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ABSTRACT

This paper focused on the parts warping deformatidefDM, analyzed the source of the deformation &sd
action mechanism. A mathematical model of warpimjodnation in FDM is established base on three
hypotheses. Through the analysis of the prototygiracess of FDM, the influence degree of prototgpin
parameters, including the number of layers, the@i@edength, the shaping room temperature and it |
shrinking coefficient are given comprehensively ajqantitatively. The analysis results explained som
phenomenon in FDM reasonably. Furthermore, thelteesti this paper are useful in decreasing the mgrp
deformation and improving the quality of FDM protkic
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recent years. With the rapid development of mode
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In FDM, the internal stress caused by volume
shrinking will influence the prototyping dimension
accuracy. Also, this may cause the warping
deformation of prototypes. This phenomenon also
exists in many other rapid prototyping technologlas
LOM (Laminated Object Manufacturing), the process
parameters such as roller temperature, velocity and
indentation are related to temperature and stress
distribution with the laminate, which may lead to
deformatioR. Shrinkage and beam offset are the two
most important control parameters in SLS (Selective
Laser Sintering) procesdn?, some new concepts such
as shrinkage force and surface-distributed loads ar
proposed according to the resin shrinkage whilengur
and the adhesive characteristics between adjacent
layers in SL (Stereo lithography).

The warping deformation is the main reason for poor
prototyping quality. To improve the quality of
prototyping is one of the most urgent issues to be
addressed in rapid prototypihgHowever, FDM
technology has its own particularity. To decredse t
effects of internal stress on prototyping quality,
mathematical model of warping deformation must be
established, which can provide the theoretical
references for FDM technology as well as other RP
technologies.

This paper focuses on the warping deformation in
FDM process, and analyzes the influence degreleeof t
printing parameters, so as to improve the protoypi
quality. The rest of the paper continues as follows
Section 2 modeled the warping deformation in FDM
process theoretically based on four hypothesesidBec

3 analyzed the warping deformation from four aspect
which is the number of layers, the section lentjle,
shaping room temperature and the line shrinking
coefficient, experimentally. In section 4, two
suggestions for reducing warping deformation of FDM
is given. In section 5, 108 mmx40 mmx29mm wing
center link part of UAV is printed by Flash forgPM
printer as an example. Section 6 is the conclusion.
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MATERIAL AND METHODS

Theoretical model

Hypotheses

As for the accumulation process of the amorphot
thermoplastic plastics, some hypotheses must b& mz
before the mathematical analysis of the internasst
and deformation.

The high temperature wires extruded from the n@zzl
deposits on the platform according to the
predetermined trajectory, at the same time, tt
temperature of half molten wires drops from fusio
temperaturel | to glass transition temperatdie In

this process, a certain volume shrinkage occurthen
wires, and in this temperature range, a larg
deformation of thermoplastic plastics may occur
under a small force, namely, its ability of resnsta to
external forces is wedkTherefore, although volume
shrinkage occurs, there is little internal stresthgred
in wires. The internal stress in wires generateslya
in the period of the glass transition temperaffjrand

the shaping room temperatdie

The extruded high temperature elongated wires cou
be cooled below glass transition temperaffjyen a

short time, taking ABS P400 as an example, supgosi
that the wires are extruded from a nozzle, who:s
aperture is 0.254 mm, it took about 0.55s for wiaes
cool down from 27 to 94C (glass transition
temperature), 1.2s for wires to cool down fromi®t
shaping room temperature °Z8. If the deposition
velocity is 30 mm/s, the times that deposit a &ngl
layer of a medium-scale part is far longer tharbg.7
For this reason, we can consider that the temperatt
of the platform, deposited prototype and the shapir
room are the same. And the wires just extruded ha
no heat loss, which means they have the sar
temperature as nozzles.

The prototype deformation due to internal stres
releasing is the composition of deposited wire
deformation of layer-to-layer and in-layer. Wher
establishing the layer-to-layer deformation modeis
simplified that every layer is considered as aelat
model, and the wires in a layer is deposite
instantaneously. When the in-layer deformation i
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analyzed, supposing that wires are routed as @ath'
that there is no cavity between wires.

Warping model

Layer-to-layer deformation model

In hypothesis (1), there is no internal stress éwn
extruded wires in the process of extruded temperatu
T, to glass transition temperatufg, however, it is

mainly generated in the processTgfto shaping room

temperature Te. The stress-deformation analysis
process is in Figure No.l. Figure No.1a, is thdgoér
state with no warping deformation. But in reality,
warping deformation exists. Supposing that the rlaye
shrinks freely during the cooling process. At thens
time, it is separated from the deposited planecivis
shown in Figure No.1lb, so the line shrinkage of per
unit length in layers is = aAT , internal stresg =0.

