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the heated block length of 30 mm. This finding provides a 
frame work for performance prediction of FDM printed parts 
and theoretical guidance for expanding the scope of printing 
process window.
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1 Introduction

Fused deposition modeling (FDM), a fusion-extrusion based 
processing method, is one of the most widely used addi-
tive manufacturing (AM) technologies and can be used to 
manufacture complex components without other special-
ized tooling. FDM printed parts have been widely used in 
healthcare industry, food processing, aerospace, electronic 
production and so on [1–5]. In FDM process, thermoplastic 
polymers are delivered to the heated block through a feeding 
motor and selectively extruded on the platform according to 
planned path. Complex three-dimensional (3D) geometries, 
designed by a computer-aided design (CAD) program, can 
be modeled by the production mode of layer-by-layer accu-
mulation. Through this process, several types of filament 
materials can be used to produce parts, such as polylactic 
acid (PLA), acrylonitrile butadiene styrene (ABS), poly-
carbonate (PC) and polyether ether ketone (PEEK). PLA 
with the advantage of biocompatibility, environmental deg-
radability and low cost has become the most widely used 
material for FDM process. However, FDM-produced PLA 
parts also have the disadvantages of high brittleness, low 
deformation resistance temperature and poor consistency, 
which limits the possibility of FDM-produced PLA parts 
becoming the ultimate application products.

Abstract In order to study the hot melt extrusion process 
in fused deposition modeling (FDM), this study mainly 
explores the effects of printing temperature, heated block 
length, feeding speed on the exit morphology and mechani-
cal properties of FDM printed Polylactic acid (PLA) sam-
ples. High-speed camera is used to capture the exit morphol-
ogy of molten PLA just extruded to the nozzle. According to 
exit morphology, the outlet states of extruded molten mate-
rial can be divided into four categories, namely, bubbled 
state, coherent state, expanding state, and unstable state. 
Tensile test results show that printing temperature, heated 
block length and printing speed have significant influence on 
tensile properties and fracture mode of FDM printed sam-
ples. When the heated block length is 15 mm and 30 mm, 
there is a ductile-brittle transition in fracture mode with the 
increase of printing speed. The printing process window 
under different heated block lengths and printing tempera-
tures has been figured out and the distribution of printing 
process window under different printing speeds has been dis-
cussed. There is a maximum printing process window under 
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Generally in FDM printing process, many parameters 
can affect the process of hot melt extrusion (HME) of 
material from heated block, crystallinity of extruded mate-
rial and quality of layer-to-layer adhesion, and then affect 
the mechanical properties of FDM printed parts [6–8]. 
These parameters can be roughly divided into two cat-
egories: environmental parameters and structural param-
eters. Environmental parameters refer to the parameter set 
in printing process, including bed temperature, chamber 
temperature, printing temperature, cooling mode, print-
ing speed, heated block length, nozzle diameter. Structural 
parameters are related to the structural strategy of printed 
parts, including extrusion multiplier, extrusion line width, 
build orientation, layer thickness, bottom solid layers, top 
solid layers, outline/perimeter, infill percentage, raster 
angle, air gap.

All these parameters can affect the mechanical properties 
of FDM printed parts in different ways. So far, the relation-
ship between structural parameters, such as layer thickness 
[9–18], extrusion line width [11, 12, 18], build orientation 
[10, 13, 18–21], infill percentage [9, 16, 17, 21], raster angle 
[11, 13, 16], and the mechanical properties of molded parts 
have been extensively studied. Moreover, in order to improve 
mechanical properties, some researchers also optimize struc-
tural parameters in their studies [15, 22–24]. In Ref. [9], the 
experimental research showed that infill density had significant 
effect on modulus of elasticity, ultimate strength, and failure 
strain. Rahmati et al. [10] proposed a novel conservative fail-
ure model for FDM to provide underpredictions for the ulti-
mate tensile strength and the correctness of the model was 
verified by PLA printed sample. Rajpurohit and Dave [13] 
studied the effects of raster angle, layer height, and raster width 
on the tensile properties of FDM printed PLA using an open-
source 3D printer. They found that the sample built at 0° raster 
angle had higher ductility than that built at 45°and 90° raster 
angles. But there is no introduction of the parameters of the 
open-source 3D printer. It was seen in Ref. [15] that the PLA 
parts printed in x build orientation in a Cube 3D printer were 
stronger and more robust than the parts printed in y and 45° 
build orientations. They also found that the tensile strength of 
FDM printed sample was 60% higher than that of the raw fila-
ment material. Heidari-Rarani et al. [22] employed experiment 
method of Taguchi design to optimize FDM process param-
eters and predicted the mechanical properties of FDM printed 
samples. Liu et al. [18] applied the gray Taguchi method to 
optimize the mechanical properties of 3D-printed PLA part. 
They concluded that build orientation and layer height had 
significant effects on tensile strength, flexural strength and 
impact strength. Above research on structural parameters is 
mainly focused on the path planning in the printing process 
and its influence on mechanical property of the printed parts. 
However, during FDM process, property change of raw PLA 

