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2.1 Direct Deposition

Numerous experiments are conducted to determine a suitable embedding process. Initially, an experiment
was conducted to test the feasibility of directly depositing over the thermocouples. Instead of using ther-
mocouples, nickel chromium wires are used for the experimental purposes which are much cheaper and
more readily available. The melting point of nickel-chromium is comparable to the melting point of the
thermocouple sheath of stainless steel being used.

In the first experiment, the laser directly illuminates the Nickel-Chromium wires. The experiments are
performed for laser powers of 350, 440, 530 and 660W with a constant feed rate of 20 inches/minute. At
a laser power of 350W, it is observed that there is a slight discoloration but there is no substantial change
in the shape of the Ni-Cr Wire. At 440W, the wire bonded to the metal block. Melting is observed at
530W and the wire almost disintegrates at 660W. Therefore some kind of shielding material is necessary to
avoid direct contact of the wires with the laser and not to destroy the wires. This needs to be applied to
the thermocouple embedding process. A material with a melting point lower than stainless steel, high heat
conductivity, and a high latent heat of fusion is suitable for this process. These three properties allow the
shielding material to act as a buffer to protect the thermocouple and aid in bonding the thermocouple to
the deposited material.

2.2 Shielded Deposition

Brazing Material - Brazing material was first selected as the material to form the bonding between the
thermocouple and the substrate

First Try - A pool of molten brazing material is created by heating the brazing material wires indi-
rectly using laser which would then act as a bond between the tool steel substrate & thermocouple.
Direct contact of the brazing material wire with the laser is avoided in this experiment as it
vaporizes the zinc in brazing material. Initially the laser is hit right next to the brazing material
wire and the expected result is to the melt the brazing material as the substrate gets more and
more heated. This is observed only during the initial melting phase. As the molten part of the
brazing material gets in contact with the laser, minor sparks are observed and fumes are also
produced.

(a) Theoretical (b) Actual

Figure 1: Brazing material testing

Second Try - A step cut is prepared on the substrate with the brazing material wire placed on the
lower step and the laser is hit on the edge of the top step. The expected result is to melt the
brazing material due to the conduction of the heat to the brazing material from the substrate.
The brazing material does not melt and due to overheating, the edge of the step disintegrates and
the laser finally comes into contact with the brazing material creating minor sparks once again.
The idea of using the brazing material for bonding was dropped.
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(a) Theoretical (b) Actual

Figure 2: Brazing material testing with a step cut

Copper - The reason for using the copper tube is mainly because of the lower melting point of copper
material (1083 ◦C) than H-13. This ensures that the copper tube will melt before the sheath of the
thermocouple, thereby not destroying the thermocouple and also assures that the copper tube has
securely fused with the thermocouple stainless steel sheath.

The thermocouple is securely placed inside a copper tube of sufficient thickness. It is then placed inside
an autoclave with the connector end sticking outside the furnace. Temperature of the autoclave is set
at 1045 ◦C. It is observed that copper rod is in a semi solid state at 1046◦C (melting point of Copper
1083 ◦C). Copper rod fuses with the stainless steel sheath of the thermocouple. Thermocouple readings
are tested and it is observed that the readings are accurate and the thermocouple is not destroyed.

Therefore we can conclude that the process of using the autoclave is repeatable.

The laser is set at 500W and feed rate at 30inches/minute. These settings are maintained for the first
three layers of the laser deposition. Then the laser is set at 660W and the feed rate is decreased to
20inches/minute

Figure 3: Embedded K-type thermocouple.
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3 Observations and Results

The embedded thermocouple is cut across the cross-section to observe the bonding between tool steel and
copper tube and between the copper tube and stainless steel sheath of the thermocouple. Figure 4, below,
shows a cross sectional cut of the embedded thermocouple.

Figure 4: Cross section of embedded K-type thermocouple.

For the above result to occur, molten steel must have flowed around the Copper tube during deposition.
As illustrated in Figure 5, the Copper tube shields the bottom of the slot from direct laser radiation.

