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• Thin-wall injection molding of fiber-re-
inforced parts is characterized by a high
shear-stressed melt flow.

• The shrinkage in the transverse direc-
tion is reduced by increasing the melt
temperature and the injection speed.

• Injection molding processing affects fi-
ber orientation: high values of melt
temperature and injection speed re-
duces it.

• The extremely thin cavity yielded an al-
most flat trend of the orientation tensor
indicating the absence of the core layer.

• Dimensional accuracy of thin-wall parts
is optimized by high values of melt
temperature, packing pressure, injec-
tion speed.
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Injection molding of thin-wall parts is characterized by a highly shear-stressed melt flow, which could affect the
morphology of themoldings and consequently their shrinkage and warpage. This study focuses on the impact of
injection molding processing conditions on dimensional accuracy of thin-wall fiber-reinforced parts. The reduc-
tion of shrinkage was taken in consideration by analyzing how the processing parameters affected the final di-
mensions of a 350 μm thick part. Moreover, the relation between the distribution of short glass fibers within
the part and its dimensional accuracy was investigated by means of X-ray computed tomography. The experi-
mental results showed that melt temperature and packing pressure were the processing parameters that most
affected the shrinkage of thin-wall parts. In particular, a selection of high values for these parameters allowed
for the minimization of the dimensional difference between the mold and the final parts. The analysis of the
cross sections of the moldings allowed the observation of an almost flat trend of the orientation tensor for
parts molded at lower injection speed, indicating the absence of the core layer. This caused a higher shrinkage
along the cross-flow direction that eventually led to a differential shrinkage and to the warpage of the final part.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Injectionmolding (IM) is nowadays one of themost flexible, reliable
and cost effectivemanufacturing technologies to produce complex plas-
tic components [1]. Precision manufacturing of parts produced by IM
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Nomenclature

IM injection molding
μ-CT X-ray micro computed tomography
Tb melt temperature
Vinj injection speed
Ph packing pressure
Sf shrinkage in the flow direction
St shrinkage in the transverse direction
Lfpart, Ltpart molded part dimensions in the flow and transverse

directions
Lfmold, Ltmold mold cavity dimensions in the flow and transverse

directions

Fig. 1. Design of the study part. All dimensions are expressed in millimeters.
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recently attracted large attention for electronics applications, including
connectors, because of their increasing market trends [2]. Despite the
trend of miniaturization observed for IM applications, connectors re-
main relatively large, because of their complex design,which poses sev-
eral manufacturing issues [3]. In particular, the thin wall that
characterizes their typical geometry constitutes a major manufacturing
constraint [4]. Hence, the commercial breakthrough of new and smaller
connectors strongly depends on the necessity to develop low cost mass
production technologies, which can provide dimensional accuracy and
good part quality [5].

It has been demonstrated in the literature that quality and dimen-
sional accuracy of injection-molded parts characterized by small thick-
ness mainly depends on the injected polymer [6], the part geometry,
the mold design and the selection of process variables [7]. Shrinkage
and warpage are common defects resulting from the IM process that
can impair quality and functionality of final parts [8]. In this sense, re-
ducing and controlling shrinkage is very important to control dimen-
sional accuracy of products, especially when manufacturing parts
characterized by tight tolerances [9].

The intrinsic cause for polymer shrinkage is the thermodynamic be-
havior of polymers, which is responsible for dimensional variations in
injection-molded parts. In order to guarantee process quality, it is then
important tominimize the difference between themold and the part di-
mensions, especially for applications requiring tight fit tolerances.

Whendealingwith injectionmolding, it is necessary to controlmany
process parameters that can influence the dimensional accuracy of the
parts by altering their shrinkage behavior [10]. For this reason, it is im-
portant to understand the effect of the controllable process parameters
in order to improve the quality of the final parts. In general, shrinkage
minimization of injection-molded parts is better performed with the
adoption of statistical approaches [11]. Researchers reported in the liter-
ature that the main injection molding parameters affecting the overall
shrinkage are cooling time, packing pressure [12,13], melt temperature
[14] and injection speed [15]. However, the identification of the most
critical processing parameters influencing the dimensional accuracy
cannot be separated from material properties and part design [16].
The combination of these factors in the case of thin-wall parts makes
the shrinkage behavior and the process parameters selection particular-
ly critical.

