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Abstract: The increasingly need of lightweight structures in different sectors is driving new
researches about the substitution of metal with polymeric matrix composite. Objective of this
work is to optimize the strength design of short-fiber injection molding manifold block, originally
made with brass, with the aid of a three-dimensional flow and structural analysis simulations.
These Finite Element Analyses (FEA) were based on orthotropic, linear and elastic models
including process-induced residual stresses. Through an appropriate interface, the results of
injection molding analysis of 35 wt.% fiber reinforced polyphthalamides (PPA) manifold block
are transferred to the structural analysis software. Autodesk Moldlfow software was used to
predict the fiber orientation and the in-cavity residual stresses considering the flow kinetics and
moulding parameters. The Abaqus interface for Moldflow was used to translate this data into a
form that can be used for the structural analysis. Finally, this paper reports some experimental
tests carried out on the injection moulded component in order to evaluate the internal burst
pressure values. The results not only highlighted the importance of carrying out structural
simulations, which consider both the orientation of the glass fibre and the residual stresses given
by molding, but also showed the usefulness and accuracy of an integrated CAD-FEA approach.
The application on a real case demonstrated good agreement with numerical analysis predictions.

Keywords: moldflow, Abaqus, residual stress, injection moulding, short-fiber-reinforced
components, metal replacement

1. INTRODUCTION

Nowadays the research of technical solutions to answer at the lightweighting issue
connected to emissions reduction, safety and economic targets is constantly increasing [1-3].
Advances in researches concerning the materials choice are required in several field. In this
context, it is possible to observe not only substitution of i.e. steel with light alloys [4-8] but
ever more frequently, where possible, metal replacement with polymer matrix composites [9-
10]. Today, the metal replacement is present in different industrial sectors, i.e., automotive,
medical and electronics, where benefits like weight reduction, corrosion resistance and
improved weldability can be achieved with low costs [11-16]. In this persistent search of
lightness and cost reduction, the use of thermoplastics composite materials is continuously
increasing in place of metal parts.

The most common method for plastic part manufacturing is injection molding, which is
suitable for the mass production of complex short fiber plastic parts with precise dimensions
[17]. The properties of plastic materials can vary over a wider range than all other
engineering materials and they can be enhanced with the addition of various agents.

Fiber reinforced thermoplastics are a category of composite plastics used in technical
applications at increasing loads or elevated temperatures, because they have a higher
stiffness, strength, and a reduced tendency to creep compared with non-reinforced polymers.
For instance, short-fiber-reinforced thermoplastic products obtained by injection molding are
currently successfully used in metal replacement applications [18-22]. It is worthwhile to
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note that the structural performances of these products are greatly affected by the fibers’
orientation state [23-25]. During the filling stage of the injection molding process, the
polymer molecules and reinforcing fibers (for fiber-filled polymers) are oriented in a
direction influenced by the shear flow. This leads to anisotropy in the mechanical properties
of the material. Fiber orientation also causes differential shrinkage in the longitudinal and
transverse directions, which can lead to warpage (bending and twisting of a molded part after
it has been ejected from the mold and cooled down to ambient temperature). Further, this
orientation improves mechanical properties in the fiber direction while reduced the strength
in the transverse direction [26-27]. Therefore, the prediction of fiber orientation using
Computer-Aided Engineering (CAE) tools is of great importance for the safe design of short-
fiber reinforced thermoplastic parts [28-29]. The calculated fiber direction can lead to local
mechanical properties, thus allowing precise structural analysis of a moulded component.

If a fiber-reinforced material is used to produce the part, the formation of the weld-lines is
one of the most significant problems for structural applications due to the potential failure in
correspondence of these discontinuities [30-33]. Weld lines occur when two or more flow
fronts do not blend completely when they meet in the mould. This happens, for example,
when the melts splits as it flows around an obstacle such as a core or pin in the mold cavity
or when parts are gated at several points.

