
becomes aware of the fact that scanning operations are over for that layer. It then spreads a
new layer of powder and downloads to the GSI system the informations required for the
processing of the next layer.

In the GSI system, the laser controlling software that processes the scanning of a
layer cannot be willingly modified. It is a property of General Scanning Inc., and it is
engraved in a memory chip. However, the new controller developed by Stanley (1), uses a
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Texas Instrument digital signal processor board (4), which is capable of implementing bo’.:h
digital control of the scanning system and supervisory control of the SLS process. A main
software is still required in order to read the commands for the layers, to perform the
management of the controller operation and as a user interface with the system. This is
mainly because the Texas Instrument board cannot access devices such as the hard drive,
the communication ports and the monitor. Therefore, an interface between the board and
these devices is needed, and this is the primary function of the main program in the new
controller system: the dynamic scanning controller. The main difference with the GSI
system is that the software controlling the laser position, speed and intensity can now be
modified to meet our needs.

Hardware Desien for the Dynamic Optical Scanning Controller

The optical scanner developed by Stanley (1) utilizes the actuators and sensors of
the GSI scanning system, but provides a new controller based on digital signal processing
(DSP). With the DSP based controller, control of the laser tracking is accomplished with
software and control algorithms instead of the hardware controller from the GSI system.
This technique provides the user with a flexible control environment for laser tracking and
also allows control of laser on/off and laser intensity signals based on the galvanometer's
position. The sensors and actuators have been retained by Stanley in his DSP based system
because they were the best technology available to move the mirrors with the required
performances for rapid prototyping optical scanning.

The controller of the DSP optical scanner uses a C30 digital signal processor system
from Spectrum Signal Processing, Inc. of Westborough, Massachusetts (3). The C30 system
board is designed to coexist in an IBM compatible PC. Data transfer between the DSP and
PC is accomplished through the ISA-AT bus. The C30 system board has 64K of 32 bit RAM
memory that is accessible by both the PC and DSP. These 64K of memory will be split into
two memory banks of 32K each, in order to speed up the process. This feature will be
discussed later in this chapter. More detailed information on the board itself can be found
in (1,3,4).

Since the DPS system uses the same sensors and actuators as the GSI system, an
interface board was required. It has been successfully designed and developed by Stanley
(1). The interface board hooks on the GSI system and allows the control of the SLS process
either with the GSI system or the newer DSP system. All the signal of the DSP/GSI
interface board are designed on one circuit board that is sized appropriately to fit in the
EURO Card Frame of the DE 2000 series controller from General Scanning. A schematic for
the DSP/GSI interface board and further technical information can be found in Appendix
A of (1).
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Software Design for the Dynamic Optical Scanning Controller

Terala (2) and Stanley (1) initially developed the control program developed for the
CLEMSON SLS project, using the GSI controller. The new controller program incorporates
some of the control software developed by Terala and Stanley. Our contribution consists of
further testing the software, correcting some problems due to communications problem
between the DSP and the PC, and also enhancing the capability of the DSP system by
featuring the variation of the laser intensity while scanning a vector.

The software developed for this research, uses scan commands with the same
format as the GSI controller, in order to provide compatibility with previously generated
scan files. One new command is added, called the Laser Setting. The syntax is LSxxxoxx
where "xxxxx" is an integer number from 0 to 65535. Each vector can now be scanned with
a particular laser intensity pattern. While being scanned, each vector is divided into ten
zones, each equal in length. One laser intensity can be specified for each of these ten zones.
Eight different levels define the laser intensity. The first level (level "0") represents 2% of the
maximum laser intensity (i.e. 1 Watt for a 50W C02 laser). The second level (level "1')
represents 16% of the maximum laser intensity, and so on. At the end, level "7" represents
the maximum intensity that can be provided by the laser apparatus. This configuration was
chosen in order to be able to code the pattern in an octal form. The octal format has been
retained since the decimal format would require the use of three LS commands for each
scan vector, making a total of five commands required to build a single vector. Choosing a
smaller base would not provide such a wide range of power levers. The use of the octal
format requires only two LS commands to describe the way a vector should be scanned,
bringing the total to four commands for each scan vector. Figure 1 shows five vectors,
scanned each with an independent scanning pattern. We have scanned these vectors on
paper in order to keep a visual track of the change in laser intensity. The five vectors are
horizontal and all are equal in length. On the top of each vector we have added the laser
intensity level for each of the laser zones. The zones are shown at the top.

Zone #0 |Zone #1 |Zone #2 |(Zone #3 | Zone #4 | Zone #5 | Zone #6 | Zone #7 | Zone #8| Zone #9

7 7 7 7 7 7 7 7 7 7

0 1 iu 3 4 S 6 7 7 7

7 6 s 4 3 2 1 0 0 0

0 2 4 6 7 7 6 4 2 0

7 0 7 0 7 0 7 0 7 7
——— —— T——

Figure 1. Horizontal vectors with different scanning laser pattern.

In the encoding of the scanning pattern describing these five vectors, two LS
commands are used for each of the vectors. The numbers following the two LS commands
describe the pattern. For instance, the two first LS commands found in the script file are
"1516383" and "L.565535". They correspond to the first vector, the one on the top of Figure 1.
In order to derive these numbers, we first choose the desired pattern. For the first vector the
desired pattern was vector with maximum and uniform laser intensity. The maximum
intensity is level 7; therefore all the ten zones are assigned level 7. In an octal form we have
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7777777777 describing the desired pattern. If we subdivide this octal number in two integer
numbers, of 16 bit each, we get in binary form 11111111111111 for the first integer number
(i.e. 16383 in decimal) and 1111111111111111 for the second one (i.e. 65535 in decimal).

For the second vector, the desired pattern is 0123456777 in octal form or
000001010011100101110111111111 in binary form. We divide this binary number into two
integer 16 bit numbers: 00000101001110 (i.e. 334) and 101110111111111 (i.e. 24063). Thus,
the LS commands for the second vector are "LS334" and "LS 24063".

Computer Implementation

The control software of the DSP controller has two parts due to the design of the
system (1). The DSP processor requires the support of a host computer for data storage,
user interface and communication with the SLS machine. Stanley named the program for
the host PC "PCBUILD.C" and for the DSP system "DSPBUILD.C". The PC program has
been written using Borland™ C-++ v4.5. When the program starts, a menu is displayed on
the screen. The user can perform from there several actions. In order to start building a
part, the user needs to initialize the DSP system by selecting the first option of the menu.
Detailed instructions on how to use the PC program can be found in (6). The DSP program
has been written in C using a text editor and the special compiler provided by Texas
Instrument. Most of the program is similar to the version written by Stanley. However,
some communication problems between the PC and the DSP had risen as the entire system
was used and tested. In order to prevent communication problems, we have enhanced the
protocol used for the DSP and the PC, by adding stages during the communication, where
the DSP and PC processors have acknowledge of each other's status: The DSP waits on the
PC to acknowledge its status, before continuing. Then the PC waits its turn on the DSP to
acknowledge its status. Due to this added checkings, the time for initialization and data
transfer has been slightly increased compared to Stanley's version. However,
communication problems that caused the system to freeze, have virtually disappeared.

Another enhancement over Stanley's version of the DSP program, is the addition of
the laser intensity monitoring. Since the DSP system supervises the scanning of each vector,
the system is also capable on setting the appropriate laser intensity during the scan of a
vector. The actions corresponding to the LS commands have been implemented. The
system monitors the scan of a vector and sets the laser intensity accordingly to the value
specified after the two LS commands. In order for the LS commands to be considered, the
commands "LP0" and "LR0" need to be previously specified. This restriction was chosen to
prevent confusion of the system by opposite commands: LP and LR commands specify
scanning of vectors with uniform laser intensity, while LS commands specify vectors with
variable laser intensity.

An optimization concerning the time required for data transfer from the PC to the
DSP has been initially designed by Stanley. The 64 kilobytes of memory that the DSP is
equipped in order to store data have been divided into two banks of 32 kilobytes each. The
reason that led us to this decision is that the informations for one layer are seldom larger
than 32 kilobytes. This division of the DSP memory allows us to fill one memory bank with
data from one layer, while we process the data of the previous layer stored in the other
memory bank. Therefore, in the ideal context where the time to process a layer is equal to
the time to transfer the data into the DSP memory, the data transferring time is reduced by
half. Practically, the laser is always scanning faster the layers than with the GSI system,
since most of the informations for the next layer have already been transferred in the
available memory bank when the laser ends a layer.
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Dynamic Controller Results

In order to test the ability of the new controller, we took an existing scan file and
added manually LS commands for each of the vectors. We then proceeded to the build
using the DSP controller. Figure 2 displays the result of the dynamic scanning of one 1ay§r
of a dogbone sample. We used paper as a medium in order to visually track the dynamic

scanning.

Figure 2. Dynamic scanning

In Figure 2, we can clearly see where the laser intensity changes. The bottom
"dogbone” used a constant laser intensity to proove that dynamic scanning can behave
similarly as when using the GSI controller. The three dogbones have been scanned using
horizontal vectors. The dynamic controller takes each of these vectors and divide them
into ten equal-in-length zones. The largest the vector, the largest the zones will be and
the worst the resolution will get since we can only specify one laser setting per zone.
There are two ways to remedy to this problem:

1) Increase the number of zones per vector. This would result in a direct
increase of the length of the script file since more LS commands will be
necessary. A major update of the software is required in this case, including
code programming.

2) Scan the part in a different way. For instance, the use of vertical vectors
instead of horizontal, will result in shorter vectors. Therefore, the zones will
be shorter and the resolution will also be better. This will lead to an increase
of the length of the scan and script files, since more vectors will be generated.
In this latter case however, no update of the software is required.
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The Building Script

At Clemson University, a program simulating the SLS process has been developed
and implemented (5,7). Once a simulation has been performed, we are in possession of data
representing the powder bed after the build that can be displayed on a computer screen as
a visual representation of the powder bed. These visual representations already provide the
SLS user with important informations on how the build will actually look like. Among
these informations are burning (thermal degradation of the material), bonus z and low
sintering (5). However, without a tool that would modify dynamically the building
parameters, the user can do very little in order to prevent these unwanted phenomena.

The dynamic controller allows supervising the entire SLS process. The dynamic
controller also allows varying the laser intensity settings while scanning a vector. Each
vector can therefore have its individual laser power setting depending on the geometry.
However, due to the amount of vectors required to build an entire geometry, specifying
manually the laser setting for each vector becomes an impossible task. This difficulty is the
main reason that led us towards the development of a new tool. We will present the
analysis software that uses the results from the simulation software in order to
automatically? generate a script file (an improved scan file) which will use the new features

of the dynamic controller.

Automatic Generation of a Scan File

For a machine to perform a task automatically, it is necessary to give the machine
certain guidelines on how to perform in different situations it will encounter. The set of the
guidelines is what we will be calling the "analysis rules" and depending on them, the
machine will perform accordingly in the analysis of the simulation results. The analysis
rule we have adopted as a testbed for our system is based on the maximum temperature
reached in the powder bed. We have been referring to the scan file used by the simulator
and the GSI scanners as the "scan file". We will be referring to the new scan file that is
generated by the analysis software as the "script file", since it also includes informations
regarding the improvement of the build. The scan file and the script file are describing the
same geometry. However, the scan file uses two commands to define a vector, whereas the
script file describes a vector using four commands; the two additional commands describe
the laser power settings for a given vector. The result is that the script file is close to double
the size of the scan file.

For each scan vector describing the geometry, the following procedure is followed:

1) We initialize all the vector zones with the laser setting specified in
the input file. For the sake of simplicity, we have assumed that the laser
setting is higher than needed. Therefore, the laser setting can only be
decreased and the phenomenon of low sintering is not taken into
consideration in the analysis rule presented here.

2) We make sure to identify the vector zone we are currently in,
depending on the progression of the vector scanning. As we saw, there
are ten vector zones, which are equal in length for each vector and seven
laser power settings.

3) We call the subroutine Analyze() which can be found in the module
models.c. This subroutine will decrease the laser setting in each vector
zone according to the information from the simulation data on this
region of the powder bed.

! By "automatically” we understand "with minimum user intervention”
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4) Once a vector has been analyzed, we derive the two attributes that
will be specified by the two "LS" commands.

5) Unless we are dealing with a scan vector, we copy the same
command we read in the scan file into the script file. However, if we are
dealing with a scan vector, we first write the two "LS" commands for the
scan vector in the script file and then we copy the "NX" and "NY"
command. This is in order for the dynamic controller to know a priori
what laser setting is required to scan the given scan vector.

Performance and Limits

The analysis rule we have used for testing the system is based on the maximum
temperature reached in the powder bed. The script file that is generated based on this
analysis will only have an effect on the burning. This is mainly due to the simplicity of the
analysis that we have used. In order to take into consideration other problems, a more
extended analysis is required, and more complex analysis rules need to be implemented.
With a better-detailed analysis, the system including the simulation software, the analysis
software and the dynamic controller will provide better quality of the parts made using the
SLS process. However, the goal of the research presented in this thesis has been to prove
the feasibility of such a system, and this is the reason we have used a simple analysis as a
testbed. Figure 3 shows the part built with the GSI controller using a constant laser
intensity setting. Figure 4 shows the same part built using the dynamic controller in
conjunction with the simulation and analysis software.

When using the GSI controller, the laser delivers too much energy into the powder
bed as the length of the vector decreases at the edges. We can see that the burning at the
edges is eliminated when using the dynamic controller. The burning was predicted by the
simulation software, and the analysis software created a script file in such a way that the
laser intensity is decreased, as the vectors become shorter.

Figure 3. Part built using the GSI controller.
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Figure 4. Part built using the DSP controller.

Conclusion

The DSP system developed at Clemson University has been improved in two major
ways. Some problems caused by faulty communication between the DSP and PC programs
have been corrected, and controlling the laser intensity defined by a new command has
been implemented. One single vector can be scanned using its own laser intensity pattern,
independently of previous or next configurations. This feature allows to reduce the
intensity when burning occurs specially at the edges, or to increase the intensity if the
sintering is not enough. However, when one considers the number of vectors describing a
three dimensional CAD object, a manual editing of the scan file becomes an impossible
task. Our idea is to couple the results provided by the simulator to this new feature, and
automatically generate a script file that would correct problems like burning, bonus Z or
inadequate sintering. The coupling of the simulation results and generation of the script
files has been discussed in this paper.
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Process Control of 3D Welding as a Droplet-Based Rapid Prototyping Technique

R. Kovacevic and H. Beardsley, Southern Methodist University, Dallas, TX

Abstract

Three-dimensional welding is investigated as a rapid prototyping technique for the production
of real metallic parts using gas metal arc welding principles. A high speed machine vision
system is used to study the correlation between droplet transfer parameters and resultant weld
penetration characteristics. Experimental work is conducted to determine how droplet transfer
frequency, droplet size, and number of passes affect the geometrical and metallurgical properties
of the weld penetration. A finite element analysis is performed in order to study what influence
additional layering has on the cooling characteristics and resultant penetration profile.

Introduction

Current rapid prototyping techniques such as stereolithography, laminated object
manufacturing, fused deposition modeling, and selective laser sintering can produce parts made
from wax, plastic, nylon, and polycarbonate materials. The processes are useful for creating 3D
models for visualization purposes or feasibility studies, however, industry has expressed interest
to expand the current rapid prototyping techniques or create new ones to enable the direct
production of metallic parts. With this goal in mind, much effort has been focused on using the
principles of traditional welding processes for the direct fabrication of metallic parts. For many
years welding techniques have been used to repair damaged components or to build up surfaces
to resist wear and abrasion, but it was only during the last three decades that scientists began
investigating the possibility of manufacturing complete metal parts using the controlled
deposition of filler metal. The use of welding for creating free standing shapes was established
in Germany in the 1960’s. This led to companies such as Krupp, Thyssen, and Shulzer
developing welding techniques for the fabrication of large components of simple geometry, such
as pressure vessels which could weigh up to 500 tons. Other work in this area has been
undertaken by Babcock and Wilcox who have been working mainly on large components
produced in austenitic material. Also, work by Rolls-Royce has centered on investigating the
technique as a means of reducing the waste levels of expensive high performance alloys which
can occur in conventional processing. They have successfully produced various aircraft parts of
nickel based and titanium based alloys. Work on 3D welding has also been in progress at the
University of Nottingham, United Kingdom [1]. All of these attempts to use 3D welding for
building metal parts failed to incorporate a feedback control system between the robot controller
and the welding system. Sensory feedback is a necessary requirement for improvement of the
system quality through process monitoring and for post inspection purposes. Attention must also
must be given to the use of sensors to prevent possible collapse of the part caused by temperature
build-up as well as to avoid build-up of metal along the layer caused by the change in the
welding speed. Recently, a sensing system based on machine vision and high speed image
processing has been developed for controlling the metal transfer process in a 3D welding
operation [2,3]. Production of complete parts using welding principles can offer the following
major advantages over conventional techniques: 1) A wide variety of shapes and sizes is
possible when the torch is robotically controlled., 2) The produced parts have good isotropic
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characteristics., 3) The process is very fast so development lead times are significantly shorter.,
3) There is very little material waste., and 4) A very highly automated system can be developed.

While initial work in the area of 3D welding has already shown that complex shapes can be
formed, the results are not perfect. The problems associated with rapid prototyping metallic
parts can be attributed to many different factors. Heat build-up due to the welding processes can
cause part malformation or collapse of the structure. Inaccuracies in the welding and robot
parameters can cause cumulative errors, resulting in the torch being too close or too far away
from the surface. Solid layers cannot be formed accurately enough to form a smooth surface.
This means that gaps can occur inside solid objects. It is evident from these problems that some
form of sensing is required to control the process. In conventional gas metal arc welding, the
manner in which metal is transferred from the consumable electrode into the weld pool plays a
major role in the formation of the bead and penetration characteristics, as well as the final
microstructure of the solidified metal. Thus, developing a sensing system based on the metal
transfer process should advance the potential for applying GMA welding principles to a rapid

prototyping process capable of producing metallic parts.

Experimental Setup

The welding power supply used for the experimental work uses a 24 V constant voltage wire
feeder capable of providing wire feed speeds in the range of 127-1981 cm/min. A high speed
digital camera is used for acquiring images of the metal transfer process. The images have a
resolution of 128X128 pixels and a gray scale range of 0-255. The maximum possible frame rate
of the camera is 800 frames per second with a data transfer rate of 16 MHz. The images are
captured by a frame grabber capable of on-line image acquisition and real-time image
processing. The frame grabber is equipped with its own DSP chip which allows for
asynchronous processing so the time required for image acquisition and processing can also be
used for monitoring other process parameters. A laser backlighting technique is used to filter out
the arc light and produce shadowgraph images of the metal transfer process. The lighting source
and optical components are shown in Fig. 1. During welding, the welding torch and machine
vision components remain stationary and the workpiece traverses along a linear path beneath the
torch. A photograph of the experimental setup can be seen in Fig. 2.

Current Signal
— Monitor

Pin Hole Focusing Image - "Vverltsr A, | Central
(10u) Lenses Plane elding controller

\ Pin Hole " System
30X Expander / a 7’ / l};:feerr r Image Processor

He-Ne Laser Camera ‘_l I_ ¥
High Frame

IWire Feed Speed Rate Grabber
Controller ——-’O O
Current Signal

)magePIane
od. ¢ .} i

1 J
e

Electrode-Droplet

Fig. 1 Schematic presentation of the laser Fig. 2 Experimental setup.
optics and high speed camera system.

58




Experimental Work

The welding experiments are performed with direct current-electrode positive (DCEP) gas
metal arc welding. Coupons of 1015 mild steel with dimensions of 7.62 X 25.4 X 0.3 cm are
used as workpieces. An ER 70S-6 automatically fed electrode wire with a diameter of 1.2 mm
serves as the filler material. The contact tube-to-workpiece distance is 25 mm for all welds. A
constant electrode extension of 20 mm is used for all experiments. A mixture of 95% argon and
5% carbon dioxide is employed as the shielding gas, and traverse speed is fixed at 6.4 mm/sec.

