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We are focusing ORNL resources  
to support manufacturing initiative 

•  Manufacturing and materials R&D to: 
–  Reduce the energy intensity of U.S. industry 
–  Support development of new products 
–  Strengthen our nation’s competitiveness 

and economic vitality 

•  Leveraging ORNL’s distinctive  
core capabilities 
–  Advanced materials 
–  Advanced characterization 
–  Neutron scattering 
–  High-performance computing 

www.ornl.gov/manufacturing 

Manufacturing Demonstration Facility 
(MDF): a multidisciplinary DOE-
funded facility dedicated to enabling 
demonstration of next-generation 
materials and manufacturing 
technologies for advancing the US 
industrial economy 
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ORNL’s MDF is primarily focused in 
two key areas– additive manufacturing and carbon 
fiber & composites 

MDF 

Additive 
Manufacturing 

Carbon Fiber 
& Composites 

Lightweight 
Metals 

Processing 

Low-
Temperature 

Material 
Synthesis 

Transient 
Field 

Processing 

Roll-to-Roll 
Processing 

Several ancillary technical areas 
have been incorporated in the 
MDF as appropriate to the overall 
mission of the program 
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MDF Focus Efforts in AM: 

Leveraging key resources at ORNL to accelerate 
technology implementation 
•  Developing advanced materials  

–  Titanium alloys, Ni superalloys, stainless and ultra high-
strength steels 

–  High-strength, carbon-reinforced polymers 
•  Implementing advanced controls 

–  In-situ feedback and control for rapid certification and 
quality control 

•  Exploring next-generation systems to overcome 
technology barriers for manufacturing  
–  Bigger, Faster, Cheaper 

–  Integrating materials, equipment and component suppliers 
with end users to develop and evolve the supply chain 
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Additive Manufacturing Processes 

Process 
Applications 

Polymers Metals Other 

Binder Jetting !    !    !  * 
Directed Energy Deposition !    
Material Extrusion !    
Materials Jetting !    
Powder Bed Fusion !    !    
Sheet Lamination !    !    
Vat Photopolymerization !       

* ceramics, sand for metal casting 
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Additive Manufacturing Offers New 
Frontier for Research 

Hybrids are now 
possible! 

•  Airbus A380 Nacelle Hinge 
Bracket 

•  Weight Reduction by 64% 
–  918 grams to 326 grams 

Altair- EADS Innovation Works 
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Titanium Brackets 
•  Bleed Air Leak Detect (BALD) Brackets  

–  Buy to Fly Ratio of 33:1 

•  Fabricated BALD Brackets Using Arcam 
EBM, followed by HIP, and finished machined 

–  Met ASTM standards for Tensile 
Properties 

–  Decrease By to Fly Ratio Down to ~ 1.5:1 

–  Decreased Cost by Over 50% with 
Additive Manufacturing 

Application 
Aerospace: Direct Parts 

Property Minimum Value Maximum Value 
Ultimate Tensile Strength, (ksi, MPa) 132 910 152 1,048 
Elongation, % 12 22 

Over 60 Tensile Specimens Tested Within a Matrix of Processing Conditions 

As-Deposited As-HIPED 

Pores 

Consistent with 
data from 
ARCAM 
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Changing the Paradigm on Advanced 
Manufacturing 
Interview with Leo Christodoulou 

•  Information Content: Principle value of a 
component is not in the design or the 
material its made from, but what you know 
about it, the information content. 

•  Information content is key for putting a 
part in service due to risk and regulation. 
–  Conventional processes have established 

information contents which drives utilization 

•  Not economically viable to certify 
advanced processes using conventional 
methods.  Need advanced modeling. 

May 7, 2012 
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What Scientific Challenges: 
•  Thermal Conditions 

–  Coupling of Energy Source with Feed Stock 

–  Wide Range of δT/δx & δT/δt  "Microstructural & Residual Stress Gradients 

•  Microstructural Heterogeneity 
–  Solidification – Crystal Orientation " Anisotropy 
–  Solid-State Phase Transformations " Heterogeneous Microstructure 

•  Mechanical Heterogeneity 
–  Due to different precipitation kinetics "Residual Stress 

–  Locked in Residual Stresses " Pre-existing Cracks 
–  Fatigue Properties " Inferior to Traditional Manufacturing 
–  Unreliable mechanical properties "Need for Secondary Process 

•  All of these are process, material, AND part specific! 
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Modeling of AM is Challenging and 
Computationally Intensive: But Needed! 

