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A B S T R A C T   

Bonding between polymer filaments deposited during Fused Filament Fabrication (FFF) is a critical process that 
determines the quality of the printed part. This process is governed by the temperature history of the deposited 
filament. In general, the longer the filament stays above glass transition temperature, the greater is the quality of 
bonding. This paper presents a technique to enhance FFF quality by localized dispensing of hot air from nozzles 
integrated with the main polymer-dispensing nozzle, thereby providing a hot micro-environment around the 
filament. The temperature field during this process is measured using infrared thermography. It is shown that 
under the correct process conditions, this approach results in significantly reduced heat transfer from the fila-
ment, thereby increasing the cool down time and improving the quality of bonding with the adjacent filaments. 
The improved thermal history of the filament due to hot air dispensing is shown to translate into increased neck 
size, leading to 35% increase in thermal conductivity, 19% increase in tensile strength and 145% increase in 
tensile toughness. Compared to other thermal techniques for improving the FFF process proposed in the past, the 
present approach provides a highly localized, in situ thermal enhancement of the local environment around the 
deposited filament, and integrates seamlessly with the filament-dispensing nozzle. It is expected that the tech-
nique described here may help improve the quality of FFF process and enable the printing of parts with improved 
thermal and mechanical properties.   

1. Introduction 

Polymer extrusion based additive manufacturing (AM) processes 
such as Fused Filament Fabrication (FFF) are being extensively used for 
rapid printing of functional parts and components capable of with-
standing various forms of mechanical load [1]. In these processes, a 
polymer is heated above its glass transition temperature, extruded 
through a nozzle and deposited on a platform in the form of multiple 
filaments. Adhesion between neighboring roads occurs due to reptation 
of polymer chains across the road-to-road interface, which provides 
mechanical strength to the printed part. Good adhesion between adja-
cent roads is critical for ensuring good mechanical properties of the 
printed part [2,3]. 

The process of road-to-road adhesion is driven by polymer healing, 
which refers to molecular diffusion across the interface of two adjacent 
polymer filaments [4,5]. This well-studied process is primarily driven by 

diffusion of polymer chains across the interface. The extent of healing, 
and hence adhesion, that occurs during the short cooling time of the 
filament is known to be strongly driven by the temperature history of the 
road-to-road interface. Theoretical modeling of the reptation of polymer 
chains across the interface [4,6] shows that the longer the interface 
remains above glass transition temperature, the greater is the degree of 
healing, and hence, the greater is the bond strength. While raising the 
filament deposition temperature will, in principle, result in greater time 
spent above glass transition, too large a deposition temperature may 
result in polymer degradation and surface defects. Instead, it is impor-
tant to minimize heat loss from the dispensed filament into the sur-
roundings in order to prolong the cooling curve. 

Motivated by the connection between filament temperature and 
bond strength of the printed part, significant experimental and theo-
retical research has been carried out on understanding and optimizing 
the thermal environment around a dispensed filament. The key 
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mechanisms responsible for the cooling of a deposited filament include 
thermal conduction to neighboring filaments and the material on which 
the filament is deposited, as well as heat loss to the surrounding air [2,3, 
7]. The build platform is typically heated to a high temperature in order 
to suppress conduction heat losses. Heat transfer modeling has been 
carried out to understand these heat transfer mechanisms responsible for 
the cooling curve of the filament. One- [6] and two-dimensional [8] 
thermal models have been developed for the cooling of the filament due 
to convection into its surroundings. Thermal conduction models have 
been developed for heat transfer from the filament in the stand-off gap 
prior to deposition [9] and onto the build platform after deposition [2]. 
Numerical models have been developed to predict temperature evolu-
tion during the printing of a complete part [3,10,11] and thus predict 
regions of good and poor adhesion [3]. On the experimental side, 
infrared (IR) thermography has been extensively used for measuring and 
characterizing the evolution of the temperature field [2,7,12–16], 
including at the liquefier exit [17] and in the standoff gap [9]. Mea-
surements of the interface temperature between two filaments have 
shown that the interface temperature stays above glass transition tem-
perature only for a short amount of time [7], which highlights the key 
challenge of prolonging this time in order to enhance the degree of 
healing and thus improve bond strength. While post-process thermal 
annealing methods have been shown to result in improved filament 
adhesion, leading to enhanced thermal [18] and mechanical properties 
[19], these methods require large annealing time and may result in 
warping. 

