
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-023-11094-w

ORIGINAL ARTICLE

Assessment of the compressive mechanical behavior of injection 
molded E‑glass/polypropylene by mechanical testing and X‑ray 
computed tomography

Antonios G. Stamopoulos1 · Francesco Gazza2 · Giuseppe Neirotti3

Received: 22 November 2022 / Accepted: 9 February 2023 
© The Author(s) 2023

Abstract
Nowadays, thermoplastic composite materials are considered among the most promising ones as they are gaining the inter-
est of many industrial sectors due to their eco-friendly features such as their recyclability and their low-cost demand while 
being produced in high volumes. Among the most concerning issues regarding the injection molded, short fiber-reinforced 
composites are the fiber distribution, the fiber orientation, and their effect on the overall mechanical performance. In the 
present work, the effect of the injection molding on the compressive properties is investigated experimentally. In this context, 
compressive mechanical tests have been conducted in a range between subzero and elevated temperatures using specimens 
oriented parallel and perpendicular to the injection direction. In addition, X-ray computed tomography is implemented for 
characterizing some crucial features such as the fiber volume fraction, in local and global scale, and the orientation of the 
fibers through the thickness and length of the material. The results revealed a different compressive mechanical behavior 
between the two specimen categories in all the testing temperatures. In addition, the results obtained by the nondestructive 
testing revealed a significant variation of the fiber content locally and a notable difference between distinct zones through 
the thickness.

Keywords Injection molding · Mechanical properties · X-ray CT

1 Introduction

The composite materials are considered as an appealing 
solution to the automotive industry over the past years as 
they can derive an optimal result from both the structural 
and the aesthetical point of view. The interest demonstrated 
from both novel hybrid vehicle constructors and traditional 
vehicle manufacturers is increasingly high as the objective 
is the weight reduction for decreasing the fuel and energy 
consumption and deliver sustainable and safer structures 
[1]. These two factors are important as the decrease of the 

vehicle weight may contribute to a greener, more efficient, 
and safer outcome that, as a product, performs even better. 
Considering the above statement, the weight saving when 
implementing composites instead of traditional metallic 
materials such as steel, iron, or aluminum can potentially 
achieve the levels of 15–25% in the case of glass fiber poly-
mer composites (GFRPs) and up to 40% while using carbon 
fiber polymer composites (CFRPs) [2].

Among the existing categories of composites, those con-
sisting of a thermoplastic polymeric matrix reinforced with 
short fibers are an appealing solution, especially for the 
automotive industry due to many advantages they exhibit 
such as their ease of fabrication implementing methods 
such as extrusion compound and injection molding [3]. In 
fact, a great percentage of the plastic or reinforced plas-
tic components fabricated worldwide are made using the 
injection molding process because of its relative simplicity, 
cost-effectiveness, and the absence of severe defects such 
as wrinkles, burn marks, and large voids [4]. Therefore, it is 
considered as a mass production fabrication process, capa-
ble of delivering high quantities of high-quality products. 
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It mainly consists of 4 stages, namely, the melting of the 
polymeric material, which most of the times is consequently 
mixed with a quantity of short fibers or nanoparticles [5], the 
clamping of the molds for creating the cavity, the injection 
of the melted compound of polymer and fibers, and the cool-
ing down, which is most of the times the time-consuming 
part of the process. The output, as material, considering that 
is reinforced even partially with chopped fibers, is destined 
to replace the exclusively plastic parts of a vehicle giving 
them superior mechanical characteristics and, therefore, a 
better product quality [5].