These necessary features represent discontinuities during the filling of the mold and induce
the formation of weld lines with a further potential increase of the damage since these are
stressed areas. The quality-reduction factors in the weld line area are highly dependent on the
type and content of filling and reinforcing material. The existence of weld-lines will
generally reduce the local material strength by greater than fifty percent in glass-reinforced
resins due to unfavorable molecular orientation, insufficient bonding and/or formation of a
V-notch [34-36]. Therefore, a part containing one or more weld lines that are subjected to a
localized structural loading will not perform as well as a component containing no weld-
lines. Weld-lines strength can be improved by modifying the geometry of the parts or
changing the structure of the mould or adjusting the process parameters such as melt
temperature, injection velocity, holding pressure, holding time, and mold temperature.
Injection moulding usually induces Residual Processing Stresses (RPS), stored in the
components after ejection from the mould and cooling to ambient temperature, which are
originated from two main sources: “flow-induced stresses” as well as “thermally and
pressure induced stresses” [37-39]. The RPS exist in the moulded part without application of
any external load and may affect the plastic component similarly to externally applied load.
Thus, especially for structural components, RPS have to be predicted and minimized through
the determination of optimum processing conditions. This is particularly important for
component with complex geometry like manifold block (Figure 1) where the part is
characterized by areas with high thickness. As a result, if the RPS are strong enough to
overcome the structural integrity of the part, the component may warp as a consequence of
different sources: upon ejection from the mould, after its use for an extended period of time
or due to the exposure to relatively high temperatures. Some consequences are poor
dimensional stability and potential cracks when external service load is applied due to a
strength reduction. It is worthwhile to note that, weld-lines and fiber orientation together
with the RPS are the major factors that determine the mechanical strength and stiffness of a
moulded component.

Design engineers typically solve the problem by applying a generous safety factor to their
design, making them thicker than is actually required. Concerning the orientation direction
and the degree of orientation of the fibers, it is evident that in areas where fibers are strongly
aligned, the material will have higher strength characteristics and higher modulus in that
direction, but will be relatively weak with much lower modulus in the perpendicular
direction (across the fibers). Because the injection moulding process for short-fiber-
reinforced components can cause such great variation in strength and stiffness through the
part, the effect of the injection process should be considered in the design of such parts.
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Predicting the position of the weld-lines, as well as the amount of RPS, is useful in the initial
stage of product development, in order to avoid modifications on the part and mold design
after their manufacturing. Mould filling simulations during the preliminary design step could
help to increase the final quality of the component, thanks to the opportunity of improving
design and process parameters according to the indications given by simulations. Further
advantages are a reduction of the time to market with consequent lower costs. In particular,
the use of this new design approach is increasing during the last years and consists in flow
simulations and structural analysis employed at the same step of the product development to
optimize the strength design. A comparison between this advanced approach and the
traditional one, without mould filling simulations, is sketched in Figurel.
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Figure 1. Advanced approach: coupling of flow simulations and structural analysis employed to optimize
the strength design of component

In the literature, to the best knowledge of the authors, there are few works that try to couple a
three-dimensional flow simulations and structural analysis but not based on both orthotropic,
linear, elastic simulations and includes RPS [40-42].

A number of researchers have studied the flow induced anisotropy in short-fiber-reinforced
composites employing experimental techniques and numerical simulations. However, in
these research works, the residual processing stresses (RPS) (stresses that remaining inside
the moulded product under the condition of no external loads) are typically neglected in
structural analysis where external loads are applied to the components or considered in
structural analysis only to determine the optimum processing conditions, residual stress
distributions, and final shrinkage and shape of the components. Kulkarni et al. [43]
conducted flow and structural analysis on a reinforced square plate composed of composites,
by successfully coupling two commercial codes, Moldflow and Ansys. Their results showed
that unlike conventional materials, where simple isotropic models can be employed, the
simulation with orthotropic configurations are to be employed to gain a better agreement
with the experimental results. In particular, load vs. deflection isotropic results are 70% off
as compared to experimental results while the othotropic model exhibits a better correlation
with more than 92% accuracy.

Current Autodesk Moldflow 3D products solve the standard Folgar-Tucker equation for
prediction of the fiber orientation distributions. Folgar and Tucker developed a continuum
model for a non-dilute suspension based on Jeffery’s model that is used for dilute fiber
suspensions, but they included a term that accounts for fiber-fiber interactions which tend to
reduce highly aligned orientation states predicted by Jeffery's model for some flow
conditions [44]. It was demonstrated that simulation results agree remarkably well with
measured microstructural data [45].