A heated build environment is commonly used in polymer 3D 
printing to control the temperature of the air around the filament being 
deposited. This may help minimize thermal warping and loss of 
dimensional accuracy of the printed part. However, heating up a large 
volume of air within the 3D printing equipment may be expensive and 
time-consuming, and there are usually limitations on how high a tem-
perature can be maintained. It may be more desirable to heat up the air 
in the immediate vicinity of the filament being deposited. By applying 
heat only in the region where it is needed, this approach may be more 
scalable, and may be used to maintain a very high temperature around 
the deposition site without subjecting the entire part to thermal stress. 
This may help minimize loss of dimensional accuracy. 

Towards the goal of in situ control of the local thermal environment 
around the filament, heat from an external source of energy has been 
directed to the filament deposition site in order to keep the filament 
warm. Examples include infrared [20,21], laser [22], and microwave 
[23] heating. A heated metal element rastering along with the 
dispensing nozzle has been used for in situ filament heating in order to 
improve bond strength [16]. An inverted 3D printing process has been 
proposed, where the lower density of hot air is used to maintain a local 
high temperature environment around the rastering nozzle [24]. It is 
important that such thermal enhancement approaches to improve the 
thermal environment around the filament be local and as less disruptive 
to the printing process as possible. 

Only limited literature is available on the use of hot air flow for 
localized heating during FFF. Partain [25] has described pre-deposition 
heating of the roads using hot air from a welding machine. However, the 
lack of quantitative temperature measurement in this work makes it 
difficult to fully understand the impact of such heating on temperature 
history at the road-to-road interface, and subsequently on road-to-road 
adhesion. Further, Partain did not find any improvement in mechani-
cal strength of parts printed with hot air compared to baseline [25], 
which may have been because only pre-deposition heating was pro-
vided, whereas the extent of road-to-road adhesion is governed pri-
marily by temperature history of the interface after deposition [7]. A hot 
air jet has also been used for post-process polishing of a 3D printed 
polymer part, with the goal of improving surface finish [26], although 
this work did not investigate in situ use of the hot air jet during the 
printing process. 

In contrast with much of this past work that utilizes a large, external 

energy source for heating, this paper presents a localized, in situ tech-
nique for controlling the thermal environment around a deposited fila-
ment using a hot air supply. Hot air at a desired temperature and flow 
rate is supplied from air nozzles that are integrated to move along with 
the filament-dispensing nozzle. The hot air impinges just before and 
after filament deposition and provides a warm environment around the 
filament that helps suppress the rate of cooling of the filament. This 
hypothesis is investigated in detail through infrared thermography 
based measurement of the temperature field during the FFF process. The 
resulting impact on void fraction and thermal/mechanical properties is 
investigated. 

2. Experimental setup 

2.1. Additive manufacturing platform 

An open source Anet A8 3D printer with A-1284 controller board is 
used in printing and thermal visualization experiments. The samples for 
mechanical and thermal properties measurement are also printed on the 
same machine. The Computer-Aided Design (CAD) model of the sample 
geometry is imported into Simplify3D slicing software and converted to 
G-code. Process parameter such as layer height (0.4 mm), infill pattern 
(0◦/0◦), print speed (2000 and 3600 mm/min), bed temperature 
(110 ◦C) and nozzle temperature (230 ℃) are specified in the slicing 
software. Acrylonitrile Butadiene Styrene (ABS) filament of black color 
and 1.75 mm diameter (Tronxy Ltd., Shenzhen, China) is used for all 
experiments, including measurement of the thermal field during print-
ing, and printing of samples for thermal and mechanical properties 
measurement. Glass transition temperature of ABS is around 105 ◦C. 
Filament nozzle diameter is 0.4 mm. Before connecting the hot air 
supply described in Section 2.2, the build platform is leveled using a 
standard method. Points located at four corners and at the center are 
considered for leveling. The nozzle is moved to these points one-by-one 
and set to a z value of zero. The leveling screws are tightened or loosened 
as needed to make sure that a single sheet of paper passes between the 
nozzle and build platform with minimum resistance. 