There has been reported a significant number of works 
aiming to identify some of the process parameters’ influ-
ence on the quality of the produced component, mainly 
implementing a comparative mechanical characterization. 
Already, starting from almost 30 years ago, there have been 
some studies [6] concluding that the short fibers, mixed with 
a melted thermoplastic, tend to have a preferred orientation 
while are being injected into a cavity. Therefore, this orienta-
tion may be affected by several parameters such as the fiber 
content and size, the flow rate, the inlet temperature, and the 
topology of the cavity. The synergy of all these factors pro-
duces a certain uncertainty about this orientation which is 
prevalent for the optimum mechanical behavior of the com-
posite product, leading to the development of anisotropies 
[7, 8]. In fact, several static tests, mainly tensile, in various 
relative angles of the orientation of the polyamide 6/glass 
fiber specimens and the mold flow direction were conducted 
by De Monte et al. [9] concluding that the tensile strength 
and modulus are decreasing as the specimen tends to align to 
the axis perpendicular to the injection flow while the defor-
mation at break increases, a fact which indicates a prefer-
ential orientation of the fibers. In the same study, the level 
of anisotropy of the material in terms of both strength and 
elastic moduli was addressed in 3 reference specimen thick-
ness, concluding that its mechanical performance changes 
radically while the thickness increases. Similar observations 
about the dependence of the tensile properties of injection 
molded polyamide/short glass fiber composite material 
were observed by Wang et al. [10] in various strain rates. 
In addition, Mortazavian and Fatemi [11] adopted a similar 
approach for assessing the tensile behavior of polybutylene 
terephthalate and polyamide 6, reinforced with short glass 
fibers, in a temperature range between −40 and 130 °C with 
varying strain rates. The same materials were also present in 
another work of the same authors [12] in which an observa-
tion was made about the through-the-thickness preferential 
orientation of the fibers; there was observed the formation 
of a core shell referring to the midplane with a finite thick-
ness in which the fibers tend to align perpendicular to the 
mold flow while, on the contrary, in the regions near the 
outer walls of the specimen the fibers tend to orient towards 
the mold flow. The same observation was also stated in the 

works of Gupta and Wang [13] and Zainudin et al. [14]. 
The concept of the existence of various layers through-the-
thickness with different fiber preferential orientations was 
adopted also by Bay and Tucker [15]. The same concept 
alongside with modified rule of mixture was present in the 
works of Patcharaphun and Menning [16] and Miles and 
Rostami [17] while the effect of a potential fiber alignment 
towards the injection flow direction on the shear properties 
was presented in [18] and a numerical approach/study for 
assessing the reinforcement characteristics can be found in 
[19]. The most interesting modification though is the addi-
tion of the parameters related to the characteristics of the 
reinforcing constituent such as the fiber critical length and 
distribution to the rule of mixtures. In addition, in the work 
of Miwa and Horiba [20], there have been presented series 
of experiments in different rates and temperatures for pro-
viding equations for gaining data and to provide formulas 
for predicting the tensile strength of both carbon and glass 
fiber-reinforced thermosets. In most of the abovementioned 
works, the existence of layers with preferential or even 
random orientation is explained by the interaction of the 
injected polymer with the walls of the dies that must fill 
and the temperature variations while being injected. Never-
theless, to the author’s knowledge, the mechanical behavior 
of short fiber-reinforced polymers under compressive loads 
has been studied significantly less, mainly accompanied by 
tensile testing as seen in the work of Liu et al. [21].

In the present work, an experimental campaign is pre-
sented using an injected polypropylene reinforced with 
short glass fibers. This campaign aims towards the complete 
characterization of the material under compressive loads in 
various service/testing temperatures. The corresponding 
properties are addressed as well as the failure mode in each 
case, aiming to understand the potential influence of the 
fabrication method on them, related to the reinforcement 
characteristics. In addition to the mechanical characteriza-
tion, X-ray computed tomography is implemented for assess-
ing the characteristics of the fibers in terms of preferential 
orientation and local variation of the content. The results 
revealed a strong dependence of the compressive behavior 
to injection direction and thus to the fiber distribution and 
orientation inside the material while, by using a detailed 
nondestructive method, presented is a detailed analysis of 
the reinforcement characteristics through the length and 
thickness of the specimens.