on mechanical properties and exit morphology of molten PLA 
just extruded from the nozzle have not been fully investigated.

Among environmental parameters, printing temperature, 
printing speed, heated block length, and nozzle diameter are 
the main parameters affecting the HME process of material 
from heated block. Bed temperature, chamber temperature 
and cooling mode affect the thermal history of material in 
deposition process. In FDM printing process, the process of 
PLA filament heated into molten state in the heated block and 
extruded to the nozzle is the key to the whole printing pro-
cess. The heating process of material in the heated block will 
greatly affect fluidity of the extruded material, continuity of 
extruded fibers, adhesion characteristics between layers, and 
then affect mechanical properties of the whole printed parts. 
The insufficient melting of PLA will make material block 
the nozzle, while the process of excessive melting will cause 
material carbonization. Efforts have been made to study the 
coalescence of filaments [7, 8, 25], the heat transfer [8, 26, 
27] in attempt to enhance the understanding on the extrusion 
process in FDM printing process, but little attention has been 
paid to the flow state and rheological properties of material in 
the heated block. The development of new materials also needs 
a better understanding of the physics mechanism of material 
heating process in the heated block. Furthermore, according 
to the parameters provided by the material supplier, materials 
are allowed to be printed over a wide range of printing tem-
perature, but the printability of material and the performance 
of molded parts vary greatly. The structure of heated block 
also affects the printability of the material and the mechani-
cal properties of the printed parts. However, there were few 
researches on the effect of nozzle structure on hot melt pro-
cess. Therefore, in order to meet the application requirements 
of final FDM products and promote the wider application of 
FDM technology, it is of great importance to investigate the 
influence mechanism of the HME process of PLA from the 
heated block on the mechanical properties thoroughly.

In this study, high-speed camera is used to capture the exit 
morphology of molten PLA just extruded from the nozzle. 
According to the exit morphology, the flow state of the molten 
PLA in the heated block is examined. Moreover, the influence 
mechanism of heated block length, printing temperature and 
printing speed on the mechanical property of FDM-produced 
PLA parts is investigated. This study aims to offer an insight 
into the relationship between the HME process of PLA being 
extruded from the heated block and the mechanical properties 
of the printed samples and provide a solution to expand the 
printing process window.
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2  Experimental work

2.1  3D printer and material

As shown in Fig. 1, a self-developed 3D printer including 
mechanical structure, circuit control and thermal insula-
tion shell was used in this study. The print head unit was 
mounted on two-axis CNC system in horizontal plane, so 
as to realize the two-dimensional movement. The printing 
platform with the size of 400 mm × 400 mm was mounted 
in z-direction and moved through a ball screw motor. The 
maximum printing height in z direction was 500 mm. The 
transmission accuracy of the machine in x−y direction was 
±50 μm and ±10 μm in z direction. The material was sup-
plied to the print head unit by a rolling wheel feeder via a 
long-range feeding pipe. The print head unit was mainly 
composed of a radiator, a heated block, a heated rod, a ther-
mocouple sensor and a nozzle.

In the present research, PLA filaments (provided by 
Dongguan Making Top Electricity Technology Co., Limited, 

Guangdong, China) with a diameter of 2.85 mm, density of 
1.24 g/cm3, melting point of (210±8) °C and melt flow of 6 
g/10 min was selected as the raw material.

2.2  Process for capturing exit morphology

The state of material in the heated block has an important 
effect on the mechanical properties of the printed parts, but 
it cannot be observed by direct methods. Therefore, in this 
paper, high-speed camera (i-speed210, iX Cameras, United 
Kingdom) was used for capturing exit morphology of the 
material just extruded to the nozzle and its installation was 
shown in Fig. 2. The high-speed camera was set with the 
frame rate of 500 per second and frame size of 1 488×1 054. 
Lighting equipment was used to provide strong light for the 
experimental process. Two computers were empolyed in the 
experiment, with one controlling high-speed camera and the 
other controlling printing temperature and feeding speed.