Controlling the Metal Transfer Process

Regulating the metal transfer process can best be accomplished by controlling the total heat
input. The process parameter that is primarily responsible for heat input is the average welding
current. Once a droplet reaches a desired size, switching the current from the peak level to the
base level will initiate an oscillation of the droplet at the tip of the electrode. When the droplet is
on a downward stroke, a signal is sent to the power source controller to raise the current to the
peak level, which increases the electromagnetic force. The downward momentum of the droplet
in combination with the increased electromagnetic force generates a large enough detachment
force to detach the droplet from the electrode. Fig. 3 shows an idealized shape of the current
waveforms employed in this work for controlling the metal transfer process. In addition to
detaching the droplet, the welding current must be controlled to achieve the desired heat input.
In order to allow a certain degree of control over the average current level, the current waveform
in the droplet growth period, i.e., the interval between the detachment instant of the previous
droplet and the oscillation initiation of the present droplet, should be designed based on the
desired average current and the required drop in current necessary to initiate the droplet
oscillation. (See Fig. 4.) Immediately following the detachment instant, the current should be
returned back to the base level for a pre-set duration, and then smoothly increased back to the
peak level. Using this approach, the height to width ratio of a bead layer generated by GMA
welding can be controlled.
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When building a layered structure it is required that the heat input be much less than the
amount required for a welding process. Important factors in the production of high quality
layered structures are the creation of metallurgical bonding through substrate remelting, the
control of cooling rates of both the substrate and deposited material, and the minimization of
residual stresses. Figs. 5(a and b) respectively show cross-sectional views of the double and
triple layering results produced with an average current of 170 A and a long droplet growth
period. Use of a larger droplet size will contribute more heat to the substrate and result in a more
pronounced finger-shaped penetration. This is supported by the bead cross-sections, and is
especially evident for the triple-layer case represented in Fig. 5(b). Excessive remelting of the
previously deposited layers will also occur. Applying additional layers will introduce more heat
into the substrate and make it more difficult to provide the conditions for building a straight wall
layered structure. By shortening the droplet growth time period and by decreasing the level of
average current to 150 A, the amount of heat contained in the deposited droplets will be reduced,
and the depth of layer penetration into the substrate can be controlled as illustrated in Figs. 6(a
and b) for the case of double and triple layer deposition. The photographs of the bead cross-
sections depict much smoother penetration boundaries free of the central finger-like penetration
that is inherently characteristic of a GMA welding process.

(a) (b)

Fig. 5 Bead cross-sections of a double-pass (a) and triple-pass (b)
weld formed with an average current of 170 A.

@) (b)

Fig. 6 Bead cross-sections of a double-pass (a) and triple-pass (b)
weld formed with an average current of 150 A.
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Finite-Element Modeling of 3D Welding

Almost as quickly as welding emerged as one of the most popular and widely used joining
processes, engineers and physicists began their theoretical journey into the field of welding to
understand the physics of the process and the interactions of the different phenomena involved.
Efforts in this area were strongly motivated from the start by the clearly visible and rapidly
growing potential for the application of the welding processes. To avoid the tedious approach of
endless trial-and-error experimentation for establishing reliable data bases, accurate theoretical
models were needed to predict the critical welding results, such as weld bead width and depth of
penetration. However, after decades of intense research in this area, precisely predicting process
results for such a complex process as welding has proven to be a very difficult task. Regardless,
these models have saved both time and resources by serving as tools for narrowing the ranges of
feasible operating parameters. Likewise, if a rapid prototyping process is to be developed based
on the principles of welding, theoretical models must be developed which provide information
pertinent to the layered fabrication of metallic parts. The mathematical models previously
developed for the welding processes are not applicable for droplet-based rapid prototyping due to
the many different requirements of the two processes. The finite element technique is employed
to perform a thermal analysis of a droplet-based rapid prototyping operation and model the depth
of bead penetration into the base plate.

Designing a feasible 3D welding operation requires a thorough understanding of how the part
will respond to the repeated heating and cooling cycles. The maximum and minimum
temperatures play a major role in determining the final microstructure, as do the heating and
cooling rates of the process. Important factors in the production of high quality layered
structures are the creation of metallurgical bonding through substrate remelting, control of
cooling rates of both the substrate and the deposited material, and the minimization of residual
stresses. For building a layered structure, it is required that the heat input will be much less than
in the case of a welding process. In the layer building process the bonding thickness between
two layers has to be large enough to provide sound bonding mechanical strength. However,
excessive remelting of the previously deposited metal can disrupt the geometry of the earlier
formed layers. Therefore, it is critical that the selected heat input level be suitable for the given
part geometry and process conditions. Also, the cooling rate must be considered since it affects
not only the microstructure, but also the shape of the solidified bead. If the newly deposited
molten metal cools rapidly, a high and narrow bead will form. Whereas, a low cooling rate will
allow time for the molten metal to spread over the previously deposited layer before
solidification occurs. The resultant bead will be wide and more flattened.

The finite element model for 3D welding is designed based on the welding conditions and
experimental parameters employed for the experimental work. They include the geometrical
dimensions of the workpiece and newly formed weld bead, fixturing, composition of the
workpiece and filler metal, weld path, traverse speed, initial temperatures, ambient conditions,
composition and flow rate of the shielding gas, welding current, voltage, and properties of the
metal transfer process such as droplet size and transfer rate.

The outcome of any welding process is predominantly determined by the heat that is irput to
the workpiece to produce melting. Simulating the heat source is a critical step in the

61




development of a numerical model designed to predict the outcome of a welding operation. Both
the magnitude and distribution of the heat source are of significant importance, and thus can have
a profound effect on the process results. The finite-element method has developed 1nto a
powerful tool to solve complex thermal analysis problems [4,5]. While the technique has been
fairly successful in simulating the gas tungsten arc welding process [6-11], very few attempts
have been made to model a gas metal arc welding process [12] owing to the additional
complexity caused by the introduction of filler metal during the operation.

Due to the nature of the energy transfer to the workpiece, analytically modeling the welding
heat source is complex. For numerical modeling purposes, heat input to the weldment can be
represented as a distribution of surface flux, but this approach introduces some arbitrariness into

the defined heat source. In a few works, major simplifications have been made and the thermal
energy supplied by the heat source is assumed to be input at a point or line source, depending on
the geometry of the weldment [13]. These types of idealized solutions are only valid for simple
geometries and for regions far away from the fusion and heat affected zones.

Determining the losses that occur between the solid electrode and the workpiece is extremely
difficult. A portion of the arc heat is spent to melt the continuously fed filler wire. Part is lost to
the environment before it ever reaches the base plate. Heat from the arc and heat contributed by
the molten metal droplets deposited onto the workpiece induces heat flow in all directions in the
workpiece. In an attempt to quantify the portion of arc energy that is actually absorbed by the
workpiece, a term referred to as the arc efficiency (77) has been developed. Compared to
GTAW, radiation and conduction from the arc plasma make much more minor contributions to
the total amount of heat input to the weldment [14]. The major source of heat energy is the mass
of molten material provided by the consumable electrode to the workpiece in the form of metal
droplets. Therefore, two sources of thermal energy should be included when modeling a GMAW
heat source, i.e., the energy from the arc generated at the workpiece and the heat energy
contained in the metal drops transferred from the filler wire. It has been shown that the energy
contribution from the arc primarily affects the width of the weld pool while the amount of energy
contained in the molten metal droplets primarily controls the melting rate of the workpiece
material [15]. Consequently, the depth of pool penetration into the base material IS
predominantly governed by the amount of heat energy supplied to the workpiece by the molten
droplets. Also, it has been reported that the degree of weld penetration can be influenced by the
impingement of the metal droplets on the weld pool [16].

Idealistically, in order to accurately model a GMAW heat source, effects from the following
phenomena should be included: radiation and conduction from the arc, positive ion impingement
on the workpiece, heat input from the filler metal droplets, influence of the additional mass of
material from the consumable electrode, and effects of weld pool indentation caused by the
impinging metal drops. Numerically representing any one of these phenomena would be a very
complex task. Furthermore, attempting to quantify the cumulative effect of these factors coupled
together would be even more challenging, and nearly impossible to verify.

In an effort to take advantage of the results from previous works and also minimize the
chances of making erroneous assumptions, the procedure of modeling the GMAW heat source
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for the present work is divided into two phases: 1) Evaluate the magnitude of the total heat
energy input to the workpiece, and 2) Determine the manner in which the heat energy is
supplied to the workpiece.

Calculating input thermal energy will be based on an estimated arc efficiency (n). The works

that have addressed the topic of arc efficiency for the GMAW process have reported values
ranging from 66% up to 71% [17,18]. Since it is known that very small changes in the welding
parameters can significantly alter the arc efficiency, estimating an exact value for # is unrealistic

given the knowledge available to date. However, a reasonable estimation for n can be assumed
by comparing the current experimental conditions with those in previous studies. For this work,
an efficiency value of 7=74% is assumed for modeling the GMAW heat source. The amount of
energy supplied by the arc to the base plate is calculated using the formula:

g=mn-V-I where g(Watts) is heat transfer rate, 7 is arc efficiency, V(volts) is voltage, and
I(amperes) is welding current.

Before the heat transfer rate can be incorporated into the finite-element model, it needs to be
converted into a heat flux ¢” having units of #/ /m’. Thus, phase II of modeling the heat source

must be completed in order to determine over what surface area the heat will be input and how it
will be distributed over the area. Various approaches have been taken to simulate a GMAW heat
source, including input at a point or line [14], input over a circular area having a uniform,
ramped, triangular, or Gaussian distribution [19], and supplying the heat internally within a
spheroidal or ellipsoidal region [20]. Recent works have shown that in a GMAW process, the
majority of the heat energy supplied to the workpiece comes from the mass of molten material
deposited into the weld pool, and that radiation and conduction from the arc plasma contribute
very little thermal energy to the weldment [20]. Based on this information, the molten droplet is
selected as the object of focus for modeling the heat source. It will be assumed that the
weldment receives heat energy solely from the molten droplets depositing into the weld pool.
An average maximum droplet diameter value of 1.82 mm has been calculated for the range of
process parameters values employed for the experimental work. Taking 1.82 mm as the
diameter, a projected area for droplet impact on the pool is calculated and used to convert the

heat transfer rate ¢ (Watts) into a value for heat flux g” (W/m?).

The finite-element results for modeling a double- and triple-layer 3D welding process are
presented in Figs. 7-8 for average welding currents of 170 A and 150 A. It can be observed that
the higher current yields a slightly deeper penetration depth. However, melting of the original
base plate, distinguishable by the larger mesh elements, does not occur in either case.

T
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(b)

Fig. 7 Isotherm plot of an FEM simulated double (a) and triple (b) pass weld formed
with an average current of 170 A (view of the weld path cross-section)
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Fig. 8 Isotherm plot of an FEM simulated double (a) and triple (b) pass \.veld formed
with an average current of 150 A (view of the weld path cross-section)
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Conclusions

Machine vision sensing can be used for monitoring and controlling the metal transfer process
in a 3D welding operation. By precisely controlling the droplet growth process and instant of
detachment, the maximum depth of weld penetration as well as the shape of the bead penetration
profile can be controlled. Isotherm plots of simulated bead cross-sections demonstrated that the
finite-element modeling technique can accurately predict the weld penetration results of a 3D
welding operation.
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Study of Ejection Forces In The AIM™ Process
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1 Abstract

The AIM™ process has been used to successfully produce short runs of injection
moulded parts. One of the main drawbacks of the process is the tendency of the tools
to be damaged during part ejection’.

At De Montfort University a successful ATIM™ moulding cycle has been developed in
which simple shapes from polypropylene are produced and the ejection forces required
are measured. Two different ejection methods are used, one uses conventional ejector
pins and the other uses a conformal ejector pad. The tool surface roughness is
measured before and after moulding to observe any changes caused by ejection.
Results show that ejector pins require a lower ejection force than a conformal ejector
pad and this may contribute to longer tool life for the AIM™ process. Possible
reasons for the results are discussed along with recommendations for further work.

2 Background

2.1 The Direct AIM™ Process

The SL process is a proven technique for the rapid manufacture of parts from CAD
designs and it has been used successfully in the production of short run injection
moulding inserts “>>*. SL tooling inserts are used during the prototyping stage of new
product development when parts made from the final materials and using the final
production technique are required. The AIM™ process may also be used to
manufacture end use parts, however relatively low yields and long moulding cycles
limit its use.

With non-aggressive moulding materials and favourable geometries, SL tools are
capable of producing hundreds of parts when used correctly **. The aim of the
research currently being carried out at De Montfort University is to investigate the
limits on tool life caused by more difficult moulding geometries, as it is with these
geometries that the SL process has its most distinct advantage over traditional tool
manufacturing methods.
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2.2  Mould Failure During Part Ejection in the Direct AIM™ Process

The most common source of failure in SL moulds has been described as the result of
the moulding cooling onto features in the core causing it to break during ejection’ (see
Figure 1).

Moulding contracts as it

cools
/‘T‘ oulding

ormal reaction
between core and
moulding causes
friction

Z <

Figure 1. As the Moulding Cools it Contracts onto the Core

It can be seen from Figure 1 that as the part cools it contracts onto the core. It is this
contraction along with the surface roughness of the core which leads to high ejection
forces and therefore tool failure during ejection. Previous work in this area using steel
tools has investigated the sources of high ejection forces and their effect on the quality
of the moulded part’. In the case of direct AIM™ tooling, the ejection forces are even
more important as it is the tool itself which may be damaged.

2.3 The Study of Ejection Forces in Injection Moulding

As mentioned above, previous work in this area has been carried out with a view to
minimising damage to the moulded part. In the case of direct AIM™ tooling the
emphasis for the research is different but many of the principles of ejection in
conventional injection moulding still apply.

An equation predicting the ejection force based on various material properties of the
mould and moulding has been developed by Glanvill and Denton’. The equation is
based on ejecting a tube from a core. The use of a tube rather than a closed cylinder
like the one used in this research is significant as the ejection force will not need to
overcome a partial vacuum between the mould and moulding.

The equation is given as:

Fe = o.(Tm-Te)D.EAp

D[(D/2t - (D.y /4t)]
Where:
Fe = Ejection Force
a = coefficient of thermal expansion of moulding material
Tm = melting temperature of moulding material
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Te = ejection temperature of moulding material

D= diameter of core

E = Youngs Modulus of moulding material at Te

A = Area of contact between core and moulding in direction of ejection
p = coefficient of friction between moulding material and core

t = thickness of moulding

y = Poisson’s ratio for moulding material

2.4  Different Methods of Part Ejection

A number of alternative methods are used for part ejection in the injection moulding
process. The simplest and most common method uses ejection pins, however in some
cases ejection may be performed using ejector pads, air ejection, sprue pulling or
combinations of these . In this research the use of ejector pins and pads are
investigated. The reason for assessing pad ejection is because the production of an
ejection pad should be relatively simple using stereolithography.

2.4.1 PinEjection

During the design of an injection moulding tool, ejector pins are positioned in a way to
allow a clean ejection from the mould without damaging the moulding. The addition
of ejector pins to a mould adds complexity, lead time and cost and is generally kept to
a minimum.

After a part has been moulded and allowed to cool, the mould opens and the ejector
pins are pushed forward to free the part from the mould. Ejector pins are generally
evenly spaced within a mould to provide an even ejection, however extra pins may be
required where ejection is more difficult such as with deep features in the mould.

2.42 Pad Ejection

Pad ejection is very similar to pin ejection except that whole areas of the part are
pushed by the pad as opposed to scattered points with pins. This provides a more even
gjection and is preferred for larger parts which may be damaged by pins.

A major drawback of using ejector pads is the increased complexity in their
manufacture. However with the flexibility of stereolithography, a conformal ejector
pad could easily be produced and fixed to ejector pins to provide a more even ejection.

3 Research Methodology

The purpose of this research is to investigate the process of part ejection in the direct
AIM™ process by observing any changes in surface roughness of tools. Also, any
effects of ejection method were studied by measuring the ejection forces required.
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3.1  Tool Design

The basic tool design was based on investigating the principle of failure during ejection
as shown in Figure 1. Two factors which required attention were the possibility of
using both pin and pad ejection for the same tool and also to ensure that the core
would be able to with stand the ejection forces without breaking.

3.1.1 Allowing Both Pin and Pad Ejection
To allow both pin and pad ejection the closed cylinder shape (shown in Figure 1) had a

collar added to its base as shown in Figure 2. This design also allows the use of
thinner cores with the same ejection set up.

"I/Collar Sprue
I AN

Figure 2. Cross Section of Test Mouldings Produced

3.1.2 Ensuring that the Core Would Not Break During Ejection

In order to produce a number of mouldings and perform a number of tests it was
important to ensure that the core would not break off during ejection. Using the
equation described earlier to predict the ejection forces along with estimates of
material properties and temperatures an acceptable core design was found.

Appendix 1 shows the estimates of material properties and tool temperatures based on
previous work. These data are fed into Glanvill and Denton’s equation and tool
dimensions which may result in failure are calculated. Based on these calculations it
was decided to use a core with an overall length of 40mm and diameter of 20mm with
a 2mm wall thickness.

3.2 Equipment

The equipment required for this research is described briefly below.

3.2.1 Injection Moulding machine

A Battenfeld 600 CDC 60 ton injection moulding machine was used. This was
controlled by a UNILOG4000 text based programming language which allows easy
changing of the many parameters involved in the injection moulding process.

3.2.2 Injection Moulding tools

The tools used were made from solid SL5170 resin using the ACES™ build style on an
SL.A250 machine (see Figure 3). The mould design included a single round core
feature to ensure an even shrinkage of the moulding onto the core. The core was
38mm long with a base diameter of 16mm and a 1.5° taper. A 40mm diameter flange
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at the base provided an area for ejection and all wall thicknesses were 2mm. The
design of the tool with no large flat areas ensured that part distortion after an early
ejection would not occur.

The parts were built so that the direction of ejection would be parallel to the z build
axis, this maximised the effects of stair stepping on part ejection but is commonplace in
the production of SL injection moulding tools. To maintain repeatability between
different moulds each insert was thoroughly cleaned between part building and post
curing. No other form of finishing was used. Equally spaced steel ejector pins were
used to eject the mouldings.

Figure 3: ACES™ Injection Moulding Inserts Used

3.2.3 Measurement of Surface Roughness of Cores
The surface roughness of the cores were measured using a Taylor Hobson Talysurf
machine. The Talysurf drags a stylus over a surface, plots its profile and calculates the

roughness average (Ra).

3.2.4 Measurement of Ejection Forces
The ejection forces were measured using 3 load cells each of which consisted of a 4

arm wheatstone bridge. The load cells were mounted behind the ejector pins to
measure forces in the direction of ejection (see Figure 4).

Load cell Direction of

Ejection Force

Ejector pin

Ejector Front Plate

Ejector Back Plate
Figure 4. The Load Cells Housed Behind the Ejector Pins
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3.2.5 Measurement of Tool Temperatures

The tool temperature was measured from the centre of the core using a K Type
thermocouple. The SL core had a 2mm hole from the base to the centre of the core.
After part building, the thermocouple was inserted into the hole and then SL5170 resin
was injected into the hole ensuring that no air was trapped. The core was then post
cured in the normal way for 1 %2 hours.

3.2.6 Data Acquisition with Visual Programming

The signals from the load cells and the thermocouple were fed into an analogue signal
conditioning unit. This unit, which was controlled by HPVee visual programming
software, was used to amplify the analogue signals before sending them to the host
computer; it also provided excitation for load cells.

The HPVee programming language allowed a great deal of flexibility in terms of
acquisition and manipulation of the data. For example, the effects of friction recorded
when actuating the ejector pins could be simply measured and automatically subtracted
from the ejection reading each time a moulding was ejected.

3.3  Experimental Conditions

3.3.1. Measurement of Surface Roughness

Measurements of surface roughness were made at 12 fixed positions to ensure
repeatability between results. At a distance of 7mm from the base of the core, 6
equally spaced points were measured for surface roughness. Similar readings were
taken at a distance of 7mm from the top of the core.

3.3.2 Injection Moulding Machine Parameters

Melt injection was performed at the lowest speed possible on the machine which was
5% of full speed. The peak injection pressure measured by the load cells through the
ejector pins was 2000 psi (14MPa) and no packing pressure was applied as no surface
ripples due to cooling in the mould could be seen.

3.3.3 Cycle Times and Tool Cooling

Cooling times were varied as these would greatly affect the melt temperature at
ejection (Te) which, according to Glanvill and Denton’s equation will affect the
ejection force (Fe). The longest cooling time used was 480 seconds and the shortest
time was 20 seconds.

For each moulding, the core temperature was allowed to cool to 55 degrees C before
the next shot was performed. This ensured that the tool was below its glass transition

(Tg) at the start of each cycle.

