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ABSTRACT: Liquid Resin Infusion (LRI) process is a composit@nufacturing process
where resin infusion occurs under vacuum. This ggecdncludes parameters that could cause
variation in the intrinsic properties of composit&he aim of this study is to evaluate
relationships between process parameters and meahamoperties of quadriaxial carbon
Non-Crimp-Fabric (NCF) and epoxy RTM6 compositesing an experimental plan and
statistical analysis. Results showed effects of mmsite plate sides on Ultimate Tensile
Strength (UTS), Ultimate Compressive Strength (UOers volume fraction (¥, void
content (\j) and structural thickness (h). UTS, UCS ando¥ composite plates on resin
injection side are higher than those of laminatedies on the vacuum side, while the opposite
effect is found for Y and h. In addition of number of High Porous Met#M) used and
vacuum level achieved during resin infusion proc#ss morphological properties of infused
laminates (V, Vp, h) strongly depend on process temperatures. Theet® of process
parameters on Interlaminar Shear Strength (ILS8)ghass transition temperaturegTvere
also investigated. ILSS is at its higher value wheminates were manufactured using the
higher values of number of NCF layers and numbeHBM layers, analyzed in unique
manner and by the interaction between these twanpeters. § decreases with increasing of
the number of NCF layers and it is the oppositeaffwith curing temperature. The
microscopic analysis was used to explain statistesults found on Y and its impact on
mechanical properties of infused laminates. Higheuld temperatures and / or higher curing
temperatures have an adverse effect on qualityfo$ed composite structures.

KEYWORDS: Liquid Resin Infusion, quadri-axial carbon reirdement, process
parameters, experimental plan, properties of lamthaNon-Crimp-Fabric and RTM 6,
statistical analysis, microscopic analysis.

INTRODUCTION

Liquid Resin Infusion (LRI) is a Vacuum Infusiondeess (VIP). Resin infuses through the
thickness of preform reinforcement under vacuum.l LR a low cost composite
manufacturing process. It does not require additigmmessure to compact the perform and
inject the resin. The resin curing occurs outsigi®eave. This process uses a vacuum bag as
upper mould and High Porous Media (HPM) for disttibn. The advantage of LRI is
relatively low cost tooling process to manufactuaege composite structures for high
performance applications. HPM has a higher perntigalthan perform reinforcement. It
allows resin to flow on the surface followed bydihgh thickness perform flowing. The resin
flow results from vacuum and capillary effects. Tlosv speed of resin is affected first by the
vacuum level, which is the pressure gradient aguem the vacuum cavity. This resin speed
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is also involved by the number of HPM layers anel tkmber of fabric reinforcement layers
used. In addition to the preformeinforcement texturen which depend the mechanical
properties of composite structures, fhcess configuratiorand theprocess temperature
create a variation of these properties. In previstiglies, the process parameters were
identified using a literature review and an expermtal plan [1].

The aim of this study is to know relationship tlexists between process parameters and
properties of carbon Non-Crimp-Fabric (NCF) - epdXyM6 laminates manufactured by
LRI. The effects of number of carbon NCF layersmber of HPM layers, mould
temperature, injection temperature, curing tempeeatand the composite plate sides during
their manufacturing, will be analyzed. To achielvs bbjective, an experimental plan allowed
to manufacture laminates under different conditiomascording to values of process
parameters. This work is carried out to understamd to determine the process parameters
that have significant influence on the variationfimate Tensile Strength (UTS), Ultimate
Compressive Strength (UCS) and Interlaminar Shdeenth (ILSS) of laminates. The
relationships between process parameters and fimdtsne fraction and void content of
laminates will be analyzed statistically. The qufacgtion of the parameter effects on the
quality of composites will be done for better cohtsf manufacturing and for minimizing the
variation in composite properties.

EXPERIMENTAL WORK
Materials

Two complementary fabrics of four different uniditienal layers with the same properties
(areal weight: 1088 g/m?), the quadriaxial carbo@RN Tenax IMS 60 E13 24K 830 Tex,

constitute the preform reinforcements. The choit¢hese two different stack-fabrics was

made for the laying-up, to respect mirror symmetagcording to the orientation of

reinforcements inside composites. They are comm@legrade and supplied by SAERTEX.

These fabrics are designed primarily for appligaion the better toughness and ultimate
strength.

The resin is a premixed epoxy system, a monocomydhermoset resin HexFlow® RTM 6.
RTM 6 is a resin for service temperatures from €&0p to 180°C (-76°F up to 356°F).

