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Abstract: This paper addresses the major concern which component porosity represents in Vacuum
Infusion (VI) manufacturing due to resin gelation at pressures close to absolute vacuum. Degassing
is a fundamental step to minimize or even avoid resin outgassing and enhance dissolution of voids
created during preform impregnation. The efficacy of different degassing procedures based on
vacuum degassing, and assisted by adding a nucleation medium, High Speed (HS) resin stirring
and/or later pressurization during different time intervals have been analyzed in terms of final void
content is studied. Through a rigorous and careful design of the manufacturing process, outgassing
effects on final void content were isolated from the rest of porosity causes and specimens with
two clearly identifiable regions in terms of porosity were manufactured to facilitate its analysis.
Maximum void content was kept under 4% and porous area size was reduced by 72% with respect to
conventional vacuum degassing when resin was stirred at HS; therefore, highlighting the importance
of enhancing bubble formation during degassing.

Keywords: Fiber Reinforced Polymer (FRP); Vacuum Infusion (VI); degassing; porosity

1. Introduction

Although Vacuum Infusion (VI) is a promising alternative to Resin Transfer Molding
(RTM) and even prepreg manufacturing, it presents some drawbacks in terms of quality,
such as lower fiber volume fraction, v f , and higher void volume fraction, v0 [1,2]. Void
content, also referred to as porosity, is crucial in matrix performance. Mechanical prop-
erties of Fiber Reinforced Polymers (FRP) such as compression, inter-laminar shear and
flexural strengths, and fatigue behavior are seriously affected by void content [3–6]. If
porosity is extended to the surface, even surface finish of FRP components may be altered,
deteriorating component aesthetics [7] and later bonding [8]. A previous paper presented a
new VI process to which the current paper contributes with further studies [9].

The main causes of void formation in VI and RTM are resin flow through dual-scale
heterogeneous porous media and outgassing of air dissolved into the resin. Both causes
can be addressed by controlling processing conditions. Several studies are focused on
predicting void formation in dual-scale porous media due to resin flow [10–12]; however,
resin outgassing is not a common subject in FRP manufacturing research, even though it is
a major concern in VI since resin is prone to outgas at pressures close to absolute vacuum
due to its minimum air solubility, as stated by Henry’s law.

Although final porosity depends on the whole manufacturing process and materials
involved [13–15], resin outgassing may be reduced or even avoided by carrying out a
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proper resin degassing procedure before preform impregnation. Besides, resin capacity for
dissolving voids formed during preform filling depends on the previous air concentration
into the resin. Conventional degassing approaches applied in the FRP field consist of expos-
ing a volume of resin to high vacuum levels for a specific amount of time. Nevertheless, the
degassing efficacy of this procedure is questionable if the physics involved in the process is
considered; since air is initially dispersed as molecules into the resin and molecules are
removed very slowly from the solution through the resin free surface via diffusion.

Vacuum degassing can be speeded up by creating bubbles which can be removed faster.
Therefore, improving attempts are usually based on enhancing heterogeneous bubble
nucleation by adding a nucleation medium or sparging [16,17]. Air molecules diffuse to
bubbles, reaching a saturated solution, but are no longer over-saturated. However, some
micro-bubbles may remain trapped near the resin surface after degassing; However, the
combination of a nucleation medium and a system of capillary separation appears useful
at filtrating these micro-bubbles [16].

A straight and reliable way of characterizing resin outgassing behavior in VI manu-
facturing remains challenging, since it not only depends on the quantity of dissolved air
into the resin, but on manufacturing conditions and materials involved too. For example,
Unifilo E-glass mat exhibits especially good bubble nucleation properties, enhancing resin
outgassing [17].

In polymer manufacturing, in order to improve efficacy, degassing under vacuum
pressures is often combined with auxiliary systems such as mixing, rotation, or sonication,
which also help bubble formation through rupturing liquid polymers by cavitation [18].

In order to bridge the gap between VI and RTM in terms of component quality
through minimizing void content, this paper explores the efficacy of conventional vacuum
degassing, and the benefits of additional auxiliary systems which enhance bubble forma-
tion during degassing and dissolution of the remaining micro-bubbles in the volume of
resin. Degassing effectiveness has been directly assessed by means of the resin outgassing
behavior during VI manufacturing of glass-epoxy specimens, through the final specimen
porosity content and after isolating outgassing effects from the rest of porosity causes. After
characterizing manufactured specimens, a screening experiment, based on a fractional
factorial design of experiments, was conducted to analyze the effects on specimen porosity
of degassing time, addition of a nucleation medium in the volume of resin, stirring the
resin at High Speed (HS) while degassing and later pressurization of the resin.

