
Notice: This manuscript has been authored by UT-Battelle, LLC, under Contract No. DE-AC0500OR22725 with the U.S. Department of Energy. The 
United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government 
retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do 
so, for the United States Government purposes. 

Infrared Imaging of the Polymer 3D-Printing Process  
Ralph B. Dinwiddie*, Vlastimil Kunc, John M. Lindal, Brian Post, Rachel J. Smith, Lonnie Love, 

and Chad E. Duty  
 

Oak Ridge National Laboratory, Manufacturing Demonstration Facility, 2370 Cherahala Blvd., 
Knoxville TN 37932-1563 

ABSTRACT  

Both mid-wave and long-wave IR cameras are used to measure various temperature profiles in thermoplastic parts as 
they are printed. Two significantly different 3D-printers are used in this study. The first is a small scale commercially 
available Solidoodle 3 printer, which prints parts with layer thicknesses on the order of 125µm. The second printer used 
is a “Big Area Additive Manufacturing” (BAAM) 3D-printer developed at Oak Ridge National Laboratory. The BAAM 
prints parts with a layer thicknesses of 4.06 mm. Of particular interest is the temperature of the previously deposited 
layer as the new hot layer is about to be extruded onto it. The two layers are expected have a stronger bond if the 
temperature of the substrate layer is above the glass transition temperature. This paper describes the measurement 
technique and results for a study of temperature decay and substrate layer temperature for ABS thermoplastic with and 
without the addition of chopped carbon fibers. 
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INTRODUCTION  
In the 3D-printing process the part is built one layer at a time. Each layer is deposited onto the previous layer, which can 
be referred to as the substrate layer. The first layer is deposited onto a build plate or build platform. In some cases this 
build plate may be heated to reduce residual stresses in the part. The thermoplastic material is typically in a filament or 
pellet form.  This material is fed into a heated extruder where it is heated beyond the melting temperature and the viscous 
material is extruded through a small orifice and onto the heated substrate or substrate layer1, 2. While the material is hot 
and sticky it can bond with the previous layer. This bonding mechanism no longer takes place once the material cools 
below its glass transition temperature, Tg. Therefore, the longer the material is kept above its Tg the better the bond 
between layers. The direction perpendicular to the layer plane is referred to as the z-direction. Thus the longer the 
extruded material is above the Tg, the better the expected z-strength3, 4, 5. In addition, the z-strength is also expected to be 
improved if the previous layer is above the Tg during deposition of the new layer. One practical consideration is that if 
the temperature of the thermoplastic is too high, and the viscosity too low, the part may distort or collapse under its own 
weight. 
 
This paper is part of a study to quantify and understand the relationship between the temperatures during deposition and 
the z-strength of the final part. The scope of this paper covers the temperature measurement of the extruded material, the 
substrate layer, and the decay temperatures under typical build conditions. Two different 3D-printers were used in this 
study in order to compare the effect of the filament aspect ratio. The first printer is a small scale, commercially available 
Solidoodle 3 printer, which prints parts with layer thicknesses on the order of 125µm (0.005 in). The second printer is a 
large scale custom built printer called the BAAM (Big Area Additive Manufacturing) printer which uses pellets and 
extrudes a bead approximately 4.06 mm (0.160 in.) in diameter. Thus, the two printers extrude beads with very different 
ratios of surface area to volume, and should exhibit significantly different cooling dynamics. 
 
The tensile data for the specimens discussed in this paper will be published in a future paper. 
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EXPERIMENTAL SET-UP 
Solidoodle Printer 

A commercially available Solidoodle 3 printer was used to print 2 different simple shapes in order to study how the 
newly deposited layer cools as a function of time. For simplicity, this will be referred to as the decay temperature. The 
first simple shape printed was a 101.6 mm (4-inch) square. Five-layer squares were printed using ABS-Neat, ABS + 10 
wt% carbon fibers, 20 wt% carbon fibers, and 30 wt% carbon fibers. The second simple shape printed was a 25.4 mm (1-
inch) hexagon (the distance between opposite faces). The hexagons are 300 layers tall and will be later cut up into tensile 
specimens to measure the z-strength. As with the squares, four hexagons were printed using ABS-Neat, ABS + 10 wt% 
carbon fibers, ABS + 20 wt% carbon fibers, and ABS + 30 wt% carbon fibers. 