3.3.4 Data Acquisition Parameters

Measurement of the ejection forces required a quick sampling rate of 1000Hz to catch
the peak values. The raw signal included some noise and was smoothed to
compensate. The rate of change of tool temperature was much slower and a sampling
rate of only 1Hz was required for this.
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4 Results

4.1  Surface Roughness

Surface roughness measurements were taken to assist with estimating the ejection
forces and to observe any changes caused by running the tools.

surface 1
roughness radial
scale in position on
microns Ra / core surface
6 2
5 3

4
- 7MM FROM BASE OF CORE —7MM FROM TOP OF CORE

Figure 5. Polar Plot of Surface Roughness of Core Used with Ejector Pins Before use.

surface V— r&:)dsli&':ilon on
roughness 15 P

scale in core surface
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4
[~ 7MM FROM BASE OF CORE —+7MM FROM TOP OF CORE]

Figure 6. Polar Plot of Surface Roughness of Core Used with Ejector Pad Before use.
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4.1.1 Roughness Average Values

Figure 5 shows a polar plot of the surface roughness of the tool which was used with
ejector pins before any mouldings were taken. Figure 6 shows a similar plot for the
tool which was due to be used with an aluminium ejector ring. Both plots show that
the surface roughness measured was between 3 and 7 microns Ra except for position
number 4, 7mm from the top of each core. Bubbles could be seen on these parts at this
position which explains the higher Ra values.

surface

roughness
scale in
microns Ra

6

————————— radial

position on
/ core surface

4
[ —-7MM FROM BASE OF CORE __—+7MM FROM TOP OF CORE |

Figure 7. Polar Plot of Surface Roughness of Core Used with Ejector Pins After 50

Shots
surface 1 /_radlg_l
roughness position on
scale in core surface
microns Ra /
6 2
S 3

’ —-7MM FROM BASE OF CORE ~ —+7MM FROM TOP OF COREJ

Figure 8. Polar Plot of Surface Roughness of Core Used with Ejector Pad After 50
Shots
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Figures 7 and 8 show the polar plots for the cores shown in Figures 5 and 6 after 50
shots had been taken. There appears to be no real change in surface roughness after 50
mouldings for 11 of the 12 points measured. The roughest point on the original plots
appears to have been smoothed after 50 mouldings.

4.1.2  Surface Profile Traces

Figure 9 shows a typical surface profile from the core used with pin ejection before any
mouldings had been made. As expected, a regular “shark tooth” profile can be seen.
Figure 10 shows the surface profile from the same point on the same core after 50
shots. There appears to be no change in the profile of the surface roughness and this is
consistent with the results which showed no change in Ra values.
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Figure 9. Surface Roughness Profile of Figure 10. Surface Roughness Profile of
Core Before Being Used Core After 50 Shots had been produced
with Pin Ejection with Pin Ejection

4.2  Pin Ejection

Figure 11 shows the ejection forces recorded against cooling time for mouldings
ejected with ejector pins. The graph shows that as cooling time is increased (and
therefore melt temperature at ejection is decreased) ejection force is increased. This is
consistent with Glanvill and Denton’s equation as are the magnitudes of forces which
are up to 300 Newtons.
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Figure 11. Graph of Ejection Force against Cooling Time Using Ejector Pins
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For each specified cooling period there appears to be a significant range of ejection
forces measured. The reason for this may be that the temperature of the moulding
varies when the ejection time is kept the same. The temperature measured inside the
core appears to be consistent with the ejection times, however the core material is an
insulator so the temperature at the centre of the core may only give a rough indication
of the moulding temperature. It is important to remember that it is the temperature of
the moulding rather than the temperature of the centre of the core which will dictate
the ejection force.

4.3  Aluminium Ring Ejection

Figure 12 shows the ejection forces plotted against cooling time for parts ejected using
an aluminium ejector pad. Unlike the graph for ejector pins there is no discernible
difference when ejecting after longer cooling times. Also, the forces measured are
higher (up to 500 Newtons) than those found with ejector pins.

The reason for higher ejection forces was thought to be due to greater cooling at the
base of the core due to the aluminium ejector pad acting as a heat sink. In order to test
this theory, an ejector pad made from Nylon with a much lower thermal conductivity
was used and tested.
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Figure 12. Graph of Ejection Force against Cooling Time Using Aluminium Ejector
Pad

4.4  Nylon Ring Ejection

Figure 13 shows the ejection forces plotted against cooling time for parts ejected using
a Nylon ejector pad. The graph is almost identical to that for the aluminium ejector
pad. This suggests that the higher ejection forces are caused by the method of ejection
rather than any local cooling caused by heat sinks in the tool.
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Figure 13. Graph of Ejection Force against Cooling Time Using Nylon Ejector Pad

5 Conclusions and Discussion

5.1 Surface Roughness of Cores

The measurements taken after 50 shots showed that for most parts of the tool surface
there was no change in surface roughness. This suggests that there is no plastic
deformation of the tool surface and measurements of roughness taken from the
mouldings are similar to those of the tool. This indicates that during ejection, either
the tool or the moulding or both are able to deform elastically before returning to their
original state.

5.2  Ejection Forces

All of the ejection forces measured were within the range which might be expected
from the equation provided by Glanvill and Denton. The forces recorded using ejector
pins increased as expected with longer cooling times however this was not the case
with pad ejectors. One possible reason for the higher ejection forces using pads is that
air is not able to fill the void between the mould and moulding at the early stages of
ejection. If this is the reason for higher ejection forces, then it suggests that the use of
pins allows air to fill the gap between mould and moulding thus reducing the ejection
force. It is possible that using pins causes the moulding to bend while still on the core
thus allowing air between the mould and moulding. Indeed, given that the ejection
force versus cooling time graph profile using pins is similar to that predicted by

75




Glanvill and Denton’s equation using an open cylinder, this theory would seem
reasonable.

Another possible reason for higher ejection forces using pads is that the ejection profile
using pads is steeper than that using pins. This suggests that the moulding is pushed
off more quickly using pads and therefore the acceleration applied is greater which
requires a higher force.

5.3 Further Work

The results presented above showed two areas which are difficult to explain and
therefore require closer attention. Firstly the higher ejection forces using ejector pads
may be investigated by performing tests with different ejector methods. For example
ejection with 2 ejector pins could be compared to that with 6 ejector pins. If a more
even ejection results in a higher force then it could significantly ease mould design with
fewer pins.

Secondly, the variation in ejection forces after the same cooling time may be explained
by some variation in the actual temperature at ejection. Further tests should be
performed with the temperature of the moulding being recorded rather than the
temperature of the centre of the core.
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Appendix 1
Glanvill and Denton’s equation for ejection force is:

Fe = o.(Tm - Te).D.EA.p

D[(D/2t — (D.y /41)]
The equation can be re-written as:

Fe D’ o(Tm-Te). E.n.L.pu

D?.(1/2t - y/4t)
Where L is the core length.

The D? cancels out on top and bottom so the theoretical ejection force Fe is
independent of core diameter.

Using the following figures, ejection forces for different core diameters can be
evaluated.
o = 6.8 x 10-5 K-1 (linear)

Tm = 1600C
E =245 MPa
A=nDL
u=0.5
t=2mm
y=10.35

Length of Tool (L) = 40mm

Using an ejection temperature (Te) of 1000C gives an ejection force of 289N
Using an ejection temperature (Te) of 600C gives an ejection force of 482N

These predicted forces (remembering that a trapped vacuum has not been accounted
for) can be compared with the predicted tool strength which is governed by cross
sectional area and tool temperature.

Max Temp of Tool = 800C
Tensile Strength of Tool at 800C = 12MPa

Therefor for failure at 800C:
Fe > 12.m(D/2)?

For a 10mm diameter tool 12.7(D/2)* = 942N
For a 20mm diameter tool 12.1(D/2)*= 3768N

These calculations show that both a 10mm and 20mm diameter core should be strong
enough to resist tensile failure assuming no vacuum exists between the mould and
moulding.
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Abstract

The Direct Metal Laser Sintering (DMLS) manufacturing technique induces thermal stresses
in parts. When such parts are used at elevated temperatures, residual stresses are relaxed and the
part can suffer significant distortion. This study presents values of geometrical distortion for two
laser exposure strategies and for different heat treatment temperatures and durations. Surface and
bulk hardness data are provided as well as porosity measurements. At temperatures above 300 °C,
the geometrical changes become important. A stabilization treatment at 600 °C can help reduce
distortions.

1. INTRODUCTION

Freeform fabrication is most often based on the generative manufacturing of parts. In the case
of Selective Laser Sintering (SLS), and particularly when fully metallic powders are considered, the
heating and cooling of the layers induce heterogeneous dimensional changes of the part. Due to the
temperature gradients, residual stresses are generated in the part [1]. These stresses can be very high
and cause compact warping, cracking and/or failure. Furthermore, when the sintered part is exposed
to relatively high temperatures, residual stresses are relaxed, leading to geometrical deformations
and loss of tolerances. The purpose of this paper is to present an experimental observation of the
behavior of DMLS parts under several heating conditions. Dimensional variations are provided,
together with hardness data and porosity values.

2. EXPERIMENTAL METHOD

2.1. Specimens

The test samples were DMLS plates 20x30x4 mm’, made of conventional EOS MCu 3201
Nickel-Bronze powder. Two standard EOS exposures were used to fabricate the specimens: the
Skin and Core strategy (see below) and a usual strategy where the whole layer is sintered with the
same parameters (skin parameters). The upper face (z direction) was milled (-0.5 mm) to create an
initial planarity before thermal treatments.

2.1.1. The Skin & Core strategy

With the Skin & Core strategy (SK), the outer region (skin) of the part is sintered with a
greater laser energy concentration and has a higher sintered density. The bulk of the part (core) is
exposed to a lower energy concentration and has a lower density (Figure 1). Different stripe widths
are used for the skin and for the core. Moreover, the core zones are sintered every second layer.
Reportedly, buildup time can be reduced by about 10%, and residual stresses are decreased [2].
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Figure 1: schematic of the SK samples, with skin depths.

2.2. Thermal treatments

2.2.1. One-step treatments

The DMLS specimens were put into a conventional, pre-heated oven, at temperatures ranging
from 200 °C to 700 °C, for 2 and 4 hours. After treatment, the samples were cooled in air. Thermal

treatment conditions are summarized in Table L.

Table I: treatment conditions for the one-step experiments.

Sample Temperatures (°C) Duration (hours)
High density 200, 300, 400 ,500, 600, 700 2 and 4
(skin - S)
Low density
Sevoos Sy | 200,300,400.500, 600, 700 2 and 4

2.2.2. Two-step treatments

Some specimens were treated in two steps to study a possible stabilization by a first thermal
treatment (similar to post-sintering). The stabilization treatment consisted of 2 hours at 600 °C. The
second treatment lasted 2 hours at 200, 300 and 400 °C (Table II).

Table II: treatment conditions for the two-step experiments.

Sample Temperatures (°C) | Duration (hours)
High density First treatment 600 2
(skin - S) Second treatment 200, 300, 400 2
Low density First treatment 600 2
(skin/core - SK) Second treatment 200, 300, 400 2
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2.3. Measurements and characterization
2.3.1. Geometry

Figure 2, in order to determine the planarity of the horizontal upper face of the platens, before and
after thermal treatment. The planarity is defined as the distance between the two remotest points in

Pre-defined points were measured on a coordinate measuring machine (CMM), according to
| the z direction, as shown in Figure 2.

A <

view A-A

z 30 mm > A planarity

Figure 2: measurement locations at the sample surface and definition of planarity.

The curvature was measured at the plates center (point 18) according to:

1 _Zl3+223_2'zl8,1 _Zl7+219—2'218

>

Px Ax? Py Ay2

Where: z; = coordinate measured at location i
Ax, Ay = spacing between measurement points in the x, respectively y direction
P x Py = radius of curvature in the x, respectively y direction.

23.2. Hardness
Hardness measurements were carried out according to ISO 4498/1. Five stamps were
performed on the upper face of each plate with a load of 50 N (HV 53).

2.3.3. Microstructure

Cross-sections (perpendicular to the x axis, Figure 2) were prepared and micrographs (50 x
and 500 x) taken in order to measure porosity. The micrographs were systematically taken in the
middle of the section. Therefore, these porosity measurements may not be representative of the
whole sample. This is important, especially in the case of low density samples, where the core
zones are much less dense than the skin.
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RESULTS

Planarity and curvature

3.

3.1

3.1.1. One-step treatments

Figure 3 shows important variations of planarity and curvature at temperatures around 400 °C,
for all strategies and treatment durations. Above and below this point, the variations are much
smaller. Variation of planarity is significantly lower for the S sample treated for four hours. The
other samples exhibit a similar behavior.
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Figure 3: variations of (a) planarity and (b) curvature in the y direction, as a function of the
treatment temperature, for the different treatment durations and strategies.

3.1.2. Two-step treatments

After a first stabilizing treatment of 2 hours at 600 °C, the variation of planarity observed at
temperatures ranging from 200 to 400 °C are approximately 25 to 50 times smaller than without a
stabilizing heat treatment (Figure 4a).
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Figure 4: Variation of planarity due to the second step heat treatment after a first stabilization
treatment (2 hours at 600 °C).
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3.2. Porosity
3.2.1. One-step treatments

The porosity measurements (Figure 5) reveal a similar behavior to the geometrical variations
presented above. They exhibit a local maximum at 400 °C, regardless of the treatment duration and
sample initial density and then drop below 20 % at 600 °C and 700 °C.
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Temperature (°C)

(@) (b)
Figure 5: (a) bulk porosity of the one-step samples, measured at the center of the cross-section, as a
function of temperature, for the different durations and exposures. (b) Microstructure indicating a
porosity increase at the surface on an SK specimen after 2 hours at 600 °C.

3.2.2. Two-step treatments

After a stabilizing treatment of 2 hours at 600 °C, the porosity observed at 200 °C is about 2
to 3 times lower than without stabilization (Figure 6). However, at 300 °C and 400 °C, similar
values are measured for the less dense SK specimens. For the more dense S specimens, the porosity
remains about half of its value without previous stabilization.
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Figure 6: effect of a stabilization heat treatment (2 hours at 600 °C) on the porosity.
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3.3. Hardness

Figure 7a presents the surface hardness of the various samples. The values of the S and SK
samples treated for two hours decrease from about 60 HV for temperatures up to 400 °C down to 30
HV at 600 °C and 700 °C. For the longer treatment durations, a hardness increase can be observed
at 300 °C, followed by a rapid decrease down to about 30 HV at 600 °C. At 700 °C, the hardness of
these samples increases again up to around 50 HV, while the two hours values remain at about 30

HV.
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Figure 7: (a) surface hardness as a function of treatment temperature, for different treatment times.

(b) Bulk hardness of the one-step samples treated 2 hours, measured in the cross-section.

Figure 7b shows the hardness values measured in the transverse cross-sections, in the middle
of the samples, for the two hours treatments. Roughly the same behavior can be observed as for the
surface hardness (Figure 7). The denser S structure exhibits a higher hardness at all treatment
temperatures. Figure 8 compares the hardness values at the surface and in the sample for the less
dense SK samples. The hardness inside the SK samples is lower than at the surface, for treatment
temperatures up to 400 °C, as expected according to the laser scanning strategy (Figure 1).

However, from 500 °C up to 700 °C, surface and inside values come closer together.
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Figure 8: surface and bulk hardness (measured in the middle of the sample), for SK specimens.
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In all two-step experiments (Figure 9), the hardness remains at low values similar to those
observed after the first treatment at 600 °C. This indicates that the material has been partially
stabilized.
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Figure 9: (a) surface and (b) bulk hardness for the one-step samples and after the two-step treatment
(stabilization).

4. DISCUSSION

4.1. Geometrical variations

Figure 3 shows an important variation of planarity at around 400 °C, for both sample densities
and treatment durations. Curvature looks roughly the same, although the SK samples exhibit
smaller curvature change. This could be explained by a lower level of residual stresses in SK
samples, leading to less severe distortion. 400 °C appears to be a critical temperature for
dimensional variations. Above and below 400 °C, the variations of planarity and curvature are .
much smaller. Further investigations are required here to understand the observed behavior. This
could be done by testing the effect of time and temperature more extensively or by differential
thermal analysis measurements. The diffusion coefficients and activation energy may also give a
clue for the observed phenomena. Looking at the geometrical changes occurring in the two-step
treatment, the variation of planarity in both S and SK samples is 25 to 50 times smaller than in the
one-step experiments, indicating a possible stabilization of the structure by the 600 °C treatment.

4.2. Porosity

All porosity values must be taken with care since they were measured in a single location in
the transverse cross-section of the samples. The porosity of the one-step samples appears to increase
up to 400 °C (Figure 5), with the maximum value reached by the SK samples. At higher
temperatures, porosity decreases to a value lower than the initial porosity, for all samples. Looking
at Figure 5b, the decrease in porosity observed at 600 °C may be due to a diffusion of matter toward
the inside of the sample, leading to a densification of its inner part. For the two-step experiments,
the porosity of both samples type (S and SK) increases, with a steeper slope for the SK samples. No
satisfactory explanation has been found for this behavior at this stage of the study.
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4.3. Hardness

Considering the bulk hardness of the samples (Figure 7b), all values of the S samples are
above those of the SK samples, in conformity with the higher porosity of the SK structure. The
comparison between the surface and bulk hardness (Figure 8) of the SK samples shows a higher
surface hardness than in the bulk, as the surface of SK samples is sintered similarly to the S
samples. At higher temperatures, this difference is less important, probably because of the surface
porosity increase observed in Figure 5b. The decrease by a factor 2 of the bulk hardness between
300°C and 600 °C indicates a reduction in the mechanical strength that could explain the recovery
of the geometry observed at high temperatures (Figure 3). The curves obtained for the two-step
experiments (Figure 9) show that little hardness changes occur at the different temperatures, for
both the S and SK curves. This indicates that the material has been partially stabilized by the first

thermal treatment.

5. CONCLUSIONS

According to these preliminary results, 300 °C appears to constitute an upper temperature
limit for practical use. This can be of significance as DMLS is a potential technology for the rapid
manufacturing of complex tools like injection molds [3]. However, if structural and geometrical
changes occur at temperatures normally reached in these processes, this could strongly limit the use
of this material/process combination for Rapid Tooling. The present results indicate that a
stabilization heat treatment around 600 °C may somewhat improve this situation. Still, additional
work is required to confirm and extend the present results, as well as to better understand the
physical and metallurgical phenomena governing the observed behavior.
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Introduction

Direct laser metal deposition processing is a promising manufacturing technology which
could significantly impact the length of time between initial concept and finished part. For
adoption of this technology in the manufacturing environment, further understanding is required
to ensure robust components with appropriate properties are routinely fabricated. This requires a
complete understanding of the thermal history during part fabrication and control of this behavior.
This paper will describe our research to understand the thermal behavior for the Laser Engineered
Net Shaping (LENS) process', where a component is fabricated by focusing a laser beam onto a
substrate to create a molten pool in which powder particles are simultaneously injected to build
each layer. The substrate is moved beneath the laser beam to deposit a thin cross section, thereby
creating the desired geometry for each layer. After deposition of each layer, the powder delivery
nozzle and focusing lens assembly is incremented in the positive Z-direction, thereby building a
three dimensional component layer additively.

It is important to control the thermal behavior to reproducibly fabricate parts. The
ultimate intent is to monitor the thermal signatures and to incorporate sensors and feedback
algorithms to control part fabrication. With appropriate control, the geometric properties
(accuracy, surface finish, low warpage) as well as the materials’ properties (e.g. strength,
ductility) of a component can be dialed into the part through the fabrication parameters. Thermal
monitoring techniques will be described, and their particular benefits highlighted. Preliminary
details in correlating thermal behavior with processing results will be discussed.

Case Study with H13 Tool Steel
1. Thermocouple Measurements

A relatively easy way to obtain a thermal signature during processing is by inserting
thermocouples directly into the sample during fabrication. Hollow, one line width wide shell
boxes were fabricated from H13 tool steel with varying laser powers and traverse velocities (see
Table I). Fine diameter (10 pum) Type C thermocouple wire was used for the measurements to
ensure no reaction during deposition.

# This work supported by the U. S. Department of Energy under contract DE-AC04-94A1.85000. Sandia is a multiprogram laboratory operated by
Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy.
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Table I. Parameters of fabrication for H13 tool steel shell box.

Parameter Value
Material H13 tool steel
Layer Thickness 0.125 mm
Traverse Velocity 6.0 and 9.3 mm/s
Power 200 and 300 W
X, Y Dimension 62.5 mm

Figure 1 shows the in-situ temperature readings from a representative thermocouple
inserted during fabrication of a shell box processed at 200W and 6 mm/s. Each peak represents
the thermocouple response as the laser passes over the thermocouple, from initial insertion to
subsequent layer depositions. The data acquisition time is 0.3 seconds, so each spike represents
many individual measurements during fabrication’ . After the initial peak in temperature, the heat
is quickly conducted away in about 40 seconds to a nominal value of 150 °C . Typically, this
would result in a solidification process producing a high hardness, martensitic microstructure.
However, for LENS processing, each subsequent pass reheats the previous layers, such that even
after seven layers, the part receives a thermal ‘hit’ of 800 °C , and after eleven subsequent layers
the thermocouple still receives a thermal excursion of 600 °C . Even after forty two deposition
layers, the thermocouple reads a maximum temperature of 300 °C . After each deposition pass,
the part cools down to 150 °C, but the part has received an integrated reheat which can adversely
affect the material’s properties including residual stress and mechanical strength due to tempering
or aging effects.
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Figure 1. Thermocouple response (°C) versus time (seconds)
during fabrication of H13 shell box.

