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Abstract

This study presents the influence of the manufexgyparameters of the injection-transfer
process over tensile properties of DiscontinuousrbGa Fiber Reinforced Composite
(DCFRC) manufactured by this process. The matriegexy and the fiber volume rate is
56%. The material studied is considered as a lahgrfcomposite since fibers are longer
than 1mm. Design of experiment method has beentasethieve this aim. Moreover damage
of the material has been studied and the main dractmode of the material could be
identified. A numerical model was also developegredict the elasticity modulus of the
material.

1 Introduction

Very few researcihave been carried out on discontinuous long filersger than 1mm) and
thermosetting resin composite material manufactusgdinjection molding. The French
society Equip’Aéro Technique developed a new cont@amanufacturing process called
PIMOC which is an injection-transfer process. Ihsists in injecting into a closed mold chips
of unidirectional carbon fibers/epoxy resin preprégus, 3D parts made of Discontinuous
Carbon Fiber Reinforced Composite (DCFRC) can baufaatured. Fibers are longer than
1mm and oriented in the three directions of thecgpeontrary to typical discontinuous
composites manufacturing processes (SMC and Hexddpoession molding).

Short fibers composites (smaller than 1mm) withrtiaplastic matrix are well known from a
manufacturing point of view as well as concernihgit mechanical properties [1][2][3].
Nevertheless, there are very few works on discaotis long fibers composites with a
thermosetting matrix manufactured by injection [4].

The aim of this study is to determine the influelme¢he manufacturing parameters of the
injection-transfer process over mechanical propemif DCFRC. Four main parameters have
been identified: Injection Speed, Fiber Length,cdsty of the resin during injection and
Holding Pressure applied during crosslinking of tesin. Non Orthogonal Latin Hypercube
(NOLH) design of experiment (DOE) has been useaattoeve this aim.
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2 Materials and manufacturing process

The material used is made of high strength carbberd and epoxy resin. The studied
samples are rectangular (160mmx20mmx6mm) and mgdejdction-transfer process (cf
Figure 1.a). Their fiber volume rate is 56%. Thgufe 1.b shows the typical organization of
fibers in rectangular sample.

direction of
flow during
mold filling

L.y

| fibers mainly|/oriented in the direction of flow during mold filling

chips of fibers disoriented from the flow direction
a) b)

Figure 1. Studied material: a) Rectangular samples studigdvicrostructure of the DCFRC material
manufactured by injection-transfer process (Opfidigroscope)

flow direction

The planigraphic plane is perpendicular to the fitivection during the filling of the mold. It
is clear that fibers are organized in clusters lpg of fibers that can have a different
orientation from the flow direction (X-direction dfigure 1.a). However, the major part of
fibers is oriented in the direction of the flow.

3 Study and results

3.1 Influence of manufacturing parameters of thgadton-transfer process over tensile
properties

The mechanical tests have been performed on a 10@kdile/compression Instron testing
machine. Glass/epoxy tabs have been previouslk sincsamples presented on Figure 1.a.
For each configuration, five rectangular samplegehaeen tested. These tensile tests were
carried out with an imposed displacement (0,5mm/ommil fracture). Strain toward the
direction of filling of the mold (X-direction) wasecorded thanks to a laser extensometer.
That means makes it possible to record a macrasestrgiin (§ = 80mm).

Figure 2.a presents the typical tensile behavighefstudied material. Failure stres8)(and
failure strain §7) have been calculated in each case as explaifednmibdulus of elasticity
(E) of samples have been calculated on the linesr af stress-strain curves, between 20
MPa ands = 40 MPa. Previous studies investigated the initeeof fiber length over the
failure stress. The values of manufacturing pararmseused to make the samples are
confidential. Consequently each parameter is espreas a percentage of the full scale (F.S.)
instead of being explicitly expressed in this pagégure 2.b represents the evolution of
failure stresses toward fiber length for samplesufectured with the same parameters. The
injection speed used corresponds with 8% of tHestle.
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Figure 2. Influence of fiber length over tensile failureests of the DCFRC material manufatured by injection-
transfer processa) Typical strain-stress curve - b) Results for inf@tispeed corresponding with 8% F.S.

Tensile failure stress obviously increases as iter length increases. The average values
calculated among the five samples for each casmertaled between 95 and 150 MPa.