The achievement of structural and thermal stability are fundamental
requirements for the manufacturing of micro connectors, thus leading
to the selection of high performance materials, characterized by good
mechanical and thermal properties, such as fiber-filled polymers [17].
However, the use of reinforced polymers poses some processing issues,
related to the anisotropic distribution of fibers within the parts, which
eventually affects the shrinkage of the parts [18]. Azaman et al. numer-
ically investigated the injection molding of thin-wall parts (thickness
0.70 mm) indicating that the presence of 10% weight glass fibers affect
the shrinkage of the parts [19]. Glass fibers affect the shrinkage of
thin-wall injection molded parts by modifying their morphology.
Cadena-Perez et al. showed that the addition of fiber fillers completely
change the shrinkage behavior of the polymer parts [20]. In particular,
they showed their significant effect in the melt flow direction and the
null effect in the transverse one.

Thefiber orientation in injection-molded parts is determined and af-
fected by the geometry of themold and by themolding parameters [21].
Several researchers have studied how the fiber orientation tensor is in-
fluenced by the injectionmolding parameters [22,23]. Nevertheless, the
correlation between fiber distribution and parts shrinkage has not been
investigated for thin-wall parts yet.

Experimental studies about the IM process demonstrated that
shrinkage is affected by scale effects [24], especially due to the different
morphology of the parts, which is caused by the high shear rates that
characterize the thin-wall IM process [25,26]. In general, fiber orienta-
tion within injection-molded parts is explained considering the ‘foun-
tain-flow’ model [27]: the shear effect is more marked in the skin
layer and consequently is the orientation in the melt flow direction;
conversely, in the core region, the melt flow is subjected to the mini-
mum shear and the orientation is considerably lower. However, this be-
havior can be modified by the diverse thickness ratio between the skin
and core layers in the case of very small thickness [28].

Characterization of the skin-core morphology and of fiber orientation
by means of optical observations of cross sections of the moldings can be
very complex for thin-wall parts. In this sense, micro computed tomogra-
phy (μ-CT) is a powerful technique to analyze fiber orientation [29]. As a
non-destructive testing (NDT) method, μ-CT analysis can also eliminate
the distortions introduced by sample cutting and preparation [30].

In this work, the effects of fiber orientation and process parameters
on the dimensional accuracy of injection-molded thin-wall parts were
experimentally investigated. The design of experiments (DoE) approach
was used to understand the effects of IM process parameters on parts'
shrinkage. The results of this first dimensional analysis were then
complimented using μ-CT to characterize short glass fiber orientation
and its correlation with the IM process. The resulting skin-shear-core
morphology among the thin-wall parts was then characterized using
μ-CT data, allowing the understanding of its relationship with the part
shrinkage.

Section 2 describes the mold design and the manufacturing system
adopted for the IM tests, as well as the approach to the experimenta-
tions. Section 3 discusses the characterization of the molded thin-wall
parts, describing the approaches used for shrinkage measurements
and for evaluation offiber orientation. Section4 analyzes and comments



Table 1
Main properties of the Ultradur B4300 G2 PBT.

Property Test method Units Value

Density ISO 1183 g/cm3 1.37
MVR (250 °C - 2.16 kg) ISO 1133 cm3/10 min 16
Melt temperature ISO 11357 °C 250

Table 2
Process parameters settings for the shrinkage DoE plan.

Factor Low level High level

Tb (°C) 270 290
Vinj (mm/s) 200 600
Ph (bar) 200 600
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the effects of the IM process on the dimensional variations of the parts
and it reports the results of the fiber orientation analysis. Concluding,
Section 5 summarizes the main findings of this work indicating how
process parameters can be selected to improve the accuracy of thin-
wall moldings.

