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Abstract

There exids a sgnificant body of work on metd laminate tooling built by the “cut-stack-bond”
goproach; however, automeation with this method is difficult. Building laminations by "stack-bond-cut”
sequence, on the other hand, is more amenable to automation. Two main chalenges of "stack-bond-cut”
sequence are blind contour cutting and bonding of the sheet. In this sudy, we investigate the hot-roller
method of thermoplagtic adhesive bonding for the metd laminations. Metd shedt, having thermd
characteridics sgnificantly different from paper, poses its own specific problems. During the bonding
process, in order to achieve good bond strength, appropriate heat and pressure must be applied. As the
stack builds up, therma and mechanica properties change. This incongstency of process conditions can
potentidly lead to pat warpage, unless carefully controlled. Temperature measurements with a
thermocouple embedded into lamination stack showed the effect of bonding process parameters on the
laminate temperature.

Introduction

Usng lamindions (i.e, maerid in sheet form) for layered manufacturing (LM) avoids phase
transformations with attendant shrinkage (as in powder sintering) and alows easy process scae-up.
Adams et d. [1] produce working tools from sted laminations 1-3 mm thick, but have to resort to afinish
milling step to achieve acceptable surface qudity. Himmer et d. [2] propose to fabricate injection moulds
by (1) joining flux-coated 2.5-mmrgauge duminum through heat trestment near the flux mdting
temperature and (2) finish milling. Waczyk and Dolar [3] present results of tests on severa epoxy and
adumina-basad adhesives used to bond duminum lamingtions.

The “cut-stack-bond” approach (Figure 1a) adopted by above authors involves (1) cutting out the
desred pat's profile a each lamination; (2) assembly (stacking) of the profiles, and (3) bonding
(mechanicdly with fasteners, adhesvely, or by welding). The primary drawback of this approach is the
complexity of handling the cut-out profiles between the autting and stacking steps, requiring indexing,
trangporting, and dignment.  This complexity makes automation of the process highly impracticd. An
eader-to-automate dternative is a “sack-bond-cut” sequence (Figure 1b). This method has been
goplied in Laminated Object Manufacturing (LOM), but the sheet materids have been limited to paper,
polymers, and ceramic composites [4]. Replacing soft materids with metds is a chdlenge, however, due
to difficulties with “blind” cutting of metds (i.e, cutting only to the depth of the sheet’s gauge) [5]. This
paper presents results of experimenta investigation into therma mechanism of adhesive bonding of meta
laminations
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Figure 1. Two possible sequences for producing laminated objects: (a) cut-stack-bond and (b) stack-
bond-cut.

Bonding of Metal L aminates

There are several dternatives for metal sheet-to-sheet bonding. First, hest-activaeted polymeric
adhesive (used in paper-based LOM process) can be also applied to metds. Thiskind of bonding isthe
easest to implement in an automated process since the adhesive can be pre-gpplied to the sheet and
subsequently quickly activated by heat and pressure. Other methods, such as welding, soldering and
brazing may offer higher strength and high-temperature resistance, but they require expensive equipment
and complicated processes. Therefore, polymeric adhesive bonding was selected for our initid trids.

In order to bond two solid sheets, aliquid adhesive should be spread and solidified between the two
surfaces. The reason this results in a strong bond is that the liquid conforms to the surface shapes of the
two solids being joined. This permits close contact between the surface of the liquid (adhesive) and the
surface of the solids (adherends). Such close contact is necessary since the forces which act to hold the
meatter together are the same ones which to alarge extent are responsible for the strength of the adhesive
joints.

The process of adhesive application usudly consids of spreading a thin layer of liquid adhesive
between the surfaces to be attached and pressing these surfaces together. A joint is formed when the
viscosty of the liquid layer is increased by such mechanisms as solvent permestion or evaporation,
polymerization, and cooling until solidification. The requirement for optimum adhesion is good wetting of
meta sheet by adhesive. In order to achieve good wetting, appropriate heat and pressure should be
gpplied since heat lowers the viscosty of adhesive and pressure helps to spread the adhesive onto the
surfaces. Insufficient heat/pressure may cause weak interlaminar bonds or even ddamination. Excessive
heat/pressure may cause the materiad degradation. Therefore, it isimportant to control accurately the heat
and pressure in bonding process.