3-mm weld pool motion simulation 
takes more than 48 hours in a high-
end computer using a commercial 
fluid dynamics software! 

Pervasive AM modeling 
efforts will Rapidly 
increase process 

knowledge 
Courtesy of Dr. S Babu 
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Resulting Microstructure 
of Directed Energy 
Deposition Correlates to 
Process Parameters, 
Scan Strategy and 
location 

Dinda et. Al., 2009 

102 G.P. Dinda et al. / Materials Science and Engineering A 509 (2009) 98–104

Fig. 4. The microstructure of the horizontal section, i.e., cross-section perpendicular
to the build direction.

As described previously, the microstructure of the transverse sec-
tion varies at different location of each layer depending upon the
local cooling rate. A detailed microstructural morphology of the as-
deposited sample from bottom to top layer can be seen in Fig. 5.
It shows isometric (three-dimensional) view of microstructure at

three locations of the deposit: (a) first layer, (b) middle of the sample
(between first and top layer), and (c) lop layer. As can be seen from
the three dimensional view that the microstructural elements are
mostly columnar dendrites from bottom to top layers of the deposit.
However, an orientation transition from horizontal dendrites to the
vertical dendrites was observed at the upper part of the top layer.
This dendrite orientation change was observed at the uppermost
part (!20–50 !m thick) of each layer. Due to the partial remelting
of the upper part of the previously deposited layer, this transition
layer remelted during subsequent layers deposition. Hence, only
topmost layer shows this orientation transition. This transforma-
tion is due to the changes in the heat flux direction at the topmost
part of the melt pool. At the top surface of the melt pool, the mag-
nitude of heat flux to the back of the melt pool is higher compared
to the substrate due to the hemispherical shape of the melt pool. As
a result, at the very top part of each layer, dendrite grew from the
back of the laser melt pool which appears as horizontal grain in the
deposit.

To study the thermal stability of the dendritic structure, i.e.,
effect of post-deposition heat treatment on microstructure and
mechanical properties, the as-deposited samples were annealed at
700, 800, 900, 1000, 1100, and 1200 "C for 1 h followed by cooling in
air. Fig. 6 shows the microstructures of the laser deposited sample
annealed at different temperatures. It can be seen from Fig. 6 that
the dendritic structure was stable up to 1000 "C. There is little indi-
cation of crystallization near the interface between substrate and

Fig. 5. Showing three-dimensional view of microstructures at three location of the deposit: (a) first layer, (b) middle of the sample (between first and top layer), and (c) lop
layer.
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Resulting Microstructure 
of Directed Energy 
Deposition Correlates to 
Process Parameters, 
Scan Strategy and 
location 

100 G.P. Dinda et al. / Materials Science and Engineering A 509 (2009) 98–104

Fig. 2. The optical micrographs of the longitudinal section of the as-deposited samples (a) L1 and (b) L1A.

2. Experimental

Commercially available, gas atomized Inconel 625 powder
(Praxript Inc.) was used for this study. The powder had a com-
position of 64.61 Ni, 21.25 Cr, 8.45 Mo, 4.65 Nb and 1.06 Fe (in
wt.%) with a powder size distribution of 45–135 !m diameter.
The substrate was an Inconel 625 rolled plate with dimensions of
150 mm ! 100 mm ! 7 mm. There are many variables in the DMD
process that can affect the microstructure and mechanical prop-
erties of the resulting part, such as laser power, powder feed rate
and laser scanning speed. In the present study, a statistical design
of experiments based on L9 orthogonal array of Taguchi method
was employed to assess the effect of different processing parame-
ters on the microstructure and mechanical properties of the laser
deposited samples.

Laser deposits were made using a DMD system, developed at
the University of Michigan. A 6 kW CO2 laser unit with a laser beam
diameter of 0.5 mm was used in this experiment. To prevent oxi-
dation, helium gas was used as a shielding gas as well as powder
carrier gas. A combination of the following DMD parameters—laser
power 600, 750 and 900 W, laser scanning speed 300, 450 and
600 mm/min, and powder feed rate of 8, 10, and 12 g/min were
used as per the L9 orthogonal array of Taguchi matrix (Table 1).
Nine different thin wall samples of dimensions 50 mm ! 8 mm lay-
ers, with thickness varying between 0.6 and 1.2 mm according to
the process condition, were produced using the DMD machine
with a single laser pass in a helium atmosphere. The Z-increment
between layers was 0.25 mm in all the samples examined in this
paper. Samples were fabricated on a substrate of Inconel 625 rolled
plates.

The microstructures of the longitudinal (x–z), transverse (y–z)
and horizontal (x–y) sections of the as-deposited samples were
investigated by optical microscopy (Nikon eclipse ME 600) and
scanning electron microscopy (Philips XL30 FEG SEM). The crys-
tal structure and the lattice parameter of the as-deposited samples
were examined using a Rigaku rotating anode X-ray diffractometer
by Cu K" radiation at 40 kV and 100 mA. All samples were scanned
in the standard !–2! geometry from 30" to 100" with a 0.01" step
size and 1-s dwell time. A mixture of 10 ml HNO3, 15 ml HCl and
10 ml CH3–COOH etchant was used for the optical and scanning
electron microscopy. The hardness of the sample was measured
using a Vickers microhardness tester (Clark, CM-400 AT) using a

500 gm load for a dwell time of 10 s. The final hardness value was
calculated by averaging data from five indentations.

To study the thermal stability of the as-deposited structure, a
set of samples were annealed at 700, 800, 900, 1000, 1100 and
1200 "C for 1 h followed by cooling in still air. The heat treatment
was performed in argon gas atmosphere in a horizontal cylindrical
furnace.

3. Results and discussion

Fig. 1 shows the transverse-section images of nine deposits pro-
duced with different combination of laser deposition parameters as
per the L9 Taguchi matrix (Table 1). The primary goal of the design of
experiments was to optimize laser deposition parameters for pro-
ducing samples with minimum porosity and maximum deposition
rate. However, it should be noted that all combination of deposi-
tion parameters selected in this study (power: 600–900 W, speed:
300–450 mm/min, and feed rate: 8–12 g/min), produced samples
with no relevant defects such as cracks, bonding error at the inter-
face between deposit and substrate or pores in the deposits. This
observation revealed that Inconel 625 is a suitable material for laser
deposition with a wide process window. It can be seen from Fig. 1
that the maximum deposition rate was observed in the sample
L7 that was produced with maximum power (900 W), minimum
scanning speed (300 mm/min) and maximum powder feed rate
(12 g/min). It is obvious that a high laser energy melts large amounts
of powder and eventually results in a higher deposition rate.

The optical micrographs of the longitudinal section of the
deposits L1 and L1A are shown in Fig. 2. Both samples were pro-
duced with the same laser deposition parameters (power: 600 W,
speed: 300 mm/min, and feed rate: 8 g/min), however, laser scan
direction was different as schematically shown in Fig. 2. For sample
L1A, the laser scan direction for all layers was identical (from right to
left), whereas for sample L1, the scan direction of each layer changed
by 180" with the direction of previously deposited layer. Microstruc-
ture of longitudinal section revealed the pattern of layer-by-layer
deposition. It should be pointed out that the microstructure mostly
consists of columnar dendrites, which grew epitaxially from the
substrate. Moreover, the growth direction of the columnar den-
drites was tied to the laser scanning direction. From Fig. 2(b), it can
be seen that the primary dendrites have almost same orientation

Dinda et. Al., 2009 
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Residual Stress is a Significant 
Challenge in AM: 

•  Dependent on Composition, Process, 
Energy Source, Energy intensity, Scan 
strategy 

influenced thereby [18]. On the other hand, residual stres-

ses contribute to crack formation or disconnection of parts
from the base plate [19] (cp. Fig. 3).

Industry and science will thus be challenged by devel-

oping methods for the prediction of the structural part or
layer characteristics prior to the building job [20]. In this

context, numerical solutions by means of the FEA com-

prise adequate algorithms [21, 22]. Based on this approach,
optimised process parameters, scanning strategies or

methods in order to optimize ALM can be derived [23–27].
The presented work comprehends different approaches

to investigate residual stresses and part deformations

caused by the SLM process. First, a numerical method for
coupling the thermal and the mechanical simulation within

a three dimensional model including temperature depen-

dant material properties for powder and solid is described
[28]. Within this simulation, specific requirements and

boundary conditions of ALM technologies are considered

[29]. Second, experimental series for the investigation of
the occurring stresses and deformations using the neutron

diffractometry and the coordinate measuring technique are

carried out [30]. For evaluating the influence of different

process parameters on the structural effects, the measure-

ments are taken in dependence of the underlying scanning
strategy, the powder layer thickness and the initial platform

temperature. Finally, the results of the thermo-mechanical

simulation are compared to experimental investigations.

2 Simulation of transient effects

To account for the numerous physical effects within the
manufacturing process, different strategies are fundamental

for an industrially useful simulation. Due to the available

computing power, for example, it is not always feasible to
model every single scanning vector within the energy

application. Hence, the following chapters will describe a

so called global model based on whole parts. Contrary to a
more specified layer model [31], which considers the exact

scanning strategy, it is the aim of the global model to

substitute the scanning vectors of every layer by scanning
areas. Thus it is possible to calculate the residual stresses

and deformations of the whole part. A global model based

on whole parts contains most of the occurring transient
physical effects within the manufacturing process, e.g.

comparable temperature gradients, melting and re-melting,

a repeated change of the material properties or metallur-
gical phase transformations. Only the exact scanning

strategy is disregarded.

2.1 Simulation model

For the geometry generation, a specific interface between
the SLM manufacturing system and the numerical simu-

lation in ANSYS 11.0 is used. Thereby, the scanning pat-

tern serves as a base for the selection of corresponding
nodes and elements. Accordingly, the underlying method

allows the representation of the exact part orientation and

the single layers due to the direct access to the manufac-
turing systems control unit. Hence, supports are recognized

as well through the algorithm. Figure 4 displays the

geometry consisting of a t-shaped cantilever, accordant
supports and the structural panel.

Fig. 2 Solidification of metal powder in SLM

Fig. 3 Residual stresses and crack formation in SLM

Fig. 4 Base-plate, supports and cantilever geometry for the
simulation

Fig. 1 Typical applications produced by SLM [10]
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the ideal monochromator settings depend on the distance

between two adjacent parallel planes of a lattice, the
desired neutron reflection angle and the intrinsic line width

of the sample reflection. The neutrons are impinged on the

cantilever in longitudinal, normal and transversal direction
for defined measuring points and deflected due to char-

acteristic strains of the metallic lattice. A special detecting

unit for the power spectral density (PSD) is used in order
to record the deflection angle of the neutrons. Subse-

quently, mathematical algorithms to reduce the back-
ground emission on the one hand side and to calculate a

normally distributed intensity profile of the deflection

angle on the other hand side are used. Figure 8 displays
the instrument for the evaluation of residual stresses by the

neutron diffractometry.

Due to the predefined measurement conditions, the
neutron scattering angle of the martensite lattice showed

values between 96.159! and 96.559! including a minimum

measuring fault of 0.008! and a maximum fault of 0.063!.
Accordant deviations within the scattering angle can be

explained with the large Co fraction of 10 % (mass%) in

the alloy, which comprises a very high neutron absorptivity
of 37.18 cm2/g [33] and thus reduces the reflected inten-

sity. Besides, the investigated martensite lattice leads to a

widely expanded intensity profile because of the occur-
rence and superposition of two characteristic measuring

peaks at about 96!.

In addition to the scattering angles, a reference angle of
the strainless lattice is necessary for the calculation of the

specific strains. Hence, defined volumes of 1.0 mm3 are

separated from an ALM-structure by means of wire-cut
electro-discharge machining (EDM). It is expected, that the

residual stresses show a relaxation as well as a transfor-

mation into plastic strains. The neutron scattering angle for
the reference specimen constitutes 96.335! with an abso-

lute failure of 0.009!. Based on the different scattering

angles, strains can be calculated directly according to the
Bragg law. By means of the following equation, the exact

distances between two adjacent parallel planes of a lattice

are compared to the measured deflection angles. Within the

equation, k characterizes the neutron wavelength, dhkl is the
distance between two lattice planes and 2 hhkl indicates the

measured detector angle.

k ! 2dhkl sin 2hhkl

To gather residual stresses from the calculated strains,

additional information about the Young’s modulus and the
Poisson’s ratio are essential [16, 30].

The neutron diffractometry is applied in order to evaluate

the residual stress state of t-shaped cantilevers in depen-
dence of the underlying scanning strategy (x-scanning,

y-scanning, xy-scanning (alternating), island-scanning)

applied during the manufacturing process. In this regard, it
is expected that a simple x-scanning (parallel to longest

cantilever edge) leads to larger residual stresses than a

locally distributed island-scanning or a y-scanning. [14]. In
general, short scanning vectors, which occur within an

island scanning strategy, cause higher temperature gradients

than long scanning vectors, e.g. within a x-scanning-type.
Concerning the thermo-mechanical effects, an alternating

annealing of single islands leads to lower residual stresses

than a non-recurring heat influence, which is typical for a
conventional scanning strategy. The accordant specimen

are manufactured with a powder layer thickness of 50 lm, a

laser beam power of 200 W and a scanning velocity of
450 mm/s (cp. Fig. 9).

Concerning the residual stresses of the cantilever, a

differentiation between longitudinal (x-direction), normal
respectively bending stresses (y-direction) and transversal

(z-direction) stresses is carried out. Longitudinal stresses in

combination with normal stresses are responsible for a
bending of the cantilevers in the positive z-direction [34].

The stresses are evaluated in 12 measuring points, which

specimen 

monochromator Si(400) -
lambda = 1.73x10-10 m
(aperture 2 x 2 x 2 mm!) 

detector 
(PSD, 20 x 20 cm2)

x-/y – coordinate table

Fig. 8 Experimental environment STRESS-SPEC for Neutron dif-
fractometry at the FRM-II

specimen 1 
(xy-scanning/
alternating) 

specimen 2 
(x-scanning)

specimen 4 
(island-scanning)

specimen 3 
(y-scanning)

x

y

x

y

z

x-scanning
resp. y-scanning

x

y

z

island
scanning

z

cantilever dimensions 70 x 15 x 12 mm"

10 mm

Fig. 9 Cantilever specimen on the base plate
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are arranged along the x- (horizontally, 8 points) and the

z-coordinate-direction (vertically, 4 points) in the center of
the cantilever. The results are based on a Young’s modulus

of 210 GPa and a Poisson’s ratio of 0.273. Positive values

characterize tensile stresses, whereas negative values
indicate compressive stresses.

First of all, Fig. 10 illustrates the longitudinal stresses in

8 adjacent measuring points along the x-direction of the
cantilever as a function of the underlying scanning strategy.

In principle, it is expected to obtain a symmetrical char-
acteristic, whereas the results are afflicted with some

uncertainty due to the high Co percentage and the mar-

tensite lattice. Furthermore, some local stress peaks are
responsible for an additional superposition of single values.

Consequently, the diagrams are containing error bars in

order to show statistically assured positive and negative
deviations.

The highest tensile longitudinal stresses within a range

between 200 N/mm2 and 391 N/mm2 as expected occur, if
a conventional x-scanning strategy is applied. The measured

values are comparable to those resulting for a alternating

scanning strategy, whereas the application of a y-scanning
(normal to the longest edge of the specimen) leads to sig-

nificantly lower residual stresses. Marginal tensile stresses

are observed for the application of an island scanning
strategy, which is characterized by a distributed energy

input in the scanning area.

Concerning the normal or bending stresses, analogies to
the longitudinal stresses are observable (cp. Fig. 11). The

application of a x-scanning type leads to the largest residual

stresses in a range between 266 N/mm2 and 436 N/mm2.
Significantly lower stresses are obtained when using a

y-scanning strategy respectively an island strategy.

In summery the longitudinal stresses show the largest
amount for an alternating and a x-scanning type. Hence the

cantilever profile is affected with the highest longitudinal

as well as normal deformations for those scanning

strategies. During the analysis, the specimen was fixed on
support structures, so that the deformations were con-

stricted and the residual stresses retained nearly entirely

within the parts. In this regard, a specific consideration of
the transversal stresses is neglected since the results were

independent from the scanning strategy. In comparison to
the horizontal cantilever orientation, Fig. 12 displays the

longitudinal stresses within four measuring points in ver-

tical orientation at the center. Nearly all the specimen
basically show an continuous increase of the residual

stresses beginning with the first layer except for several

parts manufactured with an alternating scanning respec-
tively a y-scanning strategy. These samples are character-

ized by tensile stresses between 220 N/mm2 and 263 N/

mm2 at the bottom. Accordant stresses initially decrease
and subsequently start increasing again by lowering the

distance to the top of the cantilever. Analogues to the

longitudinal stresses in horizontal orientation, the x-scan-
ning strategy leads to the largest stresses of 447 N/mm2 at

the top of the cantilever, while the bottom is almost

strainless. The alternating scanning shows similar values of
379 N/mm2 at the cantilevers top. In contrast, the island

scanning strategy is characterised by considerably lower
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Fig. 10 Longitudinal stresses of the cantilever in horizontal direction
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Fig. 11 Normal stresses of the cantilever in horizontal direction
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Fig. 12 Longitudinal stresses of the cantilever in vertical direction
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Longitudinal Stresses in Horizontal Direction 
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Enabling Additive Manufacturing 
(AM) of Turbine Blades 

Headquartered in Cincinnati, OH  

•  ~20 DLMS Machines 
•  18-yrs experience in 

laser deposition 
•  Recently acquired by 

General Electric 

Critical to widespread adoption of technology 

Profilometry map illustrating distortion 

•  Optimized internal cooling 
structures are desired for 
maximum efficiency 

•  AM can produce geometries 
not possible with 
conventional processes 

•  Decrease manufacturing 
costs while maximizing 
performance 

Laser AM creates 
large residual 

stress leading to 
distortion 

laser AM of turbine blade  

Understanding link between residual 
stress and laser AM processing  

turbine blade  

Using tools at SNS to measure 
atomic plane spacing  
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VENUS will combine imaging and diffraction 
for quantitative materials research 

•  3D Bragg Edge Imaging •  Time-resolved, in-situ 
imaging 

Common Rail Diesel injection nozzle 
(500 bar) in action, 5000 neutron 
radiography frames of 100µs added 
by software, delay to the trigger, 
600µs, 700µs, 800 µs, image size is 
6.2cm x 8.2cm. 
Brunner et al., 7th World Conference on Neutron 
Radiography. 
 

Tremsin et al., Intl. Conf. Neutron Scattering 2009. 

Neutron Diffraction for Residual Stress 
of DLMS Turbine Blade:  
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Measurement of Lattice 
Spacing in Turbine Blade 
Laser 
Power 

Machine Condition 

400 280 As-Built 
400 280 Heat Treated 
400 280 Stress Relieved 
200 270 Heat Treated 
200 270 Stress Relieved 
200 270 As-Built 

•  Different geometry features result in different 
residual stress states (tensile vs. compressive) 

•  Stress relief unifies residual stress 
(compressive), but results in geometric distortion 

•  Understanding stresses induced by laser 
deposition is critical for improving part accuracy 
and performance during service 
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Neutron Imaging of DLMS Turbine Blade: 

•  210 Images around 180 degree 
rotational axis 

•  Currently ~75 µm resolution at 
HFIR, VENUS is targeting 10 µm 

•  Developing methodology to 
perform stress mapping with 
tomography 
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Powder Bed Fusion: Arcam EBM 
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Single Layer Deposition: 
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Verification of Porosity In a 10 mm cube 

CT Verification of Porosity 
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Energy verification by 
Infrared Thermography: 
•  FLIR SC645  IR Camera, ~350 µm/ pixel 

 

 
Figure  13  IR  image  of  build  surface  at  z=36.24  mm  (1.42”)  - no parameter modification 

 
Figure  14  IR  image  of  build  surface  at  z=86.40  mm  (3.4”)  - with parameter modification 
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It is important to note that the temperature readings gathered during this experiment are 
not true temperatures, that is, they are only relative.  The calibration procedure discussed earlier 
is designed to acquire a true temperature reading from an already fabricated solid part.  During 
the course of a build, the solid part is surrounded by powder with a much higher emissivity [3], 
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Rodriguez et. Al., 2012 

 

 
Figure 10 IR image of tensile bars with defects 

 
Figure 11 Histogram of an IR image of a circular part with non-uniform temperature (left) compared to part with a 
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High Speed Infrared Thermography 
During Melting Process: 
•  Examination of specific properties on 

melting process and quality 
–  Focus Value, Support Structure, Current, 

Speed, etc. 
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Machine Specifications:  
•  Expand Build Envelope from 200mm x 200mm to 

Ø350mm x 380mm tall 

•  Build Rate for Ti-6Al-4V is ~80cm3 per hour  

Challenges: 

•  Similar Electron Column and Control Hardware 

•  Limited to specific geometries due to limited beam 
current 

Next-Generation ARCAM 
EBM A2XX 
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Fused Deposition Modeling: 
•  Extrusion*Thermoplastic*Materials*
•  Known*as*a*Rapid*Prototyping*Tool*

•  Modeling*
•  Visualization*
•  Multi=Materials*
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Example:  Sheet Metal Tooling 
Demonstrated Application of AM in Tool and Die 

•  Large Tools 
–  2.3m Long Hydro Form Tool 

–  PC Material 

–  Methods to join parts proven 

Op#mized)Tool)

100+$Cycles$

100+$Cycles$

Optimized Tools 
Match FDM material to forming pressure 

ABS max 20.7 MPa 
PC  max 55.2 MPa 
ULTEM max 68.9 MPa 

Rubber Pad Tool optimized for cost and 
build time 

~ $200US in material 
~ 8 hour build time 

Original)Tool)

Credit Bill Macy, NAMII 
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Example:  Stretch Form Tooling 
Emerging Application 

•  Tool Details 
– Size 10” x 13” x 2.5” 

– 2” crown w/ multiple contours 
– Tool Material – ULTEM 9085 

•  Successfully Formed 
– Alloy 2024-0  
– Thickness 0.050” up to 0.100”  

•  Notes 
– Surface pressures are minimal 
– Tool can be optimized to minimize build times 

and cost 

– PC is a viable alternate material depending on 
alloy, thickness and tool build styles 

Credit Bill Macy, NAMII 
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Example:  Laminated Net Shaped Core 
Demonstrated Application 

FDM Polycarbonate Hex 
Cell Core 

3 plies of bi-directional 
weave epoxy matrix facing 
skins wet lay-up over core. 
Note dimple pattern. 

Same construction 
using proprietary lay-
up/curing method. 
Note smooth outer 
surface. 
Courtesy of Aviradyne 
US Patent No. 6,630,093 

Sealed part edges  

Proven insert 
methods 

Credit Bill Macy, NAMII 
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Example:  Large Net shape Cores 
Demonstrated Application 

Direct-Digital Advanced Composites (D-DAC®)  

- Employs additive fabrication 
technology to produce “net-
shaped” self-supporting 
polymer cores 

-  High specific strength sandwich 
composites  

-  Eliminates part specific 
composite tools 

- Compatible with most fiber 
reinforcements and resin 
systems 

-  Compatible with most lay-up 
methods (wet, pre-preg, 
VARTM, fiber placement, 
filament winding, etc.) 

Courtesy of Aviradyne 
US Patent No. 6,630,093 

Credit Bill Macy, NAMII 
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Example:  Large Net shape Cores 
Demonstrated Application 

D-DAC® Core Assembly 

Composite Panel Assembly 
Joining 
Techniques: 
Adhesive 
Bonding, Metal/
Polymer 
Fasteners, 
Snap-Fit Joints, 
Traditional 
Mechanical 
Joining 
Methods, etc. 

Proprietary Modular Savonius Wind Sail Assembly 
Design Using D-DAC® Interlocking Composite 
Sandwich Panels 

Courtesy of Aviradyne 
US Patent No. 6,630,093 

 

Note:  AM is limited to small parts and very low deposition rates 

Credit Bill Macy, NAMII 
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Large Scale Additive Manufacturing 

•  All of the previous examples demonstrated 
–  Feasibility of using additive components for tool and die 
–  The present limitation in part size  

•  To make large tools requires joining many small parts together 

•  Just making a larger additive manufacturing system isn’t the solution 
–  Deposition rate of present technology is 1 to 5 ci/hr.  A 6’ X 3’ X 2’ tool would take 

518 days to manufacture 

•  Need new materials and deposition methodologies that can enable 
quantum jump in deposition rate and size 

 

Vision:  Large Scale, High Deposition Rate Additive/Subtractive 
Machining Centers 
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Leveraging existing infrastructure 
•  Lockheed Martin recently located their large scale AM system at ORNL MDF 

–  Powder feed and mix, extrusion system and robotic deployment 

–  Interest is to have ORNL jump start materials/process development 

•  Objective is to get “out of the oven” to enable: 
–  Unbounded part size 

–  Integration of subtractive processes for part finish 

–  Integration of robotic pick and place for system integration on parts 
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Goals and Challenges 
•  Goals 

•  Unbounded part size 
•  Present technology limited to 3’ x 2’ x 3’ parts 
•  Many tools and dies are many meters long 

•  >100 X increase in build rate 
•  A solid 3’ x 2’ x 3’ part with 0.010” layer thickness (1 ci/hr) would take over a year to manufacture! 
•  A 5 ci/minute build rate would make the same part in under 5 days 

•  Challenges 
•  Material properties & performance 

•  Investigate impact filled materials (glass and carbon fiber) have on mechanical properties, residual stress, 
geometric stability 

•  Strength, ductility, toughness, geometric accuracy, etc. 
•  Deposition in open environment 

–  Layer to layer processing for cross-linking, z-strength 
–  Alternative processes (induction melting) for finer flow control 

•  Coordination of processing of materials (extrusion), processing of layers 
(accelerate cross-linking) and finishing (subtractive processes) 

–  Coordinate flow control with motion control 
–  Layer to layer processing  
–  Integrated post processing for surface finish 
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FIRST Robotics 
Competition 2011–2012 teams 
•  Founded by Dean Kamen 

(Segway inventor):  
For Inspiration and 
Recognition of Science  
and Technology 

•  Goal: Inspiring youth  
to be science and 
technology leaders 

•  ORNL mentor: Lonnie Love 
•  8 area high schools 
•  2012 Smoky Mountains Regional 

Competition 
•  Hardin Valley Academy 

Engineering Excellence Award 
•  Oak Ridge High School           

Top Rookie All Star Award & 
Nationals Contender 

•  Webb High School             
Woodie Flowers Finalist  Award 

•  Knoxville Catholic High School 
and Seymour High School 
Ranked in the Top 5 

 

Science, Technology, Engineering & Mathematics (STEM) 
The future of additive manufacturing: 
high school robotics teams 
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Science, Technology, Engineering & Mathematics (STEM) 
ORNL helps kick off 2013 FIRST 

“ORNL’s MDF hosts 550+ students from  

26 schools to kickoff 2013 FIRST robotics 

season in East Tennessee ” 
January 5, 2013 
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Discussion Questions 
 
Ryan Dehoff 
dehoffrr@ornl.gov 
(865) 946-3114 

www.ornl.gov/manufacturing 