II. Correlation between Thermal Behavior and Hardness for H13 Tool Steel

Figure 2 shows a cross-section of the top layers in the H13 hollow part processed at
200W with a 9.3 mm/s traverse velocity. The light area represents the last five layers of
deposition (or approximately 870 um), whereas the dark area represents the integrated
temperature reheat or thermal cycling region. There is a definite change in microstructure
between these two zones, as shown in Figure 3 with a dramatic decrease in hardness as the sample

* Absolute peak temperatures are higher than recorded because the thermocouple response time has not been
incorporated.
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is probed from the top region into the dark zone. The last five layers do not receive the integrated
heat treatment and retain the martensitic phase with a high hardness value of 59 Rockwell C. The
subsequent layers undergo many thermal excursions. Thermal cycles above 800 °C can
re-austenize the material, and at 900 °C , this can happen in a matter of seconds. With many
thermal cycles above 600 °C , it is possible to age or temper the material through reprecipitation
or coarsening of the carbide distribution.

800
[ W KH 200W-6mm/s
© KH 200W-9.3mm/s
g 700 :'G_—HRC=59 @ KH 300W-6mm/s
S n A KH 300W-9.3mm/s
£ A
o
S 600 ———HRC=53
w0
s i = o °9 © A @00 8 ©
[ a a a A o ©
@ ] a P a © a 2.
§ 500 % —HRC=43 ® g & .l m
é nme LR, ¢ *
o i HRC =45
S a0
= 3
X 1 mm
300 I 1 1 > ] 'l 1 L 5

0 100 200 300 400 500 600 700 800

Distance (mils from top surface)

Figure 2. Cross-section micrograph Figure 3. Hardness values (Knoop and Rockwell C, HRC)
of H13 tool steel thin wall. versus distance from top of wall for four processing conditions.

Even though these are preliminary results, these types of effects are evident from the
microstructure shown in Figure 2. In the dark zone, the sample has experienced many thermal
excursions above 600 °C , which corresponds to a reasonable amount of tempering or aging,
where the expected hardness value, in the range of 50 Rockwell C (HRC)?, is observed in our
data (Fig 3). Fully understanding and controlling this transition is important for tailoring material
properties.

In Figure 3, it is apparent that process parameters directly affect the properties, with
traverse velocities having the greatest effect on the final hardness of the tool steel material. At a
traverse velocity of 6 mm/s, the hardness ranges from 45 to 48 HRC; whereas at 9.3 mm/s, the
hardness has a slightly higher value between 50 and 52 HRC. At increased speeds, the previous
layers receive a shorter time excursion at the elevated temperatures producing reduced aging
effects.

III. Residual Stress in H13 Tool Steel

Knowledge of the magnitude and distribution of residual stresses is often important
because of their effect on structural behavior. A holographic-hole drilling technique® was used to
determine the residual stress state in the shell samples. In the holographic-hole drilling method, a
region of a test object containing stress is illuminated with laser light using an optical setup. A
hologram of the region is made by exposing a recording plate in a commercially available
holocamera to the light of a reference beam and that of the object beam as reflected from the test
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object. The hologram is recorded electrostatically on an erasable, re-useable thermoplastic
medium. Then a small square-bottomed hole is milled into the region of interest to a depth that
can be varied, but which is generally a fraction of the hole diameter. The hole releases residual
stresses locally, causing material surrounding the hole to deform in response to the stress relief.
The resulting surface deformations, which are both in-plane and out-of-plane, alter the path length
of the light reflected from the region, immediately creating a pattern of optical interference fringes
on the hologram. The interference fringe pattern can then be analyzed to determine the residual
stresses that existed prior to the introduction of the hole.
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Figure 4. Principal residual stresses Figure 5. Principal residual stresses
along H13 wall (magnitude and direction). on surface of H13 solid part (depth=1mm).

Figure 4 shows the residual stress distribution along a wall processed at a laser power of
200W with a 6 mm/s traverse velocity. For these thin walled hollow shapes, the stress was only
measured near the base of the sample to minimizing any distortions created during the drilling
sequence. An unusual biaxial stress state was measured, where in the fabrication plane
(X direction) the principal stress state is positive, or in tension, with values ranging from 10 to 31
ksi. However, in the through-layer condition (Z direction), the stress state is negative, or in
compression, with values ranging from -13 to -44 ksi. It should be mention this material has a
yield strength of 180 ks, so the residual stress values are quite low with respect to the strength of
the as-processed material (~20%). Further work is required to understand the biaxial stress state
condition in these shell samples.

To clarify the effect of geometric influence on residual stress manifestation for H13 tool
steel, a solid H13 tool steel sample was fabricated (6.4 cmx 1.0 cmx 11.4 cm). Figure 5 shows
the distribution of principal stresses and their direction along one side measured in the
as-processed material. The residual stress near the surface is in tension and has a low value
ranging from 6-38 ksi, well below the yield strength of the material (180 ksi). In complex part
fabrication, it is expected the overall residual stress state would be low for this alloy.

Initial evidence suggests that H13 solidification may occur as primary austenite or ferrite.
If it occurs as ferrite, then it must undergo a transformation to austenite during cooling and this
transformation would likely proceed in such a way as to reduce some of the stress. If

92




solidification occurs as primary austenite there would not be any stress relieving effect. However,
at lower temperatures, the austenite (whether it is primary austenite or austenite formed from
ferrite) transforms to martensite in this alloy (which has a high hardenability) rather than the
diffusional decomposition products of ferrite and pearlite. This transformation to martensite is
known to be affected by stress, and might act to reduce the stress (i.e. the dilatation that occurs
during the transformation might reduce the residual stresses from differential thermal
contractions). Moreover, each reheat cycle from subsequent deposition layers which heat the
alloy back into the austenite phase field (say then next four or five layers based on the
thermocouple data) will result in the formation of austenite. Here again, stresses which are
present may tend to be relieved by the transformation dilatations. Finally, the tempering (alloy
carbide precipitation) which occurs during reheats to peak temperatures below 900 °C also results
in a dimensional change. It is conceivable that this tempering would also act in such a way that
the dimension change would help to reduce the residual stresses.

Non-invasive Thermal Imaging Techniques

As discussed earlier, it is known intuitively that a thermal gradient exists across the molten
pool and into the bulk material created by the LENS process. The nature and extent of this
gradient has not been fully characterized. Since mechanical properties are dependent upon the
microstructure of the material, which in turn is a function of the thermal history of solidification,
an understanding of the temperature gradient induced by LENS processing is of special interest.
It would be particularly beneficial to use non-invasive thermal imaging to measure the temperature
profile and gradients and to use these thermal profiles in feedback control. Preliminary results for
two techniques will be discussed: 1) infrared imaging for bulk temperature measurements plus
gradients, and 2) high speed visible imaging to measure the molten pool temperature and its
corresponding gradients. With these two techniques, it is possible to obtain a complete picture of
the thermal behavior, near and far from the molten pool, during LENS processing. Initial
experiments were conducted using stainless steel 316 powders.

1. Temperature Measurement Using Digital IR Imaging

In-situ temperature measurements were performed during LENS processing using a digital
infrared camera, (Flir Systems, Prism DS). The camera’s recording element is a 320 x 244 pixel
platinum silicide CCD array, with a spectral range from 3.6 to 5 mm. The system records the
infrared radiation emitted by a heated object, and, using various filters, may record the emission
from objects with temperatures ranging from -10 °C to 1700 °C . Absolute temperature
measurements require knowledge of the emissivity of the object. Since no emissivity values for
metal objects fabricated using laser deposition are known, only relative temperature measurements
have been performed. A discussion of a procedure for performing absolute temperature
measurements, without knowledge of the object’s emissivity will be discussed.

Figure 6 shows a thermal image taken with the digital camera. The laser is incident from
the top of the frame, and the part is rastered from left to right to form a thin, one line width wide
wall in stainless steel 316. The image shows the laser weld pool and the heat conduction into the
surrounding metal.
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Figure 6. In-situ thermal age of LENS ocess Figure 7. In-situ thermal profile of wall
for stainless steel 316 alloy. along the direction of travel (Fig. 6).

Figure 7 shows the thermal profile of Fig. 6 taken along to the direction of travel. Since
the quantitative temperature is not known at this time, the relative temperature Tpax is plotted as
the maximum temperature measured by the IR camera near the weld pool region. The rest of the
temperatures plotted are the values below this maximum temperature. The trace shows a steep
profile in the region surrounding the molten pool (~36 K/mm), a cooler region to the right with a
thermal signature that is not detectable, and another detectable heated region at the right corner of
the part where the laser had completed the previous layer four second ago. The effect of the
thermal profile on the previous layers is not shown in this figure. Figure 6 shows a large thermal
tail as well a large thermal region of conduction into the previously deposited layers. With more
analysis, a complete thermal picture will be developed for processing stainless steel 316 alloy.

In order to develop a procedure for determining absolute temperature using an infrared
imager without knowledge of the object’s emissivity, it is necessary to consider Planck’s radiation
law. The monochromatic energy density radiated by a blackbody is given by the Planck relation,

W =S
( )_e-cz/lT__l [1]

where ¢, and ¢, are constants, / is the wavelength, and T is the temperature of the object’. An
approximation to equation [1] is given by Wien’s law,
W(A) =c A% . [2]
The signal recorded by a detector element in the camera’s focal plane is
!
S, = [ eW(AR(AYA [3]
A

where ¢ is the emissivity of the object and R(4) is the detector response. As a further
approximation,

S, = 6,2, (T) e *"""R(4) [4]
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where A.(7) is the temperature dependent effective wavelength. If an independent measurement of
temperature is made at 7, then the temperature 7 recorded by the ith detector element is related
to the signal S;, by

11,40 S -

T ]; cZ Si,O

where S, is the signal recorded by the ith detector from an object at temperature 7, Therefore,
with a valid expression for A.(7), the ratio of the signal at an unknown temperature to that at a
known temperature may be used to obtain absolute temperature measurements without
knowledge of the emissivity of the object. The set of experiments to calibrate the infrared camera
is currently underway.

1. Temperature Measurement Using High Speed Visible Imaging

Preliminary experiments were conducted using ultra high speed digital imaging techniques’
during LENS processing to provide insight as to the size of the molten pool and the thermal
gradient in 316 stainless steel (SS316) samples fabricated using the LENS process. Digital
images were obtained directly through a CaFl viewport in the LENS glovebox using a 12 bit
digital camera equipped with a telephoto lens and 650nm broad band filter. A total of 2048
frames/run were recorded at a rate of 1.4 ms/frame. Temperatures were obtained using standard
pyrometric techniques. The results shown are for SS316 material built using coarse powder
(-150/+325 mesh) at a nominal laser power of 260W. A single, one line width wide wall was
fabricated with 250 micron layer increments, where the traverse direction is from left to right.

1900 K

Figure 8. Digital image of molten pool and bulk
material during LENS processing of SS316.

Figure 8 is a digital image of the molten pool and the adjacent bulk material created during
processing. The field of view encompasses approximately 5 mm. A white line has been
superimposed on the image to indicate material boundaries (i.e.; the top layer is being deposited
on the previous layer with a curved profile in the region of the molten pool).
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The temperature profile shown in Figure 9 and thermal gradient shown in Figure 10
correspond to the gradient line indicated in the digital image. F igure 9 shows that the molten pool
reaches temperatures on the order of 1875 K (reasonably large superheat) with a linear decrease
in temperature until thermal arrest (solidification) occurs at approximately 1650 K. Upon
solidification, bulk material continues to cool similar to the thermocouple measurements. In
Figure 10, the gradient at the center of the molten pool is zero, where immediately adjacent
(~0.25 mm), the gradient is 150 K/mm. A maximum gradient of 160 K/mm is indicated in the
region approximately 1 mm from the molten pool. The gradient decreases sharply with distance
from the molten pool until solidification occurs, at which point the gradient levels out to
approximately 20-30 K/mm. This agrees with the infrared data which measured approximately 36
K/mm near but not within the melt region of the molten pool.
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Figure 9. Temperature profile across Figure 10. Thermal gradient across
gradient line indicated in Fig 8. gradient line indicated in Fig 8.
Summary

Knowledge of the thermal behavior is critical to reliable and repeatable fabrication during
LENS processing. Our initial thermal experiments show promise in both monitoring as well as
understanding the thermal behavior. With in-situ, calibrated real time monitoring, it will be
possible to use these thermal signals for feedback control. Preliminary results show there is a
significant effect on the microstructural evolution during fabrication of hollow H13 tool steel
parts, where the integrated temperature reheat tempers the material.
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ABSTRACT.

Current Rapid Prototyping systems are primarily aimed at small-sized objects containing many
shape details. In this paper a Rapid Prototyping technology is presented that is aimed at large-
sized objects having a complex, freeform outer shape. This new technology builds the model out
of thick layers, each having freeform outside faces. The paper will present: an overview of current
methods to produce large prototypes, the basics of the new method, the technology used to
produce the layers, the toolpath planning and finally the overall system design.

1. INTRODUCTION.

Most Rapid Prototyping systems build a model by stacking a large number of thin layers. Each of
these layers has vertical front faces, which results in a so-called staircase effect on the surface of
the object (zero order approximation). The thickness of each consecutive layer has to be very
small in order to achieve a model of sufficient preciseness. This thin layer technology is well
suited for prototypes of small-sized objects. For larger products however, the time and cost
involved are far too high: a different approach is needed. A number of solutions to this problem
that have been proposed are discussed in section 2. One of these being the combination of layers
with ruled front faces (first order approximation) and a higher layer thickness, to enhance speed
without loosing preciseness.

In section 3 of this paper we will present our new approach: a prototyping system based on higher
order approximation (e.g. second order, i.e. circular, or better). Using this technology consecutive
layers can be produced with outer surfaces that smoothly fit together. This way very high quality
models can be produced at moderate cost. The actual technology to be used is based on cutting
polystyrene slabs using a flexible (hot) blade as a cutting device. The shape of the cutter can be
controlled during the cutting process, for which the theoretical base is given in section 4. Section
5 describes the method to calculate the toolpath and the shape of the cutter for every tool position.
The overall system design is presented in section 6, and finally in section 7 the results will be
discussed and conclusions will be given.
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2. RELATED RESEARCH.

Rapid Prototyping is the process of automatically creating a physical prototype, based on a 3D
CAD model, and within a short time. For this automatic creation of physical models three
fundamentally different methods are possible [Kruth, 1995]:

- Incremental (adding material), commercially available in LMT systems.

- Decremental (removing material), commercially available in CNC systems

- Deforming (changing the shape of flexible material), no commercial RP systems available.

Next to these three base methods a number of hybrid methods have been developed too, for
instance stacking layers (incremental) that have been cut out (decremental).

Incremental processes are mainly used for relatively small but complex (many shape details)
models. A large advantage of these processes is that the price of the prototype is (almost)
independent of its complexity. However, when the desired model has to be large, like one or more
cubic meters, incremental techniques tend to be slow, complicated because of the small working
envelope of these systems, and very expensive. So for the production of large models decremental
methods are better suited, using large CNC milling machines. Currently easy-to-use CAM
software is available, especially developed for Rapid Prototyping purposes [Lennings, 1997]. This
approach is best suited for styling block models: detailed inside geometry is more suited for
incremental processes. Thus, for the creation of models that both are large and contain many
details no solution is available yet.

the field of large shape prototyping. Recently a Order of Approximation:

system called Topographic Shell Fabrication
(TSF) became commercially available, based on
the incremental principle [Formus, 1997]. It i
uses sand as the building material, which is then

bound using wax. This system is able to build Fixed

models up to about 3.6 x 2 x 1.3 meters. The | L&
ickness

models produced by this technique are quite

In recent years some steps forward were made in D

Zero First Higher

heavy and can melt by sunlight because of the
wax used. The main application of the technique

is to create molds for lay up techniques. §

Furthermore, some new hybrid techniques have
been developed or described. Research projects | Adaptive
on the Universities of Utah [Thomas ea., 1996], Thﬁfiﬁ;ss
Queensland [Hope ea., 1996, 1997a] and Delft
[de Jager ea., 1996, 1997a, 1998] have delivered EZ’Z
systems, algorithms and techniques that can be
used to create large shapes out of thick layers.
The main problems to be solved here were: how  Figure 1: Available slicing techniques.

to build the shapes with as few layers as
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possible, and how to avoid the staircase effect which also exists in thin layer systems but is of
much more importance in thick layer systems.

The solution for the first problem is adaptive slicing. Several algorithms have been developed
[Hope ea., 1997b], [de Jager ea., 1997b] and [Marsan ea., 1996] that are able to generate layers
with variable thickness from a CAD model. The thickness of each layer depends on the local
shape that has to be approximated and the tolerance that is given. An extruded shape can be
produced using one layer or a small number of the thickest possible layers, while a free formed
shape of the same height has to be built using many more layers to approximate the shape
accurately.

The second problem, on the staircase effect, can be reduced by using layers with sloped front
faces (first order approximation) instead of the classical method which uses layers with vertical
front faces (zero order approximation) [Hope ea.] and [de Jager ea.]. Production of layers with
sloped front faces can be done using existing cutting equipment, like 4 axis hot wire cutters, laser
cutters or waterjet cutters. Using these two solutions combined results in fewer layers needed to
produce a model at a given accuracy: see the two leftmost columns of figure 1.

3. ANEW APPROACH.

Building a model by stacking a number of layers is in fact a perfect example of a discrete
procedure: the layer either is or is not present, causing the staircase effect mentioned before. As
said before: sufficient for small models, but very inefficient in case of large models. The use of
sloped front faces does offer some improvement here, however is still insufficient for high quality
prototypes. In our proposed method we use a higher order approximation for the front faces of
each layer, to be created using an analog procedure.

In contrast to discrete methods, analog methods create shape by reproduction of a master, like a
mold for injection molding (3D example). The craftsman modelmaker regularly uses 2D analog
tools while creating a freeform model: all sorts of 2D templates that are being used as scraping
tools [Trudeau, 1995]. A foam model of a sphere can for instance be created by scraping with a
circle-formed tool, using one or more layers. In case of a more complex shaped geometry the
front faces of the layers can also be created by scraping with circular tools, which is second order
approximation. In many cases a better approximation is possible using freeform tools (higher
order approximation). The use of analog tools is very efficient: complex shapes can be produced
in a short time. Especially when combined with adaptive layer thickness: see figure 1.

However, the disadvantage of using an analog tool is that the tool first has to be created, because
an infinite amount of possible toolshapes exists. In our proposal this problem is covered by using
a computer controlled flexible tool, that can indeed be set to an infinite number of shapes. This
tool is a heated flexible blade: a thin, flexible metal blade that is supported at both ends by active
supports. By changing the length of the blade, the position and the orientation of the supports, the
shape of the flexible blade can be influenced (figure 2). As the blade is heated it can be used to
cut slabs of polystyrene foam, thus producing thick layers with freeform front faces.
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These layers have to be
stacked  (either  auto-
matically or by hand) to vA
produce the actual large
prototype. At the
connection between two
layers now a continuous
surface is created, with a
high order continuity.
Where standard LMT
methods  produce a
discontinuous outer
surface, and the ruled
front face method a zero
orde'r ) continuity Figure 2: Possible shapes of the flexible blade.

(positional), the new

method creates a first

order continuity (tangential), or even a second order continuity (same curvature). Using this
method will result in a large prototype of high quality, produced within a short time and at
moderate cost.

4. OVERALL DESIGN OF THE NEW SYSTEM.

Based on the idea of using a heated flexible blade to produce layers with freeform front faces, a
complete Rapid Prototyping system has been designed, which is presented in figure 3. It consists
of three phases. First the preparation phase, in which the geometry is imported, analyzed and if
needed segmented. Segmentation is needed in case the total prototype cannot be manufactured in
one piece because of size and/or geometry problems. We will not discuss the process of
segmentation in this paper. Next the computing and simulation phase, in which the layers to be
manufactured are calculated and the result is simulated. Especially important for a successful
system is the layer thickness calculation (slicing), which has to produce layers of variable
thickness in such a way that each layer can indeed be produced. For each layer the freeform front
face (nominal shape) has to be approximated by curves that can be produced by the flexible blade.
Finally the third phase: the physical fabrication phase, in which the prototype is actually built on a
real (designed, built and tested) machine.

This overall system design consists of many processes, for all of which methods, algorithms and
physical tools have to be developed. It is not possible to treat each of these processes in detail
here. In this paper we will discuss the most crucial items of the systems design, which are the
modeling of the flexible blade and the curve matching of the blade-curve with the nominal

geometry.
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Figure 3: The overall design of the flexible cutting system.

101




5. THE FLEXIBLE CUTTING BLADE.

As mentioned in section 3, the flexible
blade is attached to active supports, of
which both orientation and position can be
changed. A schematic view of cutting
blade and supports is given in figure 3.
Each support is capable of transferring a
winding force (to set the length of the
blade), a bending moment (to set the
rotation) and a lateral force (to set the
position). It must also isolate the heated
blade in order not to loose too much
energy.