2  Materials

As the scope is to assess the compressive mechani-
cal behavior of short glass fiber/polypropylene material, 
mainly for automotive applications, the fabrication is con-
ducted using fully industrialized equipment. To this end, 
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a commercial-grade polypropylene was selected that is 
UV-stabilized and mixed with 30% of weight fraction with 
short glass fibers. For the polypropylene, some specific 
data regarding its physical and thermal characteristics are 
reported in Table 1, as provided by the material supplier. 
On the other hand, regarding the short fibers that serve as 
the reinforcing agent of the composite material, their length 
follows a Gaussian distribution between 20 and 200 μm in 
order to comply with the internal standards of the Stellantis 
Group (Torino, Italy) for the specific application. For per-
forming the injection molding, an Electron EVO 275 verti-
cal injection molding machine is utilized (Centro Ricerche 
FIAT, Torino, Italy). A custom edge gate molding die 
(2-plate mold) with adjustable cross section is utilized that is 
typically used for producing large plates or thin-walled com-
ponents [22, 23]. Instead of injecting directly the short fiber-
reinforced polypropylene into the cavities with the form of 
compressive specimens that should be tested, an alternative 
strategy is put into practice: the material is injected inside a 
planar cavity and, after the cooling down process, plates of 
200 mm length, 200 mm width, and of 4 mm of thickness 
are obtained. The cavity of the molds and the obtained plate 
is presented schematically in Fig. 1. The abovementioned 

strategy also justifies the use of edge gate molding dies. 
Regarding the injection molding process parameters, these 
are listed in Table 2. These parameters are properly selected 
based on previous experience in the field of the production 

Table 1  The nominal physical 
and thermal properties of the 
polypropylene used in the 
present work

Nominal value Unit

Physical properties
   Melt flow rate (230 °C/5.0 kg) 5 gr/10 min
   Melt volume flow rate (230 °C/5.0 kg) 5 cm3/10 min
   Density (23 °C) 1.15 gr/cm3

Thermal properties
   Vicat softening temperature (B50 method) 140 °C
   Deflection temperature under load
    0.45 MPa, unannealed 155 °C
    1.80 MPa, unannealed 140 °C

Fig. 1  Schematic representation 
of the dies used alongside with 
the geometry of the injection 
gate and the composite plate 
considered in the present paper

Table 2  The values of the basic parameters of the injection molding 
process for producing the short fiber GFRTP specimens

Parameter Value Unit

Screw diameter 50 mm
Dosage volume 240 cm3

Dosage counterpressure 70 bar
Cylinder inner temperature 220 °C
Die inner temperature 35 °C
Speed 145 mm/s
Injection flow 80 cm3/s
Injection volume 52 cm3

Commutation volume 52 cm3

Commutation pressure 364 bar
Holding pressure 350 bar
Holding time 20 s
Cycle time 62 s
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of planar components and plates with fiber dispersion as uni-
form as possible in the central part. In addition, for exclud-
ing any potential interaction between the walls of the dies 
and the reinforced polymer that can affect the output of the 
injection process, only the central part of the produced plate 
is considered for testing, as seen in Fig. 1. Therefore, from a 
plate 200 mm long and 200 mm wide, a smaller one of 130 
mm length and 150 mm width is extracted.

3  Experimental

3.1  Mechanical testing

The mechanical testing campaign is about compressive tests 
in a varying service temperatures, from −30 up to 80 °C. 
These temperatures were carefully selected as they refer to 
the lowest, highest, and normal in-service temperature that 

components of this material are designed for. As seen in 
the overall test matrix presented in Table 3, the injection 
direction is considered, labeling the specimens as InFlow, 
having their length oriented towards the injection direction, 
and CrossFlow, length oriented perpendicularly as seen in 
Fig. 2a.

The compressive specimens are fabricated and tested 
using the ASTM D695 standard [24]. From all the types of 
specimens suggested by this testing standard, in the present 
work, the prismatic shaped one is considered, and the topol-
ogy of it is depicted in Fig. 2b. As previously mentioned, the 
specimens are not directly injected into shape, but extracted 
from the center of the plate described in Section 2 of the 
present work using a high-precision CNC milling machine 
equipped with an appropriate tool for mild plastics and com-
posite materials. The corresponding rotational speed applied 
is relatively low, according to the ISO 2818 standard [25]. 
This way, not only the accuracy and repetitiveness of the 

Table 3  The test matrix of both 
the compressive testing and the 
X-ray CT scanning campaign

Testing tem-
perature (°C)