2. Injection molding setup

2.1. Part and mold design

The part considered in this study is a square plaque with a side
length of 10 mm, as shown in Fig. 1. The part was specifically designed
to allow an accurate evaluation of the shrinkage and of the orientation
tensor using μ-CT, according to conventional injection molding stan-
dards [31] and methodologies proposed in the literature for thin-wall
parts [32]. In order to maximize the effect of the thin-wall mold cavity
on the shrinkage, a thickness of 350 μm was chosen for the plaque.

In the mold, the square cavity was positioned on the moving half at
the end of a fan gate (thickness: 0.2 mm), which ensured a linear flow
front and a balanced filling. The polymer was fed through a fan gate
and a runner with a rectangular cross-section (dimensions: 5 ×
1 mm), directly connected to the nozzle of the IM machine.

The square cavity wasmachinedwith a 5-axis micro-millingmachine
(Kugler, Micromaster 5×) and its dimensions were measured using a
multi-sensor coordinate measuring machine (Werth, Video-Check-IP
400). The average dimensions of the cavity were of 9.899 mm in the
flow direction and of 9.906 mm in the perpendicular direction.

In order to prevent a possible deformation of the part during the
demolding phase, due to its reduced thickness, a single ejectorwith a di-
ameter of 2 mm was positioned adjacent to the runner.
Fig. 2. Procedure adopted to evaluate the d
2.2. Material and manufacturing system

A commercial polybutylene terephthalate PBT (BASF, Ultradur
B4300 G2) reinforced with short glass fibers (10% in weight) was used
for the injection molding experiments. The material was selected be-
cause of its strength, stiffness and impact resistance, whichmake it suit-
able for electronics applications, such as housings, plugs and connectors.
However, PBT is a semi-crystalline thermoplastic polymer thus being
characterized by marked shrinkage properties, making its processing
critical in terms of dimensional accuracy. This is especially critical for ap-
plication requiring coupling with other components and it is accentuat-
ed for thin-wall parts, such as connectors. The main properties of the
injected polymer are summarized in Table 1.

A micro IM machine (Wittmann Battenfeld, MicroPower 15) with a
maximum injection speed of 750 mm/s and a maximum clamping
force of 150 kN was used for the experiments. A mold heating system
was realized using four electrical cartridges, two for each mold half.
Two thermocouples allowed the control of two temperature zones,
one for each mold half.

2.3. Experimental approach

A three-factor full factorial plan was designed to characterize the ef-
fect of the IM process on both shrinkage and fiber orientation of the
thin-wall parts. In order to optimize the number of experiments, the
DoE was designed to have two levels of variations for the selected pa-
rameters. One of the important factors considered in the optimization
was the long scanning time required in CT analysis. In particular, each
repetition for each run of the DoE plan took around 4 h, which is due
to the low power of the X-ray source and the high exposure time of
the X-ray detector that were set for obtaining good quality CT data.

The parameters selected for the investigation were melt tempera-
ture Tb, injection speed Vinj and packing pressure Ph. The range values
for the DoE plan (reported in Table 2) and the fixed parameters values
were defined considering the literature, recommendations of the mate-
rial supplier (e.g.max. nozzlemelt temperature,mold temperature) and
technological limitations of the available experimental setup. The upper
and lower values of the DoE parameters were designed to cover a wide
range of variation for each one of the selected process parameters. Fur-
thermore, the processwindowwas specifically designed to consider the
complexity of the geometry and the characteristics of the molding
polymer.

During the IM tests, the following parameters were fixed:

• mold temperature: 80 °C;
• metering size: 7.5 mm3;
imensions of molded thin-wall parts.



Fig. 3. Schematic representation of the μ-CT measuring system.

Table 4
Results of the experimental campaign for each run of the factorial plan.

Tb
(°C)

Vinj

(mm/s)
Ph
(bar)

Sf (%) St (%) Avg.
orientation

Max.
orientation

Avg.
Val.