The parameter sets in the process to capture exit 
morphology are different from those in the printing process 

Fig. 1  a Schematic representation of 3D printer, b self-developed 3D printer

Fig. 2  a Schematic diagram, b experimental setup for capturing exit morphology
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of FDM-produced samples. In the process to capture exit 
morphology, only the printing temperature and material feeding  
speed need to be set, and the feeding speed is determined by  
the rotational speed of the material feeding motor. In the print- 
ing process of FDM-produced samples, printing speed needs 
to be set. The printing speed is described by the movement 
speed of the two-axis CNC in horizontal plane, which is deter- 
mined by many parameters such as extrusion multiplier, extru- 
sion line width, feeding speed and filament diameter.

According to the law of mass conservation, the mass of the 
filament delivered to the heated block is equal to the deposition 
amount at the same time. As shown in Fig. 3, the relation-
ship between material feeding speed and printing speed can 
be written as

(1)Avxyh0lw = πve

(

D

2

)2

,

where ve is the feeding speed of the material feeding motor, 
vxy the printing speed of two-axis CNC in horizontal plane, 
h0 the layer thickness, lw the extrusion line width, D the fila-
ment diameter, A the extrusion multiplier. Here, A is used 
to compensate the error of feeding mass by proportional 
manner.

In this way, the filament feeding speed is characterized 
by printing speed.

2.3  Sample preparation

Tensile test specimens were designed according to the ISO 
527-1:2012 standard [28]. Its two-dimensional diagram and 
tool path of FDM printing process were shown in Fig. 4. The 
directions of extruded fibers in the test sections were parallel 
to each other. The specimens were prepared with three print-
ing temperature of 190, 210 and 230 °C and three different 
heated block length of 15, 30 and 60 mm. The printing speed 
was set from 10 mm/s to 90 mm/s with the increment of 10 
mm/s. Under some combination of designed parameters, the 
maximum printing speed may not reach 90 mm/s. The fixed 
process parameters, such as interior fill percentage, layer 
thickness and substrate temperature, were shown in Table 1.

2.4  Tensile test machine and experimental set up

Tensile test was conducted using a universal testing machine 
(SANS, CMT5, MTS Industrial System, Shenzhen, China) 
with a load cell of 100 kN and an accuracy of ± 0.5%. 
The test was conducted at the temperature of 20 °C, rela-
tive humidity of 5%, and loading speed of 5 mm/min. Five 
specimens were tested for each printing parameter set. 
After the tensile test, the fractured surface was examined 
using the high-precision measuring microscope (Dino-Lite 
AM4115ZT), which has a magnification range from ×20 
to ×220.

(2)ve =
4Avxyh0lw

πD2
,

Fig. 3  Graphical representation of process parameters

Fig. 4  Standard specimens for tensile test a two-dimensional diagram (all the dimension is in mm), b tool path of FDM printing process
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3  Results and discussions

3.1  Exit morphology of material extruded to the nozzle

The flow state of PLA material heated to molten state in 
the heated block would affect the exit morphology of 
molten material just extruded to the nozzle, and then affect 
the mechanical properties of the molded parts. Therefore, 
high-speed camera was used to capture the exit morphol-
ogy, and the exit morphology was used to determine the 
state of molten PLA in the heated block. The heated block 
length, printing temperature and feeding speed are important 
physical parameters affecting the heat transfer process in 
the heated block and then affect the mechanical properties 
of FDM printed parts to a great extent. Figures 5–7 show 
the exit morphology under different heated block lengths, 
printing temperatures and feeding speeds. It is shown that 
the exit morphology can be divided into four categories: 
bubbled state, coherent state, expanding state and unstable 
state. For the bubbled state, there are many bubbles in the 
extruded molten material. For the coherent state, the diam-
eter of extruded material is approximately coherent to nozzle 
diameter. For the expanding state, there is an inflation trend, 
which leads to larger diameter of molten material than noz-
zle diameter. For the unstable state, the diameter of extruded 
material is not uniform and the flow direction of the material 
is uncertain. The reason is that the shear force of molten 
materials is different in different positions inside the heated 
block, which causes the melt fracture or melt fracture ten-
dency at the nozzle outlet.