Figure 5: Material flow during the embedding operation.

Under typical deposition conditions, substrate geometry such as the slot used for the thermocouple limits
the accessibilty of laser energy and/or powder delivery to the corner location. This results in a void at the
corner of the slot, as shown in Figure 6.

4 Future Work

The two interfaces, between tool steel and copper and between copper and stainless steel sheath of the
thermocouple, are checked by doing an EDS analysis using a Scanning Electron Microscope on the cross-
sections of the embedded thermocouples to find out if a metallurgical bond is present between the tool steel
and the copper tube and between the copper tube and the stainless steel sheath. This bond will be indicated
by some diffusion of atoms across the original boundaries. Also of interest is the mechanism by which
material flows around the Copper shielding tube during deposition. More temperature measurements will
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Figure 6: Corner void

need to be taken after the thermocouple embedding is done to get more data on controlling the temperature
to improve the consistency of deposition microstructure [8]

References

[1] San Diego Center for Materials Research. Embedded sensors, http://sdcmr.sdsu.edu/embedded
sensors.htm.

[2] Xiaochun Li. Embedded Sensors in Layered Manufacturing. PhD thesis, Stanford University, June 2001.

[3] Xiaochun Li, Anastasios Golnas, and Fritz Prinz. Shape deposition manufacturing of smart metallic
structures with embedded sensors. In Proceedings of SPIE’s 7th International Symposium on Smart
Structures and Materials, 2000.

[4] Frank W. Liou. A multi-axis rapid prototyping system. In SME Rapid Prototyping and Manufacturing
Conference, page 565, April 1999.

[5] Frank W. Liou, S. Agarwal, James Laeng, and Jennifer Stewart. Development of a precision rapid metal
forming process. In Proceedings of the Eleventh Annual Solid Freeform Fabrication Symposium, pages
362–368, August 7-9 2000.

[6] Frank W. Liou, Robert G. Landers, J. Choi, S. Agarwal, V. Janardhan, and S.N. Balakrishnan. Research
and development of a hybrid rapid manufacturing process. In Proceedings of the Twelfth Annual Solid
Freeform Fabrication Symposium, page 138, August 6-8 2001.

Eighteenth Annual Solid Freeform Fabrication Symposium 5

53



Thermocouple Embedding for the Production of a Substrate for Rapid Manufacturing

[7] Frank W. Liou, Jianzhong Ruan, Heng Pan, Lijun Han, and M.R. Boddu. A multi-axis hybrid man-
ufacturing process. In Proceedings of the 2004 NSF Design and Manufacturing Grantees Conference,
2004.

[8] D. Rittel. Transient temperature measurement using embedded thermocouples. Technical report, Israel
Insititute of Technology, 2002.

[9] Jianzhong Ruan, Kunnayut Eiamsa-ard, Jun Zhang, and Frank W. Liou. Automatic process planning
of a multi-axis hybrid manufacturing system. In DETC, September 29 - October 2 2002.

[10] Jianzhong Ruan and Frank W. Liou. Automatic toolpath generation for multi-axis surface machining
in a hybrid manufacturing systemg. In Proceedings of the 2003 ASME Design Automation Conference,
Chicago, Illinois, September 2-6 2003. Paper No. DAC-48780.

[11] Jianzhong Ruan, Jun Zhang, and Frank W. Liou. Support structures extraction for hybrid layered
manufacturing. In DETC, 2001.

[12] Todd Sparks, Heng Pan, and Frank W. Liou. Development of image processing tools for analysis of laser
deposition experiments. In Proceedings of the Fifteenth Annual Solid Freeform Fabrication Symposium,
August 2-4 2004.

[13] Todd Sparks, Heng Pan, and Frank W. Liou. Determination of dynamic powder modeling parameters
via optical methods. In Proceedings of the Sixteenth Annual Solid Freeform Fabrication Symposium,
August 1-3 2005.

Eighteenth Annual Solid Freeform Fabrication Symposium 6

54