Std.
Dev.

Avg.
Val.

Std.
Dev.

Avg.
Val.

Std.
Dev.

Avg.
Val.

Std.
Dev.

270 200 200 0.91 0.05 1.63 0.03 0.73 0.01 0.80 0.01
290 200 200 0.84 0.01 1.41 0.04 0.67 0.01 0.75 0.02
270 600 200 0.97 0.03 1.33 0.05 0.62 0.01 0.74 0.01
290 600 200 1.01 0.04 1.34 0.03 0.61 0.01 0.68 0.01
270 200 600 0.62 0.05 1.13 0.06 0.70 0.01 0.79 0.01
290 200 600 0.54 0.06 1.05 0.03 0.68 0.01 0.78 0.02
270 600 600 0.57 0.03 0.94 0.04 0.64 0.01 0.73 0.01
290 600 600 0.55 0.05 0.78 0.02 0.58 0.01 0.65 0.01
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• velocity/pressure switch-over point: 90% of maximum injection
pressure;

• packing time: 2 s;
• cooling time: 3 s;
• clamping force: 150 kN.

The response variables selected for the DoE campaign were the
shrinkage (in the flow direction Sf and in the transverse direction St re-
spectively) and the average and themaximum values of the orientation
tensor (evaluated along the flow direction).

To guarantee the stability of the injection molding process, for each
run of the DoE plan, ten molding cycles were carried out before the col-
lection of the first part. Then, three parts were collected for the shrink-
age and fiber orientation characterization, one every five molding
cycles, for each combination of molding conditions. Summarizing, the
experimental campaign comprised themolding ofmore than a hundred
parts and the collection of 24 moldings for the characterization and the
computation of all the selected response variables.

3. Characterization of the molded parts

3.1. Dimensional measurements

The linear shrinkage of the molded thin-wall parts was determined
according to Fischer's definition as the “difference between the linear
dimension of the mold at room temperature and that of the molded
part at room temperature within 48 hours following the ejection” [33].

The dimensional measurements of the parts were evaluated by
means of a multi-sensor coordinate measuring machine (Werth,
Video-Check-IP 400), using a video imaging sensor and a direct
episcopic illumination, which allowed identifying the edges of the sam-
ples [34]. The following measuring procedure was applied (Fig. 2):
Table 3
Parameters used for the μ-CT scans.

Parameter Unit Value

Voltage kV 95
Current μA 74
Exposure time s 2.8
Number of projections – 2500
Averaging – 2
Physical filtering – No
Voxel size μm 8.3
Scanning time hours 3.9
(i) acquisition of the coordinates of five equally spaced points for
each edge of the square molded parts - Fig. 2 (a);

(ii) association of a straight line for each one of the plaque edges by
fitting to the acquired points - Fig. 2 (b);

(iii) creation of two symmetry lines in the flow and transverse direc-
tions, followed by intersection of the symmetry lines with the
lines representing the edges of the specimen, to determine a
midpoint for each edge - Fig. 2 (c);

(iv) evaluation of the dimensions as the distance between the mid-
points on the opposite edges of the parts - Fig. 2 (d).

3.2. Shrinkage calculation

The shrinkage of themolded partswas calculated as a percentage re-
duction from mold dimensions. The following equations were applied
for each run of the DoE plan to obtain the response variables for the
analysis:

Sf %½ � ¼ Lfpart −Lfmold

Lfmold
∙100 ð1Þ

St %½ � ¼ Ltpart −Ltmold

Ltmold
∙100 ð2Þ

where Lfpart and Ltpart are the dimensions of the molded part, measured
with the coordinate measuring machine in the flow and transverse di-
rection respectively; Lfmold and Ltmold are the dimensions of the mold in
the two directions.
Fig. 4. Major components of the orientation tensor evaluated for the molded thin-wall
parts using μ-CT.



Table 5
Results of the ANOVA considering shrinkage as the response variable.