Temperatures were measured using a FLIR SC-7600 mid-wave IR camera (640 x 512 Focal-Plane-Array)6. The camera 
was equipped with a fixed focus macro lens with has a horizontal field of view of approximately 9.9 mm. This results in 
an instantaneous field of view of 15.5 µm/pixel. The approximate distance from the lens to the target is 305 mm (12 
inches). The set-up is shown in Figure 1. No filters or extender rings were used in this study. The integration time was 
set to 135 microseconds. 

 

 
Figure 1. Experimental set-up showing the Solidoodle 3 printer and the FLIR SC-7600 IR 

camera equipped with the fixed focus macro lens. 

 

Big Area Additive Manufacturing (BAAM) Printer 

The BAAM printer (see Figure 2) is a unique custom built 3D printer, designed and constructed at Oak Ridge National 
Laboratory. This gantry-based printer is capable of printing parts 2.4m wide by 2.4m long by 2.4m high. The extruder is 
mounted on the bottom of a vertically oriented post, which moves in the x-, y-, and z-directions. The extruder is 
equipped with a z-tamper, which vibrates up and down, compressing the newly deposited layer onto the substrate layer. 
This improves z-strength by increasing the contact area between layers. The material is in the form of small pellets, 
which are continuously transferred to the extruder from a storage hopper by compressed air through a flexible hose. In 
this study, the material used was ABS + 13 wt% carbon fibers. A series of 3 different sized hexagons were printed (see 
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Figure 3). The size of the hexagons, as measured by the diameter of an inscribed circle, is 43 cm, 86 cm, and 173 cm (17 
in., 34 in., and 68 in.). The size of the hexagons was chosen to double the time required to make a layer (lap time). The 
lap times for the 43, 86 and 173 cm hexagons were 29.8, 59.5, and 119 seconds, respectively.  Each hexagon was printed 
34 layers high. The hexagons will later be cut into tensile specimens to compare z-strength with the substrate layer 
temperature. 

 

 
Figure 2. The BAAM 3D-Printer located at Oak Ridge National Laboratory. 

 

 

 
Figure 3. Three hexagons printed on the BAAM 3D-Printer.  

 

 

Temperatures were measured using a FLIR A35 long-wave uncooled microbolometer camera7. The A35 weights just 7 
ounces and is equipped with a 28 mm lens. Images were taken at a rate of 30 Hz. The lens to target distance was 
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approximately 42 cm (16.5 in.). The experimental set-up showing the BAAM extruder on the right, equipped with a Z-
Tamper device, and the FLIR A35 longwave IR camera on the left, is shown in Figure 3. 

 

 

 
Figure 3. Experimental set-up showing the BAAM extruder on the right, equipped with a Z-Tamper 

device, and the FLIR A35 longwave IR camera on the left. 

 

 

RESULTS AND DISCUSSION 
2.1  SolidDoodle Printer 

During the printing of the simple squares by the Solidoodle printer, a temperature profile was recorded for each layer of 
newly deposited material. This temperature profile is in units of °C/pixel. This profile can be converted into a decay 
temperature using the spatial calibration of 15.5 µm/pixel and the translational speed of the printhead, 25.07 mm/s. The 
decay temperatures for ABS-Neat are shown in Figure 4. Although the set-point temperature of the extruder is set to 
255°C, the first layer is actually extruded at 170°C. This material is being deposited onto a glass substrate heated to 
85°C. This first layer cools down to 115°C in 0.30 seconds. The second layer follows nearly an identical pattern. Layers 
3 and 4 are extruded at 174°C and remain hotter than the previous 2 layers. The extruder temperature controller 
unexpectedly shut off after layer 4, and thus we were unable to get useful data from layer 5. 

Figure 5 shows a comparison of ABS-Neat to ABS with various amounts of carbon fibers. The ABS + 10 wt% carbon 
fibers had an actual extrusion temperature of 200°C, and remained significantly hotter than the ABS-Neat material. This 
is expected to result in a higher z-strength, since the longer the material stays above its Tg, the better the bond between 
layers. The ABS + 20 wr% carbon fibers had an actual extrusion temperature of 222°C. This material remained hotter 
than the ABS + 10 wt% carbon fibers for the first 0.21 seconds when they reached an equal temperature of 150°C. The 
ABS + 30 wr% carbon fibers had an actual extrusion temperature of 220°C. this is within the 1% accuracy of the 
calibration, and thus, is statistically identical to the ABS + 20% carbon fiber material. The decay temperature remained 
between the other carbon fiber containing material for the first 0.2 seconds. After which the temperature dropped slightly 
below that of the material containing 10% carbon fiber for the next 0.1 seconds. Although there is noise in the data, it 
generally appears all of the carbon fiber containing materials have similar decay temperatures in the short term, with the 
exception of the lower extrusion temperature of the ABS + 10 wt% carbon fiber material. 