From a mechanical point of view, the
flexible blade behaves like a ‘physical
spline’, which takes up its shape following ~ Figure 4: The cutting unit, consisting of a
the law of minimum strain energy. For the  flexible blade attached to two active supports.
commonly used blades the ratio between

the largest cross sectional dimension and
the actual length is very small (< 0.01), which means that the blade is in fact a very tender bar. On

this basis a physically based model of the flexible blade has been created, resulting in a non-linear
differential equation which has no exact analytical solution. Details about these calculations can
be found in [Horvath, 1998-a].

The problem could be solved using a geometrically based modeling. Again the issue was to find a
curve of a given length that interpolates two points at a certain angle and takes up its minimal
strain energy. For this calculation the assumptions are made that, irrespective of its cross section,
the curved blade can be substituted by its profile curve, and that the curve is planar. The resulting
B-Spline curve r(u) is called the profile curve of the flexible blade [Horvath, 1998-b].

6. CURVE MATCHING.

As said in section 3, the flexible cutting blade will be used to create layers with freeform front
faces, which are used to build the prototype. A geometric description of each layer is derived
from the CAD model in a slicing process (see section 6). A cross-section of the freeform front
face of the layer at a certain location is given by a curve q(v), called the shape curve. As the
geometry of the front face will vary following the layers circumference, an infinite number of
shape curves exists for each layer. Obviously only a limited number of curves will be processed,
interpolating the front faces geometry in-between.
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In order to calculate the toolpath for a certain
layer, a number of shape curves q has to be
selected for processing. Next for each shape curve
an appropriate profile curve r has to be found that
can be used to manufacture the layer. Curve r
should approximate curve ¢ within a certain
tolerance 8. The evaluation of what can be
achieved with shape curve r consists of shifting
curve q along curve r, in such a way that the start-
and endpoints b and ¢ of q remain on r (see figure
4). For each shifted r the deviation & between the
two curves can be measured by comparing a
number of points on each curve. This process is
called curve matching. To find a suitable curve r
a number of profile curves that potentially match
will have to be evaluated. This can be done by
just evaluating profile curves from a library one
by one (current project status) or by developing a
convergent process to find the desired profile
curve in a few iterations. The curve matching

process is described in more detail in [Horvéth,
1998-b].

7. DISCUSSION AND CONCLUSIONS.

Figure 5: The given (solid) shape curve
q(v) that describes the CAD geometry
needs to be approximated by some
portion of the (dashed) profile curve r(u)
that describes the flexible blade.

The objective of our research and development has been to come up with an effective technology
for the fabrication of large-sized, freeform physical models, based on higher order shape
approximation. This technology proved to be feasible.

The geometry of the flexible blade can be properly generated/calculated with the assumption of
minimum strain energy, specifying as boundary conditions the position and the tangency of each

support.

Further work will focus on the slicing algorithms, the optimization of the process parameters and
the calculations and the development of the machine to be actually used.
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ABSTRACT

Even as several new Rapid Prototyping processes are emerging that can build metallic and ceramic tools directly in
slices, this new manufacturing concept continues to have an inherent problem of poor accuracy primarily due to the
staircase effect. To surmount this problem, a new RP process is proposed that makes use of adaptive slicing. The
edges of these slices need not be vertical unlike the existing RP processes. In manufacturing, one uses a fast but
inaccurate roughing process followed by one or more finishing processes which are slow but accurate. The
methodology adopted in the proposed RP process also uses this concept of two-level processing, viz., near-net
building of the layer and net-shaping it by high-speed machining. This new methodology will result in faster
prototyping due to adaptive layer thickness in addition to better accuracy and surface finish since the staircase effect
is eliminated. The proposed RP process can be used for building both metallic as well as soft prototypes.

1. INTRODUCTION

Rapid Prototyping (RP) introduced in 1989 as a design visualization tool has revolutionized the
way products are designed and manufactured today. Although the prototypes could be made out
of only soft materials, very soon, innovative methods of using them for making the short-run and
production tools were developed using the existing technologies. Silicon Rubber Molding,
Epoxy Tooling etc. are some of these indirect routes. Selective Laser Sintering (SLS) and
Multiphase Jet Solidification (MJS) are some of the RP processes that can produce metallic and
ceramic tools. Therefore, these are called Direct Rapid Tooling Processes. In these processes, the
raw material is the required hard material coated with a soft binder. While selectively sintering
during the layer building process, only the soft material melts binding the hard particles around it.
The prototype thus obtained is initially in ‘green state’ which needs to be post-sintered and/or
infiltrated with a low melting material to get the desired mechanical properties for the tool. The
properties of these tool will be invariably inferior to the conventional tools since the hard
particles do not fuse together fully

and the density is lower. These RAPID TOOLING

processes  also  suffer from |

shrinkage-related inaccuracies. Such |
processes following a “binder- INDIRECT METHODS DIRECT METHODS
coated powder approach” are e sbet Molding |

suitable for only short runs (Figure e forming |

1 )‘ Laminated Ob] ect BlNDt’.R:COATED POWDER APPROACH ::ZIIE:LESS MATERIAL APPROACH
Manufacturing (LOM) process has g;r‘sh:"lﬂsixh,ﬁcf‘f“f& . gm’:?dﬁ,mommmsnm
been successfully used to produce Laser Generation & High Speed Millng  Laser Ablssion

tools for sheet metal as well as Figure 1 Classification of Rapid Tooling Processes
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injection molded parts [Himmer, 1997]. However,
LOM tools suffer from poor bonding between the
layers due to mechanical fastening and their inherent
inability to have adaptive layer thickness. o mmmm e

In order to manufacture tools more accurately and [ Previous Lyer
rapidly, the Rapid Tooling process should have the (9 Tot s s gvge when = 30 i S i mochisig
following characteristics:
¢ Sintering or melting of the hard material directly
o Two-step processing of each layer; the first step fmm oo !

yielding the near-net layer and the second step ‘ o y frams

finishing it to the required accuracy S
e Adaptive slicing Tt doc ot g when <51 i S s i
o Elimination of staircase effect
¢ High rate of material deposition
¢ Ability to build support structures. | oot Loy |
While research to develop direct sintering/ melting : ]
rapid tooling processes is in progress at several I
places, significant works among them are “Laser
Generating and High Speed Milling” [Fritz 1996], Figure 2 Illustration of Gouging in 5 Axis
“Shape Deposition Manufacturing (SDM)” [Merz Machining of Overhanging Features

gg};

(c) Gouge-free 2.5 axis machining nsing angle cuttees for ll vakues of

1994] and “3D Welding” [Dickens 1994].

In “Laser Generating and High Speed Milling” process developed at Fraunhofer Institute for
Production Technology (FhG-IPT), Aachen, Germany, the raw material used is binder-coated
metallic powder which, when passed through the nozzle, is melted by a laser beam resulting in
the deposition of the near-net layer. The layer is then milled to net-shape. As this process uses
,binder-coated powder approach®, it suffers from shrinkage-related inaccuracies. Moreover, this
process is not free from the staircase effect and does not employ adaptive slicing. The SDM
process developed at Carnegie Mellon University (CMU) is principally similar to that of FhG-IPT
in the sense that it also uses an additive process to deposit the rough material and a machining
process to get the desired accuracy. However, instead of sintering by a laser beam, they use a
deposition process called ‘micro-casting’ which is in-between metal spraying and MIG welding.
They use 5 axis machining to eliminate the staircase effect. However, 5 axis machining cannot
produce gouge-free surface while machining reentrant contours as shown Figure 2. When B<90°,
the ordinary end mill in 5 axis machining gouges the previous layer as shown in Figure 2b. In
order to overcome this difficulty, they make use of the fact that a reentrant profile in the model
will be a non-reentrant profile in the support. However, this involves complex geometric
processing. Machining in 2.5 axis mode using angle cutters will be preferable to this as shown in
Figure 2c. “3D Welding” process developed at University of Nottingham uses a MIG welding
process to build metallic prototypes. Using a 0.8 mm diameter wire, they report a building speed
of 6500 mm/min. the bead size being 4.5 mm wide and 1.4 mm thick. Although the building
speed of this process is very attractive, the poor accuracy of 0.5 mm limits its applications. It is
seen that none of the existing and emerging RP processes meet all the criterion mentioned in the
beginning of this section. The proposed process proposed aims to achieve this goal.
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3. PROPOSED RP MACHINE FOR RAPID
TOOLING

Based on the above discussions, it is proposed to

develop a RP machine with the following features:

e It will use an additive process to obtain the near-
net layer and machining processes to finish it.

e Adaptive slicing will be made use of.

¢ The machining process using angle cutters will
eliminate the errors due to the ‘staircase effect’.

e It will require only a 2.5 axis CNC milling
machine with an Automatic Tool Changer (ATC).

e It will be possible to retrofit this RP process to any
existing CNC machining center.

e The size of the prototype is independent of its
accuracy and is limited by only the table traverse.

The proposed RP machine will have, in addition to
the milling head, two additional heads fixed on the
same frame (Figure 3). One, called Modeling Head,
will deposit steel using a MIG welding process. The
other head called Masking Head will deposit a soft

Automatic Tool Changer

Maskiag Hesd

Modeling liead

Figure 3 Schematic Diagram of the Proposed
Rapid Prototyping Machine

masking material. This will be a suitable electric brazing machine. Copper has been successfully

used as masking material for steel prototypes at CMU

[Merz 1994]. The dies often have cooling ducts that

run close to the mold cavities. The presence of these

conformal cooling ducts may introduce reentrant
profiles necessitating the use of support structures. In
the proposed process, the masking material itself can
act as the support structure. The change over among
heads can be achieved using Work Offsets of any

CNC machine. The following steps are used to make

the prototype:

1. Deposit the near-net layer of model material.

2. Rough-mill the extreme contours.

3. Finish-mill the extreme contours by one or more
angle end mills to eliminate the staircase effect.

4. Deposit the masking material over the machined
extreme contours to protect them during the
welding of subsequent layers.

5. Surface mill the layer to maintain the required
layer thickness accurately.

The above steps will be repeated till the prototype is

complete. The prototype thus built will be covered by

a skin of the masking material. This skin can be
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simply peeled off if it is wax (for ABS prototypes)
or removed by an electrolytic or electro-chemical
etching process if it is copper (for steel

prototypes).

?%

{

The modeling head will be a MIG welding
head that makes use of a coil of filler wire as the
consumable electrode. It will be possible to (9 ot it |0 ot it | o i st i
deposit a cross-section of 4.5mm width x 1.4mm ot ot Sl B et -l vl
thickness of model material at a speed of Figure 5 Construction of Angle Cutters
6,500mm/min. [Dickens 1994]. The machining
also can take place at ‘breakneck’ speed, thanks to the combination of machines with linear
motors and the latest carbide cutters with ceramic coating. At this speed, the performance of the
proposed process in speed and accuracy will surpass all existing RP&T processes in tool making.
Although a number of tool changes may be involved, considering a tool change time of as low as
5 seconds on modern machines, this overhead will be considerably small.

P

The various cutters used in the proposed RP machine are shown in Figure 4. For higher
magnitudes of o, the insert type of angle cutters are used (Figures 5a & 5c) and for lower
magnitudes, solid carbide cutters can be used (Figure 5b). Although a constant increment Ac has
been used in the illustration, it is preferable to have this also vary adaptively with coarser Aa in
the middle of the range of a. Furthermore, in the final system, the angle, diameter and length of
the angle cutter in the tool holder will be measured accurately after assembly using a Tool
Presetting Device and stored in a cutter database.
Higher the number of ATC stations lower will be Ax
resulting in higher layer thicknesses and hence faster
building of the prototype (Table 2).

4. DATA PROCESSING FOR THE PROPOSED
RP MACHINE

The input to the proposed RP machine is the STL file
of the object to be prototyped due to its simplicity
[Karunakaran 1998 and Yan 1996]. The STL file has
to be converted into NC program that will control the
functions of the CNC machine. The NC controlled
functions are:
e Movements of all the three heads.
e Invoking appropriate work offsets in order to
switch among the three heads using G codes.
¢ Invoking tool offsets using G/D/H codes.
e Control of switching functions pertaining to the
two depositing l.leac.ls' . - Figiljremg Three Typég o?[’ﬁ;:;::ﬁxbﬁion
e Control of switching functions for the milling While Slicing
process such as tool change, spindle, coolant etc.

(b) Sliciag method in which the desired profile encloses the scallops (imdercuts enly)
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In addition to these, there are a few other parameters
related to welding and masking processes such as the
speed of the welding wire, speed of the masking
material etc. These can be fine-tuned and frozen after
experimentation. Any further adjustments of these
can be done external to the CNC controller. In order
to obtain the NC program to control the machine from
the STL file of the prototype, the following steps are

required: O i et it e e

1. Adaptive slicing, , I
2. NC program generation for the modeling head, A\ \\ \\\\\\\\\\\\\3
3. NC program generation for the milling head, . L
4. NC program generation for the masking head and 0008 L
5. NC post-processing (to translate the CL data into | 2200 0> L

machine specific code).
4.1 Adaptive Slicing

O i ot a1

Slicing is the process of cutting the geometric model ot T o oo oy o 10 i s k-
of the 3D object by parallel planes so that the 3D et i and o e '
object can be approximately represented by several Figure 7 Two Types of Adaptive Slicing

2D slices. Since this is an approximation, the user
specifies the amount of maximum deviation §,,, for the slicing process. Three types of slicing
processes are illustrated in Figure 6. In the first type of slicing shown in Figure 6a, the union of
all the layers contains the required 3D object. This type of slicing is desirable where some
allowance is required to finish the prototype. Most die cavities require this type of slicing since
often they need to be polished to mirror-finish to ease ejection of part from the cavity. On the
other hand, the union of all the layers is fully contained inside the required 3D object in the
slicing method shown in Figure 6b. This type of slicing is desirable where the prototype is
finished by adding material that fills the scallop cavities. In the third method shown in Figure 6c¢,
the scallops are distributed on both sides of the desired profile. This is preferable if an accurate
prototype is required without any finishing operation. For a given number of slices, the last type
of slicing gives the most accurate prototype [Martin 1997].

The slicing shown in Figure 6 is called uniform slicing since the thicknesses of all layers are
equal. In uniform slicing, the layer thickness is decided by the maximum deviation §_, and
hence for higher accuracy, one has to use smaller layer thickness throughout resulting in longer

processing time. On the other hand, “Slicing Type Number of
adaptive slicing is the slicing of the Layers Required
3D object with different layer |Uniform slicing 750
thicknesses at different places based Adaptive slicing without‘staircasc? el}m{nation 251

on the consideration of the local Adaptive slicing with staircase elimination 11

. Table 1 Comparison of Various Slicing Methods (This illustration
curvature [Kulkarni 1996 and Young is for building a die block of 150 mm x 150 mm x 75 mm with a
1994].  There are two types of hemi-spherical die cavity of 100 mm diameter. The tolerance
adaptive slicing as illustrated in  limits are 0.1 mm excess material and no undercuts.)
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Figure 7 for a hemi-spherical die cavity [Hope 1996 and Peter
1996]:

1. Adaptive slicing without staircase elimination and
2. Adaptive slicing with staircase elimination.

Table 1 gives a comparison of these slicing methods. It is
obvious that adaptive slicing with staircase elimination requires

.. Figure 8 A Die Block with an
the least number of layers and is significantly less than the others. Elliptical Cavity

The existing RP processes inherently can produce layer edges

only in vertical orientations and hence they cannot incorporate adaptive slicing with staircase
elimination.

4.2 NC Program Generation

The path of the modeling head will-be contour parallel, i.e., the deposition starts from inner points
and moves outward. In addition to the path, the switching functions for the welding process will
also have to be output as user-defined codes. This is followed by rough milling by Np—lth cutter
and finish milling by the angle cutters along the contour peripheries. However, depending on the
slope of the edge surface of the layer, more than one angle cutter may be called for finishing any
contour as seen in the illustration. If no angle cutter is found suitable for some part of the edge
surface, then the layer thickness should be reduced. The path of the masking head will also be a
profiling operation with the deposition of the material sufficient to mask the edges of the layer.

5. ILLUSTRATIVE EXAMPLE

In this section, the proposed methodology of calculating adaptive layer thicknesses and finishing
the prototype using angle cutters is illustrated. The object considered for this illustration is a die
block of size 250 mm length x 170 mm width x 170 mm height with an ellipsoidal cavity as
shown in Figure 8. The ellipsoid is obtained by revolving an ellipse [a cos u, b sin u, 0] about X
axis where a=100 mm and b=60 mm. Therefore, any point on the surface of the cavity is given
by [a cosu, -b sinu cos v, -b sinu sin v]. An excess material of 8, 1 allowed and there shall not
be any undercuts. The angle cutters are available at a uniform angle increment of Aa.. Let t,,, be
15 mm. Table 2a, 2b and 2c give the layer details for three combinations of &, and Aa. For
instance, in Table 2a, layer 10 has a thickness of 1.164 mm and its bottom and top Z values are
respectively -55.671 and _54.507. The edges of this layer are to be machined by four angle

cutters with o ranging from 72° to 66°, i.e., 72°, 70°, 68° and 66°.

Table 2a Layer Details of the Ellipsoidal Die Cavity for 8., = 0.100 and Act 2.000°

Layer No. 1 2 3 4 5 6 7 8 9 10
Thickness 1 15.000] 10100] 0350| 0.205] 0555| 0.654] 0668] 0911] 0886 1.164
Zor —6.000 1 -39.900 | 59.550 | 59.345 | -58.790 | -58.136 | -57.468 [ -56.557 | -55.671 | -54.507
7. ] -85.000] -70.000 | -59.900 | -59.550] -59.345 | -58.790 | -58.136 57.468 | -56.557 | -55.671
Cutters o, 90 001 86-84] 84-80| 82-80] 80-76] 78-74| 76-70] 74-68] 72-66
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Layer No. 11 12 13 14 15 16 17 18 19 20
Thickness 1.100] 1410| 1308 1.651| 1.509| 1.883| 1.704| 2.106] 1.889| 2319
Zy, -53.407 | -51.997 | -50.689 | -49.038 | -47.529 | -45.646 | -43.942 | -41.836 | -39.947 | -37.628
Zyoom -54.507 | -53.407 | -51.997 | -50.689 | -49.038 | -47.529 | -45.646 | -43.942 | -41.836 | -39.947
Cutterso; | 70-62] 68-60] 66-58| 64-56| 62-52] 60-50| 58-48| 56-44| 54-42| 52-40
Layer No. 21 22 23 24 25 26 27 28 29 30
Thickness 2.067| 2.520| 2.233] 2.709| 2389 2.626| 3.059| 2.507] 3.219| 2.627
Zp -35.561| -33.041| -30.808 | -28.099 | -25.710 | -23.084 | -20.025 | -17.518 | -14.299 | -11.672
Zyotiom -37.628 | -35.561 | -33.041 | -30.808 | -28.099 | -25.710 | -23.084 | -20.025 | -17.518 | -14.299
Cutters o; | 50-36| 48-34] 46-32] 44-28] 42-26| 40-24| 38-20| 36-18| 34-14| 32-12
Layer No. 31 32 33 34
Thickness 3363 2735 2779 2.795
Zop -8.309 | -5.574| -2.795| 0.000
Ziotiom -11.672| -8309| -5.574| -2.795
Cutters 30-8| 28-6| 26-4| 24-0
Table 2b Layer Details of the Ellipsoidal Die Cavity for 8, = 0.100 and Ao 1.000°
Layer No. 1 2 3 4 5 6 7 8 ¢ 9 10
Thickness | 15.000{ 10.100{ 0.589| 0.922| 1.234| 2212 2.030| 3.095| 3.146| 3.846
Zop -70.000 | -59.900| -59.311 | -58.389 | -57.155 | -54.943 | -52.913 | -49.818 [ -46.672 | -42.826
Ziiom -85.000 | -70.000 | -59.900 | -59.311 | -58.389 | -57.155 [ -54.943 | -52.913 | -49.818 | -46.672
Cutters o 90 90| 85-84| 81-79| 78-74| 74-69| 70-63| 66-59| 62-53] 58-48
Layer No. 11 12 13 14 15 16 17 18 19 20
Thickness 3.892) 4.056| 4.463| 4.494| 5002| 4.788| 5295 4.986| 5.426| 0.424
Y. -38.934 | -34.878 | -30.415 | -25.921| -20.919 | -16.131] -10.836 | -5.850| -0.424| 0.000
Zsttom -42.826 | -38.934 | -34.878 | -30.415| -25.921| -20.919 -16.131| -10.836| -5.850| -0.424
Cutterso; | 54-43| 50-38| 46-33| 43-28| 39-23| 35-18[ 32-13| 28-8| 25-3] 22-0
Table 2¢ Layer Details of the Ellipsoidal Die Cavity for §,,, = 0.050 and Ao 1.000°
Layer No. 1 2 3 4 5 6 7 8 9 10
Thickness | 15.000| 10.050| 0.217| 0247| 0.490| 0.478] 0.749 0.687| 1.016| 0.893
Zop -70.000 | -59.950| -59.733 | -59.486 | -58.996 | -58.518 | -57.769 | -57.082 | -56.066 | -55.173
Zioiom -85.000 | -70.000 | -59.950 | -59.733 | -59.486 | -58.996 | -58.518 | -57.769 | -57.082 | -56.066
Cutters o; - 90 90| 87-86| 85-83| 83-81| 81-78| 79-75| 77-72| 75-70| 73 -67
Layer No. 11 12 13 14 15 16 17 18 19 20
Thickness 1.2781 1.095} 1534} 1.291| 1.680| 1.692| 1.799| 1.900| 2.003| 2.100
Zyp -53.895 ] -52.800 | -51.266 | -49.975 | -48.295 | -46.603 | -44.804 | -42.904 | -40.901 | -38.801
Zioiom -55.173 | -53.895| -52.800 | -51.266 | -49.975 | -48.295 | -46.603 | -44.804 | -42.904 | -40.901
Cutterso; | 71-65| 69-62| 67-60| 65-57| 63-55| 61-52| 59-49] 57-46| 55-44| 53-41
Layer No. 21 22 23 24 25 26 27 28 29 30
Thickness 2,197 2.289| 2381 2467 2.554| 2.634| 2714 2.787| 2.860| 2816
Zop -36.604 | -34.315| -31.934| -29.467 | -26.913 | -24.279 | -21.566 | -18.779 | -15.919| -13.103
Zotiom -38.801| -36.604 | -34.315| -31.934| -29.467 | -26.913 | -24.279 | -21.566 | -18.779| -15.919
Cutterso,; | 51-38| 49-36| 47-33| 45-30| 43-28| 41-25| 39-22] 37-19| 35-16| 33-14
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Layer No. 31 32 33 34 35

Thickness 3217 2.823| 3.344| 2925| 0.794

Zysy -9.886| -7.063| -3.719| -0.794| 0.000

Zowm | -13.103| -9.886| -7.063| -3.719| -0.794

Cutterso; | 31-11} 29-8| 27-5| 25-2| 23-0

It is evident from these tables that increase in 8, and/or decrease in Ao decrease the number of
layers and hence the build time. Furthermore, the layer thickness in the proposed method 1s
several times higher than those of the existing RP processes which are of the order of 0.050 mm
to 0.150 mm. In order to have higher accuracy, the layer thickness in these processes has to be
decreased resulting in substantial increase in the build time, whereas in the proposed
methodology, the layer thickness need not be decreased to improve accuracy.