Factor p-Value

Sf St

Tb 0.156 0.003
Vinj 0.056 0.000
Ph 0.000 0.000
Tb ∙Vinj 0.048 0.274
Tb ∙Ph 0.486 0.745
Vinj ∙Ph 0.006 0.495

Table 6
Results of the ANOVA considering fiber orientation as the response variable.

Factor p-Value

Avg. orientation Max. orientation

Tb 0.000 0.000
Vinj 0.000 0.000
Ph 0.467 0.613
Tb ∙Vinj 0.550 0.007
Tb ∙Ph 0.559 0.366
Vinj ∙Ph 0.873 0.051
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3.3. Fiber orientation measurements

X-ray computed tomography (CT) is an emerging technology for di-
mensional quality control and non-destructive testing [35]. In compari-
son to othermeasuring techniques, CT offers the advantage of providing
a non-destructive 3Dmeasurement also of the internal structures, such
as fibers.

A metrological μ-CT system (Nikon Metrology, X-Tek MCT 225) was
used for measuring the molded parts and analyzing their fiber orienta-
tion. The metrological performances of the CT system were evaluated
using specific procedures and a fiber-based calibrated object [36,37].

The X-ray projections were acquired for a complete rotation cycle
(see Fig. 3) and subsequently reconstructed into a 3D volumetric
dataset. The CT metrological software VGStudio MAX 3.0 (Volume
Graphics GmbH, Germany) was used to process and evaluate the ac-
quired data. Table 3 reports the parameters employed for the μ-CT
scans.

The acquired datasets were analyzed by calculating the orientation
tensor within a selected region of interest (dimensions: 5 × 5 mm)
along the whole thickness of the molded thin-wall parts. The three-di-
mensional orientation was described using a second order tensor as
suggested by Advani and Tucker [38]. Themajor components of the ten-
sor are A11, A22, A33, which represents the orientation in the flow
Fig. 5. Effect of (a) melt temperature and (b) inject
direction, the transverse direction and the out of the plane direction.
Fig. 4 reports the results of the fiber orientation analysis performed on
the thin-wall molded samples in the three directions.

In injection molding, because of their kinematics, the fibers are
mainly oriented in the flow direction and A11 is the highest component.
For this reason, the molded parts in the following experiments were
characterized considering the orientation in the melt flow direction,
which contains the quantitative information about the microstructure
and is the most sensitive to flow, processing and material changes.
4. Results and discussion

The results of the experimental campaign were analyzed collecting
each one of the selected response variable (i.e. shrinkage in parallel
and perpendicular direction, maximum and average values of the
main component of the fiber orientation tensor). Table 4 shows the av-
erage values and the standard deviations for each run of the DoE exper-
imental plan.

For each treatment, the factorial design was analyzed in order to
evaluate the factors and the first-order interactions that significantly af-
fect the selected response variables. A General LinearModel was used to
perform a univariate analysis of variance (ANOVA) for the designed fac-
torial plan. The terms included in themodel are all the main factors im-
plemented in the design of the experimental plan. The statistical
identification of significant parameters was carried out considering
the p-values, for which the threshold value was fixed at 0.05. Then, fac-
tors having a p-value inferior to 0.05 are statistically significant to the
selected response.

The results of the ANOVA showed that among the selected process-
ing parameters only the packing pressure (−8%) is affecting shrinkage
in both themelt flow and the transverse directions. The average shrink-
age in the transverse direction is also reduced by increasing the melt
temperature (−9%) and the injection speed (−15%). Considering
fiber orientation, the results indicate that a selection of higher values
for both injection speed (−11%) and melt temperature (−7%) yield a
reduction of fiber orientation. The results of the analysis of variance
are further presented with more details and explanation in the next
sections.
4.1. Effect of process parameters on shrinkage

The results of the analysis of variance (Table 5) indicated that all the
considered IM parameters are significantly affecting the shrinkage of
the thin-wall parts in the transverse direction (St). Conversely, consider-
ing the flow direction (Sf) the packing pressure is the only significant
parameter.
ion speed on the average orientation of fibers.