2. VI Manufacturing: Decision-Making

The VI process proposed in this paper was designed to minimize differences between
specimens in void formation due to flow through dual-scale porous media, and to promote
a gradient of resin pressure into preforms when gelation occurred. In-plane filling of
preforms, in combination with short post-filling times, should result in specimens contain-
ing decreasing gradients of thickness and pressure between inlet and venting channels.
According to Henry’s law, this gradient of pressure should result in a gradient of void
content in each specimen due to different outgassing conditions. Outgassing is enhanced
as resin pressure decreases. Furthermore, from a specific pressure level, outgassing should
not occur and porosity-free regions close to inlet channels should appear; while porosity
accumulates near venting channels.

VI is a complex multi-step manufacturing process whose main steps are governed
by pressure, temperature, and time. Processing parameters governing specimen manu-
facturing in the experiments are provided in Figure 1. The degassing parameters which
were the focus of this study were degassing time, tdeg , and degassing auxiliary systems.
As will be laid out further on, in the eight experiments, a total of four different vacuum
degassing configurations were adopted: conventional (Figure 2a), assisted by adding a
nucleation medium over the base of the resin pot (Figure 2b), assisted by HS resin stir-
ring (Figure 2c), and assisted by both adding a nucleation medium and HS resin stirring
(Figure 2d). These vacuum configurations were then combined with different tdeg and the
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possibility of later resin pressurization prior to the filling stage. Degassing was carried out
at Pdeg = −98± 1 kPa. The nominal ultimate pressure achievable by the vacuum pump
was 0.1 kPa (absolute pressure).

Figure 1. Flow chart and governing parameters of the VI process.
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Figure 2. Vacuum degassing configurations: (a) Conventional vacuum degassing without additional
assistance; (b) Assisted by adding a nucleation medium; (c) Assisted by high speed resin stirring;
(d) Assisted by adding a nucleation medium and high speed resin stirring.

Preforms were enclosed in an ordinary assembly with peel-ply layers covering preform
top and bottom surfaces (Figure 3). Inlet and venting channels were placed parallel to
preform edges (z direction) to force a rectilinear flow front progression and in-plane
preform impregnation (x direction). No separation was allowed between channels and
preform edges to avoid unnecessary flow resistance; since it is a proven cause of pressure
equalization into the preform [19].

Figure 3. VI preform assembly (schematic dimensions are representative).

Void formation at the flow front through dual-scale porous preforms is often addressed
in the literature by the modified capillary number, Ca∗ [20,21]:

Ca∗ =
µ·u f

γ· cos θ
(1)
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where u f is the macroscopic resin velocity at the flow front, µ is the resin dynamic viscosity,
γ is the resin surface tension, and θ is the contact angle between resin and reinforcements.
Furthermore, macroscopic resin velocity, u, is given by Darcy’s law:

u = −K
µ

dP
dx

(2)

where K is the preform permeability and dP/dx is the pressure gradient along the filled
region of the preform. Both Equations (1) and (2) have been reduced to the 1D rectilinear
flow case in the x direction.

Void formation is negligible in a specific range of Ca∗; while intra- and inter-tow voids
are formed at higher and lower values of Ca∗, respectively (Figure 4). Therefore, void
formation differences between manufactured specimens may arise from µ and u, which in
turn may also vary with changes in K and/or dP/dx.

Figure 4. Void formation due to resin flow through heterogeneous dual-scale porous media.

Resin viscosity, µ, is a function of temperature and time elapsed from the onset of the
reaction of polymerization. As the reaction progresses, the degree of crosslinking increases,
involving a continuous raise in µ and making it more difficult for the resin to flow through
the preform. Initially, the crosslinking reaction advances slowly; but large variations in
reaction times may cause substantial changes in µ. Not all degassing procedures took the
same time; hence, although resin was kept at ambient temperature, Tamb, flow differences
could arise due to different values of µ during preform filling. In spite of not directly
monitoring µ along the VI process, times elapsed from resin mixing until the onset of
the filling stage, t0→ f ill0 , and until the end of the filling stage, t0→ f illend

, were recorded to
account for the effects caused by µ variations.

Preform permeability, K, depends on the compressive pressure history exerted on
the preform along all the successive manufacturing steps (debulking, filling and post-
filling) [22–25] and, thus, is also closely connected to dP/dx. However, characterizing K
during the different VI steps is a challenging task, since multi-layer textile preforms exhibit
highly complex inelastic compressive behavior such as dependence on compaction velocity,
stress relaxation and stress–strain hysteresis [26,27].