If it is forced to return its original length in dtire
No.lc, thens=-aAT , the internal stress of the
momento = —EaAT, then considering the layer and
deposited part as a whole, in Figure No.1d. Asloan
seen that a bending deformation occurs on the new
deposited layer, which is because the internalsstre
caused by the shrinkage will effect on the depdsite
prototype. At this moment, the relationship between
stress and strain of the new deposited layer after
coupled is,

E(z—d)

Yo,

o=-EaAT+o'+

1)
o' z-d
E=—+
E »p
& - Thermal strain
o - Internal stress
o'- The stress affected on the deposited prototype
E - Elasticity modulus
a - Line shrinking coefficient
P - The warping radius
T, - The extruded temperature

d - The distance between the bending neutral axds an
the nozzles moving plane
T, - The glass transition temperature

(2)

T, - The shaping room temperature
AT - The difference betweeR,andT,
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From hypotheses (1) and (2), we can know thikis a
step function

T,-T, ss<z=F
AT =¢° (3)
0 O<z<s

The sum of internal stress after prototyping isafdl
the resultant moment is 0

J:{—EaAT+0'* + E(Zp_ d)}dz: 0 )
J:{—EaAT+0'* + E(Zp_ d)}zdzz 0 5)

These two independent equations contdinspe and
o' unknown variables, so

o"= U'—E—d (6)
P
And Eg. (4) and (5) can be simplified as
| h{—EaAT + a"+51dz= 0 @)
0 Y
| h{—EaAT+J"+EZ}zdz= 0 ®8)
0 Y
According to Eq. (7) and (8), the warping radius is
|3
p= )

6a(T, -T.)(-9)s
As for FDM, the difference between h and s is th
thickness of layeAs, and for a n-layer prototype, s/l =
(n-1)/n, so
I _ |
6a (T, -T.)(I-9)s 6a (T, T, )(1_§)§
¢ [ 71

,0:

| nAs

- n-1 - n-1
6a (Tg _Te) n2 6a (Tg - Te)?
According to Figure No.2,

:—'0_5

L
6=—
Po=5

S0 0 can be expressed as
n*As

_ o J[saL . n-1
5_60'('I'Q—Te)(n—1) {1 Co{ s o T )7}}

Where
n - The number of layers

co (11)
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p - The warping radius

L - The section length of prototype

O - The largest warping deformation

As - The thickness of layer

In-layer deformation model

According to hypothesis (3), the prototype defoliorat
due to heat internal stress releasing is the coitiqos
of deposited wires deformation of layer-to-layerdan
in-layer. Therefore, the whole prototype deformatio
model can be obtained by the combination of therstr
of layer-to-layer and in-layer.

When the in-layer deformation is analyzed, supppsin
that wires are routed as a 'Z' path that there isavity
between wires. The analysis process is similaayert
to-layer analysis, so the equations in 1.2.1 as® al
applicable.

However, in reality, the anisotropy of prototypen dze

decreased by choosing reasonable depositing paths i

FDM, such as the stagger depositing paths of @iffeer
layers and different beginning direction of layers.
Eventually, the in-layer deformation can be ignoired
the whole prototype deformation model.

The analysis of warping deformation model

From the layer-to-layer warping deformation modtel,

can be seen that the main impact coefficient that
effects the warping deformation includes the number

of layers n, the section length of prototype line
shrinking coefficienta , the shaping room temperature
T, and the glass transition temperatufe, these

coupled coefficients influences the heat defornmatib
prototype together.

To analyze the warping deformation model, ABS P400
wires, which is developed by Stratasys Company, is

used. It is made of 90%-99% ABS resin, 0%-2%
mineral oil and 0%-2% paraffin’'s. The mainstream
FDM printers are using ABS P400 as the raw material
The softening melting range of ABS P400 is wide
(105-290C), and its line shrinking rate is small (0.3%-
0.5%Y8, the heat stability and chemical stability are
fine, its strength is also big.

Generally, T, of ABS P400 is 9%, and its density is

1150 kg/mi, and the physical properties of ABS is
given in

Available online: www.uptodateresearchpublicatiomc

Table No1° theT, of the Flash forge FDM printer is
21CC, T, is 75C, and its radius of nozzle is 0.2 mm.

Flash forge® FDM printer is used in this experinant
analysis (see in Figure No.4). According to thevabo
characteristic parameters and the Flash forge® FD
printer's working parameters, the heat deformatic
model is analyzed, and the influence degree ofethe
parameters is given in the following 4 aspects.