Testing speed (mm/min) Specimen orientation Specimen label X-ray CT scan

−30 1 InFlow Sp.1-30
Sp.2-30
Sp.3-30
Sp.4-30
Sp.5-30

CrossFlow Sp.1-30
Sp.2-30
Sp.3-30
Sp.4-30
Sp.5-30

25 InFlow Sp.1-25 ☒
Sp.2-25
Sp.3-25
Sp.4-25
Sp.5-25

CrossFlow Sp.1-25 ☒
Sp.2-25
Sp.3-25
Sp.4-25
Sp.5-25

80 InFlow Sp.1-80
Sp.2-80 ☒
Sp.3-80
Sp.4-80 ☒
Sp.5-80

CrossFlow Sp.1-80
Sp.2-80
Sp.3-80 ☒
Sp.4-80 ☒
Sp.5-80
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dimensions and tolerances imposed by the standards are 
fulfilled, but the smooth surface roughness is guaranteed as 
well as the absence of visual cracks and defects, also respect-
ing the roughness ISO grade number that must be less than 
8 for such small gage sections.

For the execution of the experimental campaign, an MTS 
Criterion 43.50 servo-electrical universal testing machine of 
50 kN load capacity equipped with an MTS ThermaKraft 
climatic chamber with capacity from −150 to +300 °C is 
implemented. The machine crosshead speed is 1 mm/min 
which corresponds to the lowest static load as described 
by the corresponding testing standard. For achieving the 
subzero temperature of −30 °C while testing, nitrogen gas 
is infused in the climatic chamber. The infusion is auto-
matically controlled by the corresponding testing machine 
controller for maintaining the temperature conditions stable. 
For ensuring the temperature uniformity of the specimens, 
a mild conditioning is conducted before the execution of 
the tests by introducing the required testing temperature 
for at least 30 minutes before the execution of each test. 
Moreover, considering the thermal expansion of the mate-
rial at higher-than-ambient temperatures and the fact that 
stresses may be introduced, the upper part of the specimens 
remains free of pressure from the MTS testing plates during 
the whole execution of the sample conditioning. This way, 
any undesired deformation and preload are avoided. Finally, 
regarding the strain field measurement, a 2D Digital Image 
Correlation system is utilized, similar to the one presented 
in previous works in the field [26]. To this end, an appro-
priate pigmented pattern was previously introduced using a 
temperature-resistant acrylic-based color. For the calculation 
of the strain field, a reference image is selected at the start 
of the testing procedure and compared with the next frames 
using the MATLAB’s Ncorr algorithm [27]. The procedure 

alongside with the specimen during testing is presented in 
Fig. 3.

3.2  X‑ray computed tomography

Among the existing NDT methods, the X-ray computed 
tomography appears to be the most promising for conducting 
3D analysis and visualization of the microstructure of com-
posite materials as seen in an important number of previous 
works [28, 29]. For instance, in the work of Baran et al. [30], 
this method was used for quantifying the fiber misalignment 
while defects in terms of porosity have been quantified in the 
works of Stamopoulos et al. [31] or Tserpes et al. [32] where 
XCT has also been used for the development of predictive 
models. More recently, some works have been presented also 
in the field of quantification of some characteristics of the 
internal structure of short-fiber composites such as the one 
of Chen et al. [33] in which fiber alignment was quanti-
fied in samples fabricated using selective laser sintering. In 
addition, regarding the injection molding process, the appli-
cability of computed tomography for measuring the fiber 
direction was investigated by Hannesschläger et al. [34]. In 
all cases, the X-ray CT provided the advantages of the in-
depth detection of crucial defects, the quantification of their 
characteristics, and their 3D visualization.

In the present work, the X-ray computed tomography is 
implemented in mainly 2 directions, namely, the identifi-
cation of the distribution of the fibers and the correspond-
ing content locally and the identification of the failure 
mechanism. To this end, 1 specimen from each category 
of injection flow direction for the case of the ambient tem-
perature and 4 for the case of elevated temperatures (2 for 
each of the specimen orientation), as reported in Table 3, are 
scanned utilizing a GE phoenix v|tome|x s X-ray CT scanner 

Fig. 2  Plate dimensions and orientation of the InFlow and CrossFlow specimen (a) and the basic geometry of the compression test specimen (b)
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equipped with high-power focus tubes in the premises of the 
ISC laboratory (SIGIT S.p.A., Turin, Italy). Considering the 
scanning parameters, the tube voltage was adjusted to 70 kV, 
the current at 90 μA, and 2000 projections of each of the 
samples were acquired while the voxel size was 12 μm. The 
3D image reconstruction and analysis are performed using 
the VG Studio MAX 3.5 software [32, 34] CT reconstruction 
and the fiber composite material analysis module, respec-
tively. Thresholds are imposed using the example areas and 
calculated automatically by the software’s modules. For dis-
tinguishing the object from the background, the automatic 
ISO50 threshold is imposed.