2.2. Hot air supply 

A hot air supply manifold is integrated with the filament heater 
barrel. Fig. 1(a) and 1(b) show a schematic and a picture of the hot air 
supply manifold. Prior to entering the air supply manifold, standard 
laboratory air supply is heated up in an air heating section, from where, 
the air flows into the hot air supply manifold, and finally through the air 
nozzles on to the build platform. Fig. 2(a) and (b) shows a schematic and 
a picture of the entire hot air supply circuit, including the air preheating 
section and hot air supply manifold. Fig. 3 shows a schematic of the 
printing process in order to define the coordinate axes as well as print 
and build directions. The hot air supply manifold is manufactured 
separately and integrated to raster together with the filament nozzle 
barrel. The air supply manifold comprises brass elbow joints at the two 
ends for hot air entering from the air heating section, which is then 
directed to six nozzles of diameter 1 mm each. A 5 mm diameter internal 
hole is drilled in the hot air supply manifold to create the internal flow 
path. Three holes with M6 thread are drilled along the flow direction to 
accommodate six nozzles that discharge hot air over the build platform. 
Three nozzles are located on each side of the filament nozzle, so that one 
set of nozzles traveling ahead of the filament nozzle heat up the build 
platform prior to filament deposition, while the other set of nozzles 
traveling behind the filament nozzle provides continued heat to keep the 
filament from cooling too fast after deposition. The distance between 
two air nozzles is 9.8 mm and the first air nozzle is 20.4 mm from the 
filament nozzle. The clearance between the air nozzles and build plat-
form is around 3.7 mm. 

The hot air supply manifold has a threaded M6 hole at the center, the 
axis of which coincides with the filament barrel axis. Once placed on the 
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filament barrel, it is held there by two locking nuts. The manifold is 
covered with two layers of Kapton tape for electrical insulation and then 
wrapped with 24 AWG Nichrome80 wire of 5.3 Ohm/m resistance for 
heating. Another layer of Kapton tape is applied for additional insulation 
and securing the set up. One NTC thermistor is placed on the surface and 
the entire arrangement is covered with thermal insulation tape to 
minimize heat loss. Temperature of the hot air supply manifold is 
controlled by an Arduino Mega 2560 circuit board. It is verified through 
thermocouple measurements that outlet air temperature is close to the 
set temperature of the manifold. 

The hot air supply manifold is integrated with the filament heater 
block and mounted on the moving head. The orientation of the manifold 
is controlled with a locking nut. Air is supplied from the air heating 
section into the manifold using two brass elbow joints and flexible sili-
cone hose, which helps accommodate the motion of the manifold during 
printing. Thermal insulating tube is used over the silicone hose to 
minimize heat loss during operation with hot air. Due to the extended 
size of the air supply manifold, the raster direction zero switch is 
extended to avoid collision of the manifold into the 3D printer frame. 

As shown in Fig. 2, the air heating section that supplies hot air into 

the air supply manifold is made from copper tubing with outer and inner 
diameters of 15.8 mm and 12.4 mm, respectively. A total length of 
around 200 cm of the copper tube is bent to form a coil. The copper 
tubing is covered with Kapton tape for electrical insulation, wrapped 
with 20 AWG Nichrome80 wire and placed inside a 19 mm diameter 
high-temperature electrical-insulating tube sleeving. 

An Alitove regulated switching power supply and an Extech DC 
Power Supply are used for providing the desired heating current. The air 
heating section is covered with a 19 mm ID high-temperature electrical- 
insulating tube sleeving. Air flow is regulated and measured through an 
Omega glass tube variable area flowmeter (model number 
FR2A17BVBN-OM). 

2.3. Infrared (IR) thermography 

A FLIR A6703sc InSb infrared camera is used for IR-based mea-
surement of the temperature field during printing. The camera measures 
infrared emission in the 3.0–5.0 µm wavelength range, which is then 
converted into a temperature field. An emissivity value of 0.92 is used 
based on a calibration process reported in past work [9]. The tempera-
ture field is measured at a frame rate of 60 fps. 

Once the various components of the experiments are set up and bed is 
leveled, temperature field is measured with the IR camera in various 
process conditions while printing a part of size 80 × 12 × 6 mm3. 

2.4. Cross-section characterization 

Parts are printed separately for characterization of road-to-road 
adhesion and void fraction in the cross-section. In order to cross- 
section the sample without disrupting its internal details, a notch is 
created around the edges of one of the faces. The sample is then soaked 
into liquid nitrogen for about one minute and an impact load is applied 
on the notch. This breaks the sample clearly and reveals the cross-section 
[16,18]. An Amscope 3X stereo microscope with 10 MP Amscope MU 

Fig. 1. (a) Schematic diagram (not to scale) and (b) picture of the air supply manifold, including hot air nozzles, that is integrated with the filament heater assembly 
to provide localized hot air delivery over the deposited filaments on the build platform. Red arrow indicates the direction of travel. 

Fig. 2. (a) Schematic diagram of the hot air supply pathway (not to scale); (b) Picture of the entire experimental setup.  