Furthermore, in VI, compaction and resin pressures are coupled due to the flexibility
of one mold half, as pointed out in Terzaghi’s relation [28], in which the normal pressure
applied to the fiber-matrix system, Patm, is decomposed into the sum of resin pressure, P,
and fibre compaction stress, σf:

Patm = P + σf (3)
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Since specimen materials and size were kept constant along the research, and govern-
ing pressure controlled along the test campaign; main variations in K and dP/dx could
have appeared due to different debulking times, tdeb. Because debulking and degassing
steps were carried out in parallel, different tdeg involved variations in tdeb. However, de-
bulking was planned to include a single loading step to the minimum attainable vacuum
pressure, Pdeb, for tdeb > 75 min, which was considerably longer than time required to fiber
settling occur (<30 min for preforms later introduced). Therefore, expected K and dP/dx
variations between specimens would be caused by inherent preform variability more than
by processing conditions.

Variations in u could be also evaluated through monitoring filling time, t f ill . The
correlation between both variables becomes clear by an analytical expression, such as the
one provided below, to determine t f ill [29]:

t f ill = −
µ

2
L2(

K
φ

dP
dα

)
α=1

(4)

where L is the filling length, α is the relative position such as α = x/x f , x f is the flow front
position and φ is preform porosity (distinct from specimen porosity associated to void
content). It must be noted how an alternative version of Equation (2) takes part in t f ill
calculation. Equation (4) provides t f ill when the preform is fully filled, x f = L.

On the other hand, resin outgassing depends on both the quantity of dissolved air into
the resin and the resin capacity of dissolving air. The above listed degassing procedures
tried to minimize air content into the resin; while air solubility in equilibrium is given by
Henry’s law as:

Cair = H·Pair (5)

where Cair is the solubility of air at a fixed temperature, Pair is the partial pressure of air
and H is Henry’s law solubility constant, which depends on temperature (decreasing with
rising temperatures) and the resin.

In equilibrium, Pair equals the resin pressure, P = Pair; hence, air solubility into the
preform would be a function of the position, P(x). Forcing the existence of a gradient of
pressure into the specimen between inlet and venting channels at resin gelation would allow
to capture a continuous distribution of air solubility conditions. After preform filling, the
inlet channel was clamped while vent pressure was kept constant. Achieving homogeneous
distributions of thickness and pressure would have required even a longer post-filling
time, tp f ill , than t f ill [30–32]; however, tp f ill = 30 min was set to only about half of t f ill ,
resulting in the expected gradients of thickness and pressure between inlet and venting
channels. Post-filling was monitored through preform thickness measurement with two
laser displacement sensors at approximately 30 mm from the inlet and venting channels.

Resin cure was carried out in a single cure cycle at Tcure = 80
◦
C to assure a rapid

gelation of the resin after the post-filling step and avoid pressure homogenization into the
preform; although, it implied a reduction in air solubility. The heating source was a heating
blanket placed under the mold. Assemblies were covered with a non-woven polyester
fabric with a thickness of 20 mm to guarantee a homogeneous temperature distribution
along specimen thickness.

It is worth noting that filling, post-filling and curing steps were conducted at pressures
higher than Pdeg in order to increase resin capacity of dissolving bubbles formed during
preform impregnation.

3. Materials and Methods
3.1. Specimens

Constituent materials used in the experimentation were a tight E-Glass 2/2 Twill-
Weave Fabric (GTWF) Angeloni VV 320 T and a DGEBA epoxy system Sicomin SR 8100–SD
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8822. This system exhibits low viscosity, 340–390 mPa·s, and shows a working time longer
than 200 min at ambient temperature [33].

A total of 9 GTWF layers of 320 mm × 220 mm with two orientations, (0/90) and
(+45/− 45), were alternately stacked over a flat aluminum mold resulting in quasi-isotropic
preforms [(0/90), (+45/− 45)]2, (0/90), [(+45/− 45), (0/90)]2. Due to the irregular free-
edge thickness, specimens were trimmed to a useful area, Suse f ul, of 300 mm × 200 mm.

3.2. Test Procedures

Specimen characterization was not limited to porosity-related attributes. Specimen
quality was also addressed in terms of v f . Besides, morphology and distribution of trapped
pores, and their effects on the flexural response of the specimens were also studied in order
to give a clear picture of the problem caused by trapped porosity.