For the determination of the fiber content and orienta-
tion, an analysis is conducted by creating a region of inter-
est (ROI) in each of the samples that excludes the highly 
deformed external edges, as seen in Fig. 4. Consecutively, 
an integration mesh consisting of cubic cells of roughly 0.38 
mm each is imposed, a value automatically generated by the 
software for segmenting the ROI. This mesh is oriented in 
a way that the cubic cell’s orientation system (local) cor-
responds to the global Cartesian coordination system of the 
samples as seen in Fig. 4. Furthermore, after the abovemen-
tioned analysis, the distribution of the volume fraction is 
obtained in terms of a graph containing the number of cells 
and the corresponding fiber volume fraction (vf %) as well 
as the tensors of the fiber direction. This way, the two critical 
parameters, namely, the local and global fiber content and 

the fiber orientation, may be identified. The procedure is 
applied in all of the specimens, with preferential direction of 
the length either Inflow or CrossFlow, creating a rectangu-
lar ROI dimensioned 10 mm long (direction z ), 8 mm wide 
(direction x ), and 3.6 mm thick (direction y).

4  Results and discussion

4.1  Compressive behavior and failure 
characteristics

The compressive mechanical behavior in terms of stress-
strain curves for the 3 testing temperatures and 2 orienta-
tions, InFlow and CrossFlow, respectively, is reported in 
Fig. 5. As observed, the specimens oriented towards the 
injection direction (InFlow) demonstrate slightly higher val-
ues of strength while the difference between them is more 
intense at 80 °C. The corresponding properties in terms of 
average values of strength, compressive moduli, and defor-
mation at brake are also reported in Table 4.

As seen in both the stress-strain curves and the corre-
sponding mechanical properties, the testing/service tempera-
ture has a detrimental effect on both the elastic moduli and 
strength, attributed to the alteration of the properties of the 
polymer that are susceptible to the temperature conditions. 
For instance, in normal temperature, the material exhibits 

Fig. 3  Photos taken during the compressive testing of PP/short GF specimen in different instants with schematic explanation of the DIC proce-
dure
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a compressive strength between 57.2 and 66.91 MPa and a 
maximum strain of roughly 10%. The strength is almost dou-
bled while moving to subzero temperatures, with a signifi-
cant decrease of the strain at break, and almost half when the 
temperature is elevated to 80 °C. A very interesting aspect is 
the difference between the In and CrossFlow specimens in 

various temperatures. For instance, in the work of Patchara-
phun and Menning [16], it is stated that the tensile strength 
Su of a short fiber composite material may be predicted by 
a modified rule of mixtures where the component related to 
the fibers is multiplied by 2 factors, namely, the fiber ori-
entation efficiency factor f0 and the one related to the fiber 

Fig. 4  Analysis of the determination of the region of interest (ROI), the integration mesh, and the characteristics of the fiber volume fraction and 
orientation analysis

Fig. 5  Compressive stress-
strain curves of the InFlow and 
CrossFlow specimens in the 3 
temperatures of interest
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critical length fl. In particular, regarding the first one, it is 
also defined experimentally in the work of Miles and Ros-
tami [17] in values between 1 for the case of a complete fiber 
alignment towards the load axis (perfectly unidirectional) 
and 0.2 in the case of a complete arbitrary fiber orienta-
tion. Therefore, the fibers’ orientation is important for the 
maximization of their contribution to increase the mechani-
cal properties of the composite material. In the case of the 
present study, the results reported by the compressive tests 
indicate superior mechanical compressive properties for the 
case of the InFlow specimens where the fibers appear to be 
more parallel to the loading axis compared to the CrossFlow 
ones. Nevertheless, taking into consideration the standard 
deviation of the results, the difference between the two 
specimen categories also indicates that the fiber alignment 
is significantly far from the perfect alignment towards one 
direction in either case.