Fig. 3. Schematic of the printing process, showing the coordinate axes as well 
as print and build directions. 
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1000 digital camera is used to capture the images of the cross-section. 
The images are analyzed in ImageJ software to calculate the void frac-
tion and extent of necking. 

2.5. Thermal and tensile testing 

Samples of 74 mm length, 36 mm width and different thicknesses (4, 
8, 12, 16 mm) are printed for measurement of thermal resistance. 
Baseline samples are printed without hot air supply, in addition to 
samples printed with 200 ◦C air temperature at 6 liters per minute (LPM) 
flow rate. The print speed is 3600 mm/min. Once the samples are 
printed, 36 mm length is cut out from the center of the longest edge in 
order to produce a sample of 36 mm by 36 mm cross-section, consistent 
with the thermal characterization equipment. Printing of longer samples 
followed by cutting down to the desired size is necessitated because the 
impact of hot air will not be fully observable when printing a 36 mm by 
36 mm sample due to the distance between the filament nozzle and hot 
air nozzles. The print direction in the printed samples is perpendicular to 
the sample thickness, over which, thermal resistance is measured. 
Thermal resistance of the sample is measured using a TA Instruments 
Fox50 equipment, which is based on the one-dimensional heat flux 
method [27]. The cut sample is sandwiched between two plates main-
tained at two different temperatures using a heater and cold water flow, 
respectively. The heat flow through the sample caused by the temper-
ature difference is measured by a thin-film heat flux transducer, which is 
used to determine the thermal resistance of the sample. 

Straight bar samples for measurement of tensile properties are 
printed using the experimental setup described above. The sample size is 
40 mm wide by 4 mm thick by 100 mm long, based on a modified 
version of ASTM D3039 test standard [28]. The sample is designed to be 
of large width in order to ensure that the hot air nozzles are able to 
access the entire width of the sample during printing. The straight bar 
geometry also reduces the edge effect arising from the 3D layer-by-layer 
printing process. Such effects are commonly present in curved samples 
such as a dogbone. Baseline samples are printed with no hot air. In 
addition, samples are printed with hot air at 200 ◦C and 6 LPM flowrate 
– the parameters at which the highest void reduction in seen in cross 

sections discussed later. The raster direction is perpendicular to the 
length of the samples, along which, tensile load is applied. All tensile 
tests are performed using a Shimadzu AGS-X series universal test frame 
with a high-precision 5 kN load cell. A stroke rate of 1 mm/min is used 
in stroke-controlled mode. A pair of steel grips are used to fix the 
specimen. Special attention is paid to avoid any slip during the tensile 
test. To ensure proper gripping without damaging the samples near the 
grip, samples are wrapped with tape near the grip area. Seven samples 
per sample type are tested. Data are collected in the form of load and 
displacement, and converted into a stress-strain diagram. Tensile prop-
erties such as ultimate tensile strength, Young’s modulus and tensile 
toughness values are calculated. The tensile toughness is obtained by 
calculating the area under the stress-strain curve. 

3. Results and discussion 

A number of experiments are carried out to quantitatively measure 
the temperature field around a deposited filament due to the hot air 
supply and study the impact of various process parameters on the tem-
perature field. Experiments are also carried out to measure the impact of 
the hot air supply on road-to-road adhesion and on thermal and me-
chanical properties of printed parts. 

3.1. Infrared temperature measurements 

Fig. 4 presents a sequence of temperature colormaps obtained from 
infrared thermography for the baseline case as well as a case with 200 ◦C 
air dispensing from the hot air nozzles at 6 LPM flowrate. In these col-
ormaps, the nozzle assembly moves from right to left, and t = 0 corre-
sponds to the time at which the filament nozzle is at the center of the IR 
camera frame, which is the point of interest for subsequent analysis. 
Note that the glass transition temperature of ABS is 105 ◦C. At the first 
set of colormaps at t = − 0.25 s, the filament nozzle is barely in the frame 
on the right, but one of the hot air nozzles is close to the point of interest. 
As expected, the hot air nozzles show high temperature upwards of 
200 ◦C for the hot air case and below 80 ◦C for the baseline case when 
there is no hot air passing through. The hot air dispensed by the hot air 

