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ABSTRACT
Anisotropy of mechanical properties is characteristic of components printed using processes
like extrusion deposition additive manufacturing, wherein the properties along the print direction
(x-direction) are superior when compared to the corresponding properties in the build direction (zdirection). This effect, influenced by the bond strength in the z-direction, can be more pronounced
for components with longer layer times, as the bottom layers tend cool below the glass transition
temperature (Tg) of the material, thereby restricting thermal fusion between the printed layers. The
work discussed here builds on the previous work by the authors, demonstrating infrared preheating
as a technique to actively control the bond temperature during printing to improve the mechanical
properties (z-direction) of parts printed on a large-format extrusion AM system. IR preheating was
used on the surface of printed layers just prior to the deposition of the next layer to increase the
surface temperature closer to the glass transition temperature. The current study explores the effect
of variation in bead surface temperatures (indicative of variations in layer times) prior to and after
pre-heating on the mechanical properties in z-direction.
1. INTRODUCTION
1.1 Motivation
Extrusion deposition additive manufacturing, the process where the feed material is melted
and deposited layer-by-layer on a build platform, is now being used to print components using a
variety of polymers and composite materials on print platforms with build volumes ranging from
~ 10 cm3 up to ~130 m3 [1, 2]. Despite several advancements in the development of new materials
and printers based on this process, one of the challenges that still exists is the inability to obtain
printed components with isotropic mechanical properties [3-5]. There exists a certain level of
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anisotropy in the properties of printed parts (mechanical properties being lower in the transverse
direction or the print direction when compared to the axial direction) as the layer-wise deposition
process makes these properties dependent on temperature history and processing conditions [6-8].
During printing on a large format AM platform (6 m x 2.4 m x 1.8m) [1], without an active
temperature control of the entire build volume, increasing part geometry (or layer times) would
lead to increased cooling of the deposited bottom layers (or beads) before the next layer gets
deposited. If the bonding mechanism between the deposited polymer layers is primarily thermal
fusion and polymer inter-diffusion, then the temperature of the bottom layer (or substrate) should
at least be above the glass transition temperature (Tg) of the polymer for a sufficient time period
to enable good thermal bonding [6, 7]. However, for large-scale system, this condition in not
always fulfilled and therefore, there is a need to actively control the bond temperature during
printing to obtain better mechanical properties in the print direction.
1.2 Infrared Preheating
As a strategy to address this issue of cooling of bottom beads below Tg before the next bead
gets deposited for large-scale AM systems, the authors previously investigated and reported
infrared (IR) preheating technique to be an effective method to improve transverse direction
mechanical properties (z-direction) [9, 10]. An experimental design feasible for using IR
preheating on large-scale printers such as the Big Area Additive Manufacturing system was
demonstrated, and this technique was found to be a useful to modify the interlayer bond
temperature actively during printing, independent of the material used and part geometry. The
previous test set-up comprised of infrared lamps, pyrometers and the extruder all designed to move
as a single unit while printing. The lamps were fitted such that they preceded the extruder to heat
up the bottom layers just prior to the deposition of the next layer. Two pyrometers, one positioned
before the lamp and another after, were used to record the cold bead (substrate) temperature prior
to heating (Tcold) and the substrate temperature after IR preheating (Thot), just prior to deposition
of next layer, respectively. The previously performed mechanical tests results overall indicated the
IR preheating technique to be beneficial for print conditions where the cold substrate temperature
(Tcold) was reduced below Tg (in the range of 75-85 oC and Tg of the material printed ~ 110 oC) and
when IR preheating increased the substrate temperature closer to or slightly above Tg.
Despite the reported efforts so far by the authors on using the IR preheating technique to
actively control the bond temperature, there was a need to refine the experimental set-up and print
conditions to have a better control of the substrate temperature before and after preheating to be
able to better understand the effect of preheating on the mechanical properties. The previous efforts
primarily used variations in print speed, intensity of the lamps (heat input), and extrusion
temperature as methods to modify substrate temperature before and after preheating. There was no
other active control of substrate temperature before preheating, and there were several cases of
excessive heating caused by the lamps which might have led to some possible degradation of the
polymer, thereby in turn weakening the z-direction properties. To have a better understanding of
the conditions where this technique could be very effective, in the work reported here, print trails
were performed by actively controlling the substrate temperature before and after preheating.
Printing with a set speed and deposition temperature, artificial cooling was used to create different
cold substrate temperatures (by varying the number of cooling cycles) and the intensity of the lamp
was constantly controlled to raise the substrate temperature to a certain set value (above Tg) by
preheating. This reduced overheating issues as well as provided a way to alter the cold substrate
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temperature to ranges well below Tg (40 to 80 oC) unlike the previously reported trials. Also, it
should be noted that lower cold substrate temperature is indicative of larger parts or increased layer
times, thereby making these studies more useful to understand the effect of preheating in case the
of printing very large parts.
2. EXPERIMENTATION
2.1 Experimental Set-up
Figure 1 represents the modified experimental set-up on the large-scale AM system used in
this work comprising the IR lamps, pyrometers, extruder, all inter-connected and moving as a
single unit, as well as provisions for artificial cooling during printing.