Regarding the failure mode of the specimens, typically 
2 types are observed and listed in Fig. 6 where a typical 
In (a) and a CrossFlow (b) specimen are presented. The 

first one is more frequently observed and is characterized 
by the formation of a diagonally oriented knee, seen in 
Fig.6a, that indicates a shear failure and is often observed 
in composite structures, while subjected to compressive 
loads. The second one, seen in Fig.6b, is less frequent and 
is about the formation of a barrel-type failure accompanied 
by diagonal cracks and the development of a void at the 
center of the specimen. This particular type is observed 
in a limited number of CrossFlow specimens. By analyz-
ing the X-ray CT data, some observations about the failed 
samples can be obtained. In Fig. 7, a 3D isometric trans-
parent view of the specimens of Fig. 6 is presented for 
addressing the characteristics of the failed specimens. In 
addition to this, the side view of both cases is presented 
for providing a spherical understanding of the failure 
mode. In both cases, the failure zone is indicated inside 
the red frame. Starting from the most common one, the 
shear failure, there can be observed a misalignment of the 
fibers inside the zone that is caused by the shearing of the 
specimen, making this region of the specimen particularly 
different from the rest of it. On the contrary, the speci-
men that demonstrated the failure mode seen in Fig. 7b 
has a slightly different failure mode composed by 2 zones 
that are buckled in the opposite direction regarding the 
y-axis, creating a crack/void between them. This failure 
mode is, presumably, the result of the nonuniform mate-
rial properties locally that is caused by the irregular fiber 
distribution and orientation. In these particular cases, there 
has been observed, in some zones near the voids, a fiber 
content significantly lower compared to the average one, 
as seen in Section 4.2 of the present work. In addition, also 
considering the fact that this particular failure mode was 
observed mostly in high-temperature tests, there cannot 
be excluded the influence of some phenomena related to 
creep. It should be noted that the majority of the speci-
mens fail under the shear-like failure mode seen in Fig. 7a, 
especially in normal and lower temperatures where the 
fracture was more brittle. On the contrary, the failure mode 
seen in Fig. 7b is far less frequent as it was obtained by 
only 3 specimens.

Table 4  The average values of the compressive mechanical properties of the InFlow and CrossFlow specimens at the 3 testing temperatures

Specimen type Testing tempera-
ture (°C)

Compressive 
modulus (GPa)

Standard devia-
tion (GPa)

Compressive 
strength (MPa)

Standard devia-
tion (MPa)

Strain at 
break (%)

Standard 
deviation

InFlow −30 16.67 0.20 112.44 4.46 2.23 0.61
CrossFlow 13.50 0.17 101.22 3.12 1.63 0.08
InFlow 25 7.77 0.06 66.91 1.48 10.71 1.01
CrossFlow 4.84 0.08 57.20 3.18 9.83 0.82
InFlow 80 2.25 0.75 31.20 2.09 12.08 1.89
CrossFlow 0.82 0.04 23.90 1.61 13.62 2.39

Fig. 6  The two typical failure modes observed in the compressive 
testing experimental campaign
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4.2  Quantification of fiber characteristics

As previously explained, the two most important character-
istics are considering the homogeneity of the distribution of 
the fibers inside the specimens (fiber vf) and the preferential 
orientation of them with respect to the injection direction 
(fiber orientation).

4.2.1  Fiber content and distribution

Starting with the first parameter, in Fig. 8 is presented the 
number of cells of the integration mesh with the correspond-
ing fiber content as measured by the image analysis module 
of the software presented in Section 3.1, where the cells 
colored blue have lower values of fiber volume fraction 
while the red the highest. The specimens tested at ambient 
temperature are distinguished from those tested in elevated 

ones. In all of the cases, the cells’ fiber volume fraction 
appears to be distributed quite normally with peak values 
around 30%. However, also considering the fact that all these 
specimens were cut from the same plate, there can be noted 
some significant differences between them regarding the dis-
tribution of the volume fraction assigned in the segmentation 
cells. For instance, the InFlow specimen used for testing at 
25 °C appears to have significantly higher number of cells 
with fiber content around 30% while the Crossflow specimen 
less at 30% but significantly more with higher fiber content. 
Therefore, there are differences between them in terms of 
homogeneity of their fiber content as the InFlow has more 
cells concentrated in the zone between 25 and 40% while the 
CrossFlow presents lower concentration (number of cells) 
but in higher values (between 27 and 45%). The same obser-
vations can also be made for the specimens utilized for test-
ing at 80 °C where the InFlow Sp.4 derives a higher number 