Fig. 4. Comparison of infrared-measured temperature distribution between baseline printing and printing with hot air at 200 ◦C and 6 LPM. Temperature colorplots 
are shown at three different times. In each case, the print speed is 3600 mm/min, and bed and filament nozzle temperatures are 90 ◦C and 230 ◦C, respectively. The 
glass transition temperature of 105 ◦C is indicated on the colorbar. 
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nozzle itself is not seen in these infrared images, since air is transparent 
to infrared emission. At t = − 0.25 s, the top layer on the build platform 
is already 45 ◦C hotter in the hot air case compared to baseline. As a 
result, when the filament is deposited at t = 0.0 s, the underlying road is 
around 45 ◦C hotter in the hot air case compared to baseline. This is 
expected to significantly slow down the rate of cooling and ensure better 
road-to-road adhesion. The improved cooling rate is clearly seen in the 
colorplots in Fig. 4. For example, at t = 0.63 s, when the filament nozzle 
has traveled past the point of interest, the deposited filament is still 
20 ◦C hotter in the hot air case compared to baseline. Note that the hot 
air nozzles seen in colorplots at t = 0.63 s are the ones located on the 
other side of the filament nozzle. The combined strategy of dispensing 
hot air before and after filament deposition is expected to ensure more 
effective road-to-road adhesion following filament deposition. 

It is also seen from Fig. 4 that the thermal impact of the hot air supply 
may extend deeper into the previously deposited layers. Specifically, 
Fig. 4 shows higher temperature several mm deep into the previously 
deposited layers for the hot air case compared to baseline. The tem-
perature several mm underneath the present layer is seen to be greater 
than the glass transition temperature for the hot air case, which in-
dicates that hot air dispensing may promote road-to-road adhesion even 
in previously deposited layers underneath the present layer. 

Temperature data contained in the colormaps in Fig. 4 can be 
extracted for quantitative comparison. This is shown and discussed in  
Fig. 5, where the temperature distribution along the print direction (x 
axis) at the interface between the top-most layer and the layer being 
printed is plotted for the baseline and hot air cases at three different 
times. In both cases, the nozzle assembly moves from right to left. In the 
hot air case, air at 200 ◦C is dispensed at 6 LPM flowrate. At t = − 0.25 s, 
the filament dispensing nozzle is still far from the center of the frame, 
x = 0, but the temperature distribution is already significantly elevated 
for the hot air case compared to baseline (blue curves) due to the hot air 
dispensed by the nozzles that have already traveled past the point of 
interest. This preheating prior to filament deposition is expected to 
promote adhesion of the deposited filament with those already depos-
ited previously. At t = 0.0 s, the filament-dispensing nozzle reaches the 
center of the frame, resulting in a steep temperature rise for both cases 
(red curves). Some residual effect of the hot air supply is still seen at 
t = 0, particularly prior to x = 0. Finally, at t = 0.63 s, the temperature 
cools off, but the rate of cooldown is much lower for the hot air case than 
baseline (green curves). In fact, to the left of the point of interest, i.e., 
prior to x = 0, temperature actually increases. This is because by now, 
the trailing set of hot air nozzles are dispensing hot air over the recently 
printed filament. On the overall, the deposited filament spends much 
longer time above glass transition temperature compared to the baseline 
case, which is expected to improve the bond quality and enhance the 
properties of the printed part. 

Fig. 6 presents the impact of the hot air dispensing on temperature 
distribution in previously-deposited layers. This Figure compares the 
measured temperature as a function of depth, z, at three different times 
for the baseline case and the case with hot air dispensed at 200 ◦C and 6 
LPM. Note that z = 0 corresponds to the top of the newly deposited 
filament, which is why, the curves at t = − 0.25 s (prior to filament 
deposition) do not extend all the way to z = 0. Fig. 6 shows that the 
thermal impact of the dispensed hot air is experienced not just at z = 0, 
but also several mm deep. The temperature curves for the hot air are 
higher than the baseline case. For the baseline case, the temperature 
curve close to z = 0 shoots up at t = 0 due to new filament deposition, 
and is much lower at other times. On the other hand, the curves for the 
hot air case are at all times elevated compared to the baseline case. This 
is directly attributable to the high temperature micro-environment 
around the filament due to the hot air, which reduces heat loss and 
maintains higher temperature several mm deep into previously depos-
ited layers. 

The improved thermal history of a polymer road represented in Fig. 6 
is expected to play a key role in road-to-road adhesion. The longer the 
interface temperature stays above glass transition temperature, the 
greater is the extent of reptation and entanglement of polymer chains 
across the interface [4], and therefore, greater is the degree of adhesion 
between roads. 

Note that the sample size plays a key role in determining the depth to 
which the thermal impact of the hot air is experienced. Large samples 
with relatively large surface area are likely to cool down faster, and 
therefore, in that case, it may be necessary to increase the hot air flow 
rate or the number of hot air nozzles to compensate for the cooling 
effect. 