Figure 5 shows the exit morphology under different feed-
ing speeds at the heated block length of 15 mm under the 
printing temperature of 190, 210, 230 °C. In the experi-
ments, the maximum feeding speed of filament material is 

7 mm/s at the printing temperature of 210 °C and 230 °C, 
6 mm/s at the printing temperature of 190 °C. When the 
maximum feeding speed is reached, the filament feeding 
device cannot work normally. The reason is that the force of 
filament acting as push rod is less than the reaction force of 
the molten material, resulting in the uneven restoring force 
of the melt PLA in all directions, and then the melt fracture 
tends to occur in the extruded material. When the printing 
temperature is 190 °C and the feeding speed is 1–2 mm/s, 
the width of the extruded material is stable and almost con-
sistent with the nozzle diameter, namely the extruded molten 
material is in coherent state. When the feeding speed is 3–4 
mm/s, the extruded material is much wider than the noz-
zle, namely the extruded molten material is in expanding 
state. When the feeding speed is 5–6 mm/s, the width of 
the extruded material fluctuates, indicating that the molten 
material inside the heated block is in an unstable flow state. 
This is due to the different shear forces in all directions when 
the molten material is extruded, and there is the melt fracture 
in the extruded material. When the printing temperature is 
210 °C, the filament material has undergone the morphol-
ogy evolution of bubbled state, coherent state, expanding 
state, unstable state, successively. The corresponding feed-
ing speed is 1, 2–3, 4–5 and 6–7 mm/s. When the printing 
temperature is 230 °C, the feeding speed is 1 mm/s. There 
are a large number of bubbles in the extruded molten mate-
rial, which will seriously affect the mechanical properties of 
FDM-produced parts.

Figure 6 shows the exit morphology under different feed-
ing speeds at the heated block length of 30 mm. It can be 
seen from Fig. 6 that when the printing temperature is 190, 
210, 230 °C, the maximum feeding speed is 6, 7 and 9 mm/s, 
respectively. At certain printing temperature, the filament 
material does not necessarily undergo all four morphology 
states. When the heated block length is 15 mm and 30 mm, 
and the printing temperature is 190 °C, there is no bubbled 
state. When the printing temperature is 230 °C and the feed-
ing speed is 1 mm/s (as shown in Fig. 6c), there are a lot of 
bubbles in the extruded material and the extruded molten 
material fibers are discontinuous. The range of feeding speed 
corresponding to the coherent state is 3–5 mm/s and the 
range of feeding speed corresponding to the expanding state 
is 7–8 mm/s. When the feeding speed is 9 mm/s, there is 
obvious melt fracture phenomenon at the exit position of 
molten material.

Figure 7 shows the exit morphology under different print-
ing speeds at the heated block length of 60 mm. It can be 
seen from Fig. 7 that under different printing temperatures, 
the maximum feeding speed is 9 mm/s. The relationship 
between feeding speed and printing speed is shown in Sec-
tion 2.2. When the parameters used in the printing process 
are determined, there is a unique relationship between 
feeding speed and printing speed. It can be seen from Eqs. 

Table 1  Fixed parameters and their values

Fixed parameters in printing process Values

Nozzle diameter/mm 1
Extrusion multiplier 1.1
Extrusion line width/mm 1.2
Layer thickness/mm 0.5
Filament diameter/mm 2.85
Top solid layers 1
Bottom solid layers 5
Outline/perimeter shells 5
Skirt layers 1
Skirt offset from part/mm 2
Skirt outlines 3
Interior fill percentage/% 20
Outline overlap/% 20
Substrate temperature/°C 80
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Fig. 5  Exit morphology under different feeding speeds at heated block length of 15 mm, printing temperatures of a 190 °C, b 210 °C, c 230 °C
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Fig. 6  Exit morphology under different feeding speeds at heated block length of 30 mm, printing temperatures of a 190 °C, b 210 °C, c 230 °C
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Fig. 7  Exit morphology under different feeding speeds at heated block length of 60 mm, printing temperatures of a 190 °C, b 210 °C, c 230 °C
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(1) and (2) that there is a proportional linear relationship 
between feeding speed and printing speed. The maximum 
material feeding speed determines the maximum printing 
speed, and then determines the efficiency of printing pro-
cess. Considering the maximum feeding speed, the printing 
efficiency is the highest under the heated block length of 60 
mm. But the influence of the HME process of PLA from the 
heated block on the mechanical properties is still uncertain. 
When the printing temperature is 210 °C, the range of feed-
ing speed corresponding to the state of exit morphology is 
similar with that under the printing temperature of 230 °C. 
The difference is that under the feeding speed of 1 mm/s and 
printing temperature of 230 °C, there are much more bub-
bles in the extruded material than those under the printing 
temperature of 210 °C.