Besides bond strength, other factors, such as cure speed, cure method and suitability for use in
automated production, will al play arole in determining the best adhesive for a specific gpplication. Firs,
because thin-gauge (0.1-0.5mm) duminum or stedl sheet will be used as the laminate, the adhesive layer
must be kept to a minimum thickness. Second, high bond strength and good temperature resstance are
important because of the intended functiond tooling gpplications.

Two basic types of adhesves were considered: solvent-based and film. Solvent-based adhesives are
spread evenly dong the materid to be bonded before the solvent or water is evaporated to create a
bond. The adhesive can then be activated usng heat and pressure. FIm adhesves facilitate manud
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gpplication since they result in uniform, controlled bond-line thickness.  FIm adhesives were used in the
tests reported herein.

Literature Survey

A heated roller is used in paper-based LOM to apply the heat and pressure to the laminate. For our
first prototype, we have adopted a smilar sysem. There have not been to the authors knowledge
reports of thermd bonding invedtigations for thin metd laminates. Following is a brief overview of such
work for the non-metdlic laminates

Park et a. [6] determine the optimum range for the heater temperature and speed settings using a
commercia LOM machine by conducting tensile tests on bonded paper specimens. Chen [7] measures
the heat transferred across the paper sheet by placing a thermocouple underneath it. Results are
summarized in paper bonding curves. Each curve represents temperature rise in the adhesive as afunction
of roller speed at a fixed roller temperature. Curves show that the temperature rise decreases with
increasing speed and decreasing roller temperature. 1t was aso noted that the effect of roller pressure is
not very pronounced.

Pak and Nisnevich [B] develop a mathematicad model of the relationship between temperature at the
arbitrary depth of the part and the LOM- process parameters such as temperature, speed of the heater,
and pressure exerted by the heated roller. Flach et a. P] dso develop a mathematical mode that
describes the heat trandfer during building of ceramic LOM parts. The thermda behavior of a part is
determined by heet transfer to the part from the roller, heat conduction within the part itsdlf, heat |oss from
the part to the meta base plate, and heat oss to the surroundings. The appropriate differentia equation
and boundary conditions were set up for arectangular geometry part and then, together with appropriate
initid conditions, materia properties, and heat transfer coefficients, numericaly solved to reved the
temperature digribution within the part. By tuning one of the modd parameters (roller-to-part heat
transfer coefficient), good agreement was obtained between predicted temperatures within a part and the
actual temperature as measured by embedded thermocouples. In Hach et d. [10] the above modd is
used to invedtigate the effects of varying certain parameters during a number of smulated LOM builds. It
is found that chamber air temperature and base-plate temperature combination are the most effective in
controlling of the overdl part temperature. The roller temperature proved to be the most effective in
determining the temperature of the surface layers of the part.

Sonmez and Hahn [11] use Finite Element method to analyze the stress and heat transfer distribution
in paper-based LOM. Stress analysis results provide the heat transfer modd with an estimate of the
contact area between the roller and the laminate. Effect of roller radius, laminate built-up thickness, and
roller speed on the thermd time history is examined. They find that thickness of the built-up laminate
impacts the stress digtribution, larger diamter resultsin greater contact area, and that roller speed must be
below certain vaue for successful bonding.

Bonding Temperature M easur ement Experiments

Objectives: These experiments aimed to measure the temperature profile in the sed laminate while a
hested roller is passing by at different rolling speeds, pressures and temperatures. This information would
help in setting appropriate process parameters for metal laminate bonding.
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Equipment: Figure 2 shows the heated roller used in the experiments to apply the pressure and heset in
order to bond the meta laminations. The roller is carried by two supports which are mounted onto a
bdt-driven linear sage. One axisis driven by a stepper motor via Gemini GV mation controller while the
other axis is mechanicdly linked to it by a drive shaft to assure synchronous movement. The pressure is
controlled by adjustment of two springs which transfer the horizonta spring force to avertica pressure via
two L-shaped pivoting arms. By varying the spring compresson from O to 40 mm, the roller downward
force can be adjusted from 11 to 65 kg. A 650-Watt rod-shaped heating element located dong the
centre axis of the roller is PID controlled to within £0.1°C using feedback provided by a built-in
thermocouple sensor.