A series of samples were systematically distributed to capture the intentionally caused
gradients of fiber and void content into each specimen (Figure 5): two rows of samples
parallel to the flow direction (dir. x) to measure constituent contents (CYZ) and pore
morphology (MYZ), and three rows of samples perpendicular to the flow direction (dir. z)
to capture flexural properties along specimens (FYZ).

Figure 5. Generic pattern of samples: size, distribution, and codification rules.

3.2.1. Visual Inspection

The translucent nature of the GTWF-epoxy specimens allowed to identify the specimen
areas in which porosity was present. For each specimen, porous area fraction, s0, was
computed as the ratio of porous area, S0, and specimen useful area, Suse f ul :

s0 =
S0

Suse f ul
(6)

The open-source image processing package Fiji, based on ImageJ, was used to scan
the top view pictures of the specimens.
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3.2.2. Loss on Ignition Method

Samples coded as CYZ in Figure 5 were tested via the loss on ignition method, ac-
cording to the procedure stated in the standards UNE-EN ISO 1172:1999 and UNE-EN ISO
7822:2001, in order to determine fiber volume fraction, v f , and void volume fraction, v0.

Initially, constituent materials volume fractions were computed from the mass frac-
tions and the sample volume, Vsample, such that:

v f =
m f /ρ f

Vsample
, vr =

mr/ρr

Vsample
(7)

where m f and mr are the fibre and resin mass fractions, v f and vr are the fibre and resin
volume fractions, and ρ f = 2544 kg/m3 and ρr = 1095 kg/m3 are the fiber and resin
densities [34]. Then v0 was estimated for each sample by applying the balance of compo-
nent fractions:

v0 = 1− v f − vr (8)

The determination of v0 presented two limitations: 25 mm × 25 mm samples resulted in
a range of volumes∼ 1.4 cm3 lower than the minimum 2 cm3 recommended in the standards;
and the texturized surface created by the peel-ply caused an over-estimation of sample
volumes and, thus, v0 > 0% were obtained even in samples with no porosity expectation.

Since translucent specimens allowed to identify which samples contained trapped
pores, those n samples with expectation of no porosity were used to compute an average

surface void volume, Vsur f
0 , as:

Vsur f
0 =

1
n ∑

(
v0·Vsample

)
(9)

Then, updated fiber and resin volume fractions, v′f and v′r respectively, were calculated

considering an adjusted volume according to Vsur f
0 , such that:

v′f =
m f /ρ f

Vsample −Vsur f
0

, v′r =
mr/ρr

Vsample −Vsur f
0

(10)

Finally, v′0 was estimated for each sample by applying the balance of component fractions:

v′0 = 1− v′f − v′r (11)

3.2.3. Light Microscopy

Samples coded as MYZ in Figure 5 were used to measure void content and characterize
void morphology through digital image processing. Micrographs were taken from cross-
sections underlined in the referred figure.

Micrographic samples were casted in polyester resin round micrographic specimens,
grinded with diamond discs and finally polished in two steps, with a two-in-one suspension
of 6 µm diamond and lubricant, and with a silica suspension. A number of fourteen to
sixteen micrographs per sample were taken at 50× magnification and stitched to get a
picture covering the full sample length. The open-source image processing package Fiji,
based on ImageJ, was used to process the micrographs.

Total void content, a0, intra-tow void content, aintra
0 , and inter-tow void content, ainter

0 ,
were calculated in the set of stitched micrographs as the ratio of the area occupied by all
voids of each void type, A0, Aintra

0 , and Ainter
0 respectively, and the area occupied by the

sample, ASample, as:

a0 =
∑ A0

Asample
, aintra

0 =
∑ Aintra

0
Asample

, ainter
0 =

∑ Ainter
0

Asample
(12)
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Additionally, Feret’s diameter, ∅Feret (maximum distance between any two points
belonging to a pore), Feret’s angle, ϕFeret (angle formed by the Feret’s diameter and the
horizontal axis), and aspect ratio, AR, were also computed for all the voids belonging to
each sample. AR was defined as the ratio of the two second moments of area of a pore
around its principal axes, i1 and i2 (AR of a circle and a square is 1) such that:

AR =
i1
i2
≤ 1 (13)

3.2.4. Three-Point Flexural Test

Flexural properties of samples coded as FYZ in Figure 5 were obtained through a
three-point flexural test according to the procedure stated in the standard UNE-EN ISO
14125:1999.