The influence of the number of layers n

In Figure No.5, these three curves shows tr
deformation of 20 mm-section length, 70 mm-sectio
length and 120 mme-section length, respectivelgah
be seen that the warping of prototype decreaséswit
increasing, and when n is 18, the deformationdfiedt
out, which means more number of layers has le
effect on deformation. At the same time, if thetisec
length is long, the deformation will be big. This
regulation is helpful to choose a reasonable wEtithe
section length and depositing height

The influence of the section length L

In Figure No.6, these three curves represents t
deformation of 20 layers, 70 layers and 120 layer
respectively. From Figure No.6 we can see thahas t
section length increases, the deformation als
increases, and this trend becomes obvious as sect
length increasing. In the meantime, the deformatic
decreases with n increasing. Therefore, in FDM, w
must shorten the length of wires in depositing aiosn
as possible as we can, which means it is impottant
choose reasonable depositing directions and divisi
strategies.

The relationship between section length L and the
deposition thickness n/nAs under the same
deformation

Making a is 0.4%, T, is 78C. From the prototyping

parts, the relationship between section length thed
deposition thickness under different warping
deformation is given in Table No.2. From Table No..
we can see that when the warping deformation exfix
the ratio of section length and deposition thiclsness
approximately linear, which means the section lengt
is proportional to the deposition thickness o
prototyping parts with the same warping deformatior
Hence, we can design a reasonable ratio of secti
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length and deposition thickness for parts according
Table No.2 in order to reduce the warping deforomati
of prototyping parts.

The influence of the shaping room temperaturer,

Making a is 0.4 %,L is 70 mm, and =20,70,12(,
respectively,T, goes from 5€C to 94C. It is shown in

Figure No.7 that the deformation decreases
approximately linearly. When the shaping room
temperature arrives &, the deformation is nearly O.

However, with the shaping room temperature
increasing, the curing time becomes longer, and the
depositing wires will adhere with the depositedesir
which may cause the failure of prototyping. Sore¢he
are different best, for different materials. The best

T, of ABS P400 is around 76.

The influence of the line shrinking coefficienta
Making L is 70 mm,T, is 78C, andn=20,70,12(,

respectively,a goes from 0.3% to 1%. It can be seen
from Figure No.8 that the deformation increases
approximately linearly. So, in FDM, it is usefulrfo
decreasing warping deformation and internal stodss
prototype to adopt low line shrinking rate matesial

The strategies for decreasing warping deformation

of prototype

From the above analysis, this paper gives two
suggestions for reducing warping deformation of
FDM.

Material

From Eqg. (12) we can know tha@fand a of materials

influence the warping deformation directly.
DecreasingT, and a of materials appropriately can

reduce the deformation of prototype to some degree.
As for most thermoplastic plastics, their elasyicit
modulus is sensitive to temperature. Hence, raigiag
shaping room temperature to lower the internalsstre
could be helpful to reduce the warping deformation.
can be seen in Figure No.7.

Prototyping techniques

From Figure No.5 and Figure No.6, it can be seah th
the dimension of prototypes is an important
influencing factor, the larger the dimension is,
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especially the depositing length, the larger thepivag
deformation is. Hence, to avoid long thin prototype
far as possible is a way to reducing warpin
deformation.

From Figure No0.9, it can be seen that the defoonati
increases with the section length increasing, whann
be proved in actual prototyping process. In Figur
No.9, in the process of depositing two same thiartho
parts, the deformation of the part whose depositir
wires is along its long side is far bigger than tieer
one. Therefore, to reduce the warping deformatiom,
can divide the parts into several slender pieced,|et
the wires deposit along their short side.

In the process of prototyping, we find that theuatt
deformation is a little smaller than theoreticaluea
One reason is that before parts are deposite
substrates are deposited on the platform of Flasgief
FDM printer, these substrates are coherent to tl
platform firmly, so they do not have deformatiormeTl
other reason is the support structures in FDM aestr
the parts.