Heated Roller
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Figure 2. Heated roller and sted laminate.

Laminate Material: The laminate comprised 0.12-mm plan-sted shim stock and Scotch 467MP film
adhesive from 3M. The 467MP is made from 200MP high-performance acrylic adhesve (50 microns)
and polycoated Kraft paper liner. Temperature measurements were made during the building of a
laminated injection mould insert (Figure 38). A hdf-inch thick duminum aloy block served as the base
(Figure 3b). In the middle of the block, a square dot was cut through to assst in extraction of the laminate
at the end of the build. Thefirdt layer of sted sheet was fixed to the block by gluing the four edgesto four
Sides of the dot. The square block cut out from the origind shape was then reinserted within the opening
to provide support. When building was completed, the cut-out block was removed and the opening used
to help in removad of the laminate form the base.

@ (b)
Figure 3. (8) CAD modd of laminated injection mould insert (16.5 H mm, 91 layers); (b) support base.
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Test Procedure: Two wires of a Jtype precison fine-wire (0.12 mm diameter) Teflon-insulated
thermocouple were spot welded to the undersde of the sted sheet individudly so that they are nearly
touching (Figure 4a). The wire leads were glued to the sheet to prevent them from moving during
bonding. A channd (1.07Hx15W mm) built within the laminate in order to accommodeate the wires
(Figure 4b) was modded in CAD as part of the mould and built autometicaly. For each laminate which
included the channd outline, the cut-out part of the sheet was manualy removed. The data acquisition
system comprised a NI-DAQ board 6035E, a dedicated temperature signd-processing module 5B37,
and aLabVIEW v5.1 software. Measurements were collected at 50 samples per second.

e ———

(b)

Figure 4. (a) thermocouple atached to the sted shet; (b) laminate with thermocouple channd.

The process parameters varied included the roller load (L = 12, 25, 40, 51 kg), temperature (T =
120, 170, 220, 270, 320°C), and speed (V =5, 10, 20, 40 mm/s). Thermocouples were embedded in
7", 45" and 87" layers. Only resuts for the 45™ layer will be presented. Temperature was measured
during the lamination of the sheet to which the thermocouple was atached as well as during the lamination
of the subsequent sheets. To atach the sheet with the thermocouple, the film adhesive was spread
manudly on the previoudy built stack, its liner was peded off, and the sheet with the thermocouple was
placed so that the wires on its underside fit within the cutout dot. The roller temperature was alowed to
dabilize for 20 minutes after the desired setting was indicated by the heater’s controller. Then the roller
was moved across the laminate surface while the data were collected.

Results and Discussion

Effect of Roller Load: The roller temperature and speed were kept at a fixed value, while the load was
adjusted to observe the effect on the laminate temperature (Figure 5). The sharp peak corresponds to
the roller passing directly over the thermocouple. Generaly, higher pressure is expected to increase the
heet trandfer coefficient by increasing the contact surface area. We can observe this effect when the load
is increased from lowest setting of 12 kg to the next higher setting of 25 kg. Further increase does not
result in proportionate temperature rise. Therefore, only certain minimum pressure is needed to achieve
good therma contact. Load was set to 40 kg henceforth.

Effect of Roller Temperature and Speed: Good bonding requires certain hest, pressure and dwell time,
Thus, the results are presented here as the average temperatures recorded between the time of reaching
the peak temperature and five seconds later. As expected, increasing roller temperature setting, leads to
proportionate increase in laminate temperature (Figure 6). The proportiondity congtant increases as the
rolling speed decreases. The same information can be aso plotted as a function of the roller speed
(Figure 7) to obtain the “bonding curves’ [7].
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Figure 5. Effect of roller load on temperature (Layer = 45, Ts= 220 °C, V = 10mnV/s).
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Fgure 6. Effect of roller temperature on the time-averaged stedl laminate temperature.