A typical example concerns the injection molding of structural components used in hot-water
fluid engineering application, where tubes as well as holes have to be integrated in the parts.
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Following these premises, in this experimental work a feasibility study was conducted on a
manifold block, a device that regulates fluid flow between pumps and actuators and other
components in a hydraulic system.

Aim of this analysis is to evaluate the possibility of substitute the brass, material usually
employed for this component, with 35 wt.% fiber reinforced polyphthalamides (PPA).

In this context, the present paper reports an actual case study where the results of flow
simulations and structural analysis were combined to optimize the strength design of a short-
fiber-reinforced component. The software Autodesk Moldflow was used to estimate the in-
cavity residual stress and the fibers orientation in a moulded component while the structural
software Abaqus was used to evaluate how residual stresses and fibers’ orientation state
affect the final shape and performance of the product (see Figure 1 — advanced approach).
The results of injection molding analysis of 35 wt.% fiber reinforced polyphthalamides
(PPAs) manifold block used in hot-water fluid engineering application (Autodesk Moldflow)
are transmitted to the structural analysis program (Abaqus). The Abaqus interface for
Moldflow is used to translate these data into a form that can be used by Abaqus for the
structural analysis. After that, experimental tests are carried out on the injection moulded
components in order to evaluate the internal pressure that the component can handle before
rupturing called “burst pressure”. The burst strength of the molded manifold block samples is
then compared with those predicted by the numerical analysis. The simulations are based on
orthotropic, linear, elastic simulations that includes the process residual stress and could play
a key role for well-founded predictions in order to optimized part strength, part geometry,
mold design and processing conditions.

2. MATERIALS AND METHODS

2.1. Description of the component structure and materials

Figure 2 shows the selected manifold block, component used for hot-water fluid engineering
application. The design of either the original brass ((a) and the new metal replaced
application composed of 35 wt.% fiber reinforced polyphthalamides (PPA) (b) can be
observed. The maximum dimension of the original component is 80x100 mm.

INJECTION MOULDED
COMPONENT REDESIGNED

METAL (BRASS)
ORIGINAL

COST ANALYSIS

WEIGHT 480g 80 g +90 g (brass fitting)
MATERIAL COST ~4,5€/Kg 85-9¢€/Kg

TOOL COSsT ~10000 € ~ 25000 €

% COST SAVING PPA vs BRASS 65% (brass fitting included |

Figure 2. Manifold block used for hot-water fluid engineering application - brass (a) replacement by
35 wt.% fiber reinforced polyphthalamides (PPAs) (b)

The substitution of brass with 35 wt.% fiber reinforced PPA led to a final weight of 190 g,
with a weight reduction of about 60% in comparison with the 480 g of the traditional one.
The cost analysis reported in figure 2 shows a saving of about 65% respect to the original
component.

Copyright ©2020 ASSA Adpv. in Systems Science and Appl. (2020)



EFFECT OF FIBER ORIENTATION AND RESIDUAL STRESSES ON THE STRUCTURAL
PERFORMANCE OF INJECTION MOLDED SHORT-FIBER-REINFORCED COMPONENTS 5

2.2. Mould filling analysis

The material used for the injection moulding simulations was Polyphthalamides (PPA)
having 35% short Glass Fiber (GF) content (see properties listed in Table 1).

Table 1. Properties of Zytel HTNFG52G35HSLBKO11 from DuPont Engineering Polymers

(PPAs+35%GF)
Stress at break (ISO 527) — cond. 180 MPa
Tensile modulus (ISO 527) - 12 GPa
cond.
Elongation at break (ISO 527) - 2.7%
cond.
HDT (ISO 75-1/-2) 1.8 MPa 285°C
Glass transition temp. (ISO 90°C
11357-3)
Melting temperature (ISO 11357- 310°C
1/-3)
Water Absorption (ISO 62) - 24h. 0.4 %

Short-fiber-reinforced PPA material was chosen due to excellent preservation of strength and
stiffness at elevated temperatures, great resistance to hydrolysis, high dimensional stability
and low warpage [46-47].The mould was designed with a single cavity. The parts were filled
with a cold submarine gate and the cavity pressure was controlled via a direct pressure
transducer placed in the mould cavity located to the end of the flow path. The injection
location, the size of sprue, runners and gate as well as the lay-out of the cooling channels
were optimized based on the filling analysis using CAE technology in order to minimize the
warpage of the part, decrease cycle times, increase part quality and achieve dimensional
stability of the component. More details will be reported in section 3.2.