3.3. Fractional Factorial Design

Fractional factorial designs are particularly useful in early stages of experimental
work, when it is likely that many factors are involved and some may have little or no effect
on the response variable [35].

The effectiveness of a total of eight vacuum degassing procedures were compared
through the analysis of their effects on the porosity of the corresponding VI manufactured
specimens. Each degassing procedure was defined by the level adopted by a set of four fac-
tors previously introduced (Table 1): nucleation medium (N), HS stirring (S), pressurization
(P), and degassing time (T).

Table 1. Design factors of the screening experiment of degassing procedures.

Factor
Level 1

Details Motivation
High (+) Low (−)

Nucleation medium (N) On Off Scotch-Brite Enhancing heterogeneous bubble
formation

HS stirring (S) On Off Magnetic stirrer at 300 rpm
with a rod of 40 mm

Enhancing bubble formation due
to cavitation

Pressurization (P) On Off 200 kPa 2 for 5 min Collapse of micro-bubbles [16]
Degassing time (T) 40 min 20 min - -

1 In regression models, high and low levels were considered +1 and −1, respectively. 2 Relative pressure.

Factor levels were arranged according to the principal one-half fraction of a two-level
fractional factorial design, 24−1

IV (Table 2). In two-level factors, the effect of a factor (or
interaction) is expressed as the difference between the averages of a response variable at
the high (+) and low (−) levels of the factor (or interaction). For example, in case of factor
T, its effect, lT , was given by:

lT = yT+ − yT− (14)

where yT+ and yT− are the average of a response variable at high level (+) and low level
(−), respectively.
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Table 2. The 24−1
IV fractional factorial design, principal one-half fraction, applied to the screening

experiment of degassing procedures.

Specimen Number (Y)
Basic Design

T = NSP Treatment
N S P

6 − − − − (1)
5 + − − + nt
3 − + − + st
7 + + − − ns
4 − − + + pt
1 + − + − np
8 − + + − sp
2 + + + + nspt

Only effects of main factors N, S, P, and T, and two-factor interactions were considered
in the analysis, neglecting the influence of higher order interactions. Besides, in 24−1 factorial
designs, effects of two-factor interactions are aliased with each other (lNS = lPT, lNP = lST,
lNT = lSP); therefore, interaction effects were carefully addressed to discern, according to
main factor effects and experimental conditions, which was the predominant interaction.

Specimen porosity was characterized by different procedures, but only attributes
which showed evident variation between specimens were taken as response variables
of the factorial design. This variation was assessed by the coefficient of variation (or
relative standard deviation), defined as the ratio between the standard deviation and the
mean response.

Since the initial fractional factorial design was saturated (no available degree of
freedom to compute error variance), effect significance was firstly qualitatively assessed
through a half-normal probability plot of the effects. The largest effects which did not
lie along the normal straight line were considered good candidates to include in the
later Analysis of Variance (ANOVA), which statistically evaluated significance of factor
or interaction effects on response variables. Backward elimination was performed to
sequentially remove any factor or interaction from models with a significance level p > 0.10
(≡ 10%); although, actually, effect significance was set at p ≤ 0.05 (≡ 5%).

From the rigorous analysis of the VI process previously presented, apart from the
design factors considered in the fractional factorial design (N, S, P, and T) and the held-
constant factors (Figure 1), a set of nuisance factors (RH, Tdeg, Tf ill , and Tp f ill) and allow-
to-vary factors (Pdeb, tdeb, Pdeg, t0→ f ill0 , t0→ f illend

, and t f ill .) that might affect the response
variables were identified. These factors may be treated as covariates and analyzed through
a variation of ANOVA, an Analysis of Covariance (ANCOVA) [36]. Special attention was
kept on filling-related times, which showed large variations depending on the degassing
procedure and were directly connected to void formation due to flow through dual-scale
porous media.

Statistical analyses were performed with Minitab 17 statistics software package.

4. Results
4.1. Porous Area Fraction

Photographic evidence of the eight manufactured specimens is shown in Figure 6. As
planned, a porous area was formed near venting channels. On each specimen in Figure 6,
porous area is highlighted by underlying its boundary and the resulting porous area
fraction, s0, is provided for each set of manufacturing conditions. It can be observed that in
specimens 4 and 6, s0 was considerably larger than in the rest of specimens.
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Figure 6. Scaled photographs of the manufactured specimens’ useful area (300 mm × 200 mm): (a) Specimen 1, treatment
np; (b) Specimen 2, treatment nspt; (c) Specimen 3, treatment st; (d) Specimen 4, treatment pt; (e) Specimen 5, treatment
nt; (f) Specimen 6, treatment (1); (g) Specimen 7, treatment ns; (h) Specimen 8, treatment sp. Samples marked in red on
specimens’ top face; boundary of the porous area fraction, s0, digitally underlined in black; and thickness profile measured
at samples MYZ along the filling length.
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Figure 6 also provides evidence of the existence of a decreasing gradient of thickness
between the inlet and venting channels, that should lead to an increasing gradient of fiber
volume fraction.