As can be seen from Figs. 5–7, the influence of hot melt 
process of PLA in the heated block on the exit morphol-
ogy is mainly represented in three aspects: the diameter of 
the extruded material, the extrusion direction and whether 
there are bubbles in the extruded material. When the print-
ing temperature is 190 °C, there tends to be free of bubbles 
in the extruded PLA. During the extrusion process, uneven 
diameter of the extruded material easily results in defects 
such as holes inside the PLA parts. Furthermore, the use 
of extrusion parameters leading to outlet rupture should be 
avoided to prevent printing failure.

State diagram for exit morphology at heated block 
lengths of 15, 30 and 60 mm is shown in Fig. 8. The num-
ber in Fig. 8 is the maximum diameter of extruded PLA 
fiber in the expanding state. The flow pattern and stress 
of molten PLA in the heated block are shown in Fig. 9. 

According to force analysis of melt in Fig. 9c, the forces 
acting on the molten PLA are in equilibrium

where F1 is the resistance of the melt at the outlet, F2 the 
resistance of surrounding melt, F3 the thrust of the melt at 
the inlet.

where ṁ is the feeding mass of filament PLA per unit time.
The shear stress τr acting on the melt is [29, 30]

where r is the location radius of the melt, R the radius of the 
flow channel in the heated block, S the cross-sectional area 
of the melt element.

The velocity of melt flow vr is [29, 30]

where L is the length of the flow channel, μ viscosity of the 
melt, n Non-Newtonian index.

When the molten PLA flows in the heated block, elastic 
energy will be stored, which is manifested as melt expan-
sion at the outlet of the nozzle. With the increase of the 
heated block length, the feeding speed range for the exit 
morphology in expanding state is enlarged (as shown in 
Fig. 8).

(3)
∑

F = F1 + F2 + F3 = 0,

(4)F3 = ṁve,

(5)�r =
r

2R

(

F3 − F1

S

)

,

(6)vr =
(

n

n + 1

)

(

F3 − F1

2�LS

)
1

n
(

R
n+1

n − r
n+1

n

)

,

Fig. 8  State diagram for exit morphology at heated block lengths of a 15 mm, b 30 mm, c 60 mm
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With the increase of feeding speed ve, the thrust F3 and 
the shear stress τr increase. There are more elastic deforma-
tion and elastic energy of molten PLA in the area with large 
shear stress. The uneven distribution of elastic energy in 
molten PLA leads to inconsistent elastic stress in the direc-
tion parallel to velocity of molten PLA. And the inconsistent 
elastic stress causes the disturbance in the molten PLA and 
then the flow in the heated block becomes unstable. When 
the melt flow in the heated block is unstable, the extruded 
PLA fiber is characterized by rough surface, uneven diam-
eter, and wavy or periodic spiral in shape.

When the value of F3 calculated from Eq. (4) is greater 
than the maximum force exerted by the filament feeding 
motor, the feeding motor cannot work normally and the 
feeding mass of filament cannot be guaranteed according to 
the printing parameters. At this time, the instability of melt 
flow in the heated block will increase. Therefore, the feeding 
speed is directly related to the maximum force exerted by the 
filament feeding motor when it is in unstable state according 
to exit morphology.

This study gives an insight into the application of high-
speed camera for capturing the exit morphology of molten 
PLA extruded to the nozzle. The in-depth analysis of exit 
morphology may provide theoretical guidance for the selec-
tion of printing process parameters and the design of heated 
block.

3.2  Tensile property

In order to study the influence mechanism of the HME 
process of material extruded from the heated block on 
mechanical properties of FDM printed parts, the standard 
samples were printed at different heated block lengths, 
printing speeds and printing temperatures, and tensile 
tests were carried out. The mechanical properties such 
as ultimate tensile strength (UTS), elastic modulus and 
elongation at break can be obtained from the tensile 
stress-strain curve.