3.2. Effect of process parameters 

Hot air temperature is a key parameter associated with the hot air 
dispensing process. The impact of hot air temperature on the resulting 
temperature distribution around the filament is important to quantify, in 
order to fully understand how the bond quality is impacted by this 
parameter. Towards this, a number of measurements are carried out, in 
which, air is dispensed at several different temperatures while keeping 
the flowrate constant at 6 LPM. The resulting temperature at one point is 
plotted as a function of time in Fig. 7. The baseline case, with no hot air 
dispensed, is also shown. These curves characterize the rate of cooling 
down of the filament following the deposition process. In each case, 
Fig. 7 shows that the filament cools down starting at t = 0 s, as the 
nozzle assembly moves away. Fig. 7 shows that, compared to the base-
line case, the filament temperature is elevated significantly – and the 
cooling process is slowed down considerably – by the hot air. In general, 
the greater the hot air temperature, the more elevated is the filament 
temperature, as expected. There are practical limits to this, however, 

Fig. 5. Comparison of measured temperature along the print direction between 
baseline and hot air cases (200 ◦C at 6 LPM) at three different times corre-
sponding to Fig. 4. In each case, the print speed is 3600 mm/min, and bed and 
filament nozzle temperatures are 90 ◦C and 230 ◦C, respectively. 

Fig. 6. Comparison of measured temperature as a function of z between 
baseline and hot air cases (200 ◦C at 6 LPM) at three different times. The glass 
transition temperature is indicated by a dashed line across the plot. 
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because if the dispensed air is too hot, it may degrade and damage the 
top surface of the deposited filament. A temperature curve is also 
measured and plotted in Fig. 7 for a contrasting case where the hot air 
nozzle dispenses unheated air at room temperature. This is expected to 
quench and rapidly cool down the filament, resulting in poor bond 
quality. This is clearly seen in the bottom-most curve in Fig. 7. These 
data further establish the case that dispensing hot air slows down fila-
ment cooling, which is expected to improve adhesion. These data also 
show, as expected, that dispensing room temperature air is not useful, 
and, in fact, has an undesirable effect on filament bonding. 

Note that the cooling curves shown in Fig. 7 do not go down to the 
bed temperature because at around t = 1.6 s, the nozzle assembly 
returns to print the next filament. Fig. 7 shows that in the baseline case, 
the temperature plateaus out, whereas when hot air is dispensed, it re-
sults in a rise in temperature. This is because of hot air being dispensed 
by nozzles that have returned along with the filament nozzle to print the 
next line. The small bump in the baseline case around the same time is 
likely due to heat transfer directly from the hot filament nozzle. In the 
room temperature air case, the plateau occurs because the filament has 
cooled down dramatically due to the quenching effect of the cold air, 
which then heats back up slightly due to the deposition of the second 
filament. 

3.3. Characterization of road-to-road adhesion and thermal/mechanical 
properties 

The neck size between roads is representative of the quality of road- 
to-road adhesion, since polymer chain reptation across the interface at 
high temperature increases the neck size [6]. The impact of the elevated 
temperature distribution due to hot air dispensing on necking and 
adhesion between roads is investigated next. Representative samples are 
printed for the baseline case as well as several cases of hot air dispense. 
Cross-section images of these samples are obtained, as described in 
Section 2.4, and presented in Fig. 8. The baseline cross-section is shown 
in Fig. 8(a) and shows minimal necking between filaments, both 
inter-layer and intra-layer. Fig. 8(b) shows the cross-section for hot air at 
200 ◦C and 6 LPM – the optimal case amongst the ones investigated in 
this work. Significant improvement in neck size between roads can be 
seen visually in this case compared to the baseline. The neck sizes in 
Fig. 8(a) and (b) are measured using image analysis. It is found that the 
average neck size increases from 0.14 mm in the baseline case (Fig. 8(a)) 
to 0.26 mm in the case of hot air at 200 ◦C and 6 LPM (Fig. 8(b)). This 
improvement is attributable to increased effectiveness of road-to-road 
bonding – both in-layer and between layers –due to the elevated tem-
perature and increased cool down time, as shown in temperature mea-
surements in Fig. 5. The improvement in neck size reported here is 
comparable to results from post-process annealing [18]. Compared to 
the long time taken for post-process annealing and the associated risk of 
warping, similar improvement in neck size is obtained in the present 
work in a more seamless, in situ fashion. 