4.2. Fiber and Void Volume Fractions

In Figure 7, it is depicted the results of the loss on ignition method for the updated
fiber volume fraction, v′f , and void volume fraction, v′0. The average surface void volume,

Vsur f
0 , computed to correct the thickness overestimation caused by texturized surfaces was

66 mm3, which is equivalent to a reduction of 0.11 mm in effective sample thickness.

Figure 7. Results of the loss on ignition method: (a) Fiber volume fraction, v′f ; and (b) Void volume fraction, v′0.

Only data of samples CY1, CY4, and CY8 is shown in Figure 7a for clarity reasons, each
sample representing conditions near the inlet and venting channels, and in an intermediate
position. It can be observed that the average per sample of v′f and into each specimen
increased at approaching the venting channels, involving an equivalent decreasing gradient
of thickness along the specimens.

In the case of non-texturized samples (flat top and bottom specimen surfaces), the
fiber volume fraction could have been computed through laminate thickness, h, as:

vh
f =

nl ·ρA
ρ f ·h

(15)

where nl = 9 is the number of layers, ρA = 326 g/m2 is the areal density of GTWF and
ρ f = 2544 kg/m3 is the E-glass fibre density [34]. However, the over-estimation of h due to
the surface texture involved the underestimation of the results computed by Equation (15),
as can be seen in Figure 7a. Nevertheless, h could still be used as a good estimator of v′f
through a linear model adjusted with the experimental data, such that:

v̂′f [%] = 14.9 +
84.6

h[mm]
, R2 = 73.8% (16)

Another gradient into each specimen of v′0 is also observable in Figure 7b. All samples
that are not included in Figure 7b contain no porosity as can be checked in Figure 6. As
expected, the maximum void content into each specimen occurred in the vent side, samples
CY8. Besides, a considerable v′0 > 2% was measured even in the first sample belonging to
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the porous area into each specimen, reflecting a sudden accumulation of voids instead of a
gradual increment of porosity from free-void samples.

4.3. Voids Size, Shape, and Spatial Distribution

Microscopy analysis was focused on samples MY8, which contained the highest void
content into each specimen according to the results presented in the previous section. Since
inter-tow voids were considerably larger than intra-tow voids, in order to automate their
identification, a void area A0 = 3000 µm2 was set as the boundary between both void types.

Although intra-tow void occurrence was higher than inter-tow’s in general; the huge
difference in A0 between both void types (Figure 8a) involved that most of the void
area fraction, a0, belonged to inter-tow voids, as shown in Figure 8b. Besides, it can
be noticed that a0 and void content measured through the loss on ignition method, v′0,
differed significantly.

Figure 8. Size, occurrence, and total inter- and intra-tow void content: (a) Voids occurrence and average void area, A0;
(b) Void area fraction, a0.

The heterogeneous distribution of porosity into the laminates can be seen in the
micrographic samples of specimen number 4 shown in Figure 9. Inter-tow voids were
predominantly formed between fabric layers. Apparently, void size depended on the local
nesting between layers in each analyzed cross-section; hence, a0 sensitivity with respect to
small variations in cross-section location should be high. Microscopy analysis also allowed
the observation of the fast transition between non-porous and porous areas. As can be seen
in sample M45, the first sample belonging to the porous area in specimen 4 (Figure 9b),
the occurrence of a few inter-tow voids directly caused the accumulation of a considerable
void content.

Once analyzing inter-tow voids morphology in more depth, a significant correlation
between Feret’s diameter, ∅Feret, and Ainter

0 arose aa representing the log transformation of
both features, as seen in Figure 10a. A similar trend can be noticed in Figure 10b between
∅Feret and the aspect ratio, AR; although in this case, at increasing ∅Feret, AR decreased.
Obviously, inter-tow void tows were oriented according to the free space between GTWF
layers; therefore, at increasing ∅Feret, inter-tow void orientation tended to 0

◦
(dir. x), as

shown in Figure 10c.
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Figure 9. Detail views of micrographic samples belonging to specimen number 4 and void area frac-
tion, a0, of the corresponding whole sample (not only the partial cross-section depicted): (a) Sample
M41; (b) Sample M45; (c) Sample M48.