Solid model of the boiler manifold block with the fed system is designed by Solidworks
software for the mould filling analysis. Three-dimensional flow simulations based on a solid,
tetrahedral finite-element volume mesh were performed with Autodesk Moldflow software.
Figure 3a shows the boiler manifold 3D model designed with Solidworks, while Figure 3b
reports the three dimensional tetrahedral mesh created by Moldflow MPI. In particular, the
finite element mesh employed was tetrahedral — C3D4, having 910’000 elements. The
analysis comprised the entire molding process from injection, through mold packing, to
component solidification. This kind of simulations also permitted to predict material
anisotropy, fibre orientation, in-cavity residual stresses and component warpage /shrinkage.
The cooling circuits design, employed to model filling, packing and cooling stages of the
injection moulding are reported in Figure 3c. Several iterations were carried out to optimize
the injection location and the processing parameters in order to achieve the most balanced
flow into the cavity along with uniform pressure drop and flow front temperature.

In order to choose the optimum process settings, different conditions affecting injection
molding are considered, i.e. injection time, packing holding time and pressure, mold
temperature and melt temperature. The detail of optimum processing parameters is
summarized in Table 2.

Copyright ©2020 ASSA. Adpv. in Systems Science and Appl. (2020)
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INJECTION LOCATION COOLING CIRCUITS §
COLD SPRUE |
SUBMARINE GATE : 3D-MESH 7

SCALE (100 mm) SCALE (100 mm) SCALE (200 mm)

Figure 3. Boiler manifold block: a) model imported in Autodesk Moldflow (MPI) from 3D CAD system
(Solidworks); b) 3D-tetrahedral mesh model created by Moldflow MPI; c¢) Cooling circuits design

Table 2. Processing parameters and mesh type for the mould filling analysis (Autodesk Moldflow MPI)

Mould temperature 90°C
Melt temperature 330°C
Fill time 14s

Packing holding time I5s

Packing holding pressure | 65 MPa

Cooling time 34s
Mesh type tetrahedral — C3D4
N° of elements 910.000

Special attention was given to reducing weld-lines and increase their resistance by keeping
the melt at high temperature. Indeed, based on previous experience from laboratory tests it is
worthwhile to note that the presence of weld lines reduces the ultimate tensile strength of GF
PPA produced by injection moulding at a range between 65 to 75 MPa.

In addition, once known the fiber orientation in the parts the mechanical properties were
calculated. In particular, Moldflow analysis is based on a well-established and theoretically
well founded micromechanical model proposed by Tandon-Weng [48]. The thermo-
mechanical property calculation for fiber-filled composites are based on the orthotropic
assumption, that fiber-filled material properties are different in three orthogonal principal
directions. The presence of fibers often results in a fairly linear elastic response before
failure. In such cases, an orthotropic elastic material model serves as a reasonable model,
which can be used to model anisotropic situations.

Copyright ©2020 ASSA Adpv. in Systems Science and Appl. (2020)
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Moldflow Pack analysis also calculated the in-cavity residual stresses developed during the
mold filling process along with the material properties required for the orthotropic structural
analysis that represent the stresses in the part before it is ejected. The mold physically
prevents the material from shrinking while the part is in the cavity, so these results are nearly
not affected by other external factors and are a good representation of the real condition.

2.3. Geometry optimization: from metal to plastic part

In order to obtain metal replacement and have a polymeric part resistant to the real stresses it
has been necessary to re-design the component. Some modification has been performed, the
initial and the final geometry are shown in the Figure 4. Figure 4 a2, b2, c¢2 show the
geometrical re-design. Ribs (dark grey) have been added, in different areas, in order to
obtain a plastic part enough resistant to the operating loads. Some other areas have been
modified, as shown in the circle in Figure 4 c2. The geometry in the right circle in Figure
4 c2 has been designed to allow a subsequent introduction of a threaded insert. Thicknesses
have been increased in many areas of the component in order to obtain a part resistant
enough to undergo the operating loads. In Figure 4 cl are shown the main quotas of the
thickness of the original metal part, in Figure 4 c2 are shown the same quotas re-designed
for the plastic part. Both, Figure 4 c1 and Figure 4 c2 show a section of the part to make an
easier comprehension of the modification done. Besides, in the circle of the Figure 4 c2 is
shown the emptying performed in order to obtain a part suitable for the injection molding
process.