Application example

Using the analyzing results, a 108mmx40mmx29mi
wing-center-link part of UAV is manufactured by
Flash forge FDM printer, in

Figure Nol0. Adopt ABS P400 whose line shrinking
rate is 0.4% as the depositing material, set tlapisiy
room temperature as 85 and choose a reasonable
beginning direction of layers according to the
depositing length and the number of layers. Finall
the deposited part is shown in Figure No.11. The
measure the dimension of the wing-center-link part
APl Tracker IIl laser tracker. The maximum
deformation is 0.927mm, which meets the technic:
requirement.
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Table No.1: The physical properties of ABS

Elasticity . , . Coefficient | Coefficient | Specific
Temperature Poisson's| Density
S.No °C) modulus ratio (kg/m?) of thermal of heat heat
(Pa) 9 expansion | conduction | (J/kg.K)
1 20 3.9E9 0.38 1150 8.5E-5 3E-2 1470
2 50 3.5E9 0.38 1150 8.5E-5 3E-2 1470
3 100 2.48E9 0.38 1150 8.5E-5 3E-2 147D
4 150 1.68E9 0.38 1150 8.5E-5 3E-2 147D
5 200 1.0E9 0.38 1150 8.5E-5 3E-2 1470
6 250 0.5E9 0.38 1150 8.5E-5 3E-2 1470
7 300 0.01E9 0.38 1150 8.5E-5 3E-2 147D
8 350 0.001E9 0.38 1150 8.5E-5 3E-2 147D
Table No.2: The relationship between section lengthnd deposition thickness when deformation is fixed
The warping The ratio of section length The ratio of section length and the
S.No deformation o )
& mm and the number of layers (L/n) deposition thickness (L/1AS)
1 0.1 0.5074024 0.5114714] 0.594871pP2.0512541] 2.0396066 2.0245974
2 0.2 0.714576§ 0.7059863| 0.721478p2.8369478| 2.8574156¢ 2.86547|1
3 0.4 1.044815( 1.0158974 1.0511254.7515102] 4.7654891 4.7356987
4 0.6 1.2628891 1.2898674| 1.261589[/5.0960541| 5.0715963 5.0625913
5 0.8 14251711 1.402159| 1.3951594 5.715941| 5.6978548 5.7059014
6 1.0 1.6045744 1.6248972] 1.635947B6.4258952| 6.4418798 6.4593201
I <y
¢ Deposited wires _fj'"s
T Depositing materials 5
) Platform x
(a)
T 24
: Deposited wires o
. ] <+ Shrnking
T Depositing materials
() Plattorm
(b)
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Figure No.1: The prototype deformation due to wiressolume shrinkage

Figure No.2: The relationship between the largest arping deformation and the warping radius

Depositing paths

Beginning direction

Figure No.3: The stagger depositing paths of diffent layers and different beginning direction of lagrs

Available online: www.uptodateresearchpublicatiomc January - March 27



Xin Li. etal. / Asian Journal of Research in Chemistry and Pharmaceutical Sciences. 4(1), 2016, 21 - 30.

7 T T T

—e— L=20mm
—*=—L=70mm ||
—&—L=120mm

The warping deformation (unit:mm)

"
4 6 8 10 12 14 16 18 20 22
The number of layers n

Figure No.5: The influence of number of layers n otthe warping deformation
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Figure No.6: The influence of section length L onhie warping deformation
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Figure No.7: The influence of shaping room temperaire T,on the warping deformation
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Figure No.8: The influence of line shrinking coeftient & on the warping deformation
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Figure No.9: The depositing paths along long sidend short side

Figure No0.10: The stl model of a 108mmx40mmx29mm wg-center-link part of UAV

Figure No.11: The manufactured wing-center-link pat by Flash forge FDM printer
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CONCLUSION Journal of Xi'an Jiao tong University,(5), 2001,
The warping deformation is one of the most impdrtan 705-710.
factors that influence the FDM quality. The reason 6. Kochan D, Kai C, Du Z H. Rapid prototyping
deformation is complex, including not only the issues in the 21st centur@omputer in Industry,
characteristic of materials and the coefficient&bM 39(1), 1999, 3-10.
printers, but also the geometric structure of partd 7. Jose F R, James P T and John E F
depositing direction. In this paper, the theorética Characterization of the macrostructure of fusec
analysis model is established by reasonable deposition acrylonitrile-butadiene-styrene
hypotheses, and the influencing degree of different materials,Rapid Prototyping Journal6(2), 2000,
factors, including number of layers, section length 175-186.
shaping room temperature and the line shrinking rat 8. He X Y. The research of control system ant
of materials, are given quantitatively. And theastgy techniques in fused deposition modelileDM),
for reducing the warping deformation is introduc¢ed Master dissertationThe Huazhong University of
materials aspect and prototyping technology aspect. Science and Technologyuhan, P.R.China2005.
also provides the references for reducing the warpi 9. Eden P. FDM investment significantly cuts costs
deformation in FDM. In the end, a part of UAV is Medical Design Technolog¥(1), 2000, 12-17.
printed, and the result is satisfied. 10.Chen J. The research of scanning method in fus
deposition modelingFDM), Master dissertation,
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