In addition to improved neck size, an estimate of the void fraction 
carried out by measuring the fraction of dark area in a representative 
square region shows that the void fraction reduces from 11.9% in the 
baseline case (Fig. 8(a)) to 4.0% in the hot air case at 200 ◦C and 6 LPM 
(Fig. 8(b)). 

Cross-sections are also carried out at two other process conditions. 
When the hot air is dispensed at the same temperature but greater 
flowrate (12 LPM), the improvement in void fraction is marginal, as 
shown in Fig. 8(c). Finally, when room temperature air is dispensed at 
12 LPM, it is expected to have a negative impact on the bond quality due 
to rapid cool down of the filaments. The resulting cross section, shown in 
Fig. 8(d), is consistent with this expectation, and shows very poor 
bonding between filaments. The poor performance of the room tem-
perature air case also establishes that the improvement in filament 
adhesion observed in this work is primarily a thermal effect, caused by 
the slowing down of the cooling curve, rather than due to any 

Fig. 7. Temperature as a function of time at a fixed point following filament 
deposition for different hot air temperatures. Data for baseline case with no hot 
air are also shown for comparison. The air flow rate is 6 LPM in each case. 

Fig. 8. Comparison of cross-section images of printed samples for four cases – (a) baseline (no air), (b) hot air at 200 ◦C, 6 LPM, (c) hot air at 200 ◦C, 12 LPM, (d) air 
at room temperature, 12 LPM. 
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mechanical compression of the filament by the impinging jet. 
Two sets of measurements are carried out to understand the impact 

of hot air dispensing on the thermal and mechanical properties of 
printed parts. 

As described in Section 2.5, test samples of different thicknesses are 
printed for the baseline and improved process with hot air at 200 ◦C and 
6 LPM. Thermal resistance measurements of these samples are carried 
out using the one-dimensional heat flux method. Thermal resistance as a 
function of thickness is plotted for the two cases in Fig. 9. These data 
show reduced thermal resistance for the hot air samples compared to 
baseline at each thickness. In both cases, the thermal resistance in-
creases with increasing thickness, as expected, but at a lower rate for the 
hot air sample compared to baseline. Both curves are linear, with R2 

values exceeding 0.99 in both cases, which confirms the validity of the 
thermal resistance measurement. The slope of the linear curves provides 
a value of thermal conductivity of the samples. Data in Fig. 9 indicate a 
35% improvement in thermal conductivity for the hot air case 
(0.132 W/mK) compared to baseline (0.098 W/mK). This is consistent 
with the improved voiding shown in Fig. 8, as well as the increased time 
to cool down shown by temperature measurements in Fig. 6. 

In addition to thermal resistance measurements, uniaxial tensile 
testing of printed samples is also carried out. The printing and tensile 
testing of samples is described in Section 2.5. A total of seven samples 
are prepared such as that the load direction is normal to the direction of 
the raster orientation, which helps investigate the impact of hot air on 
interfacial adhesion between polymer roads. Fig. 10 shows the stress- 
strain diagram for the baseline case with no hot air, and the case with 
hot air at 200 ◦C for one sample of each type. Data for other replicates 
are very similar. Table 1 summarizes the values of key mechanical 
properties obtained from the tensile test data, including standard 
deviation. 

Fig. 10 shows about 19% improvement in Ultimate Tensile Stress 
(UTS) and 145% improvement in the tensile toughness of samples 
printed with hot air compared to the baseline case. The key contributor 
of the significant improvement in toughness is the softening of the 
samples with hot air. The strain to failure of the baseline sample is about 
3% whereas the strain to failure of the heat treated sample is more than 
6.25%. A distinct shift in the stress-strain response is noticed at around 
0.75% strain where the baseline curve becomes significantly steeper 
than that of the sample printed with hot air. Such a trend in the 
stress–strain curve is associated with material softening. In other words, 
the degree of ductility of the sample printed with hot air is distinctly 
higher than the baseline sample, which, in turn, is responsible for 
increased strain-to-failure and toughness. Note that the direction of 
loading is normal to the interfacial contact between the polymer roads. 

As such, the deformation process of the printed samples is governed by 
the change in interfacial contacts and polymer configurations due to 
applied heat. Presence of the hot air also reduces and rearranges the void 
geometry and formation, as is clearly evident from a comparison of 
cross-sections of baseline and hot air samples in Fig. 8(a) and (b), 
respectively. Both factors are likely to have contributed in improving the 
ultimate tensile strength and toughness of the hot air samples. 