During the re-design of the part multiple steps of structural linear elastic analysis have been
made in order to understand if the direction taken was good enough to obtain the desired
performance. The anisotropic analysis (which uses Moldflow data results as input) has been
made only as the final check step on the one that was considered the optimized geometry.
Indeed, even if this analysis is more suited for these component and material it is more time
and power-consuming. The boundary conditions used were the same as the one shown in
Figure 6, with the only exception of the value of the pressure which was set to 12 bar (value
of a possible water hammer in hot-water fluid application). In Figure 5, three different steps
of the design-analysis-design modification cycles can be seen as example. The results show
the Von Mises Stresses on the part (considered made in PPA+GF) measured with FEM done
on Starting geometry (as was in metal - Figure 5_a); one of the intermediary geometry (close
to the final one, thicknesses have been increased as shown in Figure 4 c¢2); the optimized
geometry (some other ribs have been added — Figure 5-c). The main difference between
geometry in Figure 5 b and Figure 5 c are the ribs highlighted in Figure 4 a2. These ribs, as
can be seen comparing Figure 5 b and 5 c, do not help significantly to decrease the stress,
but they are useful during the molding of the part to vent the weld line that forms in the that
area.

Copyright ©2020 ASSA. Adpv. in Systems Science and Appl. (2020)
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METAL PART PLASTIC PART
(after geometry optimization)

P

(al) (a2)

(b1) (b2)

From 2 mm to 5 mm

4mm

From 5.5 mm to 10.8 mm

(c2)

Figure 4. Geometrical re-design from metal to optimized plastic component
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19.5 MPa 19.5 MPa

18 MPa 18.5 MPa

Figure 5. Abaqus analysis study with isothotropic material properties: distribution of Mises stress; (a) starting
geometry — as was in metal; (b) intermediary geometry (close to the final one, thicknesses have been increased
as shown in Figure X ¢2; (c) optimized final geometry

2.4. Orthotropic Structural analysis

After cooling, when the injection moulded part is ejected from the mould, it undergoes
warpage caused by the in-cavity residual stress and by additional actions of temperature
gradient to room temperature. In particular, once removed the mold constraint a certain
amount of the residual stress is relieved, the part shrinks and may warp.

In order to analyse these deformations RPS data are needed. During the present work, the
RPS data obtained by Moldlfow are used for warpage analysis with Abaqus software. From
these analyses, shrinkage and RPS on the boiler manifold block are predicted. Based on the
local fiber orientation states, calculated through mould filling analysis, the local
thermoelastic properties can be calculated and used as input for the structural FEA.

During the present work Abaqus software was employed. For the reasons mentioned above,
structural simulations (in which an external load is applied) with the orthotropic, liner, elastic
material should take into account also the RPS for an accurate result. Figure 6 shows
boundary conditions highlighting the areas were the fixed constrains and the pressure are
located. The internal pressure was set at 45 bar.

Copyright ©2020 ASSA. Adpv. in Systems Science and Appl. (2020)
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ABAQUS - BOUNDARY CONDITIONS

FIXED COSTRAIN

~.,

Figure 6. Abaqus boundary conditions for the structural analysis
2.5. Injection Moulding

After the definition of the design and the process parameters, the injection moulded boiler
manifold blocks (component shown in the figure 2b) were obtained by using a 200 t injection
moulding machine (BMB-MC200) equipped with a 55 mm diameter screw.

For the components molding, Polyphthalamides (PPA) having 35% short Glass Fiber (GF)
content (ZYTEL HTN from DUPONT), having mechanical properties reported in Table 2,
was employed.

The resin was pre-dried in a convection oven for at least 8 h at 100 °C to remove any
moisture from the pellets before processing. The dimension of the boiler manifold block and
location of the submarine gate are shown in Figure 3.