NOLH DOE was used to determine the exact influeosiceach manufacturing parameters
(injection speed, fiber length, viscosity of theireand holding pressure) over mechanical
properties. This method decreases the number ariexental configurations compared with
factorial design like Taguchi’'s tables. That DOEcluded 17 configurations and all
parameters change at each configuration. Five smmplere manufactured for each
configuration and tensile tests were performeduéd3 represents the variations of failure
stress toward injection speed and fiber length.
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Figure 3. Influence of injection speed and fiber length aweasile failure stress of DCFRC samples
manufactured by injection-transfer process

We can clearly remark thaf® varies from 100MPa to 250MPa whereas results ptede
Figure 2.b are only included between 100MPa andVIP#) Failure stresses obviously
depend on the four manufacturing paramaters asulace response demonstrades not
only on fiber length.The surface has a kind of hyperbolic parabolsichpe due to the
influence of holding pressure and viscosity of tb&in that are not represented in this graphic.
Multilinear regression has been done in order terdgine the equation linking” to the four
manufacturing parameters. The same work has beee fiw the failure straig® and the
elasticity modulus E. Thus, the influence of eachnuofacturing parameter on tensile
properties can be determined. These equationsoafelential but the Table 1. presents the
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effect of an increase in each manufacturing paramet the injection-transfer process on
tensile properties.

Modulus of elasticity (E) |Fracture stress (oR) |Fracture Strain (£R)
Fiber length {(mm) T lincrease) T = 4" (poor increase)
Injection speed (mm/s) T 1T T
Injection temperature (°C) | = . {poor decrease) J- [decrease) X
Holding Pressure {bars) % (no influence) J X

Table 1. Influence of the increase in each manufagd parameter over tensile properties of a DCFRC
material manufactured by injection-transfer

The increase in the injection speed increase$alhtechanical properties™ €%, E) during
tensile tests. This manufacturing parameter hasfarence over the orientation of fibers as
Odenberger et al. [5] observed in the case ofltve 6f SMC during the closure of the mold.
In the injection-transfer process, an increaséénimjection speed should force the orientation
of fibers in the direction of flow, which is alsbe load direction during the tensile tests. On
the contrary, low injection speed should lead taxe isotropic orientation state.

The influence of injection speed over the micradite of the material has been observed
using ultrasonic C-scan. The results are presdfitpae 4.
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Figure 4. Observation of the influence of injection speeddufor manufacturing discontinuous fibers injected
samples over the ultrasonic’s smapping shapeova)rijection speed — b) high injection speed

The two series of eigth samples analysed on Figluieesand 4.b have the same fiber length
(17% F.S.). The samples Figure 4.a have been metowgd using a very slow injection speed
(15% of the full scale), whereas those on Figubewere manufactured using a high injection
speed (100% of the full scale). The average faiftiress obtained during tensile tests for the
low velocity samples was 97MPa and the elasticitydatus was 33GPa. The samples
manufactured with a high injection speed had arraaee failure stress of 171MPa and an
elastacity modulus of 39GPa.

Yellow areas correspond with fields of the matevidlere the amplitude of the ultrasonic
waves detected by the sensor correspond with 100%eoultrasonic signal sent. On the
contrary, black areas correspond with fields of mhaterial where no signal is detected. It
appears that samples manufactured with low and higdction speed have significantly
different ultrasonic mapping. However, they have same fiber volume rate (56%) and void
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volume rate (<2%). These values have been detednafter chemical matrix digestion of
composites samples. So high void volume rates acal resin excessan not explain these
differences in ultrasonic mappings. The orientatdribers should be the explanation : high
injection speed orientates fibers in the directodrilow during the filling of the mold. 100%
of the ultrasonic wave amplitude is received is ttase. On the contrary, low injection speed
leads to a more isotropic orientation which invoiaelti-reflection of the ultrasonic waves.
This should be the reason why the amplitude oféleeived signal is very low in this case. It
Is consistent with the fact that mechanical prapsrin the X-direction are lower in the case
of low injection speed than for high injection sgee

Damage occurring on this material during tensigstavas also studied. Several load-unload
cycles were applied to the rectangular samples. [6he steps consisted in increasing
progressively the strain in the inelastic arealuhé fracture of the material. Few cycles have
to be applied in order to limit the fatigue behawad the material. The curve Figure 5 shows
an example of load-unload cycles.

****************************************************************

*********************************************************

Figure5. Load-unload cycles for damage study during teriesés

For each load-unload cycle, the modulus of elagtai the material decreases which means
that the material damages, iB the initial modulus of elasticity (before angndage) while E
are the damaged modulus calculated on each ép&ithe maximal stress during each i cycle,
and P is the permanent strain that appears and increabes the material damages.
Traditionally diffuse damage is characterized hdging the damage variable evolution law.
Damage variable;anust be plotted according to total damaggsy)

The damage variable das been computed for each cycle using the equatio
1 Ei
di=1 o Q)
Then the energy release rate Meés computed using equation 2:

1 ai?