Figure 10. Shape descriptors of inter-tow voids: (a) Feret’s diameter, ∅Feret; (b) Aspect ratio, AR; (c) Feret’s angle, ϕFeret.

Pore size attributes, orientation and AR reflected the direct dependence of inter-
tow void morphology from size and shape of resin rich areas between fabric layers in
which inter-tow voids grew. Formation of resin rich areas depends in turn on preform
properties, such as fabric architecture, relative orientation between consecutive fabric layers
and nesting.

4.4. Flexural Response

In Figure 11, it is depicted both flexural strength, σf M, and modulus, E f , with respect
to v̂′f , estimated through Equation (16), and v′0, at the corresponding sample CYZ (flexural
sample FYZ and sample CYZ belonged to the same row of samples shown in Figure 5).
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Figure 11. Flexural properties versus estimated fiber volume fraction, v̂′f , and void volume fraction, v′0: (a,b) Flexural
strength, σf M; and (c,d) Flexural modulus, E f .

Although both σf M and E f should depend on v̂′f , due to the reduced variation of

v̂′f along samples, it was only shown a slight increment on both flexural properties as v̂′f
increased. On the other hand, a significant dependence of σf M on v′0 arose as shown in
Figure 11; while no relation seemed to exist between E f and v′0.

Two linear models were fitted with the experimental data to estimate σf M and E f from
material quality attributes, v̂′f and v′0:

σ̂f M[MPa] = −83 + 11.8v̂′f [%]− 13.4v′0[%], R2 = 48.2% (17)

Ê f [GPa] = −5.55 + 0.381v̂′f [%]− 0.0551v′0[%], R2 = 14.5% (18)

Nevertheless, experimental variability explained by both models did not reach even
50%. In the case of E f , a very low coefficient of determination, R2, was obtained.
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Reduction in σf M was slightly masked by some abnormally high values. Due to
the heterogeneous porosity distribution, it is coherent to expect some samples which do
not show any detrimental effect on flexural performance. Although it was identified a
correlation between σf M and v′0, the different performance between samples belonging
to non-porous and porous areas was more prominent than between samples with dif-
ferent v′0 > 0%. The mean flexural strength, σ f M, in the non-porous area was 544 MPa
(v′f = 53.1%), while in the porous area it was 500 MPa (v′f = 53.6%), a reduction of 8.1%.

Subtracting the effect of v′f , the reduction in σ f M increased to 9.1%. On the other hand, the

mean flexural modulus, E f , was 14.7 GPa (v′f = 53.3%).

4.5. Screening of Degassing Procedures

The fractional factorial design was analyzed with respect to porosity-related attributes
which showed significantly higher variability than the rest of quality-related attributes
presented (Figure 12): porous area fraction, s0, and updated void volume fraction, v′0, (only
corresponding to samples CY8). In addition, time-related factors also showed significant
variability. Special attention was kept on time until filling onset, t0→ f ill0 , time until filling
end, t0→ f illend

, and filling time, t f ill ; because of their connection with void formation due to
flow through dual-scale porous media.

Figure 12. Coefficients of variation of measured quality attributes and monitored nuisance and allow-to-vary factors.

In representing s0 versus v′0, a direct linear connection between both attributes became
apparent as shown in Figure 13a.

No correlation seemed to exist between s0 and any covariate; but at confronting v′0
versus t0→ f ill0 , a connection between them was observed (Figure 13b). v′0 decreased as
t0→ f ill0 increased. Similar trends arose between v′0, and t0→ f illend

and t f ill ; however, t0→ f ill0
seemed to be the real cause behind these connections, since changes in resin viscosity, µ, at
the onset of the filling step caused by different t0→ f ill0 , beyond inherent preform variability,
seemed to be the real cause behind t0→ f illend

and t f ill scatter (Figure 13c).
Factors P and T were partially correlated with t0→ f ill0 too. Degassing procedures that

included pressurization, high level of factor P, implied an average increment of 10 min
in t0→ f ill0 . On the other hand, different degassing times, factor T, implied an average
increment of 22 min between the high level (40 min) and the low level (20 min). Effects of
t0→ f ill0 on v′0 were later analyzed through ANCOVA.
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Figure 13. Noteworthy dependencies between response variables and covariates: (a) Porous area fraction, s0, vs. void
volume fraction, v′0; (b) Time until filling, t0→ f ill0 ; (c) Time until filling end, t0→ f illend

, and filling time, t f ill .