Process Parameters

Research and experimental approach have been dadentify the key process parameters
which have a greater impact on the performance thedquality of infused composite
structures [1, 2]. These parameters were classfiedgrouped into three sets.

The texture reinforcementoncerns the preform reinforcement. It refershe iumber of
carbon NCF layersIt would has influence on the quality and mechbahiproperties of
laminates, both on the structure thickness, dutiregmanufacturing process through flow of
resin and during resin curing. Laminate plates wasnufactured and tested with 2 or 4
carbon NCF layers. The final laminate thicknessesewespectively approximately 2 mm and
4 mm.

The second set is thgrocess configuratianlt constitutesvacuum levelachieved in the
vacuum cavity during the resin injection processmber of HPM layersused, which
represents a characteristic parameter for the @bvesin during the structure manufacturing
by LRI, and laminateplate sideson the mould during infusion processjatuum side or
injection sidé. The vacuum level represents the absolute pressuthe vacuum cavity. It
cannot be imposed and varies according to the ddgeirhe "vacuum level" was found as a
crucial parameter for obtaining a better quality cimposite materials [3-5]. Values of
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vacuum level shown on experimental plan (Table fg those obtained during the
manufacture of laminates according to each cordigum. Furthermore, research prove that
the use of HPM or the number of its layers in thefiguration could influence the properties
of the composite in a unique way, or by interactigith the number of layers of fiber
reinforcement [6, 7]. The recent identificationtbfs parameter as an impact factor and its
integration into analysis would enable better aanif its effects on the properties variation.
To manufacture infused composite structures, 1 HP®I with 4 x 10 m? of permeability
were used. Besides, the location of the structafative to resin inlet is also a factor of
variability of composites properties. Indeed, thedoeity field of resin flow in the mould
depends on where is the structural preform comptarékde number of inlet and outlet resin.
The variation of the field might cause the formatiaf type, shape or size of voids in the
composites [4, 8, 9]. It has an influence on thegrity of composite structure. There could
be effects on the fibers volume fraction and voahtent as well as on its mechanical
properties including in tensile, in compressive amdhterlaminar shear strengths. The plate
side of laminate, "vacuum side or injection sideUsed in this study to quantify influence of
the position of specimens during manufacturing @cmanical properties of the structure.

The temperatures used during manufacturing procestd generate also variability of
morphological and mechanical properties of finaimposite structures, both by their
influence on the viscosity of the resin and its\fleelocity through the perform and during the
resin curing. Theprocess temperatureare the 3rd set. It concermaould temperature,
injection temperature and curing temperatufdese temperatures vary between two values:
the lower and the higher values. The use of differalues of temperatures helps to discern
their influence.

Experimental plan

Eight process parameters were found for designigigf@r carrying out an experimental plan.
The table used (Table 1) to manufacture infusedpomites with different process conditions
is type of Taguchi Lg(2'°) table. It is an orthogonal table which allowsenaiction between
parameters. This table includes 8 columns of factehich are process parameters found
before and classified in the table as follovmtmber of NCF carbon {f), injection
temperature (i, interaction between number of NCF and HPM lay@néncr npy), mould
temperature (f}), number of HPM layers (Mw), curing temperature ), plate sides:
vacuum side or injection sidedPand vacuum level (Y. There are sixteen principal lines and
two verification lines which represent these défar process conditions. Each factor has two
levels of variation exceptacuum levelvhich the values shown is those obtained durirg th
infusion process. This plan has allowed to manufacinfused carbon NCF - epoxy RTM 6
lanimates under several experimental conditions.

Manufacturing of Infused L aminates

Manufacturing of infused composite structures islenan the same manner as that described
in the reference [1]. For each experiment, liquadim is systematically heated in a resin pot
and degassed under vacuum during 10 min. This tperaccurs before resin injection in
injection tube followed by its infusion into thegborm at injection temperature (60°C or
80°C) in the vacuum cavity.