Generally, the tensile stress-strain process of polymer 
materials includes five stages: elastic deformation, yield 
strain softening, cold drawing, strain hardening and fracture 
(shown in Fig. 10 curve (b)), and not all polymer materials 
go through all of the five stages in tensile process. Accord-
ing to the stress-strain curve of tensile test, the fracture 
mode can be mainly divided into four modes [31, 32]. Fig-
ures 11–13 show the tensile stress-strain curves and typical 
fracture morphology of FDM printed samples in tensile test 
under the heated block length of 15, 30, and 60 mm, respec-
tively. On the whole, the fracture modes of FDM produced 
samples include the malleability fracture, ductile fracture 
and brittle fracture.

When the heated block length is 15 mm (see Fig. 11), 
there is a transition from brittle fracture to ductile fracture 

Fig. 9  Flow and force analysis of molten PLA in the heated block a steady flow, b unsteady flow, c force analysis of molten material
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with the change of printing speed in the tensile test. Previ-
ous studies have shown that the heating process of PLA in 
the heated block has great influence on the crystallinity, and 
crystallinity of the material is the key factor to determine 
the mechanical properties of printed parts [33, 34]. When 
the printing speed and printing temperature is 50 mm/s and 
190 °C, 10 mm/s and 210 °C, the fracture mode is brittle. 
Under the other condition, the fracture mode is malleable or 
ductile. It can be clearly seen from the tensile stress-strain 
curve shown in Fig. 11 that there is a cooling stage dur-
ing the tensile test process under certain combinations of 
printing temperature and printing speed, such as the printing 
temperature of 190 °C and printing speed of 40 mm/s. When 
there is a cold drawing process, it indicates that the samples 
printed with parameter combination have the characteristic 
of toughness enhancement. Under different printing tem-
peratures, the variation of the UTS with printing speed is 
not consistent. When the printing temperature is 190 °C, the 
UTS decreases with the increase of printing speed. When 
the printing speed increases, the hot melting time of raw 
filament in the heated block is reduced and there tends to be 
insufficient melt of raw filament in the heated block, result-
ing in high viscosity and poor fluidity of the extruded PLA 
fiber. As a result, the adhesion between layers of the printed 
part is reduced. On the other hand, under high speed print-
ing, the extruded molten fiber is rapidly stretched, which 
may lead to insufficient time for the extruded molten fiber 
to bond with the cured fibers of upper layer. As a result, it 
can weaken the characteristics of interlayer bonding. At the 
same time, the cross section of the stretched molten PLA 
fiber becomes smaller, resulting in many holes in the fracture 
section of the tested sample.

When the printing temperature is 210 °C and 230 °C, the 
UTS increases first and then decreases. The maximum UTS 
is 63.5, 70.4 and 72.5 MPa and the corresponding printing 

temperatures and printing speeds are 190 °C and 10 mm/s, 
210 °C and 40 mm/s, 230 °C and 10 mm/s, respectively. 
With the increase of printing temperature, the hot melt-
ing process of PLA material in the heated block becomes 
more sufficient, resulting in enhancement of melt fluidity 
of the extruded fiber, obvious overlap of adjacent fibers 
and reduction of the hole in cross section of the printed 
parts. However, when the printing temperature is too high, 
the molecular chain of PLA material can be degraded by 
effect of thermal oxidation, which can greatly decrease the 
mechanical properties of the printed parts.

When the heated block length is 30 mm, the fracture 
mode is mainly malleable or ductile. As can be seen from 
Figs. 12a–c, there are seven samples, whose elongations 
at break are greater than 5%, and there is an obvious cold 
drawing stage during tensile stress-strain process, the cor-
responding printing temperatures/printing speeds are: 
190/20, 190/30, 210/40, 210/50, 210/60, 230/50, 230 °C/70 
(mm·s−1). In those groups of process parameters, the mate-
rial is heated uniformly in the heated block, and the flow 
is stable after extrusion. Under the printing temperature of 
190 °C, the maximum elongation at break is 6.45%. At this 
time, the printing speed is 30 mm/s. When increasing the 
printing temperature to 210 °C and 230 °C, the elongation 
at break is 4.12% and 4.35%, respectively. The brittleness of 
printed parts can be enhanced by increasing printing tem-
perature. When the printing temperature is 210 °C and 230 
°C, the maximum elongation at break is 6.05% and 6.44%, 
and the corresponding printing speed is 40 mm/s and 70 
mm/s, respectively. Increasing the printing speed can reduce 
the heating time of raw filament in the heated block, which 
can reduce the effect of high printing temperature on the 
brittleness of the printed part.