Figure 1. Experimental set-up indicating (a) various key components and (b) IR preheating
during printing.
The feed material used for printing was the same as the previous trials, acrylonitrile
butadiene styrene (ABS) reinforced with 20 wt.% short carbon fiber. The IR lamp used was a Strip
IR model number 5306B-02-1000-01-00 fitted at a standoff distance of 10 mm from the bead
surface. Components printed under different conditions were 0.25 m high hexagons with
dimensions as shown in Figure 2. Three hexagons were printed, with cold substrate (Tcold) target
temperatures (i.e. substrate temperature just prior to preheating) being 40 oC, 60 oC and 80 oC
controlled by varying the number of active cooling cycles. Active cooling was achieved through
forced convection. Eight sets of insulated hoses were used to direct air flow over the printed
structure. The target substrate temperature after IR preheating was set to 150 oC (above Tg) for all
the cases. The print speed for all the parts was set to 5.1 cm/s.
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Figure 2. Schematic of the printed hexagonal sample (all dimensions in m), sample height:
0.25 m.
2.2 Tensile Testing
Tensile testing was performed by harvesting samples from both, heated and the non-heated
sides (control samples) of the hexagon. Plaques were cut out from the sections harvested and
tensile test specimens were milled from these plaques. The target specimen dimensions are shown
in Figure 3 and were in accordance with ASTM D638 (Type I). Tensile tests (z-direction of the
sample) were performed using an MTS 4.4 kN (1 kip) load cell and MTS 200k micro-stain
extensometer at a testing speed of 1.524 mm/min (0.06 in/min) until failure.

,,
M
.....

..
I◄

57

..

115
165

l

►I

Figure 3. Tensile test specimen dimensions (mm), sample thickness: 6.35 mm.
3. RESULTS AND DISCUSSION
Table 1 summarizes the printing and preheating conditions varied in the previous reported
print trials to modify the substrate temperature before and after preheating (Tcold and Thot) and
Figure 4 summarizes the tensile test results reported for preheating conditions that used a 1kW IR
lamp with variations in print speeds and the extrusion temperature [9,10]. In almost all the reported
cases, there were no statistically significant improvement in tensile strength due to preheating. In
addition, for many conditions, IR preheating lowered the average z-direction tensile strength to
some extent which was attributed to the possibility of excessive heating (as the substrate was
preheated up to the chosen extrusion temperature) leading to possible degradation of ABS in the
process.
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The tensile test results for the samples harvested in the present work, with a good control of
Thot and Tcold, are as shown in Figure 5. The data clearly indicates an increase in the average tensile
strength for all the three Tcold conditions, with the increase being statistically significant for the
case with Tcold of 40 oC. The average z-direction tensile strength for this condition was increased
by 81% due to IR preheating. These trends show that IR preheating is a very useful technique for
improving bond strength, especially for print scenarios involving long layer times that cool the
part down to temperatures significantly below the glass transition temperature of the material.
Table 1. Process parameters varied in previous trials.
Print speed (cm/s)
Extrusion temperature (oC)
Lamp power setting
Standoff distance (cm)

3.8, 5.1, 7.6
215, 235, 250
80-90% intensity for 1kW lamp
2 X 500 W lamps (at max intensity)
8, 2.5, 1
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Figure 4. Summary of tensile test results from previous trials [10].
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Figure 5. Ultimate tensile strength (z-direction) for the three cooling conditions.
4. CONCLUSIONS
Previous work by the authors demonstrated infrared preheating to be a useful technique to
enhance the z-direction mechanical properties of components printed on large-format AM
platforms. However, in those print trials, the substrate temperature (bottom beads) before and after
preheating was controlled only by varying the print parameters and heat input conditions. The cold
bead temperatures obtained by varying these parameters, although below the Tg of the material,
were in the range of 75 – 85 oC and excessive preheating in some cases led to the possibility of
polymer degradation. In this work, with modifications in the experimental set-up and processing
conditions, the authors were able to simulate longer layer times (or larger part geometry) by
actively cooling the substrate to chosen temperatures significantly below Tg and then preheating
up to a certain temperature well above Tg (also below the extrusion temperature). These conditions
enabled better control over the process as well as led to the possibility of printing parts where IR
preheating enhanced the tensile strength by even ~ 80 %. Increase in the average tensile strength
was observed to be greater as the substrate temperature lowered. This therefore indicates that the
IR preheating technique to be advantageous for large-scale prints involving longer layer times.
Future work involves experimental trials with multiple preheating temperatures (Thot) as well as
validation of the trends in properties by performing mechanical testing using other methods.
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