Infusion process continues until resin exit potie’same vacuum level is maintained till end
of manufacturing. Manufacturing of infused compesifinished by resin curing at curing
cycle followed by cooling at ambient temperatureogad 20°C). Carbon NCF — epoxy
RTM6 infused laminate plates of 400 x 150 mm weinufactured according the process
conditions of Table 1.
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Table 1 Experimental plan

Process

conditions Process pamameters
MNumber of( Injection Interaction Mould Numberoff Curing Plate Vacuum
N* | Exp. INCF empemture | N.C.F- HPM | temperature HPM | temperature side lesel
layers €O hayers cO layers cO @mbas)

1 1v 2 60 1 120 2 160 Vacuum 11

2 11 2 6l 1 120 2 160 Injection 1.1

3 N 2 60 2 100 1 150 Vacuum 1.6

4 21 2 60 2 100 1 150 Injection 1.6

5 WV 4 50 1 120 1 150 Vacuum 1

[ 31 4 50 1 120 1 150 Injection 1

7 ks 4 50 2 100 2 160 Vacuum 1.4

& 41 4 50 2 100 2 160 Injection 1.4

9 5V 2 50 1 100 2 150 Vacuum 1.3
10 51 2 5l 1 100 2 150 Injection 1.3
11 134 2 50 2 120 1 160 Vacuum 11
12 61 2 50 2 120 1 160 Injection 1.1
13 ™ 4 60 1 100 1 160 Vacuum 1.4
14 71 4 60 1 100 1 160 Injection 1.4
15 5 4 60 2 120 2 150 Vacuum 2.4
16 51 4 6 2 120 2 150 Injection 2.4
17 w i 70 2 110 2 170 Vacuum 1.7
15 91 4 7 2 110 2 170 Injection 1.7

Testing of Properties

Specimens were cut from each laminate plate manurét and tested mechanically and
morphologically. To determine UTS, UCS, fibers vokifraction (V) and void content (M

of carbon NCF — epoxy RTM 6 infused compositeseghspecimens were cut for each
property. Four specimens were characterized on DMAbtain their | and six to obtain
ILSS. Thickness measurements of specimens in tens@mpression, Vand \, allowed to
do thicknesses analysis of laminate plates accgridirexperimental plan. Table 2 shows the
standards of characterization used, the averagehamieal and morphological properties
responses and deviations of each experiment.

RESULTSAND DISCUSSION

Statistical Analysis

Statistical analysis consists of determine the faoehts of model response by multilinear
regression and probability of nullity of these dméénts. The general model can be written as
a linear expression of response variable Y funatiomormalized parameters (egn 1).

Y =CtayceNyer +an Ty +a, I Niyee ypw +ar, Ty +HayyeNypy +a Te +a Bs+a, V|

The parameter is considered to have significane{&cts on the result if the probability of
nullity of its coefficient is less or equal to 5% £ 5%). When in the analysis of variance,
probability is less than 1% (< 1%), parameter is considered to be very sigaifiqVS) on
result. It has low significance (LS) effect whems between 5% and 10% and not significant
(NS) effect in the other cases.
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Table 2 Outline of average results

Cuprn:f;is Averages mechanical properties responses
N° | Exp. NFEOEN | Devistion| PeEN?S | Deviaton| NFISOEN |Desation Nea 2 | Deviation| TEAXFE | Deviation
527-4 Celenese 14130
1 v 716 44 27.38 312.64 31.42 37.74 209 173.88 0.76 18330 1.12
2 1I 756.00 56.50 478.40 353.05 3 66 3.72 162.88 3.80 17363 950
3 2¥ 692.85 368.13 43.72 3827 5.19 152.68 997 168 95 1535
4 21 77318 20,71 475.13 27.09 40.74 233 184 .65 1.49 19343 0.60
5 3V 796.32 19.76 387.81 51.65 3902 330 142.88 10.77 153.83 837
6 31 674.49 2.66 442.68 3939 36352 252 164.18 698 18293 599
7 4V 597.24 18.55 429.44 3107 41.07 040 14438 10.99 15055 10.10
8 41 782.35 31.84 481.91 18.34 4359 230 153.75 930 15725 643
9 5V 740.45 17.04 42217 11.89 36 .60 2,64 174.70 1.13 191.98 229
10 51 772,52 16.34 451.67 46.10 3633 2,65 164 38 3.15 176.88 6.72
11 6V 57747 22,58 400.44 10.82 3123 5.73 14598 727 15395 845
12 61 805.24 21.59 433.08 4353 3062 241 149.00 4.51 16930 4.19
13 v 625.06 12.08 192.89 12.46 2587 350 12655 6.95 135.10 728
14 71 804,77 7.99 389.07 15.90 41.17 6.14 14593 8.64 14943 9,05
15 8V 727.16 9.24 439.64 44 54 46.31 4.10 166 58 5.76 14525 5.85
16 81 802.15 19.68 393.11 11.01 41.08 6.21 143.00 052 145 25 830
17 o9y 694,90 14.80 493,87 35.84 35357 6.73 161.90 328 18068 1.90
15 91 700.71 33.30 473.66 30.51 39.51 403 15053 11.64 167.13 1092
Max valie Min value
Process conditions Averages morphological properties resp onses
. Yo
N° Exp. T}:f‘:ss Deviation | | - E‘ﬁ 254 | Deviation| NF T 51.063 | Deviation
et 57-608