6. CONCLUSIONS

The new RP process proposed here combines layered manufacturing and conventional machining
methods in order to exploit the benefits of both while avoiding their limitations. The two-level
processing adopted in realizing each layer using simple processes will result in producing tools
economically, accurately and fast. The process does not pose any restriction or loss of accuracy
on the prototype as its size grows. Since the size of the part is limited only by the traverse
available on the CNC machine, a larger CNC machine can be used to produce large prototypes. If
non-metallic prototypes are required, appropriate heads can be mounted to deposit the
corresponding modeling and masking materials. For instance, if an ABS prototype is required,
wax can be used as the mask. This process can be retrofitted to any existing CNC machine.
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1. ABSTRACT:

Fused deposition is a layered manufacturing technology, which is being investigated for
fabrication of functional parts. Defects and voids in the build process affect the quality and level
of accuracy of components. These occur due to several factors, such as the toolpath contours in a
layer, material(s) deposited, and the environmental conditions. For a functional part to be
constructed, a perfect green part is critical. To further understand this process, a visualization of
the deposition is needed. Therefore, we have developed a real-time video microscopy system.
The hardware has been constructed and mounted on the existing liquifier. Real time deposition of
layered manufacturing is being recorded. Three materials being investigated are: PZT, silicon
nitride, and wax. The contrast in wax layering is not as strong, which makes visual observation
extremely hard. However, interaction between the roads of PZT and silicone nitride parts has
been successfully quantified. Using the current set up and software, the raod width and height
have been quantified.

2. INTRODUCTION:

The Fused Deposition Method has been employed as a rapid prototyping technique.
Many different materials are being tested, including silicon nitride, lead zirconate titinate (PZT),
and metals. Rutgers, The State University of New Jersey is currently developing a multi-
material fused deposition fabrication hardware, which could use combinations of different
materials[1].

One critical area in the effort of producing a perfect part is that of quality control. Parts
produced using FDM which contain voids and imperfections will have a much higher probability
of failure. Thus, it is of the utmost importance that the layered deposition is properly understood
so weaknesses in the fabrication process can be corrected. A visualization technique is
imperative as an aid in understanding the deposition method. The goal has been to create a
system by which we could visually observe and then quantify certain aspects of the layering
process. This would produce information not only about how the machine was creating the part,
but also how different materials behave.

3. MOTIVATION:

At Rutgers University, under ONR (Office of Navy Research) funded MURI program [1],
An intelligent layered manufacturing (LM) system for fabrication of multiphase
electromechanical parts has been developed. To achieve this multi-materials LM software
system, one of the necessary requirements is to perform the virtual simulation of the of the multi-
material LM process[2]. In order to make this simulation realistic, the information on layer
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deposition is needed. In the present project, a real time video microscopy system is developed.
This system provides geometric information on deposited roads and layers which will be used in
the virtual simulation.

4. PROCEDURE
4.1 HARDWARE CONSIDERATIONS:

The initial setup included the COHU CCD camera, microscope attachment, and Trinitron
monitor. The task was to create a non-obtrusive way to observe the deposition at high
magnification without effecting or disturbing the normal build process or environment. This
required the equipment to fit into the existing closed FDM chamber and have it mounted in a way
that would allow as normal a build as possible.

The choice of hardware was carefully thought out. It was assumed that going from our
initial video microscope to a different setup would provide the performance enhancements which
were sought since the original hardware was not designed for this task. AEI was selected as a
good choice because of the variety of hardware which they carried. The two choices which had
to be considered again, were either the boroscope or the fiberscope. Both provided integrated
lighting and reduced size. The advantage that the fiberscope seemed to have was that it would be
the most flexible in terms of positioning. However, after a sample was sent to AEI for analysis
with several of their packages, they strongly suggested the boroscope as a solution for our
imaging needs. They felt that the magnification we required would result in compromising
image degradation. This degradation was due to the fact that the image would be carried by a
bundle of fiberoptic cables. As magnification is increased, each of these cables becomes more
visible and the image is fragmented into partitioned areas defined by the individual fibers. This
would make analysis virtually impossible. So, based upon the advice from AEI we selected an
industrial boroscope.

4.2 ATTACHMENT TO THE EXISTING FDM SYSTEM

The next step attempted was a physical mount to the liquifier head. Again, it was
considered imperative to maintain the isolated nature of the build chamber. By mounting an
extra piece to the extrusion head, several new problems had to be faced. Since the head would be
in motion, the possibility of vibration existed. At such a high level of magnification, even a
small vibration can be enough to completely blur the image. In addition, problems of lighting
and depth of field were of similar nature to those experienced in the previous static experiments.

The camera attachment to the liquifier head was considered carefully. Two possible
locations to attach the camera are: to the carriage in which it rides on, and, to the cooling
assembly. To preserve normal function of the machine, the second option of attaching the
camera from the top surface of the cooling chamber was chosen. Primarily, this allowed an
attachment which changed nothing in the existing FDM system when it was connected, Figure 1.
It also gave easy access so the camera assembly could be quickly removed and replaced. Another
benefit which was gained was the ability to remove the liquifier and replace it without changing
anything of the video setup.
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The physical implementation of the mount was two L shaped metal pieces, Figure 1.
Sliding channels were left instead of simple screw holes to allow adjustment in the X, Y, and Z
directions. This helps to avoiding precise measurements and calculations that would have had to
be done in order to place the centerline of the camera exactly along the centerline of the nozzle.
Finally, the camera is held firmly in a u-clamp which is mounted to the protruding L bracket (see
Figure 1).

L-shaped attachment
liquifier

CCD Camera

Boroscope
Figure 1: L-shaped mounting bracket with CCD camera

This setup provided a workable solution. One problem with this setup is that there is no
way to focus the camera except by manually moving it towards or away from the object. With
the small depth of field, this was extremely difficult. Another problem is that the camera and
microscope combined are so long that they just barely fit into the confines of the build chamber.
This left us only enough room for a quarter inch wide part at the very corner of the build
platform. Since the part was so small, the inner contours were such as to require sharp and rapid
turning. The vibration induced from this repeated cornering was too much. As shown later on
the videos taken, all of the sequences were blurry. Long roads parallel to the camera, however,
could be observed.

With minor modifications to the existing implementation, we were able to adapt it to the
new hardware, with an attachment that reduced significantly the vibration problem (see Figure 2).
The benefits which the boroscope had over our previous equipment was its reduced size, a
focusing ring, and an integrated fiber-optic lighting system. This allows a direct beam of high
intensity light to be focused on our area of interest.

Figure 2: L-shape mounting bracket with camera
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The modified set up (see Figure 3) proved to be more efficient and exhibited less vibration than
the previous set up.

Boroscope

Point of focus

Figure 3: Final set up with attachment #2

As far as calibration, it is impractical to place a scale at the point of focus during
operation allowing us to have every frame calibrated automatically by the software on hand.
Therefore, another method was sought. The problem was expected to be solved by using the
nozzle as a reference. Because the nozzle size is known exactly, it would be an easy reference
point to look at in each frame. However, in most of the videos the nozzle is obscured by material
build up. It is unclear whether or not the entire bottom of the nozzle is visible, or if some is
being obscured by material. What is being done to overcome this is to capture visual data on the
nozzle size before the build begins. These initial frames can then be used to calibrate the ones
that will follow. In addition, a ruler with 1/16” markers were recorded and the scale factor was
computed. These markers were quantified within 5% error. This calibration scheme implies that

the results are accurate to £75 um.

4.3 QUANTIFICATION:

For analysis and quantification, we are using HL Image software which has several useful
capabilities. First and foremost, images can be calibrated using a scale image. Thus, we are able
to measure distances and feature sizes directly from the images with good accuracy. It also has a
“blob analysis” function, which discerns areas of different coloration. In images of high contrast,
this can be very helpful since voids can be “automatically” detected and quantified.

5.0 EXPERIMENTATION:

Experiments were conducted with the modified hardware in an attempt to quantify
several aspects of the tool path parameters such as the road shape and road interaction. In these
experiments, the voids were intentionally created by using positive offsets. We held the nozzle
size constant at 15 mil, the road width at 20 mil, the height at 10 mil and the build speed at 12”
per second. Then, video sequences of builds being performed with offsets of 0 mil, -4 mil, and
+4 mil were recorded. Experiments were conducted with silicon nitride, PZT and wax materials.
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An experiment with 5 mil road height on PZT material was for the same set of tool path
parameters.

6.0 ANALYSIS:
6.1 GENERAL OBSERVATIONS:

Various experiments were conducted with wax, silicon nitride and PZT materials. Due to
the natural shine of wax, it is very difficult to distinguish each layer under a light source.

To investigate the vibration problem, the machine was allowed to build two parts without
the camera. These were compared with the images obtained with the ones produced while
recording with the video camera mounted on the machine. Direct visual comparison and
inspection revealed that the set up was not disturbing the normal building process. Stacking of
the rows and inclination angle was almost identical in both image. Under the light of a micro-
camera set up interesting information can are gathered. Several factors were evaluated. They are
road shape, bead shape, nozzle location, voids recurrence and alignment of the beads.

6.2 SILICON NITRIDE EXPERIMENTS:

Initially, the frames captured from the video on Silicon Nitride revealed rows slightly
inclined. The location of the deposited road was changing from layer to layer. The adjacent road
shape was altered as new road was deposited for negative offset. Using HL Image software, a
point of reference was drawn in one of the frames at the beginning of the process. Looking at
successive frames with respect to the point drawn, the nozzle appeared to be in a different
location each time it deposited a bead on top of a previous one, creating the alignment problem
(Figure 4).

Nozzle

Blob

e

Figure 4: Silicon Nitride +4 mil Offset Layered Fabrication
(Inclination is due to camera misalignment)

When the deposition process begins, in the current set-up a blob of material is deposited
for approximately 3 seconds before the nozzle moves, Figure 4. This blob corresponds to a start
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error in the process. However, at the end of each layer there is no blob. The nozzle finishes up

clean.
An enlarged image of the stack of 10 rows was analyzed to determine the inclination

angle 0 between the adjacent layers. This angle of inclination 6 was computed to be 80 1.2°. In
a parallel study, direct measurements were obtained (on cross-sections of 2-2 plates of PZT
fabricated by some hardware) using optical micrograph[ 3]. The inclination angles for PZT
under the similar set-up were 80+13°. These two results are in agreement, and they are hardware

dependent & independent of material properties.
With the aid of HL Image information on the size and shape of the beads was also
obtained. Seven captured frames at random locations and layers, were analyzed and tabulated.

Table-1 Deposited Silicon Nitride Road Width & Height

CAD -4 mil Offset 0 mil Offset +4 mil Offset
Road width(mil) 20 23.29+2.28 21.88+£1.35 27.76 +1.30
Road height(mil) 10 13.87 +0.76 14.06 + 0.89 17.23 £ 1.65

Table-2 Results of Void Creation in Silicon Nitride Parts

-4 mil Offset 0 mil Offset
Void Area(mil”) 0 60.06 +39.16
Equivalent Diameter(mil) 0 7.74 £4.20

Figure 5: Silicon Nitride 0 mil offset Layered Fabrication

The shape of the deposited road was a truncated ellipse, Figure 5. The width of the
deposited roads was slightly larger than what was set by CAD, Table-1. The road height was
larger than the set road height, implying that there is a swelling in the vertical direction. Table-2
shows that -4 mil offset eliminated voids, a perfect part was created. With 0 mil offset, the void
size was 7.74+4.20 mil diameter.
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6.3 PZT EXPERIMENTS:

Again, seven frames were captured for each offset and compared against the values set by
the hardware. For each of the PZT off sets, the bead size was quantified with HL Image software
and a calibrated image. The results are tabulated below.

Table 3: Deposited PZT Road Width & Height

CAD Setup -4 mil Offset 0 mil Offset  |+4 mil Offset
Road width(mil) 20.00 19.71 £ 1.20 19.60 £ 1.60 | 19.94 +2.00
Road Height(mil) 10.00 13.71 + 1.30 1439+ 1.35 | 11.56 £0.75

The results from Table-3 indicate that the road width deposited was close to what was set by
CAD, with an error of about 10%. Whereas, the road height was always greater than what was
set by CAD. This implies that the material was swelling in the vertical direction.

The last aspect to quantify is the voids present in between roads. The entire void area’
accounts significantly for the defects created in the parts built by the FDM machine. Again, using
HL Image software, the void areas were quantified as follows:

Table-4 Results of Voids Creation in PZT Parts

-4 mil Offset 0 mil Offset
Void Area(mil2 ) 1.524+2.37 40.58%+23.90
Equivalent Diameter(mil) 1.39 _ 7.19

Video Microscopy Image

In the case of +4 mil offset the void/gap area is largest as expected. However, this is not an error
of the process. This gap area is due to a predetermined offset between roads. When looking at
the negative offset, the void area is almost negligible compared to the area of the road width.
This makes the negative offset part almost void free. However, the zero off set gives a 7.19 mil
diameter void size. For the current PZT processing set-up, it appears that for a 15mil nozzle with
20mil road width & 10mil height and -4 mil offset, void occupied less than 5% of the area.
Finally, for both PZT & Silicon Nitride materials, the void sizes are very similar.
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7.

CONCLUSIONS:

Video microscopy experiments demonstrated that imperfections in the process can be

detected, analyzed and quantified. This study demonstrated that we can make void free parts by
selecting appropriate toolpath parameters. Plus this investigation helped us quantify how and
when the voids can occur, and this data is useful in making virtual layered manufacturing
simulation more realistic.
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Abstract

Bevel cutting of steel laminations used in profiled-edge laminated tooling allows for a more accurate
representation of the intended die surface, since stair-stepping at the edges is eliminated. Based on experiments
involving maximum cutting speed, bevel angle and kerf quality, the three recommended methods for bevel cutting
steel are (best to worst) pulsed Nd:YAG laser with hard-optic delivery, abrasive water jet, and machining with the
flute edge of an endmill. For each method, bevel angles of up to 80 degrees are possible. Further experimentation
was used to determine the optimal process parameters for kerf quality, with constant cutting speed being one of the
main requirements. Finally, a new technique to assure constant velocity along the entire lamination cutting trajectory
is developed.

1. Introduction and Background

All lamination-based RP methods begin with intersecting a finite number of specified parallel planes
(usually equally-spaced) with a 3-D solid or surface model. The resulting collection of contour or profile curves
define how the laminations are to be machined and assembled. When laminations are cut perpendicular to their
surface (i.e., zero-order approximation), the assembled array of laminations has a stair-stepped surface as shown in
Figure 1(a). Thin laminations (e.g., 0.05 mm) that are common with some RP methods like Laminated Object
manufacturing (LOM), only require surface finishing to remedy this problem. With larger models, thicker layers
(e.g., 10 mm) are typically used and the stair stepping problem becomes more troublesome. Common remedies in
this latter case are to perform secondary machining on the stair-stepped surface or fill in between lamination edges
with some hard material (e.g., epoxy).

Many have recognized the advantages of cutting lamination edges with a varying bevel instead of simply
perpendicular to the surface. Essentially, the lamination edge is defined by connecting two adjacent contour (closed
curve) or profile (open curve) lines with a bevel. As shown in Figure 1(b), bevel cutting allows for a first-order or
piecewise continuous approximation of the tool or model surface between lamination interfaces. Prior work with
thick lamination beveling includes [Beyer et al.,1988] making laminated models with a laser; [Weaver,1991] making
metal tooling with a laser; [Berman,1991] making models with a routing head; [Glozer et al.,1993] cutting aluminum
with an EDM for plastic injection molds; [Walczyk,1994] cutting steel with a laser, AWJ cutter, and machining head
for sheet metal forming dies; [Lee et al.,1996] cutting polystyrene foam with a electrically heated wire; [Zheng et
al.,1996] making models with a laser; and [Hope et al.,1997] making models with an AWJ cutter (Styrofoam).

As seen in Figure 1(c), bevel cutting of a particular lamination requires line-of-site machining instructions

defined by a series of position point and unit directional vector pairs (P,,7 ). There are several algorithms that have
been developed for defining lamination edge bevels and suitable cutting trajectories. [Keppel,1975] developed a
heuristic-based algorithm for obtaining an optimal approximation of the bevel surface defined by randomly
distributed points along adjacent contour lines (i.e., contours are defined by co-planar polylines). The surface
approximation is made up of a collection of triangular facets that stitch the adjacent contours together. Based on the
[Keppel,1975] graph-search technique, [Fuchs et al.,1977] developed a faster algorithm that does not utilize any
heuristics, thereby allowing more options for choosing optimizing criteria. A “minimum square span length”
between nodes on adjacent contours was used by [Newman et al.,1995] as the cost function in an optimal surface
reconstruction. Furthermore, [Newman et al.,1995] used the concept of a cutting contour, defined by the midpoints
of the spans, to describe a constant velocity cutting trajectory. [Zheng et al.,1996] used a “smoothed” path between
two adjacent contours that eliminates the rapid velocity changes corresponding to the transitions between the
computed triangular facets. [Lee et al.,1996] simply defined the cutting trajectory as the exact geometry of the two
adjacent contours. Instead of defining a lamination by two adjacent contours, [Hope et al.,1997] defines a
lamination by its mid-contour curve and the associated surface normal, curvature, and tangency data taken directly
from the NURBS surface model. This information is used to establish a linear approximation of the local surface
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curvature and, hence, the beveled lamination edge. Furthermore, the user can define the thickness of each
lamination.

2. Bevel Cutting of Profiled-Edge Laminations
Profiled-Edge Lamination (PEL) tooling (see Figure 2(a)) has been shown to have distinct advantages over

contoured lamination tooling (see Figure 2(b)) in terms of automated assembly, registration, securing, and re-
machining of the laminations [Walczyk,1998]. Since PEL lamination edges are bevel cut, the issues of developing
kinematically and dynamically desirable cutting trajectories for common tooling materials (e.g., steel) must be
addressed for successful implementation of this method in industry. Therefore, the focus of this paper is to compare
various methods for cutting metal laminations (specifically steel which is arguably the most common tooling material
used), discuss the associated cutting trajectory requirements, and describe a cutting trajectory algorithm which

fulfills these requirements.
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Figure 1 - (2) Stair-stepping of tool surface from perpendicular-cut lamination edges,
(b) smoother surface from bevel cutting, and (c) line-of-site machining instructions needed for bevel cutting.
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Figure 2 - (a) PEL tooling and (b) contoured lamination tooling.