2.6. SEM analysis

A LEO EVO 40 Scanning Electron Microscope (SEM) was used to analyse the surface of the
component in the area closed to the weld-line, previously prepared by means of standard
gold sputtering procedure.

2.7. Burst tests

A burst test is a destructive test performed to determine the overload capacity of component
operating under pressured conditions. This pre-production step is necessary to meet safety
and quality standards. The burst test internally pressurizes a manifold block with a fluid until
the component completely fails (bursts pressure). Burst testing is often used to quantify the
strength of the part. This test is also useful for measuring the ability to withstand rapid
internal pressurization by yielding an ultimate failure pressure throughout the process and
eventually to determine if an aging condition have reduced the strength of the component.

Copyright ©2020 ASSA Adpv. in Systems Science and Appl. (2020)
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3. RESULTS AND DISCUSSION
3.1. Mould filling analysis

The analysis of the mould filling was useful in order to evaluate the soundness of the
process. The filling pattern shows how the part is filled and help to understand how weld
lines and air trap will form. In particular, the weld lines location was determined looking at
the flow fronts movements based on the analysis of the mould filling. An example of mould
filling is reported in Figure 7; here it can be seen the formation of two Weld Lines (WL) at
time t4, WL1 and WL2, which are expected to be placed around the hole. Further, the results
showed that the boiler manifold block is completely filled with a high level of confidence
without any freezing of the material. The part is filled in less than 1.5 seconds (t6).

The weld lines are significant especially for short-fiber injection moulding component
performances because the local mechanical properties in the weld line area differ
significantly from those in the rest (bulk) areas of the molded parts. The extent of mechanical
properties changes depending on the ability of the two melt flows to join together
homogeneously through the part thickness.

The average fibre orientations (I principal direction — flow direction) in the boiler manifold
block predicted by Moldflow is shown in Figure 8. Blue (0.000) indicates more randomly
oriented fibers, while red (1.000) indicates highly oriented fibers, compared to the direction
of material flow. The results of the orthotropic, linear, elastic structural simulations that
includes RPS are discussed in the next section.

(t) (tz)

Figure 7. (a) weld-lines WL1 and WL2 predicted by Moldflow simulation analysis b) Filling time plot and
weld line (WL) prediction based on optimum runner system design

Copyright ©2020 ASSA. Adpv. in Systems Science and Appl. (2020)
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FIBER ORIENTATION /J
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Figure 8. Fiber orientation plot on the first principal direction

3.2. Structural analysis

The deformed shape of the boiler manifold block evaluated in z (caused by the in-cavity
residual stress distribution) is shown in Figure 9. The results were also compared with the
real component deformation after the component production, as it can be seen in the picture.
The analytical results presented a good agreement with the real production. For the sake of
clarity, the simulation is reported with a magnification factor of 10. Figure 10 shows the

predicted RPS.

u.ul

DEFORMATION SCALE FACTOR =10

+1.50De-D1
+1.1872-D1

+ 3.5 mm

Figure 9. Warping displacement (mm) for the boiler manifold block in z direction — comparison of model
vs. experimental results: (a) prediction from computational analysis (Moldflow/Abaqus); (b) actual deformation
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Figure 10. Abaqus prediction of the residual processing stress (RPS) distribution after warping
(deformation scale = 10)

It can be clearly seen that, also after the warping deflection and the consequent stress release,
the magnitude of Von Mises stress stored in the component should not be neglected. This
result was obtained with the optimum processing conditions reported in Table 2; i.e.
optimum mould temperature, melt temperature, packing pressure and time and injection time
to minimize shrinkage and residual stresses.

Figure 11a reports the predicted Von Mises stress obtained using the orthotropic material
properties by neglecting the RPS, while figurel 1b represents the same simulation including

RPS.
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Figure 11. Abaqus analysis study with orthotropic material properties: distribution of Mises stress (a) RPS
neglected, (b) RPS included. Same initial boundary conditions for both cases (internal pressure = 45 bar). The
analysis revealed that the stress on the weld-line areas WL1 and WL2 was around 29 MPa and 36 MPa
respectively

In this condition, the part should widely resist if an internal pressure of 45 bar is applied.
This is due to the strength of the material along the weld-lines for 35% glass fiber PPA
which is evaluated to be in the range between 65 to 75 MPa. However, examining Figure 11
b, it is possible to note that when the residual processing stress (RPS) distribution (Figure 11
) is taken into account in the structural simulation, the Von Mises stress on the WL1 and
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WL2 strongly increases to about 58 MPa and 72 MPa, respectively. These values are above
the Von Mises strength of the weld-lines for this material, highlighting the relevance of this
additional test.