1 1V 209 0.075 6254 0.359 0684 0083

2 1I 203 0.040 62.80 0314 0359 0.09%

3 2V 205 0.027 6035 0.587 0403 0.126

4 21 208 0.042 60.05 1.029 0.551 0.092

5 3V 3.88 0.056 63.77 0.358 0.895 0254

] 31 3.89 0.101 6459 0.647 1.009 0.219

7 4V 3908 0.005 61.87 0.493 0.110 0079

8 41 395 0.082 6303 0.393 0449 0.067

9 5V 0.035 6433 0.576 1.195 0.155

10 51 204 0.072 6537 1.039 1.021 0258

11 6V 205 0.050 61.50 0.255 059 0.175

12 61 204 0.032 a62.11 0.633 0.730 0.118

15 v 392 0.060 6347 0.072 0.512 0.118

14 71 3.80 0.080 6422 0.462 0.140 0.030

15 B8V 427 0.072 57.16 0.188 2967 0270

16 81 4.18 0.037 56.64 0.150 0.177 0077

17 oy 307 0.094 61.47 0.452 1444 0275

18 91 4.00 0.069 6184 3.805 2033 0.028

Maxvahe Min vale

The general model is reduced to parameters whdsetefare statistically significant. It is a
model with only significant parameters (VS, S, d8)L Table 3 below summarizes the
statistical analysis results of characterisatiansdl. It specifies for each process parameter,
significance effect on a desired property.

Effects of Process Parameterson Property Responses

The results of statistical analysis allowed to tdgrthe best models associated with each of
properties of table 3. Equations 2 to 8 illustlatear models for each property analyzed.
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Table 3 Summary of statistical results

Number of NCF layers

Reinf.

Number of HPM layers

o
E
v
H
w
w
v
o
=
3=
(=18

Conf,

Plate side: Vacuum or Injection
Vacuum Level
Mould Temperature
Injection Temperature

Temp.

Process

Curing Temperature

| VS : Very Significant influence S : Significant influence LS : Low Significant influence

Statistical Results of Mechanical Properties Anialys
UTS =735.93+36.07P; (2  UCS =416.47 +17.54N ,;, +26.66P; (3)
ILSS =38.38+1.20N o +2.15Int \& you + 131N p, (4

T,(1Hz) = 155.77 - 9.45N . +7.21T et T,(10HZ) = 166.72- 9.7IN . +7.66T. (5)

Statistical Results of Morphological Properties MAsés
V, =61.28 -1.18Int yo¢ ey +0.59T, —=0.77T,, +0.25P; = 2.01V, (6)

V, =0.96 +0.18T,, +0.20T. - 0.16 P, +0.34V, (7
h=3.08+094N ., +0.03T, +0.02N ., —0.01P; +0.15V, (8

Effects of Texture Reinforcement

The number of NCF layers increases ILSS and straicthickness, and decreases Tg (eqn 4,
5 and 8). The variability of properties occurs wlileis influence parameter goes from 2 to 4
NCF layers during manufacturing process. Thus, lliS8etter when using 4 NCF and Tg
when using 2 NCF. The composite structures ar&ehiwith 4 NCF. Equation 8 predicts a
thickness of 4.02 mm for 4 NCF with codification1j+and 2.14 mm for 2 NCF with
codification (-1) in analysis.

Effects of Process Configuration

Process configuration has significant influencenmachanical and morphological properties.
In fact, the use of 2 layers of HPM instead of éates an increase of UCS, ILSS and the
thickness of the structure. The plate sides ot#tre is found to be have a VS effect on UTS,
UCS, V;, and a LS effect on yyand thickness variation (table 3). It decreasgsand
thickness, and increases others properties lisgddrda This creates variation of 9.80% of
UTS and 12.80% of UCS (eqn 2 and 3) of averagdaof pf experiments. The prediction of
analysis is to obtain UTS about equal to 700 MRafcomposite vacuum side which has a
codification (-1), and about 772 MPa for a compmsijection side with a codification (+1).