3. Bevel Cutting Methods for Steel Laminations
The most promising methods for bevel cutting steel laminations are machining with the flute-edge of an

endmill, abrasive water jet cutting, plasma-arc cutting, and laser cutting [Walczyk,1998]. To determine how rapidly
and accurately they will machine steel PEL laminations, each of these methods was investigated through a series of
cutting experiments at bevel angles of 0, 30, and 60 degrees. The basis of evaluation for each beveling method will
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be the quality characteristics of the bevel cut as defined by Figure 3. A narrow kerf width is desirable so that fine
details can be cut into the lamination edge. A low surface roughness of the cut surface is desirable since this will
decrease the amount of grinding and polishing time that is necessary for the assembled PEL die forming surface.
Minimal or no edge burring on the farside of the kerf is desirable since it must be removed before the die laminations
can be assembled into a complete die. Deburring increases the overall fabrication time. The lamination material
used for every cutting experiment was 1.5 mm thick SAE 1010 cold drawn steel sheet.

o = bevel angle (0,30,60 deg.)
V., = max. cutting speed

R, = surface finish
(Effects the time
required to finish a die)

w = kerf width
(Can affcct the smallest
achievable geometrical detail)

Hp = burr or dross height
(Burr must be removed
prior to dic assembly)

© =taper angle

{Must be compensated for
with cutting head orientation)

Figui‘e 3- Qﬁa ity characteristics of a bevel cut.

high

Rotating pressure L P 80 grit
Endmill water ¥ dbrasive
particles
Standoff
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Figure 4 - Lamination cutting methods including (a) machining with an endmill,
(b) abrasive waterjet cutting, and (c) laser cutting.

3.1 Machining with the Flute-Edge of an Endmill

As seen in Figure 4(a), a profiled-edge with a compound bevel can be machined using the flute-edge of an
endmill mounted in a 5-axis machining center. According to a series of bevel cutting experiments using a 6.4 mm
diameter endmill, beveling the 1.5 mm thick steel laminations with the endmill’s flute-edge leaves very good surface
finishes but cutting speeds are relatively low. Slower cutting speeds (denoted as V) and higher spindle speeds
(denoted as N) yield the best surface finish (R,) and the smallest burr (Hp). The maximum ¥, and N cutting and
spindle speeds for cutting bevels is highly dependent on the material’s machinability. Although the presence of
coolant did not seem to have any real effect on surface finish and edge burring, it should be used when cutting metal
to extend the life of the tool and to minimize the HAZ of the cut. The extent of burring on the climb-milling side of
the cut is extensive (see Figure 4a) and it gets longer as the bevel angle increases. Due to the high cutting forces
from the large amount of material removed (i.e., width of the tool), there is also significant deflection of the
lamination during machining which exacerbates any chattering problem and decreases machining accuracy. For
comparison purposes, the average surface roughness, burr height, and maximum cutting speed (and spindle speed
used) for each of the bevel angles are listed in Table 1.
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Table 1 - Experimental results for flute-edge endmilling of bevels.

Bevel Angle (o) 0° 30° 60°
Ave. R, (um) 1.3 4.6 3.1
Ave. Hp (mm) 0.3 2.7 8.6
Max. V. (m/min) 0.46 (at N=3000 rpm) 0.46 (at N=3000 rpm) 0.25 (at N=2000 rpm)

3.2 Abrasive Water Jet (AWJ) Cutting

As seen in Figure 4(b), an abrasive water jet (AWJ) is a non-contact method for cutting bevels into die
laminations. The control factors that affect the cut quality are cutting velocity V., upstream water pressure Py, and
size of the abrasive particles. An OMAX JetMachining System was used for the AWJ cutting experiments. The
cutting nozzle diameter and standoff distance from the lamination used for all experiments was 0.76 and 1.27 mm,
respectively. Since the AWJ manufacturer strongly recommended that an abrasive particle of particular size be used,
specifically 80 grit (0.267 mm average particle size), this was not used as a process parameter.

From the experiments, a number of general effects were noticed. It is difficult to generalize about what
effect V., P, and their interaction has on R, because the trends vary with every bevel angle. However, ¥, and P,
have a significant effect on the kerf width w, but in opposite directions. Specifically, w tends to increase with higher
P, and tends to decrease with higher ¥,. The effect that ¥, and P, have on H) is inconclusive. Since there appear to
be no optimal process parameters for bevel cutting with AWJ in terms of R, and Hp, the author suggests using a
maximum ¥, and as low a P, as is practical. Average values of various quality characteristics from the AWJ
experimental bevel cuts are listed in Table 2.

AW]J cutting is a very good non-contact method for machining narrow cuts into die laminations. Because it
is non-contact and low forces are imposed on cutting area, there is negligible deflection of the lamination during
cutting. Aside from a decrease in the maximum V., AWJ cutting seems to have no problems cutting high bevel
angles. According to [Tikhomirov et al.,1992], the maximum ¥ for this process is highly dependent on the yield
strength of the material. However, the measured maximum V. for 1.5 mm thick thickness lamination material made
of mild steel and much harder tool steel are close in value. The surface finish of the bevel cut is slightly rougher than
flute-edge endmilling, but more consistent as process parameters change. The burr left on the far edge of the kerf is
much less than CNC-machining with an endmill especially at high bevel angles. However, the kerf made with AWJ
has a large taper, around 10° for all the bevel angles tested. The kerf taper angle may decrease when thicker
laminations are cut and/or when the upstream P,, is increased.

Even though the cut from an abrasive waterjet introduces error in the cut because of the drag line, taper
angle of the kerf, and variable kerf width; [Matsui,1991] has successfully compensated for these errors to increase
the precision of the AWJ process as shown in Figure 5. Compensation for these errors involves offsetting the
centerline of the kerf by half of it’s width which is a function of V., rotating the cutting nozzle slightly about the
direction of travel (y-axis) by half the taper angle, and tilting the cutting head backwards (about x-axis) to minimize

the effect of the lag line.

Table 2 - Experimental results for AWJ bevel cutting of 1.5 mm thick steel.

o 0° 30° 60°

Ave. R, (um) 4.8 5.1 43
Ave. w (mm) 0.62 0.63 0.80
Ave. Hp (mm) 0.061 0.100 0.053

effective thickness of
material being cut 1.47 1.70 2.95
(mm)
Max. V., (m/min) 0.34 0.31 0.20
kerf taper 10° 11.5° 9°
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Figure S - Compensation methods for AW]J cutting error.

3.3 Plasma-Arc Cutting

Using a plasma-arc is another non-contact cutting method that can be used to cut bevels into steel
laminations. The system used for the bevel cutting experiments was a Hypertherm HD-1070 HyDefinition Plasma
unit. The control variables in plasma-arc cutting are the plasma gas type (O, or Air), the plasma gas pressure P, the
standoff distance of the cutting nozzle from the lamination Hsp, and the cutting velocity ¥,. Extensive
experimentation was abandoned after it became apparent that a plasma-arc was not suitable for beveled cuts. Bevel
cuts at angles up to 45° yielded very large tapers (>10°) in the kerf, excessive dross (Hp=0.9 mm) that was welded to
the metal, and a large heat affected zone (HAZ). The large HAZ caused the cut edge of the lamination to warp
slightly. The maximum bevel angle achieved was 60° but the kerf edge closest to the cutting nozzle was consistently
obliterated from an over-zealous self-burning' of the metal during cutting.

The attractive feature of plasma-arc cutting is the maximum allowable cutting speed which is typically 5 to
10 times faster than that of machining and water-jet cutting. Unfortunately the problems of excessive kerf taper and
the tendency of kerf edge nearest to the cutting nozzle to experience self-burning make plasma-arc cutting unsuitable
for cutting lamination bevels. The key to plasma-arc’s successful usage in cutting bevels will be to solve the edge
burning problem, minimize or even eliminate (if possible) the kerf taper, and to reduce the amount of dross. Such an
effort will require more than the optimization of process parameters which is beyond the scope of this paper.

3.4 Laser Cutting

Laser cutting is another promising non-contact method for machining bevels because of the rapid cutting
speeds and steep bevel angles that can be achieved. The main issue to be resolved is what combination of laser type,
beam temporal mode, and beam delivery system is best for cutting lamination bevels, particularly in steel.
Therefore, a series of experiments were performed with various industrial laser types (CO, and Nd:YAG), cutting
modes (pulsed and continuous wave), and beam delivery configurations (hard optics and fiber optics) to quantify the
ability of a particular laser configuration to cut bevels into lamination material. The object of these experiments was
to determine what maximum bevel angles and cutting speeds were achievable.

CO, laser light can not be delivered by a fiber optic system. Since most glasses, including those used for
fiber optic cables, have a high absorbtivity at the CO, laser wavelength of 10.6 pm, fiber optic delivery for a CO,
laser is not used and is not commercially available [Powell,1993]. A Light beam from a CO, laser is almost always
delivered with a hard optic system.

CO, laser cutting tests were performed using a Laser Dyne Model 780 5-axis CNC Machining System with
a Rofin-Sinar 1700 SM laser. Using the laser fusion cutting method, a pulsed CO, laser beam with hard optic
delivery and nitrogen assist gas successfully cut bevels of up to 45° with narrow kerfs (0.18 to 0.30 mm) but with an
extensive recast material (a.k.a. adherent dross) that is difficult to remove. Pulsing energies of 2.7 to 6.5 joules were
used. For reactive gas cutting (i.e. oxygen assist gas) in pulsed and continuous wave (CW) modes, bevel angles of
only 10° were achievable and most of the cuts exhibited self-burning, presumably from an excess of oxygen in the

! <Self burning’ is an uncontrolled oxidation reaction caused by an excess flow of oxygen.
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the cut, and taper angle 8. The control factors that affect these output responses are the focused spot diameter d
which is proportional to the process lens focal length F, pulse width 7,, pulsing frequency f,, cutting speed V., type
of assist gas (e.g. O,, Air, N,), and assist gas pressure Pg. All of these control factors (actual values used are listed in
Table 3) are easily varied with the CNC laser cutter used for the experiments. Since almost all Nd:YAG lasers used
for cutting have a tuned resonator, the output power of the laser beam is held constant to minimize the beam
divergence. Therefore, the average laser output power was consistently held close to 0.25 kW in this case.

Table 3 - Control factor values for laser cutting experiments.

o 0° 30° 60°

Level low med. high low med. high low med. high

%0, in assist gas| 23 - 100 23 - 100 23 - 62

(mass)

P, (kPa) 140 280 410 140 210 280 140 210 280

F (cm) 7.6 12.7 20.3 7.6 12.7 20.3 7.6 12.7 20.3

f, (Hz) 30 60 100 30 60 100 22 30 40
V. (m/min) 0.13 0.25 0.38 0.13 0.25 0.38 0.13 0.19 0.25

1,, (msec) 0.3 0.4 0.5 0.3 0.4 0.5 0.3 0.4 0.5

In the optimization of the laser cutting parameters, the object is to minimize the surface roughness R,, kerf
width w, and dross height Hp. From the experiments, R, tends to decrease (i.e., better surface finish) with higher
pulsing frequency (except at higher bevel angles), lower cutting speeds, higher percentages of oxygen in the cutting
gas, lower assist gas pressure Py, and longer laser pulses T,. The effect of the processing lens focal length F on
surface roughness was not clear from the experimental results. The kerf width w decreases with lower concentrations
of oxygen, higher pulsing frequencies, shorter pulse widths, and shorter processing lens focal lengths. This last
effect may be explained by the smaller effective focused beam diameter. No significant effects on kerf width were
observed for changes in assist gas pressure or cutting speed. Less dross is noticed with higher oxygen concentrations
and cutting speeds. The effects of assist gas pressure, processing lens focal length, laser pulsing frequency, and
pulse width on H) are either negligible or unclear.

In the following discussion, the parameter values corresponding to the low, medium, and high levels are
found in Table 3. For the smoothest surface finish, a low %0O,, medium f;, and high t,, are recommended. For the
narrowest kerf, a low %0,, high f;, and low F are recommended. For the least amount of dross, a high %0,, medium
P,, and high V. are recommended. Depending upon what surface qualities of the bevel cut are most important, the
levels of each laser cutting parameter can be set accordingly. The test bevel cuts with the best overall kerf quality

and the associated process parameters are listed in Table 4.

Table 4 - Optimal control factor levels for an Nd:YAG laser cutter.

Control Factor Levels Output Responses
o %0, P, F f, V. Ty R, (um) | w(mm) |Hp (mm)
0° High High Low High Med. High 2.6 0.14 0.02
30° High High Low High Med. High 4.4 0.10 0.04
60° High High High Med. Low Med. 5.9 0.07 0.39

With optimal process parameters, lamination cutting with the same general surface finish as flute-edge
endmilling and AWJ are possible but surface finish deteriorates with an increase in the bevel angle. The edge-
burring due to adherent dross is comparable to AW but much less than endmilling. The kerf width is the smallest of
all three bevel cutting methods. Although bevels up to +80° are possible, the range of parameters that yields
acceptable cuts narrows with the increase in bevel angle. Since there is a very small mechanical force associated
with laser cutting, the fixturing required for lamination being cut is minimal. Furthermore, the HAZ of the laser cut
is very small and most of the heat-affected material is blown away during the cutting process.
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cut zone. However, the kerfs are narrow; the adherent dross is porous, brittle, and easily removable; and lower
pulsing energies of only 0.7 joules were needed. Higher cutting speeds were achievable in the CW cutting mode.

Initial Nd:YAG laser cutting tests were performed using a Lumonics JK701H laser with a fiber-optic
delivery. Using O, as an assist gas, an Nd:YAG pulsed laser beam delivered with fiber-optics could cut bevels only
up to 30°. Kerf widths are also narrow (e.g. 0.33 to 0.40 mm) but the cutting dross increases with the bevel angle.
Cutting speeds were slightly lower than for a CO, laser of similar power. Pulsing energies of 2.2 joules were used.
Cutting in CW mode yielded unacceptable cuts.

With the limited success of fiber-optic delivery, a Lumonics JK704 Nd:YAG laser with hard-optic delivery
was used for cutting tests. When air (20% oxygen) was used as the assist gas for a pulsed Nd:YAG laser beam,
bevel cuts up to 75° were achieved. Even higher angles may be achievable. Narrow kerf cuts (i.e. 0.15 to 0.30 mm)
were observed with a porous dross that remains relatively constant for all bevel angles. The lower cutting speeds are
attributable to the low pulsing frequency used. Faster cutting speeds will be achievable at the low bevel angles (i.e. 0
to 40°) if higher pulsing frequencies are used. For cutting experiments involving different lamination thicknesses
and laser powers, the maximum cutting speed decreases non-linearly with increasing bevel angle because both the
effective material thickness and laser energy absorbtivity of the material surface decreases.

Summary: As previously mentioned, a high laser beam energy intensity at the material surface is of prime importance
for cutting steep angle bevels. The limited success with the CO, laser beam delivered with hard optics is attributable
to insufficient energy intensity at these steep angles. The energy absorbtivity of steel and other metals to CO, laser
light is relatively low compared to Nd:YAG laser light, which contributes to this problem. The theoretical focused
beam diameter is 0.102 mm in this case. The better success with Nd:YAG laser beam delivered with hard optics is
attributable to the higher absorbtivity of this shorter wavelength light by the metal and a much smaller focused spot
diameter, specifically 0.008 mm and 0.013 mm for the low and high powered lasers, respectively. A small focused
spot diameter yields a high energy intensity.

The limited beveling success of an Nd:YAG laser beam with fiber optic delivery is due to a large focused
diameter and the homogenization of the laser beam within the fiber. The spot diameter of the laser beam delivered
through a 1.00 mm diameter fiber is 0.5 mm. Even though the theoretical focused spot diameter is typically 2 to 5
times larger in reality [Powell,1993], the focused spot diameter from the hard optic delivery of an Nd:YAG laser
beam is at least an order of magnitude less than the 0.5 mm spot. Furthermore, the laser beam exiting a fiber optic is
homogenized as compared to the incoming beam. Homogenization lessens the exiting laser light’s quality to a non-
gaussian spatial distribution leading to a lower energy density on the material surface.

3.4.1 Optimization of Parameters for Pulsed Nd:YAG Laser Cutting with Hard-Optic Delivery

For cutting bevels into steel sheet—the predominant material used for tooling—the optimal configuration is
a pulsed Nd:YAG laser with hard-optic beam delivery. A pulsed laser beam creates a scalloped-type kerf (see Figure
6(a)) by overlapping drilled holes (see Figure 6(b)). The process parameters chosen for the previous laser cutting
experiments yielded kerfs of generally poor surface finish and geometrical accuracy. In this section, the optimal
parameters for better kerf quality from pulsed Nd:YAG laser cutting are determined.
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Figure 6 - (a) Top view of a pulsed laser-cut kerf and (b) features of laser-drilled holes.

As shown in Figures 3 and 6, the easily measurable output responses that help to define the kerf quality of
the laser cut bevel are the kerf width w, surface roughness of the kerf R,, the height of the burr Hp on the farside of
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3.5 Comparison of Bevel Cutting Methods
Based on the previous discussion, some final comparisons can be made between flute-edge endmilling,

abrasive water jet cutting and laser cutting (plasma-arc cutting not considered) for beveling steel laminations.

o  The higher cutting forces associated with flute-edge endmilling significantly deflect the unsupported portion of a
lamination being beveled. AW]J cutting and laser cutting, i.e. non-contact cutting methods, cause negligible
deflection to the lamination.

e All three cutting methods are capable of high cutting speeds but the maximum speed is highly dependent upon
the steel composition and hardness with flute-edge endmilling and less so with AWJ cutting. The maximum
laser cutting speed is only dependent on laser power which means that higher cutting rates are achievable.

¢ The maximum bevel angle for all three methods is around +80°.

o The kerf from AWJ cutting has a very large, consistent taper of around 10° for all bevel angles that must be
compensated for during bevel cutting. Laser cutting creates only a slight kerf taper. Flute-edge endmilling
leaves no appreciable kerf taper unless there is significant deflection of the lamination and cutting tool during
beveling.

e The width of the kerf affects the smallest radius of curvature achievable for a PEL’s profiled edge. Of the three
beveling methods, laser cutting creates the narrowest kerf. The kerf from AWJ cutting is also narrow but not as
much as that cut with a laser. The kerf width from endmilling is relatively large since it is the diameter of the
cutting tool.

e Flute-edge endmilling leaves a very large machining burr, especially at larger bevel angles. AWJ] cutting and
laser cutting, on the other hand, yield much smaller machining burrs. Laser cutting with a pure oxygen assist gas
yields a porous, brittle edge burr (i.e. iron oxide) which is easily removed from the cut lamination without
grinding.

e  Flute-edge endmilling yields the smoothest surface finish of all the methods although the finish deteriorates at
higher bevel angles from more machining chatter. AWJ cutting offers the most consistent surface finish for all

bevel angles.
The author ranks the suitability (best to worst) of these three bevel cutting methods for cutting steel laminations as

follows:

1. Nd:YAG laser cutting because cutting speed is only dependent on laser power, tool wear is non-existent, cutting
force is negligible and the kerf is the narrowest of all.

2. Abrasive water jet cutting since cutting speed is dependent on material hardness and the kerf taper is the largest
among the three methods.

3. Flute-edge endmilling since the cutting force, kerf width, edge burr, and cutting speed’s dependency on material

hardness is the greatest overall.

4. Suitable Cutting Trajectory and Method for Cutting Steel PELs

From the preceding discussion, uniformity in cut quality and geometry of steel laminations is based on the
control of cutting process parameters. The main parameter that is controlled by the chosen cutting trajectory is
cutting speed. In flute-edge endmilling, the maximum V. is constrained by the steel’s machinability and the
lamination stiffness. Furthermore, R, deteriorates with increasing speed. For AWJ cutting, kerf width decreases
with increasing speed but the effect of the water jet lag line becomes more pronounced. For laser cutting, surface
finish gets better with increasing cutting speed but more extensive deburring is required. The ideal situation for
cutting with any of these three of these cutting methods would be to cut lamination material at a constant speed for
the entire cutting trajectory.

While the methods of [Newman et al.,1995], [Zheng et al.,1996], and [Hope et al.,1997] can be used to
define a trajectory for cutting the top edge of a PEL at a nearly constant velocity, the author has chosen a more
straight-forward procedure. As shown in Figure 7, the lamination’s profiled edge is defined by two adjacent profiles
resulting from the intersection of a two parallel cutting planes (separated by the lamination thickness) with the tool’s
CAD surface model (e.g., NURBS surface). Typically, each profile will be B-Spline curve, ie., a piecewise
polynomial made up of Bézier curves. To achieve a cutting trajectory with a nearly constant velocity, both curves
are divided into the same number (») of equal length segments using numerical procedures. Points are assigned to
the end of each curve segment. This series of corresponding point pairs (P, P,) are used to define corresponding

line-of-site machining instructions, that is, a series of position point and unit directional vector pairs (P, V) as
shown in Figure 1(c). If a constant velocity is prescribed for the point-to-point moves performed by the CNC
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machine (e.g., 5-Axis laser cutter), then the cutting means will have a nearly constant velocities along both profile
curves.