The Solidoodle printer was also used to make 25.4 mm (1-inch) hexagon (the distance between opposite faces). These 
hexagons are 300 layers tall and each face can be machined into a tensile specimen for the measurement of z-strength. 
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The extrusion temperature and previous layer temperature was measured for each layer between 130 and 170, since 
tensile specimens are expected to break near the center. Three integration (exposure) times were used in a High Dynamic 
Range (HDR) imaging mode, in order to measure the temperature range between 50° and 230°C. The results for the 
ABS-Neat extruded at 205°C are shown in Figure 6. While extruder set-point was set for 205°C, the actual extruded 
temperature ranged from 198° to 211°C.  

 

 

 

 
Figure 4. Decay temperatures for ABS-Neat 4-inch square printed on the Solidoodle. 

 

 

 

Even though the build plate was heated to 85°C, the layers near the center of the part cooled down to temperatures in the 
range of 58° to 68°C before the next layer was deposited. These temperatures are significantly below the Tg for ABS, 
which is in the range of 95 to 105°C. 

Figure 7 shows the temperatures of the center region for ABS-Neat extruded with a set-point of 225°C. The actual 
extruded temperature ranged from 203° to 228°C. The extruded temperature varies with a sinusoidal modulation with a 
period of approximately 2 minutes. This is probably due to the temperature controller of the Solidoodle not being able to 
maintain a constant temperature at this high set-point.  The layers cooled down to temperatures in the range 56° to 62°C 
before the next layer was deposited. Again, all of these cool-down temperatures are significantly below the Tg of ABS.  

The process temperatures for the center section of the small hexagon made with ABS + 13wt% carbon fibers is shown in 
Figure 8. The set-point for the extruder temperature was 205°C, while the actual extruded temperatures were 197° to 
206°C. As with the ABS-Neat, the layers cooled to a temperature range of 57° to 70°C, which is below the Tg of ABS. 
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Figure 5. Decay temperatures for ABS-Neat compared to ABS with various amounts of carbon fibers, during 

the printing of a 4-inch square on the Solidoodle. 

 

 
Figure 6. Temperature of the top-most layer during the printing of a 25.4 mm ABS-neat hexagon on the 

Solidoodle 3D-Printer. Extrusion temperature = 205°C. 

 

Figure 9 shows the process temperatures for center section of the small hexagon made with ABS + 13 wt% carbon fibers. 
The extruder set-point was 225°C. As in the case of ABS-Neat extruded at 225°C, we see a sinusoidal modulation of the 
extruder temperature with a 2 minute period. The actual extruded temperature ranged from  209° to 234°C. This hexagon 
was the only case where porosity was observed forming during printing. The circles in Figure 9 labeled A and B indicate 
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the layers between which the porosity formed. Images of the porosity are shown in Figure 10. While the smaller pores 
appear between layers, some of the larger pores appear to span an entire layer. 

 

 
Figure 7. Temperature of the top-most layer during the printing of a 25.4 mm ABS-neat hexagon on the 

Solidoodle 3D-Printer. Extrusion temperature = 225°C. 

 

 
Figure 8. Temperature of the top-most layer during the printing of a 25.4 mm hexagon made with ABS + 13 wt% 

Carbon Fibers on the Solidoodle 3D-Printer. Extrusion temperature = 205°C. 

The exact cause of this porosity is currently unknown. The only unique commonality between these two regions of 
porosity is that they started to form about 3 layers after the extruded temperature exceeded 230°C. However, this 
may be a coincidence, and the porosity may have resulted from flaws in the starting material. 
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Figure 9. Temperature of the top-most layer during the printing of a 25.4 mm hexagon made with ABS + 13 wt% 

Carbon Fibers on the Solidoodle 3D-Printer. Extrusion temperature = 225°C. 

 

 

 
Figure 10. IR Images showing porosity in the hexagon made with ABS+13 wt% carbon fibers and extruded at 225°C. 