Fig. 7  Transparent 3D and side 
view of the InFlow (a) and 
CrossFlow (b) specimens with 
the corresponding failure zones 
as seen in the VG Studio MAX 
software

Isometric View

Side View

(a) (b)
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of cells between 35 and 47% which differs it from the rest of 
the specimen, especially from the CrossFlow Sp.4 that dem-
onstrates lower population of cells compared to the InFlow 
Sp.4 but also concentrated in values between 12 and 35%.

In terms of specimen fiber volume fraction, the results 
represent the average value of the fiber content of the cells 
in which the specimen was segmented into. The results 
accompanied by the corresponding standard deviation are 
presented in Fig. 9. There can be observed a difference 
between the specimens; for example, the Sp.1-25 InFlow 
specimen appears to have the highest average volume frac-
tion while the Sp.4-80 CrossFlow the lowest. The average 
volume fraction of the InFlow specimens was slightly higher 
than the CrossFlow ones (29.7% compared to 25%) while, 
since they are all part of the same plate, the overall average 
fiber volume fraction is 27.37%.

4.2.2  Analysis of the fiber orientation

Given the fact that the preferential fiber orientation is a cru-
cial, yet difficult to investigate, factor that according to the 

literature has a detrimental effect on the mechanical proper-
ties of short-fiber composites, each of the cells of the inte-
gration grid/mesh obtained by the XCT image analysis can 
derive the averaged individual preferential direction of the 
fibers that are included inside it. In the work of Baradi et al. 
[35], the through-the-thickness distribution of the fiber ori-
entation inside the weld line of injection molded composites 
was investigated and segmented into 4 zones, namely, the 
skin that corresponds to a thin region near the outer surface 
of the specimen that interacts with the molds, the shell that 
is a wide region between the skin and the midplane, an inter-
mediate zone before the central part, and the core. The same 
approach is adopted in the present work, and the specimen 
is segmented accordingly to these zones as seen in Fig. 10 
for the case of a CrossFlow specimen.

The VG Studio MAX fiber analysis module regarding the 
preferential direction can derive a schematic representation 
of the preferential direction of the fibers of each of the cells, 
given by a circular disc as seen in Figs. 10 and 11, respec-
tively. In the present analysis, for excluding the zones highly 
affected by the molds during the injection process, the zones 
are segmented into the core zone where the fibers appear to 
be aligned perpendicularly to the injection direction and the 
intermediate zone where the orientation is more uniform, 
and the fibers are aligned parallel to the flow. This pattern 
seems to be repeatable for all of the samples and remains 
almost constant while moving through the x-axis. For having 
a better understanding of the through-the-thickness orienta-
tion of the fibers, a region of cells of a part of the specimens 
not affected by the compressive testing is considered. Con-
secutively, the central part of the width cells is taken into 
consideration and the relative fiber orientation tensors are 
obtained as seen in Fig. 11 where the case of an InFlow-
oriented specimen is presented. As seen in the same figure, 

Specimens Tested at 25 oC 

 
Specimens Tested at 80 hC 

 

Fig. 8  Distribution of the fiber  vf in the cells of the integration mesh 
of both the InFlow and CrossFlow specimens

Fig. 9  The average fiber volume fraction  (vf) of all the specimens 
measured by XCT data analysis
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the midplane region of approximately 0.4 mm presents high 
values of the x tensor (towards the width, perpendicular to 
the injection direction). This changes while moving away 
from the midplane and the fibers are oriented prevalently 
towards the z-axis (parallel to the injection), deriving a fiber 
orientation tensor up to 0.68 while the orientation tensor 
towards the x direction drops down to 0.2.