Fig. 6. Effect of (a) melt temperature and (b) injection speed on the maximum orientation of fibers.
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By varying the packing pressure from 200 to 600 bar, the shrinkage
reduces by 35% in the flow direction and by 31% in the transverse direc-
tion. Indeed, in agreement with the compressibility of the polymer, the
higher the pressure applied to the polymer the lower its specific volume
and its shrinkage.

The shrinkage of the thin-wall parts in the transverse direction was
reduced by high values of bothmelt temperature and injection speed. In
particular, the main effect of increasing the melt temperature by 20 °C
was a reduction of the shrinkage by 9%, while increasing the injection
speed from 200 to 600mm/s resulted in a decrease of St by 15%. Indeed,
these parametersmodified the shrinkage behavior of the thin-wall parts
by changing heat convection during the filling phase and fiber
orientation.
Fig. 7. Interaction plot between melt temperature and injection speed for (a) the average
value and (b) the maximum value of the fiber orientation tensor.
4.2. Effect of process parameters on fiber orientation

The fiber orientation tensor, obtained from the CT data, was ana-
lyzed using the VGStudio MAX 3.0 software. The main components of
the orientation tensor (i.e. in the flow direction) were determined
along the thin-wall parts thickness and the average and maximum
values were used to perform the ANOVA for the DoE plan (Table 6).
The main effects of both melt temperature and injection speed resulted
statistically significant. Conversely, the packing pressure did not affect
fiber orientation, as it was determined during the filling phase. The
main effects of the statistically significant parameters were plot in Fig.
5 and Fig. 6 [39].

The melt temperature variation from 270 to 290 °C reduced the av-
erage orientation by 6.2% (Fig. 5 (a)) and the maximum orientation by
6% (Fig. 6 (a)). Indeed, increasing this parameter causes a slower solid-
ification near the cavity walls and thus resulting in thinner shear layers
within the thin-wall parts. Consequently, at higher melt temperature
the number of oriented fibers, which are prevalent in the shear layers,
decreases with the layers thickness.

The main effect of increasing the injection speed from 200 to
600 mm/s was a reduction of the average orientation by 12.3% (Fig. 5
(b)) and a reduction of the maximum orientation by 11.6% (Fig. 6
(b)). Certainly, changing the flow rate led to different kinematics for
the fibers injected into the thin-walled cavity, modifying the skin-core
morphology along the thickness.

Furthermore, thefirst order interaction between the two factors (Tb ∙
Vinj) also resulted significant for the selected response variables (Fig. 7).
In particular, when molding with a low injection speed the effect of a
higher melt temperature was the reduction of the average and maxi-
mum fiber orientation by 3.1% and 1.9%, respectively. The trend be-
comes more evident at higher injection speed. An increase of 20 °C in
themelt temperature caused a reduction of both the response variables
by 10%. This is explained considering that at high injection speed the in-
creased heat, convected by the polymer melt, counteracts more
significantly the skin solidification and, therefore, the thickening of
those shear layers that host the oriented fibers.

4.3. Skin-shear-core morphology

The fountain-flow filling pattern that characterizes the IM process
generates a 5-layer structure composed of two surface (skin), two
sub-surface (shear) and one core layer in the edge section. The resulting
higher shear stress near the cavity walls inducted a marked fiber
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orientation along the flow direction in the shear layers, and amore ran-
dom distribution in the core (Fig. 8). However, the ratio between the
shear and core layers, and the consequent overall fibers distribution, is
affected by the IMprocess parameters, and in particular by the injection
speed.

The higherfiber orientation observed at lower injection speed (Fig. 8
(a)) was explained considering the formation of thicker shear layers. In
fact, the lower the flow rate, the higher the cooling rate between the
polymer melt and the mold, hence allowing for a thinner core and con-
sequently a higher overall orientation. Conversely, at higher injection
speed the orientation in the shear layers is lower, as shown in Fig. 8 (b).