5 2007
g‘ﬁ 180 A
S € 160
S @
= 3 140 1
(0]

5 120 1
<2
§ & 100 1
TS g T, =320°C
> O
? o T, =270°C
@ 60 T, =220°C
T o Te=170°C
E 40 7 T, =120°C
(]
— 20 T T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45 50
Rolling Speed (mm/s)

Figure 7. Effect of roller speed on the time-averaged sted laminate temperature.
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Temperature during the Lamination of Subsequent Sheets. Temperature measurements were
continued to be performed as the laminated object was built up above the 45" layer. In Figures 8 and 9,
1% layer refers to observations during the lamination of 45™ layer (to which the thermocouple was
attached), 2" layer value to those during the lamination of the 46™ layer and so on. Pesk temperature still
rises above 100°C for the next two layers after the 45™ and then gradudly dedlines. Thus, further
sgnificant heeting of the adhesive occurs as new sheets are added which is smilar to the results obtained
in [10]. Thisimplies that the adhesive in upper layers of the part will not have the same degree of heet
activation asin the lower layers.
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Fgure 8. Temperature recorded during lamination of subsequent sheets (Ts=320°C, V=5 mm/s).

Peak Temperature (°C)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 3
Built-up Layers

Figure 9. Peak temperatures observed during the lamination of subsequent layers.

Conclusons

Higher roller temperature, lower speed and higher roller pressure dl resulted in incressed hest
trandfer rate and therefore in higher surface temperature and longer duration of high temperature in the
adhesive. As expected, the roller’ s temperature and speed are the most important factors. Once sufficient
roller load was applied, further increases did not bring improved heat transfer to the laminate. The
measurements aso showed that the heat disspates very quickly within the metal laminate. An enclosng
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chamber kept at elevated temperature would help to maintain the laminate at a higher temperature for a
longer time. Further significant hesting of the adhesve was found to occur for severd subsequent
laminations, which implies that process parameters may have to be adjusted for the upper part layer to
assure the adhesive receives smilar heet input as on the lower layers.

Acknowledgements

We graefully acknowledge the financid support of Centre for Automotive Maerids and
Manufacturing, Ontario Innovation Trust, and Canada Foundetion for Innovetion. We aso wish to
express our thanks for assstance with thermocouple mounting to Mr. Claude Quenneville of Alcan
Research Centre.

References

[1] C.Adams, B. Bryden, D. Wimpenny, “Rapid laminated tooling — making the technology work,” 8"
European Conf. Rapid Prototyping and Manufacturing, Nottingham, UK, Jul 1999, pp. 511-
527.

[2] T.Himmer, T. Nakagawa, M. Anza, “Lamination of meta sheets” Computersin Industry,
Voal. 39, 1999, pp. 27-33.

[3] D.Waczyk, N. Y. Dolar, “Bonding methods for laminated tooling,” Solid Freeform Fabrication
Symposium, Austin, TX, Aug 1997, pp. 211-221.

[4] M. Feygin, “ Apparatus and method for forming an integra object from laminations,” US Patent No.
4,752,352.

[5] G. Zak and M. Shiu, "Controlled-depth laser cutting of duminum sheet for laminated object
manufacturing,” Solid Freeform Fabrication Symp., Austin, Texas, Aug 2001, pp. 120-128.

[6] J. Park, M. J. Tari, and H. T. Hahn, "Characterization of the Laminated Object Manufacturing
(LOM) process,” Rapid Prototyping Journal, Vol. 6, No.1, 2000, pp. 36-49.

[7] C. Chen, 1996, "Process Insght About LOM Systems," Solid Freeform Fabrication Symp.,
Austin, Texas, Aug 1996, pp. 515-522.

[8] S.S. P&k, and G. Nisnevich, "Interlaminate Strength and Processing Efficiency Improvementsin
Laminated Object Manufacturing,” 5th International Conference on Rapid Prototyping, Dayton,
Ohio, 1994, pp, 171-180.

[9] L.HFach, D. A. Klogterman, and R. P. Chartoff, "A Therma Modd for Laminated Object
Manufacturing Process," Solid Freeform Fabrication Symp., Augtin, Texas, 1997, pp. 677-688.

[10] L. Hach, M. A. Jacabs, D. A. Klosterman, and R. P. Chartoff, "Simulation of Laminated Object
Manufactring (LOM) with Variation of Process Parameters,”" Solid Freeform Fabrication Symp.,
Austin, Texas, 1998, pp. 407-416.

[11] F. O. Sonmez and H. T. Hahn, "Thermomechanica Andysis of the Laminated Object Manufacturing
(LOM) Process,” Rapid Prototyping Journal, Vol. 4, No. 1, 1998, pp 26-36.

509