Note that since the focus of the present work is to investigate how hot 
air helps improve road-to-road adhesion, all thermal/mechanical char-
acterization described above is carried out with the load being applied 
normal to the raster direction. Note that the gap between the filament 
nozzle and hot air nozzle must be small enough to ensure that the entire 
width of the sample being printed is exposed to the hot air impingement. 
This is the reason why thermal and tensile test samples printed in this 
work are of somewhat large size. 

3.4. Process mechanisms related to localized hot air supply 

This section briefly discusses key process mechanisms related to 
localized hot air supply and its impact on the just-deposited filament. 
This process is likely to involve three distinct mechanisms. The first one 
relates to direct heating of the filament by the impinging hot air. The 
second and third mechanisms relate to convective heat transfer from the 
filament to air in its vicinity. On one hand, the impinging hot air may 
raise the air temperature in the vicinity of the filament, which slows 
down the rate of cooling of the filament. On the other hand, the 
impinging hot air may also increase the convective heat transfer coef-
ficient due to the additional fluid flow caused around the filament, 
which is undesirable since it may increase the rate of convective heat 
loss. Due to the relatively low flow speeds (less than 0.1 m/s), the third 
mechanism is likely to be weaker than the other two since the convective 
heat transfer coefficient scales with the flow speed. Therefore, it is likely 
that, on the overall, hot air impingement results in reduced convective 
heat loss from the filament, and therefore, increased time at elevated 
temperature. This is expected to result in improved filament-to-filament 
adhesion and improved tensile properties as experimentally observed in 
this work. For extremely high flow speeds, the increase in convective 
heat transfer coefficient may dominate, but such flow speeds are anyway 
unlikely to be practical for 3D printing. 

In addition to the thermal mechanisms outlined above, the 
impinging hot air jet may also apply direct compressive force on the 
filament. However, due to the relatively low density of air, particularly 
at high temperatures, this is likely to be a negligible effect. Experimental 
data shown in Fig. 8(d) is consistent with this hypothesis. 

The key process parameters that govern these heat transfer processes 
include the temperature and flow rate of the hot air supply, both of 
which have been investigated experimentally in this work. In addition, 
the key geometrical parameters in this problem include the nozzle-to- 

Fig. 9. Measured thermal resistance as a function of sample thickness for 
baseline and improved samples subjected to hot air at 200 ◦C temperature and 6 
LPM flowrate. Slopes of these data correspond to thermal conductivity of 
the samples. 

Fig. 10. Stress-strain curves for baseline and improved samples subjected to 
hot air at 200 ◦C temperature and 6 LPM flowrate. 
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platform gap, the distance between air and filament nozzles and the 
orientation of the air nozzle relative to the build platform. Numerical 
simulations, for example, based on Computational Fluid Dynamics 
(CFD) may be an important direction of future work to supplement the 
experimental results presented here. Such simulations may help better 
understand these process mechanisms and the impact of various process 
parameters on the filament. 

4. Conclusions 

This work demonstrates that the hot air dispensing technique results 
in significant improvement in void formation and thermal/mechanical 
properties of the printed parts. Compared to other methods to supply 
thermal energy to the deposited filament through laser, IR lamp and 
other energy sources [20–24], the present approach is simpler, lower 
cost and easier to integrate with the filament nozzle assembly. For 
example, in the present approach, there is no need for complicated op-
tical alignment, as is the case with laser-based heating [22]. There is 
minimal capital cost in hot air dispensing compared to the cost of 
laser/IR/microwave energy sources and the associated optical compo-
nents. The energy consumption for producing hot air is also quite low 
(estimated to be around 17W for 6 LPM air at 200 ◦C) compared to other 
energy sources. 

Several geometrical parameters related to the hot air nozzles pre-
sented in this work are largely unoptimized, and optimization in the 
future through experiments and/or numerical simulations may result in 
further process improvement. For example, the gap between the fila-
ment nozzle and the hot air nozzles is fixed in the experiments described 
here. Reduction of this gap may further improve filament adhesion, 
particularly for small-sized parts. The impact of other changes, such as 
the orientation of the hot air nozzles could also be studied in the future. 
Finally, the present experiments are carried out on relatively small-sized 
parts. In order to implement this technique for big area additive 
manufacturing, the greater rate of heat loss may need to be compensated 
by increasing the flow rate of hot air or increasing the number of hot air 
nozzles. Further, for big area additive manufacturing, the length of hot 
air tubes may need to be increased to accommodate the larger range of 
the print head. In an extreme case, when the print size is extremely large, 
it may be possible to mount the air heater on the print head itself, 
thereby completely eliminating the need for tubing at all. 
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