Ydi = EO0(1-di)’ (2)

The total damage¥an finally be computed using the equation 3:

Yi =+vdi (3)
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Damage of the material manufactured by injecti@mgfer process was studied for different
fiber length. Figure 6.a represents load-unloadesyof two samples manufactured with the
same manufacturing parameters. The only differentee fiber length: 50% F.S. for the first
and 100% F.S. for the second. Figure 6.b represieatsvolution of damage law=d(Y;) for
these two fiber lengths.
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Figure 6. Influence of fiber length over tensile damage @ARC material manufactured by injection-transfer :
a) load-unload cycle — b) di=f(Yi) damage evolutlaw

It seems that permanent strains of the 100% Hdu®r fength material are more significant
than for the 50% F.S.. It would mean that incregghme fiber length would lead to higher
damage. This is confirmed by the evolution of daenkgv d=f(Y;) for the two fiber lengths.
The damage variable corresponding with a spedifess level or with a specific Yi is higher
in the case of 100% F.S. fiber length materialmétans that the higher the fiber length is, the
higher damage is. Nervertheless, the maximum damagables reached with this material
are low compared to those reached for other diguomis fibers composites as SMC-R [7]
material.

The main fracture mode has been identified witheolation of fracture facies using SEM.
Pictures are presented Figure 7.
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Figure7. Tensile fracture facies of DCFRC material manufeed by injection-transfer : a) debonding of some
chips of fibers from the others — b) debonding méibers

The marks of chips of fibres can be observed orrdbm on Figure 7.a. It is the evidence of
the debonding of some chips of fibres from the wthé&igure 7.b shows several fibers
covered with very few matrix or even without anytrma The fracture mode is debonding of
matrix from fibers in that case. Very few fiber dtares can be observed. As debonding of
chips of fibres from the others and debonding otrixdrom fibres are the main fracture
modes, an increase in the fibre length amountsideease the covering surface. This is the
reason why the higher the fibre length is, the rghaximum damage is.



ECCM15 - 15™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Venice, Italy, 24-28 June 2012

3.2 Numerical model for prediction of mechanicabperties of DCFRC

A numerical model has been developed in order ¢dlipt the elasticity modulus of DCFRC

manufactured by injection-transfer. It is a micramanical model which uses Mori-Tanaka’s
method [8]. The composite material is considere asatrix containing several inclusions

(the fibers). The model computes the elasticity ntasl of the composite using the properties
of the matrix without any inclusions, the propest@ each inclusion and the orientation of
the inclusions.

Two kinds of inclusions are tested. The first iirgyrical inclusion which represents fibres as
cylinders. Their aspect ratio r=L/@® needed, where L is the fiber length and & tlaeneéter

of the fiber. That kind of inclusion was used tegict the elasticity modulus of short glass
fibres and thermoplastic matrix injected composi@nufactured by injection [2]. The aspect
ratio was below 20. For fibers longer than 1mm,akgect ratio is always above 140 which is
very high. The second sort of inclusion is the pesimape [9]. It represents chips of fibres as
a disc. The inclusions are not considered as sifighes but as chips of fibres which
corresponds more with the injection transfer-precasudied. Penny shape’s diameter
corresponds with the fiber length of the fibersaledl in the chips of prepreg that are injected
in the mold and that constitute the final compopitet. The simplifying assumption made is
that fibers located in the same chip of prepregnateseparated during the filling of the mold.
The results of the model predictions for the twods of inclusions are presented Figure 8
according to fibre length. Experimental data ase g@lotted.
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Figure 8. Prediction of the elasticity modulus of a mediumgth carbon fibers and epoxy resin material
manufactured by injection-transfer on: a) full scedsults — b) focus on penny shape inclusiondtsesu

Cylindrical inclusions always overestimate the ®tity modulus whereas penny shape
inclusions leads to better predictions, particyldor 33% F.S. and 50% F.S. fibre length. In
these cases, the shape of the inclusions useceimddel (red circles in Figure 9) is more
conform to those of the inclusion really contaimethe composite material (blue rectangles).
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Figure 9. Comparison between inclusions shape used in thieehamd inclusions used to manufacture the
material for each fiber length studied
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In order improve the prediction of the model plgraallel inclusions will be tested since it is
more conform to the chips of fibers injected durihg manufacturing of parts.

Conclusion

The influence of the manufacturing parameters efitfjection-transfer process over tensile
properties has been determined. The two main paeasnare injection speed and fiber length.
Their increase leads to an increase in tensilegutigs. An increase in the injection speed
orientates the fibers in the flow direction duriting mold filling. Isotropic fibers orientation
seems to be detectable using ultrasonic scans.platt will be confirmed by studying the
elasticity modulus of the material in several dii@ts.

This material does not damage a lot. Neverthekassncrease in fiber length increases the
damage.

Homogenisation method using penny shape includeads to promising predictions. Plane-
parallel inclusions will be tested. Better resalts expected.
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