In other cases, when good vacuum level is obtatheohg manufacturing process (less than
1.5 mbar), the morphological properties are beftggood vacuum level produces an increase
of 6.55% of average of \in the plan of experiments. Laminated plates @nitljection side
have \, less than those on the vacuum. In addition of, thigood vacuum level achieved
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allows to obtain better quality of composite stunes, referring to their void content less than
1% and their fibers volume fraction more than 62%.

The planar microscopy analysis through the thicknegction views for composites
manufactured explain statistical results. Threedvioications were defined [10]: "matrix
voids", void inside areas rich in matrix and notngwising any fibers, "preform voids" where
void is inside areas rich in fibers, the area imprily composed of reinforcing preform (i.e.
intra - tow voids) and finally, "transition voidstpids are always positioned adjacent to the
preform but not inside fiber tows. Fig. 1 showstthaids formed on the injection side plates
are barely visible. They are perform voids andsamall sizes¢@ = 4 um). For vacuum side
plates, formation of voids is usually doing in repockets (areas rich in matrix) and some in
transition location. These voids are large sizes {00um) and in irregular shapes.

Injection Side Vacuum Side

Fig. 1: Microscopic analysis of void formation insidad

Results (observations and analysis) [10-13] prdna void formation depends strongly on

flow velocity of the resin during the manufacturipgocess of the composite. This effect
generates a significant impact on mechanical streogcomposite. Voids located only in the

matrix reduce the load bearing cross-section ofctiraposite, while those located in contact
with fibers are also detrimental to fiber/matrixhadion. ILSS of infused laminates is at its
higher value when they were manufactured using 4 N&yers and 2 HPM layers. These
remarks also explain the results found in term eduction of UTS and UCS between

injection side and vacuum side plate (about 10%emsion and 13% in compression). These
results are comparable for those done by Liu [T4k void content has adverse effects on
ultimate mechanical properties of composites rdgasdof their location (matrix, preform or

transition voids).

Effects of Process Temperatures

Variation of process temperatures during compasa@aufacturing have VS effect on, V¢
and structure thickness, S effect op d&f infused laminates (table 3)s 16 better when they
were manufactured with higher injection temperat(8@°C instead to 60°C). But, when
manufacturing was made with higher mould and / ighér curing temperature (120°C
instead to 100°C and / or 180°C instead to 160fi@&,quality of composites is in general
diminished (an decrease of &d an increase of,Veqn 6 and 7).

The microscopic analysis goes with the results dounfused laminates manufactured using
higher curing temperatures have several largedizeids greater than 10@m. These voids
are usually matrix voids and / or transition vouddike those of laminates made with lower
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curing temperature (Fig. 2). These last cases Bmadl sizes of voidsg(= 20 um). They are
either matrix voids or perform void® € 4 um).

Higher Curing Temperature Lower Curing Temperature

e i

Fig. 2 : Microscopic analysis of effect of curitegnpera?ure

In another case, microscopic analysis of effeatnofild temperature is made on composites
manufactured at lower curing temperatures (160%@jids are more visible with higher
mould temperatures (120°C) than with lower ope=(30 um instead to 2.jum, Fig. 3). A
conclusion could be an increase of temperature tne@inse an expansion of voids [15].

Lower Mould Temperature

Fig. 3 : Microscopic analysis of effect of moudéiperature

CONCLUSION

This study aimed to evaluate influence of procemsupeters on mechanical properties of
carbon NCF and epoxy RTM6 laminates produced byibidResin Infusion (LRI) process.
The process parameters were identified. Seven p&easn of direct influence and an
interaction was found. An experimental plan wasiedrout to manufacture infused laminates
with different process conditions using Taguchg table. Statistical analysis of effects of
parameters on UTS, UCS, ILSS, glass transition &atpre, fibers volume fraction, void
content and thickness of composites structurespeesrmed.

This method allowed to write equation of each prope response of model according to
effects of influence parameters. Results show amite of number of NCF layers on ILSS, Tg
and infused composites thickness. The number of HB#gts, the plate sides (vacuum side or
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injection side) and vacuum level achieved duringhafiacturing, have effects on both the
variation of morphological and mechanical properti infused laminates. The microscopic
analysis explains and verifies statistical resfdtsxd. Only injection temperature of resin has
an positive influence on the fibers volume fractiwhen it is in its higher level during

composite manufacturing. Regarding the others tempes, manufacturing with higher
mould and / or higher curing temperatures has adveffects on quality of composite
structure and in particular on its void content.
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