When the heated block is 30 mm, the variation of the 
UTS shows the similar rule with that for the heated block 
length of 15 mm under the same printing temperature. 
That is to say, when the printing temperature is 190 °C, the 
UTS decreases with the increase of printing speed. When 
the printing temperature is 210 °C and 230 °C, the UTS 
increases first and then decreases. The maximum UTS is 
different under different printing temperatures. When the 
printing temperatures are 190, 210, 230 °C, the maximum 
UTSs are 71.0, 75.8 and 74.5 MPa, respectively, and the 
corresponding printing speeds are 10, 40 and 50 mm/s, 
respectively. As can been seen from Fig. 12a, the elas-
tic modulus decreases with the increase of printing speed 
under the printing temperature of 190 °C. However, the 
variation trend of elastic modulus with the printing speed 
is not obvious under other printing temperatures. This is 
due to the coupling effect of printing speed and printing 
temperature on the mechanical properties of the printed 
parts. Therefore, only under a reasonable combination 

Fig. 10  Typical tensile stress-strain diagram of polymer
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Fig. 11  Tensile stress-strain curve and fracture morphology at heated block length of 15 mm, printing temperatures of a 190 °C, b 210 °C, c 
230 °C (PS: printing speed)
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Fig. 12  Tensile stress-strain curve and fracture morphology at heated block length of 30 mm, printing temperatures of a 190 °C, b 210 °C, 
 c 230 °C
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Fig. 13  Tensile stress-strain curve and fracture morphology at heated block length of 60 mm, printing temperatures of a 190 °C, b 210 °C, 
c 230 °C
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of printing parameters, the mechanical properties such 
as UTS, elongation at break and elastic modulus of the 
printed parts can be optimized, and the combination of the 
optimized parameters is closely related to the structure of 
the heated block.

When the heated block length is 60 mm, almost all the 
samples show brittle fracture and FDM printed samples 
show the characteristic of softness and brittleness (see 
Fig. 13). The reason may be that with the increase of 
heated block length, the hot melt process for raw PLA 
filament is more complex with higher heating temperature 
and longer residence time, leading to the increase of brit-
tleness after extrusion. When the printing temperature is 
190 °C and 230 °C, the elongation at break is less than 
5%. In all tensile tests, the minimum elongation at break is 
2.4%, which occurs in two combination groups of 60 mm, 
20 mm/s, 230 °C and 15 mm, 50 mm/s, 190 °C, but the 
reasons for these two parameter sets are different. The for-
mer is caused by the excessive melting of material, while 
the latter is due to the poor fusion of extruded materials, 
which induces poor bonding of molten PLA fibers. The 
maximum UTS is different under different printing tem-
peratures. When the printing temperatures are 190, 210, 
230 °C, the maximum UTSs are 72.7, 69.5, 71.5 MPa, 
respectively, and the corresponding printing speeds are 
70, 70 and 90 mm/s, respectively.

Figures 11–13 also show the fracture morphology of 
typical tensile process. On the whole, the typical fracture 
morphology can be divided into three types.

 (i) Dense surface with a few small voids and distinct 
extruded fiber shapes, such as I and II in Figs. 11b, I 
and II in Figs. 12a, and I in Fig. 13a.

 (ii) Surface with many large voids, such as II in Fig. 11a.
 (iii) Dense surface without extruded fiber shapes, such as 

II in Figs. 11c, I and II in Figs. 12c, and I and II in 
Fig. 13c.

When printing temperature is relatively low, the heated 
block length is relatively small, and the printing speed is 
relatively high, there are many large voids as shown in 
Figs. 11a II. Under this condition, the raw PLA filament is 
under-melting in the heated block, which will inevitably lead 
to weak adhesion of extruded fibers. The UTS of the corre-
sponding samples, shown as II in Fig. 11a, is only 44.8MPa.

When printing temperature is relatively high and heated 
block length is relatively large, the fracture surface tends to 
be compact, which is accompanied by the disappearance of 
the extruded fibers boundary and the fusion between adja-
cent fibers. In this condition, the material in the heated block 
is over melted; the fracture mode tends to be brittle fracture; 
and the elongation at break is small. The elongation at break 

of the corresponding sample, shown as I in Fig. 13c, is only 
2.4%.