3.3. SEM analysis

SEM images reported in figure 12 show clearly some defects that could led to a premature
fracture during the burst test. In particular, close to the sharp edge (fig 12 B), the surface is
very irregular (see fig 12 C and D) and in this area occur the fracture in correspondence to
the weld line (fig 12 A). The presence of these discontinuities, combined with the presence
of the weld line, explains the drastic resistance properties decrease of the component in such
areas, due to the development of certain displacement discontinuity surfaces, origin of the
fracture. It is worthwhile to note that in this area, it’s impossible to insert any fillet radius
because of the incidence of mold plugs which form the two cavities within the component.

WELD LINE

SHARP EDGE

e gl EHT = 2000V Sgral A = SE1 Dete 18 Feb 2014 INLBS Dip. Ing Mecc 100 EHT = 2000V Signal A = 51 Date 27 Fed 2014

WO= 2mm Mags 35X Time 55648 WDs 29em Mags 60X Time 160148 UNILBS Dip. Ing. Mecc

EMT » 20,00 WV Sigrel A = SEY Dete 27 Feb 2014

UNLES D, Ing. Mec ENT=2000  SigraiA=SE! Date 27 Fab 2014
WD= 30mm  Mage 100KX Tivs 160905 Dy oy M - =

WO= 30mm  Mage 100KX Time 16.06.35

Figure 12. SEM observations: A) area near the weld line; B) discontinuous surface close to the sharp edge;
C) and D) high magnitude SE image of the irregular surface

3.4. Burst tests

The burst test device and burst strength peak value recorded in the present work are reported
in Figures 13 and 14.
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MOULDED COMPONENT

FRACTURE

Figure 13. (a) burst test device; (b) crack propagation along the weld-lines WL1 and WL2
at the end of the test
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Figure 14. Burts tests diagram

The burst test value was found at about 45 + 3 bar and the crack propagation can be observed
in Figure 11b along the weld-lines WL1 and WL2, as expected. These results are found in
good agreement with those predicted only by the orthotropic, liner, elastic numerical analysis
in which the RPS were taken into account.

4. CONCLUSION

This paper describes the feasibility study of a new manifold block, traditionally made with
brass and metal replaced with 35 wt.% fiber reinforced polyphthalamides (PPA). In
particular, this work deals on structural simulations that take into account the effect of fiber
orientation and residual stresses in injection moulded components. It is possible to
summarize the main results in terms of process, structural simulations and experimental tests

as follows:

e The main innovation of this research regards the importance of carry out structural
simulations which consider not only the orientation of the glass fibre but also the
residual stresses given by molding. To this end the present paper demonstrates the
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usefulness and accuracy of an integrated CAD-FEA approach composed of coupled
3D flow and structural simulations applied at the optimization of injection moulding.
In particular, the simulations are based on orthotropic, linear, elastic simulations that
include the Residual Process Stress (RPS).

e The integration of RPS data leads to a much more reliable prediction of the actual
product response that allows to obtain optimized part strength, part geometry, mold
design and processing conditions. In the examined case, the Von Mises stress on the
WLI1 and WL2 strongly increases respectively from 29 MPa and 36 MPa, in
simulations without RPS, up to about 58 MPa and 72 MPa, when the RPS
distribution is taken into account. These values highlighted the relevance of this
additional test.

e Experimental tests, such as burst test and SEM analysis, were conducted on real
components. The results were in good agreement with those predicted by the
orthotropic, linear and elastic numerical analysis which considered the RPS,
confirming the effective benefits obtained with this design methodology.

e The substitution of brass with 35 wt.% glass fiber filled PPA led to a final weight of
190 g, with a weight reduction of about 60% in comparison with the 480 g of the
traditional one. The cost analysis reported in figure 2 shows a saving of about 65%
respect to the original component.

This integrated CAD-FEA approach related to experimental work would be applied also in
future applications for the further improvement of weight reduction and metal replacement.
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