Farside
B-Spline

Curve .
Nearside

Py
Figure 7 - Lamination’s profiled-edge defined by two adjacent B-Spline curves.

Acknowledgment
This research was partially supported by the National Science Foundation CAREER award DMI-9734231.

Bibliography

Beyer, E., Klein, R., and Herziger, G., “Method for the Production of Three Dimensional Models,” German Patent #P 37 11 470.0, Issued
October 27, 1988.

Fuchs, H., Kedem, Z.M., and Uselton, S.P., “Optimal Surface Reconstruction from Planar Contours,” Communications of the ACM, Vol. 20, No.
10, Oct. 1977, pp. 693-702.

Glozer, G.R., and Brevick, J.R., “Laminate tooling for injection moulding,” Journal of Engineering Manufacture, Vol. 207, No. B1, 1993, pp.
9-14.

Hope, R.L,, Jacobs, P.A., and Roth, R.N., “Rapid Prototyping with Sloping Surfaces,” Rapid Prototyping Journal, Vol. 3, No. 1, 1997, pp. 12-
19.

Keppel, E., “Approximating Complex Surfaces by Triangulation of Contour Lines,” /BM Journal of Research Developments, Vol. 19, January
1975, pp. 2-11.

Lee, C.H., Gaffney, T.M., and Thomas, C.L., “Soft Tooling for Low Production Manufacturing of Large Structures,” Proceedings of the 1996
Solid Freeform Fabrication Conference, Austin, TX, August, 12-14, 1996, pp. 207-214.

Matsui, S., Matsumura, H., Ikemoto, Y., and Shimizu, H., “High Precision Cutting Method for Metallic Materials by Abrasive Waterijet,”
Proceedings of the 6" American Water Jet Conference, Houston, Texas, Aug. 24-27, 1991, pp. 127-137.

Newman, W., Zheng, Y., Fong, C., “Trajectory Generation from CAD Models for Computer-Aided Manufacturing of Laminated Engineering
Materials,” Proceedings of the 26" International Symposium on Industrial Robots, Singapore, Oct. 4-6, 1995, pp. 153-158.

Powell, J., CO2 Laser Cutting, Springer-Verlag, Inc., New York, 1993,
Tikhomirov, R.A., Babanin, V.F., Petukhov, E.N., Starikov, [.D., and Kovalev, V.A., High Pressure Jetcutting, ASME Press, New York, 1992.

Walczyk, D.F., and Hardt, D.E., “A New Rapid Tooling Process for Sheet Metal Forming Dies,” 5" International Conference on Rapid
Prototyping, University of Dayton, Dayton, Ohio, June 12-14, 1994, pp. 275-289.

Walczyk, D.F., and Hardt, D.E., “Rapid Tooling for Sheet Metal Forming Using Profiled Edge Laminations—Design Principles and
Demonstration,” Journal of Manufacturing Science and Engineering, Vol. 120, No. 3, August, 1998.

Weaver, W.R., “Process for the Manufacture of Laminated Tooling,” US Patent #5031483, Issued on July 16, 1991.
Zheng, Y., Choi, S., Mathewson, B., and Newman, W., “Progress in Computer-Aided Manufacturing of Laminated Engineering Materials

Utilizing Thick, Tangent-Cut Layers,” Proceedings of the 1996 Solid Freeform Fabrication Conference, Austin, TX, August, 12-14, 1996. pp.
355-362.

129




130




DESIGNING CONFORMAL COOLING CHANNELS FOR TOOLING
Xiaorong Xu, Emanuel Sachs, Samuel Allen, Michael Cima

MIT
Cambridge, MA 02139

Contact:
Emanuel Sachs
MIT
(617) 253-5381
sachs@mit.edu
77 Mass Ave
Cambridge, MA 02139
Rm 35-134

Abstract

SFF technologies have demonstrated the potential to produce tooling with cooling
channels which are conformal to the molding cavity. 3D Printed tools with conformal cooling
channels have demonstrated simultaneous improvements in production rate and part quality as
compared with conventional production tools. Conformal Cooling lines of high performance
and high complexity can be created, thus presenting a challenge to the tooling designer. This
paper presents a systematic, modular, approach to the design of conformal cooling channels.
Recognizing that the cooling is local to the surface of the tool, the tool is divided up into
geometric regions and a channel system is designed for each region. Each channel system is
itself modeled as composed of cooling elements, typically the region spanned by two channels.
Six criteria are applied including; a transient heat transfer condition which dictates a maximum
distance from mold surface to cooling channel, considerations of pressure and temperature drop
along the flow channel and considerations of strength of the mold. These criteria are treated as
constraints and successful designs are sought which define windows bounded by these
constraints. The methodology is demonstrated in application to a complex core and cavity for
injection molding.

1. Introduction
1.1 Motivation

The cooling of injection molding tooling is crucial to the performance of the tooling
influencing both the rate of the process and the resulting quality of the parts produced. However,
cooling line design and fabrication has been confined to relatively simple configurations
primarily due to the limits of the fabrication methods used to make tools, but also due to the lack
of a design methodology appropriate for cooling lines.
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For many years mold designers have been struggling for the improvement of the cooling
system performance, despite the fact that the cooling system complexity is physically limited by
the fabrication capability of the conventional tooling methods. Different methods such as the
helical channels, the baffled hole system, the spiral plug system and the heat-pipes have been
developed for the uniform and efficient cooling of the part [2]. Some mold manufacturers such as
Innova built tools with conformal cooling effect by stacking slices of the tool layer by layer with
cooling channels milled on each layer. Other manufacturers such as CITO Products Inc.
developed the pulse cooling technique for better control of the mold temperature in order to
reduce the energy consumption and enhance uniform cooling condition.

The emergence of Solid Freeform Fabrication (SFF) processes offers injection mold
manufacturers new degrees of freedom in mold tooling. The SFF processes are additive
processes that construct 3D objects by incrementally building up cross sectional layers of
arbitrary complex shapes converted from CAD models. Typical SFF processes include
stereolithography, selective laser sintering, three dimensional printing, solid ground curing,
laminated object manufacturing, etc. [23]. The ability to fabricate 3D features with almost
arbitrary complexity makes these processes extremely useful for fabricating parts and tools that
cannot be practically made by other techniques. One example of the applications is to fabricate
complex cooling channels inside injection molds in order to improve the uniformity of cooling.
The 3D Printing Lab at MIT has been participating in the injection molding tooling project for
several years [24, 25, 26]. The industrial application of 3D Printed tools with serpentine
conformal cooling channels built inside have achieved the simultaneous improvement of the
cycle time by 15% and the part distortion by 9% [26]. With the manufacturing flexibility offered
by SFF processes such as 3D Printing, more complex cooling channel systems such as that
shown in Figure 1b can be fabricated for the further improvement of the cooling performance.

The emergence of new processes that can be used to create tools with conformal cooling
channels placed with almost arbitrary complexity not only offers the designer new degrees of
freedom in the design of injection molding tools but also simplifies the methodology used to
design cooling channels. The work discussed in this paper seeks to develop a methodology for
the design of cooling channels that both simplifies the design and results in substantially
improved performance. As you will see from the paper this methodology makes the design of
complex cooling channel system for the inserts such as that shown in Figure 1b a handy work.
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Figure 1. Left: solid model of the core insert with conformal cooling channels built inside. Right: solid model
for the conformal cooling channel set

1.2 Related Work

Before the scientific analysis was introduced into injection molding, the design of the
mold cooling system was dominated by designers’ experience and simple formula [1-4]. It is not
until early 80’s that the mold cooling simulation was paid more and more attention. Different
methods were proposed to predict the temperature field for the mold and the part during the
cooling stage [5-14]. The cooling related quality issues such as residual stress, shrinkage and
warpage were also addressed in [15-22]. Among those simulation algorithms, an iterative hybrid
scheme proposed by Cornell Injection Molding Program (CIMP) became a standard scheme for
mold cooling analysis due to its computational efficiency [8-12]. Today most of the mold design
packages such as C-MOLD are equipped with this analysis scheme. This scheme treats the
plastic part as one-dimensional transient heat transfer and the mold as three-dimensional heat
transfer. The periodic transient mold temperature field within an injection cycle is separated into
a quasi-steady component and a time—varying component. The quasi-steady component
reflecting the cycle—averaged temperature field is obtained by solving the Laplace equation for
the entire mold using the boundary element method. The solution is then used as the boundary
for 1D part temperature field. The iterative reference between the boundary element solution of
the cycle-averaged mold temperature field and the finite difference solution of the part
temperature field continues until a steady temperature boundary is achieved at the mold-part
interface. Compared with the finite element simulation that needs to calculate the internal nodes,
the hybrid scheme discussed above significantly reduces the computational time because only the
boundary nodes are considered for obtaining the cycle-averaged mold temperature field.

The emerging techniques for freeform fabrication of the injection molding tools place a
new challenge to the mold design and analysis strategy due to the increased complexity in
cooling channel geometry. This situation motivates us to develop a systematic tool for conformal
cooling line design. Compared with the existing cooling analysis software, the methodology
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discussed in this paper builds a synthesis tool instead of an analysis tool for the design of the
complex conformal cooling channels which take the full advantage of SFF processes.

2. Heat transfer model for conformal cooling

As the name implies, conformal cooling is used to signify cooling channels that conform
to the surface of the mold cavity. However, in this paper, the term “conformal cooling” has a
further significance that is related to the transient heat transfer within the mold. When a mold is
started up it takes some time before the mold reaches a steady state operating temperature.
Figure 2 shows the mold surface temperature histories recorded by the thermocouples for both
the mold with conformal cooling channels and that with straight cooling channels [24]. As one
can see from the figure, the mold surface temperature of the core with straight cooling channels
tracked over 25 successive injections starting from the coolant temperature of 12° C and reaching

a cycle average steady state temperature of approximately 55° C. However, if the cooling lines
are placed very close and conformal to the mold surface the steady state condition is reached
very quickly. As illustrated in Figure 2 the cycle average temperature of a conformally cooled
core reaches its steady state value after one injection cycle. Our operational definition of
conformal cooling then is that the cycle average temperature reaches its steady state value within
one injection cycle. As shown by experiments, the difference of the mold surface temperature
profiles we just discussed above significantly effects the part quality and productivity.
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Figure 2. Comparison of mold surface temperature histories for straight channel
cooling and conformal channel cooling

The difference between two cases shown in Figure 2 has to do with the rate of the energy
transfer into the mold over successive injections and the thermal inertia of the mold. As the hot
plastic comes in during each successive injection, heat transfer takes place across the plastic
mold interface and a heat pulse is conducted through the mold material itself. This heat pulse
warms up the mold material as it propagates toward the cooling channels and is eventually
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removed in the cooling water. If the cooling channels are far from the mold’s surface, successive
heat pulses keep raising the temperature of the mold until the heat pulse propagating in is
balanced by heat extraction by the coolant. If the cooling channels are close to the mold surface,
the effective thermal mass of the tool is confined to that region between the surface and the
cooling channels and is much reduced. In addition, the conduction path from the surface of the
tools to the cooling lines is reduced. As a result, the steady state condition is reached much more
rapidly and can in fact be attained within one injection cycle.

An energy balance may be written for the active portion of the mold, that is the portion
between the surface and the cooling lines. Equation (1) shows the resulting differential equation
(see Appendix A for derivation of this equation).

dr, haDK,

m

(T -T ) — ppcplp (Tmelt _Tgiect)

+ m )
dt 2K W +haDl, t

cycle

The first term in Equation (1) captures the thermal mass of the tool and the build-up of
heat as the temperature of the tool increases. The second term in Equation (1) captures the
transfer of heat by conduction through the mold and then convection into the cooling fluid. The
right hand side of Equation (1) captures the source of the heat, which is the cooling down of the
plastic. This first order differential ordinary differential equation has the solution of the form
shown in Equation (2) where T, is the cycle averaged mold temperature at steady state and 7 1s
the time constant of the system. Equations (3) and (4) give the expressions for cycle averaged
mold temperature and the time constant respectively. Our definition of conformal cooling can
now be stated formally by requiring that 7 be less than or equal to one injection cycle time.
Figure 3 shows a prediction of Equation (2) superimposed on the experimental results previously
shown in Figure 2. As can be seen, there is reasonably good prediction with the cycle average
temperature.
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A limiting case of Equation (4) is that where the heat transfer to the fluid is very efficient
and we can then examine the limiting case where the heat transfer coefficient goes to infinity. In
this case, the expression for the time constant reduces to the form shown in Equation (5). In this
simplified expression we see that the important material property for the mold is the thermal

diffusivity which is K, / p, C,,. We also see that the time constant is proportional to the square

of the distance between the surface of the mold and the cooling channels. This simplified
expression makes clear the importance of considering this as a transient heat transfer calculation.
If this were a steady state heat transfer problem then doubling the thermal conductivity of the

135




mold would allow the channels to be placed twice as far away. However, as we can see from
Equation (5) if we double the thermal conductivity and place the channels twice as far away the
time constant in fact increases by a factor of 2. Thus, while the material properties are important,
the geometry (as seen by the square of the distance of Equation (5)) is even more important.
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Figure 3. Comparison of the experiment data vs. the simulation data for the
mold surface temperature profile during successive injections

3. Design methodology

The introduction of conformal cooling significantly simplifies the injection molding
cooling system design methodology. In the conformal cooling situation, the heat transfer is
localized in a small region between two adjacent cooling channels. This feature suggests that we
first design a cooling “cell” composed of the small region between the adjacent cooling lines and
then map the solution to the entire mold. The flexibility of SFF processes makes this modular
approach possible by minimizing the manufacturing constraint that must be applied. This
strategy simplifies the cooling line design by providing a sequential approach which provides a
global solution by the addition of many local solutions. While the design process is simplified,
the resulting cooling line designs can be quite complex and take full advantage of the flexibility
of SFF processes.

Figure 4 illustrates this design strategy by using a generic part with a hemispherical dome
and a flat bottom. As shown in the figure, the part is first divided into two cooling zones (a
hemisphere and a flat surface) based on its geometry. Then in each cooling zone the conformal
cooling surface is constructed and the cooling channel topological structure is defined. After that
the system of cooling channels is further decomposed into small elements called cooling cells.
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The heat transfer analysis and the cooling system design is based on these cooling cells and is
then mapped to the entire mold. This modularized design strategy is not sensitive to the part
geometry, therefore it keeps the same design simplicity no matter how complex the part
geometry is.

conformal par cooling cavity

Map design

Cooling zone 1 back to mold

Conformal
cooling
design rules

Original

Cooling cell after

Map design
back to mold

Cooling zone 2

Figure 4 Steps for the modularized cooling line design for a generic part

4. Design rules

After the cooling system has been decomposed into simple cooling cells by the method
discussed above, the design rules are applied to these cooling cells in order to obtain cooling
channel design parameters and process conditions. In this chapter, six design rules are proposed
and design windows are constructed for the cooling line design based on individual cooling cells.
These rules include design for conformal cooling condition, design for coolant pressure drop,
design for coolant temperature uniformity, design for sufficient cooling, design for uniform
cooling and design for mold strength and deflection.

4.1 Design for conformal cooling condition
The conformal cooling condition defined in section 2 must be applied throughout the
tooling in order to guarantee the good control of the temperature at the surface of the tool. In

order to satisfy this condition, the mold designer can increase the heat transfer coefficient,
increase the channel diameter, decrease the distance between the cooling lines and the mold wall

137




or choose mold material with a high thermal diffusivity. The determination of these design
parameters is also constrained by other design rules that will be discussed below.

4.2 Design for coolant pressure drop

The allowable pressure drop of the coolant in the conformal cooling channel is
constrained by the available pumping pressure of the chiller. The objective of the cooling line
design for pressure drop is to find a proper combination of the coolant flow rate, the cooling
channel diameter and the cooling line length so that the resulting total pressure drop is smaller
than the given pressure budget. The fluid mechanics of the incompressible flow can be used to
predict the coolant pressure drop that is a function of the cooling line length, the cooling line
diameter and the coolant flow rate [27].

L
P=—p’°C 6
2D pv Ly (6)
where C;in Equation (6) is the cooling channel surface friction factor which differs for different
flow regions:

C, = - (for laminar flow) (7
eD
0.25 e 6.9,
C, = 1.82(10&0 [(3.7 D)I'“ l ReD]) ? (for turbulent flow) (8

In the above equations, R.p is the Reynolds number of the coolant flow. e is the surface
roughness of cooling channels.

4.3 Design for coolant temperature uniformity

The objective of the design for the coolant temperature uniformity is to check and make
sure that the coolant temperature drop is maintained within a certain range. A simple expression
of the coolant temperature drop AT is obtained by the following equation:

— pp CPZPWL A (Tmelt _Teject)

®
pc Cc Q tcyc!e

AT

where J, is half the plastic part thickness, w is the cooling line pitch distance, L is the cooling line
length, O is the coolant flow rate and #.c. is the injection cycle time. o, Ce, pp, C, are the
densities and specific heats for coolant and part materials respectively. Equation (9) indicates
that during the steady injection cycles the heat pulse due to the cooling down of the plastic part is
totally converted to the temperature rise of the coolant flow. In order to reduce the coolant
temperature drop, the designer can use the coolant with large thermal mass, increase the coolant
flow rate, decrease the pitch distance between two adjacent cooling channels or reduce the length
of the cooling line.
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4.4 Design for sufficient cooling

As we have discussed in section 1, the cooling analysis scheme adopted by most of mold
design software is computationally expensive and not good for the design and analysis of
complex cooling channels. With the concept of conformal cooling, this scheme is much
simplified. As the matter of fact, the steady cycle averaged mold temperature can be directly
derived from Equation (3). However, this expression requires both the part ejection temperature
Tejec: and the cycle time ., which can not be both obtained. A simple iteration discussed below
finds the cycle time and the steady cyclic mold temperature 7, based on the required part
ejection temperature:

Step 1. Assume the cycle averaged mold temperature 7.

Step 2. Calculate the cycle time £, for the required part ejection temperature according to 1D
part heat transfer.

Step 3. Calculate the part ejection temperature at the end of .

Step 4. Calculate the cycle averaged mold temperature 7,,; based on equation (3).

Step 5. Replace 7,5 in step 1 by the cycle averaged mold temperature value obtained in step 4.

Step 6. Follow the iterations from step 1 to 5 until the cycle averaged mold temperature T,
reaches a steady value.

For readers with special interest in detail algorithms, please refer to Appendix B.
4.5 Design for uniform cooling

The “uniform cooling” in this paper has both the global and the local meanings. The
global uniformity is the cooling rate variation over the entire mold. It is guaranteed by keeping
the coolant temperature uniformity. The local cooling uniformity refers to the variation of the
mold surface temperature within the individual cooling cell sketched in Figure 5(a). The local
cooling uniformity is defined by the difference of the cycle averaged temperatures on the mold
surface right above the cooling channel and at the middle of two adjacent channels, i.e. points A
and B in Figure 5(a).
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Figure 5 (a) Sketch of a cooling cell for cooling uniformity analysis. (b) Comparison of the analytical and
numerical solutions for cycle averaged mold surface temperature differences at point A and B
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The cycle averaged mold surface temperatures at point A and point B are expressed by
the following equations:

pp Cplp (2KmW + hﬂDla )(Tmelr - T'e{;ecr)
+ 4

- 10
" ‘ hﬂ-DKmtcycle ( )
T — T + pp Cplp (2KmW + hﬂ-le )(]1mell - T;ecr) (1 1)
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where 1, and [, are the depth of the heat diffusion into the mold at point A and point B
respectively. T, and T, ..c@TC part ejection temperatures at A and B respectively. The cycle

averaged temperatures T, and Ty are obtained following the same routine as discussed in
section 4.4. The local cooling uniformity of the mold is thereby defined as the absolute value of
the cycle averaged temperature difference between point A and point B:

ATy =Ty =T | (12)

Figure 5(b) plots the local cooling uniformity and compare it with the numerical solution
(see Appendix C for details) for different cooling line pitch distance. The material properties
used for this calculation are those of polystyrene (part), 316 stainless steel (mold) and 30 °C
water (coolant). The calculation is based on 2mm part thickness, 4mm cooling channel diameter
and 3mm vertical distance from cooling line to mold wall. The heat conduction distances /, and
I, in equation (19) and (20) are chosen to be distances from point A and B to the wall of the
cooling channel respectively. As one can see from the figure, the analytical and numerical
solutions match very well in a certain pitch distance range. More accurate prediction can be
achieved by adding adjustment factors to /, and I,

4.6 Design for mold strength and deflection

Rao [3] predicted the mold stress and delection based on the rectangular cooling channel
model shown in Figure 6. According to his model, the maximum tensile stress in the mold under
a certain injection pressure P,, is:

