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ABSTRACT

This project focused on demonstrating the ability to fabricate two parts with different geometry: an
arc flash interrupter and a hydraulic manifold. Eaton Corporation provided ORNL solid models,
information related to tolerances and sensitive parameters of the parts and provided testing and
evaluation. ORNL successfully manufactured both components, provided cost models of the
manufacturing (materials, labor, time and post processing) and delivered test components for Eaton
evaluation. The arc flash suppressor was fabricated using the Renishaw laser powder bed
technology in CoCrMo while the manifold was produced from Ti-6Al-4V using the Arcam electron
beam melting technology. These manufacturing techniques were selected based on the design and
geometrical tolerances required. A full-scale manifold was produced on the Arcam A2 system
(nearly 12 inches tall). A portion of the manifold was also produced in the Arcam Q10 system.
Although a full scale manifold could not be produced in the system, a full scale manifold is expected
to have similar material properties, geometric accuracy, and surface finish as could be fabricated on
an Arcam Q20 system that is capable of producing four full scale manifolds in a production
environment. In addition to the manifold, mechanical test specimens, geometric tolerance artifacts,
and microstructure samples were produced alongside the manifold. The development and
demonstration of these two key components helped Eaton understand the impact additive
manufacturing can have on many of their existing products. By working within the MDF and
leveraging ORNL’s manufacturing and characterization capabilities, the work will ensure the rapid
insertion and commercialization of this technology.

1. FEASIBILITY AND TESTING OF ADDITIVE MANUFACTURED COMPONENTS

This phase 1 technical collaboration project (MDF-TC-2015-069) began on March 30, 2015 and was
completed on April 30, 2016. The collaboration partner Eaton Corporation is a large business. Two
components were successfully fabricated using appropriate AM technologies based on the geometry
and tolerances required for the component. The components were evaluated by Eaton and
demonstrated the limiting feature size that can be created with the Renishaw Direct Metal laser
Melting (DMLM) process in CoCrMo and, the feasibility of removing partially sintered material left
by the ARCAM electron beam melting (EBM) process in intricate internal passageways.

1.1 BACKGROUND

The objective for this project is to identify two existing products and demonstrate
manufacturability and the impact (cost, lead time, weight reduction) that AM can have on
component performance. The first part that was evaluated is an arc flash interrupter. The role
of this component is to improve safety and reliability of circuit breakers by quenching the arc.
This component is approximately 25 x 38 x 64 mm in size with minimum feature dimensions of
approximately 200 microns. Eaton provided both models and minimum feature variability. The
second component that was evaluated was a complex hydraulic manifold. This specific part has
numerous complex features that encompass many existing products in Eaton’s product line. The
most concerning of these are small diameter, internal pass-through channels that communicate
hydraulic pressure and flow.



ORNL manufactured these components and provided information related to the manufacture of
the different components using two AM technologies; Renishaw laser powder bed processing
and Arcam electron beam melting. The goal of the project was for ONRL was to work with
Eaton to help them understand the geometrical limitations of the different AM technologies
and to help understand the manufacturing steps associated with each process. In addition,
ORNL provided information related to computer file manipulation and file preparation, machine
setup, build rates, completion success rates for the machines, cool down time, and post
processing requirements for the different processes. This information is critical for Eaton to
understand what components in their product line could potentially be manufactured through
additive manufacturing techniques.

Eaton then evaluated these components for material quality, geometric accuracy, and
mechanical properties and subsequent potential for insertion of these materials into service.

1.2 TECHNICAL RESULTS
1.2.1 Fabrication of Flash Interrupters:

The flash interrupter chosen for the project is used to improve safety and reliability of circuit
breakers by quenching the arc. This component is approximately 25 x 38 x 64 mm in overall size
with minimum feature dimensions of approximately 200 microns. Because the feature
dimensions associated with the wall thickness and the spacing between the walls were on the
order of several hundred microns, the Renishaw laser powder bed system was chosen to
fabricate these components. This was considered necessary for two reasons. First, the powder
in the passages between the wall sections must be completely removed. During EBM, the
powder bed is kept at an elevated temperature, therefore sintering the powder. This powder
becomes difficult to remove, especially in small passageways. In addition, the size of the
passages in these components is on the order of the size of the powder particles, significantly
increasing the probability of having entrapped powder. Laser powder bed systems do not use
an elevated temperature powder bed and therefore have a lower probability of leaving
entrapped powder. Second, the electron beam melting technology does not have the feature
resolution required to make these components. The typical wall thickness limitations for the
EBM technology is ~500 microns while the laser wall thickness can be closer to 200 microns or
smaller.

A total of 12 arc flash interrupters were fabricated from CoCrMo powder on a Renishaw AM-
250 (N) laser powder bed system. Ten parts were fabricated in the vertical orientation and two
parts were fabricated with the long axis 45 degrees to the build direction. The components
were fabricated with various internal wall spacing to determine the limitations of the machine
and to ensure that a successful component could be tested.

Figure 1 is a representation of non-proprietary components showing the minimum wall feature
size and the minimum spacing achievable in the laser powder bed system using 316L stainless
steel powder.



Figure 1: Minimum wall spacing achievable in the Renishaw laser powder bed system using 316L stainless
steel powder.

In Figure 1 it is shown that the minimum wall thickness achievable with the laser powder bed
system is on the order of 200 microns. This is nearly identical to the size scale requirements
placed on the arc flash interrupters by Eaton for the project. The minimum spacing of the wall
achieved in the current project was ~314 microns. When the spacing is reduced below this, the
geometric accuracy of the component does not meet specification. This can be observed in the
top row, far left image of Figure 1. In this processing condition, one can no longer distinguish
between the wall and the passage of the component.

With respect to the Eaton arc flash interrupters, Eaton found that:

e The nominally required web wall thickness of 400 microns was achieved

e The nominally required web to web gap spacing of 200 microns was not achieved

e The internal wall surface roughness was found to be 60 microns Rz and approximately
equal to the mean powder size (53 microns). This level of roughness may enhance heat
transfer.

e Based on the process specifics, the estimated production cost was determined to be
approximately 100x that of a stamped metal assembly, making the application
economically unattractive.

1.2.2 Fabrication of Manifold using Electron Beam Melting:

The second part evaluated was a complex hydraulic manifold. This manifold has numerous
complex features that encompass many existing products in Eaton’s product line. Eaton



provided solid models (Solidworks, STL and STEP) of the manifold. In addition to the manifold, a
geometric test artifact was designed by Eaton in order to examine the ability of EBM to produce
small features, through holes, and complex internal passages. In addition to the manifold and
the test artifact, additional mechanical test coupons (both dog bone and round tension
geometries) were built. The layout of the build is shown in Figure 2 in both the isometric view
and the top down view.

Figure 2: Layout within the EBM chamber for the manifold, tensile bars, and geometric test artifact

ORNL fabricated two of these build layouts, one for demonstration, one for destructive testing
and provided Eaton build-specific information such as the time required for file preparation
(support structures, part layout, slicing), machine preparation (loading files, material and part
initiation), build and post processing time (cool down time, power and part removal and
recovery). The first build was conducted on the Arcam A2 machine because it has a maximum
allowable z height travel of 320mm and therefore could fabricate a full-scale manifold. The
second build was fabricated on the Arcam Q10 system. This system has a z height travel
limitation of ~180mm. Therefore, a full-scale build could not be completed. Instead, the
identical file was loaded into the build chamber and a partial build was completed. This
allowed Eaton to compare the geometric accuracy and surface finish between the two EBM
systems. In a production environment, four full size manifolds are expected to fit into a larger
Arcam Q20 system which duplicates the accuracy and surface finish characteristics of the Q10.
The Q20 would provide Eaton with a more efficient and readily available production
manufacturing platform for the manifolds.

A full EBM Control Build Report was generated by ORNL and supplied to Eaton for the build in
the A2 system. The process time for the build was 71 hours, heating of the start plate was 1
hour 22 minutes, and the cool down time was 7 hours and 38 minutes for a total build time of
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80 hours and 1 minutes. The build was run on the A2 with software version 3.2.142 using Ti-
6AIl-4V powder from Batch P866 supplied by Eaton. It is difficult to estimate the time savings
that could be achieved by not producing test artifacts and material testing coupons alongside
the component however it was estimated that the build would be approximately 40 percent
faster if only the manifold was produced. For the manifold produced on the Q10 system, a
similar build time to the A2 would be expected. Internal reports from Arcam have also shown
that the Q20 system can be up to 40% faster than using the A2 or Q10 systems. This comes
from improved scan strategies and slightly larger layer thickness than the current systems.
Therefore, the estimated time on the Q20 machine to produce a single manifold could be as low
as approximately 20 hours.

In addition to the log files collected during the build process, ORNL captured in-situ images
during the build process on the Q10 system. These images were provided to Eaton in order to
demonstrate the ability to link in-situ process monitoring with build quality, mechanical test
sample performance, and overall component reliability. An Eaton representative visited the
MDF for a week in order to learn about the Arcam process and to oversee the setup, fabrication,
and clean-up of a manifold build in the Q10 system. Eaton was briefed on future efforts related to
part certification and qualification ongoing at ORNL.

As part of the evaluation process, Eaton first inspected the A2 manifold for open internal fluid
passageways. Passages below 10mm in diameter were found to be plugged and several approaches
using mechanical tools and high intensity ultrasonic fluid agitation were used in an attempt to clear
them. However, none of the methods used were successful due to the multiple abrupt angle turns
that some of these passages make through the manifold. As a result, passages smaller than 5mm
diameter remained plugged.

Microstructural analysis was also performed on the tensile specimens as well as several adjacent
cylindrical material coupons. The as-grown cylindrical coupons showed a rim of voids approximately
1 mm inboard of the parts external periphery. A majority of the observed porosity was removed
following hot isostatic pressing of the specimens. See Figures 3a through 3d.
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Figure 3a and 3b: Observed porosity near the
sectioned base of the A2 vertically grown

Figures 3c and 3d: Observed porosity near the
base of A2 vertically grown cylindrical specimen

cylindrical specimen before HIP. Shown is an X-Y
section perpendicular to the specimen grow
direction. Significant porosity is evident
approximately 1 mm inboard of the outside

after HIP. Shown is an X-Y section perpendicular
to the specimen grow direction. The observable
porosity at the rim of the specimen is entirely
eliminated; only 2 or 3 small remnant pores

diameter. were found to remain elsewhere in the section.

Figure 3: Microstructural analysis of tensile samples for porosity before and after HIP.

Eaton also tested as-grown and subsequently hot isostatic pressed (920°C, 100 MPa for 2 hrs.)
tensile specimens to determine nominal mechanical properties. The averaged data (based on 5
specimens per condition) is shown in Figures 4a and 4b.

Figure 4b in particular normalizes and scales the data against Eaton target values. The targets are
based on current Metallic Materials Properties. Development and Standardization (MMPDS)
minimums for Ti6Al4V wrought material and the values shown in Figure 4b represent the percent
above or below those targets. As indicated in Figure 4b, as built specimens generally met target
values for ultimate and yield strength, but were below target values for elongation at break. There
was a significant improvement in ductility to above target values following the HIP process, but with
some loss in strength. In general, the strength of the HIP processed Ti6AI4V fell 1-12% below target
values.

The significant increase in ductility and loss in strength is in-line with industry experience and overall
expectations for the HIP process. However, these builds fell below the results published by ARCAM.
While additional analysis is needed to assess root cause, it is likely that further optimization of the
EBM or subsequent heat treatment processes could yield the needed improvements.



Eaton Arcam
Targets |Reported

Arcam EBM A2 Arcam EBM Q10 (MMPDS)| Typical
Condition As built After HIP As built After HIP
Orientation | HE* \Y HE Vv HE Vv HF** HE Vv HF
UTS, MPa 947 901 869 818 885 878 974 860 798 885 896 1020
YS, MPa 886 848 799 752 813 829 910 775 730 810 827 950
Elong. % 6 5 9 10 10 6 7 11 10 11 8 14
RA, % 6.8 4.5 7.9 128 | 9.7 8.9 8.2 9.3 12.7 10

Figure 4a. Tensile Data collected from A2 and Q10 builds.
HE*: Horizontal on Edge
HF**: Horizontal Flat

Eaton Arcam
Targets |Reported

Arcam EBM A2 Arcam EBM Q10 (MMPDS)| Typical
Condition As built After HIP As built After HIP
Orientation | HE* | V HE Vv HE VL HF** | HE Vv HF
UTS, MPa 6 ] B b -1 i) 9 N ) 14
YS, MPa 7 3 B b -2 0 10 ¥ | 2 b ) 15
Elong. % 25 | [8s | 18 25 25 i35 | 3| 38 | 5 | 38 0 75
RA, %

Figure 4b. Tensile Data normalized and compared to Eaton Target Values. Numerical values are
percent above or below Eaton target values corresponding to MMPDS minimums for wrought
Ti6AI4V.

HE*: Horizontal on Edge

HF**: Horizontal Flat

Figure 4: Mechanical properties of EBM processed Ti-6Al-4V samples

As an additional check on outcomes, X-ray diffraction was used to measure residual stress on select
specimens and the manifolds themselves. Measured surface stresses on the as-built specimens and
manifolds were found to be compressive (a welcome result) but after HIP, were slightly tensile.
Additional work to understand the mechanics of this result is also still needed.

Finally, given the ORNL provided processing times, Eaton performed an economic comparison
against the current manufacturing method used to produce the manifold. That analysis showed a
roughly 5% cost advantage for the EBM grown manifold.

1.3 IMPACTS

Based on a limited yet sufficient set of manufactured specimens, ORNL allowed Eaton to assess
the technical and economic viability of two very different component geometries using two different
additive manufacturing technologies.

For a finely featured Arc flash suppression device grown using DMLM, ORNL did not achieve the
geometry that was required. The results did however provide Eaton with the data needed to
evaluate other slightly less fine featured designs. In addition, and based on ORNL supplied process



information, an economic model was assembled that allowed Eaton to estimate likely production
costs. And while the cost of an AM produced arc flash suppressor was found to be unacceptably
high, the cost model and process knowledge associated with determining cost will allow Eaton to
evaluate and identify other applications that are better economically suited to the DMLM process.

With respect to the aerospace hydraulic manifold grown using ARCAM EBM, the difficulty
associated with clearing of partially sintered powder from small and non-straight internal
passageways was evaluated. For products of similar design, Eaton learned that the passageways will
need to be straightened and/or enlarged to allow for clearing. Alternatively, this information also
suggests that DMLM may be the better process. Based on this experience, Eaton has now separately
processed several DMLM manifolds and is currently pursuing DMLM as the default process for these
types of products.

1.4 CONCLUSIONS

For the arc flash suppression device produced using DMLM, the inability to replicate 200 micron
features and a much higher cost associated with DMLM over sheet metal stamping, showed the arc
flash interrupter it to be an unacceptable match to current generation DMLM production
equipment. The lessons from that activity are now however being used by Eaton to evaluate other
fine featured parts for viability.

For the hydraulic manifold produced using powder bed EBM, clearing of partially sintered
powder from internal passageways was found to be an insurmountable problem. This reinforced
Eaton’s decision to move to the DMLM process which it is now pursuing for production of similar
manifolds.



2. PARTNER BACKGROUND

Eaton Corporation is a $22B company that manufactures components for the power
management industry (fluid, electric, transportation). Many of their products are extremely complex
leading to high costs and lead times. Eaton is interested in exploring the impact Additive
Manufacturing (AM) can have on reducing cost and lead times across their product lines. In addition,
Eaton foresees using additive manufacturing in the near term to reduce development cost and time
for tooling. The first of Eaton’s businesses expected to adopt AM for serial production is its
aerospace business.
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