A comparison between the In and CrossFlow samples 
regarding the through-the-thickness fiber orientation is pre-
sented in Fig. 12. It should be noted that, in all the cases, 

the prevalent orientation tensor does not exceed the value 
of 0.7 which means that the fibers are not aligned perfectly 
to one of the main global axes x , y , or z of the specimen. 
There can be observed a certain pattern of the fiber ori-
entation tensors of the InFlow samples, similar to the one 
described in Fig. 11. Regarding the CrossFlow samples, the 
core region’s prevalent fiber tensor is the one towards the 
length of the specimen (direction towards the z-axis), paral-
lel to the injection direction while the fibers away from the 
core zone are oriented perpendicularly to the material flow 

Fig. 10  Through-the-thickness segmentation of the specimen in zones in the base of the fiber orientation tensors

Fig. 11  Analysis of the fiber 
orientation tensor for various 
positions through-the-thickness 
of the central part of the 
undamaged zone of an InFlow 
specimen
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direction (direction towards the x-axis). This fact can explain 
the failure mode observed in Section 4.1 of the present work 
where failure is located predominantly at the central part of 
the specimens in which the fibers’ preferential direction is 
perpendicular to the applied load. All the results and obser-
vations are consistent with the ones observed in the works 
of Baradi et al. [35] or Fiebig and Shoeppner [36] where the 
fiber orientation factor is assessed.

Finally, regarding the through-the-length orientation of 
the fibers, it was found to be constant for a given position 
through the width and thickness of each of the specimen, 
away from the external surface and the thickness midplane, 
with a notable variation at the failure zones. In Fig. 13, a 
typical fiber orientation tensor distribution for the case of 
the InFlow Sp.1-25 specimen is presented for a zone away 
from the central one (core). The larger portion of fibers is 

InFlow Specimens CrossFlow Specimens
52ta

detseTsne
micepS

o C
Sp

08ta
detseTsne

mice
o C

Fig. 12  The through-the-thickness fiber orientation tensors of the InFlow and CrossFlow specimens
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oriented mainly towards the z-axis (length) that corresponds 
to the injection flow direction, achieving values up to 0.7. 
There can also be noted a fiber misalignment caused by the 
compression of the specimen that creates the failure zone 
where the z-tensor drops to 0.31. The results are repeatable 
for all the specimens subjected to XCT inspection with the 
CrossFlow specimens demonstrating fiber preferential direc-
tion towards the x-axis.

5  Conclusions

In the present work, the mechanical behavior of injection 
molded polypropylene reinforced with glass fibers was 
investigated experimentally in a temperature range between 
−30 and 80 °C. The specimens, either oriented parallel to 
the injection molding direction or perpendicularly, appear to 
be highly affected by the temperature. Nevertheless, signifi-
cant differences were noted between the InFlow and Cross-
Flow specimens which are more evident in higher testing 
temperatures where the fibers are having a crucial role in the 
mechanical performance of such kind of materials. However, 
the fiber orientation is not the only key factor that affects 
the results since the corresponding content was found to be 
nonuniform. The typical failure mode of such kind of speci-
mens was analyzed by means of X-ray computed tomogra-
phy, observing 2 typical failures with different affected zones 
and characteristics.

In addition, from the analysis of the X-ray CT data, 
some crucial information was obtained regarding the fiber 
content and preferential direction. Regarding the fiber 
content, the specimens are composed from similar overall 
fiber volume fractions but locally there have been observed 

some serious deviations. This may lead to some considera-
tions about the nonhomogeneity of the distribution of the 
reinforcement inside the material and the inhomogeneity 
of the material overall. Moreover, regarding the fiber ori-
entation factors, significant observations were conducted 
regarding the preferential direction of the fibers through-
the-thickness. In all the cases, the reinforcing agent of the 
polymer appears to have completely different directions 
in the midplane (core) part compared to the rest of the 
sample. Considering the above, the difference between the 
InFlow and CrossFlow specimens is attributed not only to 
the orientation of the specimens, and thus to the orienta-
tion of the fibers, but also to the inhomogeneity of the 
samples regarding their fiber volume fraction, both locally 
and globally.
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