Image A shows porosity between layers 136 and 139 as indicated in by the circle labeled “A” in the above graph. 
Image B shows porosity between layers 149 and 152 as indicated in by the circle labeled “B” in the above graph. 

 

2.2  Big Area Additive Manufacturing (BAAM) Printer 

The BAAM printer was used to manufacture 3 hexagons, each of a different size, designed to double from the 
previous hexagon, the lap time needed to print one layer. This means that the 86 cm hexagon has twice the cool-
down time for each layer than the 43 cm hexagon, while the 173 cm hexagon has twice the cool-down time as 
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the 86 cm hexagon. All hexagons were produced using the Z-Tamper mechanism. Figure 11 shows layer 15 
being printed for each of the 3 hexagons. In the images, layer 15 is the brightest layer, running from the center 
of the image as it is extruded and extending to the left edge of the image. Layer 14 is slightly lower and is 
measured from the center of the image to the right edge. In this manner, the extruded temperature is measured, 
as well as, the previous layer temperature. 

 

 
Figure 11. Infrared images of layer 15 being deposited onto layer 14 of the 3 hexagons;  

a) 17 inch hexagon, b) 34 inch hexagon, and c) 68 inch hexagon. 

 

Figure 12 shows the temperature profile across layers 14 and 15 for the 43 cm hexagon with a lap time of 29.8 seconds. 
The actual extruded temperature matches the extruder set-point temperature of 250°C. The temperature of this new layer 
(layer 15) can be seen to be decreasing away from the extruder. By the time the extruder make one complete lap (29.8 s) 
the previous layer has cooled to 172°C. Although the temperature cooled 82°C, it is still significantly above the Tg of 
ABS (Tg ABS = 95° to 110°C).  

The results for the 86 cm (43 inch) hexagon, with a lap time of 59.5 seconds, are shown in Figure 13. The temperature 
profile across layer 15 shows the actual extruded temperature again matches the extruder set-point temperature of 250°C. 
The temperature of this new layer (layer 15) can be seen to be decreasing away from the extruder. By the time the 
extruder make one complete lap (59.5 s) the previous layer has cooled to 144°C. This temperature is still significantly 
above the Tg of ABS.  

Figure 14 shows the temperature profile across layers 14 and 15 for the 119 cm (68 inch) hexagon with a lap time of 119 
seconds. The actual extruded temperature matches the extruder set-point temperature of 250°C. The temperature of this 
new layer (layer 15) can be seen to be decreasing away from the extruder. After one complete lap the previous layer has 
cooled to 110°C. This temperature is right on the upper range of the Tg of ABS.  
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Figure 12. Temperature profile of the 43 cm (17 inch) hexagon, comparing the temperature of the newly 

extruded layer and the temperature of the layer onto which it is being deposited. 

 

 
Figure 13. Temperature profile of the 86 cm (34 inch) hexagon, comparing the temperature of the 

newly extruded layer and the temperature of the layer onto which it is being deposited.    
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Figure 14. Temperature profile of the 173 cm (68 inch) hexagon, comparing the temperature of the 

newly extruded layer and the temperature of the layer onto which it is being deposited. 

 

Figure 15 shows the cool-down rate for a typical ABS-Neat part printed on the BAAM. This part is a triangle 
with a 4-bead thick wall. The temperature was measured from the top and final layer of the part immediately 
after the extruder lifted out of the way. It can be seen tht the part takes approximately 30 minutes to cool down 
to a temperature of 60°C. Recall that the same material on the Solidoodle only requires approximately 8 – 10 
seconds to cool down to the same temperature when starting at the same extrusion temperature of 250°C.     

 

 
Figure 15. Cool-down time for a typical ABS-Neat part produced by the BAAM printer. 
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CONCLUSIONS 
The temperatures were measured during the printing of simple shapes on the Solidoodle and BAAM 3D-printers. Adding 
carbon fibers to ABS increases the extruded temperature and keeps the deposited layer hot for a longer time for both the 
Solidoodle and BAAM printers. BAAM parts require at about 30 minutes to cool-down below 60°C, while Solidoodle 
layers cool below 60°C in 8-10 seconds. Tensile testing is currently being performed. Porosity is produced in ABS + 13 
wt% carbon fibers by the Solidoodle at an extrusion temperature of 225°C. Possibly due to the decomposition of the 
styrene component. 
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