3.3  Printing process window

The UTS is the maximum stress that material can withstand 
while being stretched or pulled. The UTS is calculated by 
dividing the cross-section area of the material tested by 
the stress placed on the material, generally expressed as 
pounds or tons per square inch. The UTS is an important 
standard to measure the application ability of materials 
under tensile load. As known from www. matweb. com/, the 
Ingeo™ 2002D Extrusion Grade PLA which is developed 
by NatureWorks® is widely used in many areas, with the 
UTS of 60.0 MPa, the tensile strength at break of 53.0 MPa. 
In this study, when the UTS is greater than 60 MPa, the 
combination of printing process parameters is regarded as 
the printing process window. As shown in Figs. 14a and 
16a, the UTS is plotted as a function of printing temperature 
and printing speed under the heated block length of 15, 30 
and 60 mm, respectively (see Fig. 15). The combination of 
process parameters with the UTS greater than 60 MPa is 
marked in Figs. 14a and 16b, and the shaded area represents 
the range of the printing process window. When the heated 
block length is 15 mm, the printing process window is the 
smallest. Under the heated block length of 60 mm, the UTS 
under low printing speed does not reach 60 MPa. The reason 
is that when the printing speed is low, the material in the 
heated block is over-melted, and there are many bubbles 
inside the molten material (as shown in Section 3.1). The 
heated block with the length of 60 mm is more suitable for 
high speed printing. Under the heated block length of 30 
mm, the range of printing process window is the largest. 
Moreover, both high-speed and low-speed printing can be 
realized successfully by selecting appropriate printing tem-
perature. As a result, the heated block length of 30 mm is 
more suitable for the printing process requirements of dif-
ferent 3D models.  

The heated block length, printing temperature and print-
ing speed will affect the HME process of PLA from the 
heated block. Experimental results show that the HME pro-
cess of PLA from the heated block has a great influence on 
the mechanical properties of FDM printed samples. In this 
study, the printing process window under different heated 
block lengths and printing temperatures is obtained. On 
the premise of ensuring the mechanical properties of FDM 
printed parts, high-speed printing process is achieved, which 
is helpful to improve the efficiency of printing process. This 
study provides a solution for expanding the application field 
of FDM technology and making FDM printed parts meet the 
application requirements of final products.

https://www.matweb.com/
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4  Conclusions

In this work, the exit morphology of molten PLA material 
has been obtained using high-speed camera. The effect of 
heated block length, feeding speed and printing temperature 
on the exit morphology of molten PLA material has been 
studied. The exit morphology is divided into four states: 
bubbled state, coherent state, expanding state, and unstable 
state. Different flow states affect the mechanical properties, 
fracture modes and printing process window of FDM 
produced parts to a certain extent.

The effects of different heated block lengths, printing 
speeds and printing temperatures on tensile properties of 
FDM produced parts have been studied. When the heated 

block lengths are 15, 30 and 60 mm, respectively, the maxi-
mum UTSs are 72.5, 75.8 and 72.7 MPa, under the printing 
temperatures and printing speeds of 230 °C and 10 mm/s, 
210 °C and 40 mm/s, 190 °C and 70 mm/s. Both over-melt-
ing and under-melting of PLA in the heated block will lead 
to lower elongation at break.

According to the tensile stress-strain curves of FDM pro-
duced specimens, there are three types of fracture mode, 
namely, malleability fracture, ductile fracture and brittle 
fracture. When the heated block length is 60 mm, almost 
all samples exhibit brittle fracture. When the heated block 
lengths are 15 mm and 30 mm, there is ductile-brittle tran-
sition in fracture mode with the increase of printing speed. 
Longer heated block length, higher printing temperature, 

Fig. 14  UTS and printing process window under heated block length of 15 mm a UTS as a function of printing temperature and printing speed 
b printing process window

Fig. 15  UTS and printing process window under heated block length of 30 mm a UTS as a function of printing temperature and printing speed 
b printing process window
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and lower printing speed lead to complex HME process 
with higher heating temperature and longer residence time 
of the raw PLA filaments in the heated block and cause the 
increase of brittleness of the extruded PLA. The fracture 
morphology is also affected by the HME process of PLA 
from the heated block.

The UTS greater than 60 MPa is considered as the stand-
ard to determine the printing process window. The heated 
block length affects the size and distribution of printing 
process window greatly. When the heated block length is 
30 mm, the range of printing process window is larger than 
that for other heated blocks, which is more suitable for the 
requirements of printing different types of 3D models. It is 
conducive to the improvement of printing efficiency with the 
heated block length of 60 mm.
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