The analysis of the orientation tensor also indicated that the thick-
ness ratio between the shear and core layers is very high compared to
conventional injection molding due to the very small depth of the
mold cavity. In conventional injectionmolding, the orientation of the fi-
bers is markedly higher in the shear layers (i.e. in the proximity of the
cavity walls) and orientation tensors indicate higher value of the orien-
tation tensor components. Conversely, in thin-wall injection molding,
the extremely reduced cavity thickness resulted in an almost flat pat-
tern of the orientation tensor. However, the skin-shear-core morpholo-
gy of the molded parts was modified by different selection of the
injection molding process parameters. For parts molded at lower injec-
tion speed, especially for a highmelt temperature (Fig. 9 (a)). The trend
was less evident at lowermelt temperature as the orientation tensor in-
dicated higher orientation in the shear layers than in the core (Fig. 9
Fig. 8. Cross sections extracted form μ-CT 3D measurements of thin-wall p
(b)), confirming the effect of the interaction between the investigated
IM parameters (Fig. 7). This indicates that, apart from differences in-
duced by the variations of IM process parameters, the core layer was
very thin and in some cases not even present.

The consequence of a higher orientation along the melt flow direc-
tion, observed for lower injection speed, is that the shrinkage of the
thin-wall parts is markedly higher along the cross-flow direction. In
fact, owing to their higher stiffness and lower thermal expansion coeffi-
cient, the fibers hinder the polymer matrix from shrinking in the flow
direction. Hence, the result is the differential shrinkage of the molded
thin-wall parts.

5. Conclusions

The main objective of the present study was the analysis of the im-
pact of the injection molding processing conditions on the dimensional
accuracy of thin-wall fiber-reinforced parts. The shrinkage reduction,
which is related to the pressure and temperature applied to the polymer
during the process, was taken into consideration analyzing the final di-
mensions and the distribution of short glass fibers of a specifically de-
signed thin-wall part.

The analysis of variance applied on the experimental data showed
that among the selected processing parameters only the packing pres-
sure (−8%) is affecting shrinkage in both the melt flow and the trans-
verse directions. Moreover, shrinkage in the transverse direction was
arts molded at (a) low injection speed and (b) high injection speed.



Fig. 9. Average fiber orientation tensors evaluated for parts molded at a melt temperature
of (a) 290 °C and of (b) 270 °C.

503D. Masato et al. / Materials and Design 132 (2017) 496–504
further reduced by increasing the melt temperature (−9%) and the in-
jection speed (−15%), due to their effect on fiber orientation along the
thickness of the molded parts.

The analysis of fiber orientation within the thin-wall parts, per-
formed using μ-CT, indicated that the injectionmolding process affected
both average and maximum values of the orientation tensor. However,
they were affected by different selection of process parameters. In par-
ticular, a selection of higher values for both injection speed (−11%)
and melt temperature (−7%) yielded a reduction of fiber orientation.

The analysis of the cross sections of the thin-wall parts, obtained
from μ-CT scans, allowed observing the ‘skin-shear-core’ morphology.
The thickness ratio between the shear and core layers was affected by
the process and in particular by the value of the flow rate. Indeed, the
extremely thin cavity yielded an almost flat trend of the orientation ten-
sor for parts molded at lower injection speed, indicating the absence of
the core layer. The resultwas a higher shrinkage along the cross-flowdi-
rection that eventually led to a differential shrinkage and to thewarpage
of the final part.

In general, the results indicate how the dimensional accuracy of the
molded thin-wall parts can be optimized by considering the effects of
injectionmolding process parameters. In particular, the linear shrinkage
of themolded partswas significantly reduced by adoptinghigh values of
the melt temperature, the packing pressure and the injection speed.
Further researchwill use themethodologies and the results of this anal-
ysis performed on a simple geometry part to extend process optimiza-
tion on a real industrial application (e.g. a micro connector).
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