The described statistical procedure was applied to the experimental data gathered in
Figure 14. In Figure 15a,b, it can be seen how main factor effects lN , lS, and lP behaved
similarly with both response variables; while lT was considerably larger in case of v′0, which
could have been caused by the correlation found between v′0 and t0→ f ill0 , and the coupling
between T and t0→ f ill0 . Furthermore, the NS interaction in case of s0 (Figure 15a) stood out
from the other two-factor interactions. Factors N, S, and T at high level (+) appeared to
enhance void minimization, while factor P negatively affected specimen porosity.

Figure 14. Cube plots of the input data of the screening experiment: (a) Porous area fraction, s0;
(b) Void volume fraction, v′0.
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Figure 15. Effects of main factors and two-factor interactions (interaction effects are aliased according to lNS = lPT ,
lNP = lST , and lNT = lSP): (a) Porous area fraction, s0; (b) Void volume fraction, v′0.

Highlighted effects shown in Figure 16a,c were addressed through the ANOVA,
performing the backward elimination until reaching the two models depicted in Table 3.
Although initially unreplicated, both models evolved to replicated designs with an enough
number of degrees of freedom to reliably compute error variance. It must be pointed out
that, in both models, factor P was added after performing the corresponding analyses of
residuals to validate both models.

Table 3. ANOVA tables including Sum of Squares (SS); Degrees of Freedom (DF); Mean Squares
(MS); F-statistic, F0, associated to each term; and level of significance, p, associated to each F-statistic.

Source SS DF MS F0 p

Porous area fraction, s0[%] R2
adj = 81% 1

N 291.6 1 291.6 6.19 0.089
S 683.1 1 683.1 14,5 0.032
P 203.3 1 203.3 4.32 0.129

NS 416.4 1 416.4 8.84 0.59
Error 141.3 3 47.1
Total 1736 7

Void volume fraction, v′0[%] R2
adj = 80% 1

S 0.78 1 0.78 7.60 0.051
P 0.42 1 0.42 4.04 0.115
T 1.98 1 1.98 19.2 0.012

Error 0.41 4 0.10
Total 3.59 7

1 Adjusted coefficient of determination, R2
adj, is appropriate when available DF to compute error variance is small.
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Figure 16. ANOVA supporting plots: (a) Porous area fraction, s0, half-normal probability plot of
effects; (b) s0 cube plot of fitted values; (c) Void volume fraction, v′0, half-normal probability plot of
effects; (d) v′0 cube plot of fitted values.

In both models, there only appeared one significant term (p ≤ 0.05), factor S in the
case of s0 and T in the case of v′0; although interaction NS and factor S were very close to
the limit of significance in the case of s0 and v′0, respectively.

The apparent relation between v′0 and t0→ f ill0 , the aliasing between T and t0→ f ill0 ,
the fact that T is the only main factor whose influence considerably changed between
both response variables, and, finally, conducted ANOVA and ANCOVA suggested that
variations in t0→ f ill0 affected v′0 more than different degassing times. However, it was not
possible to isolate effects of T and t0→ f ill0 .

Figure 16b,d shows the fitted values for the proposed models. The best performance
in both cases was achieved when resin was stirred while being degassed, factor S. Besides,
when none of the factors N or S were included in the degassing procedure, the results were
considerably worse.

Analyses of residuals were not included to avoid a saturation of statistical graphs
which do not provide any additional information from the point of view of the manufac-
turing process, which is the focus of this work.

5. Discussion

Although not being a major topic of research, previous studies have focused on the
importance of resin degassing in VI manufacturing, while raising some concern about
conventional vacuum degassing [16,17,37]. Air solubility can be determined at differ-
ent pressure and temperature conditions; however, resin outgassing after preform filling
also depends on impregnation conditions, and the interaction between resin and rein-
forcements [17,38,39]. Therefore, a rigorous VI processing methodology was proposed
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which allowed the outgassing assessment through the final porosity content of a series of
specimens manufactured for that purpose.

The manufacturing procedure was based on inducing a decreasing gradient of pressure
into the VI specimens, which should result in different outgassing conditions across the
filling length, L. Characterizing specimens by the loss on ignition method, led to gradients
of fiber volume fraction, v′f , and void volume fraction, v′0, appearing in each specimen.

As reported in previous studies, trapped gradients of pressure and thickness (∝ v′f ) in
the laminates are closely related, requiring the former even more time to equalize during
post-filling steps [24,30,31]. Furthermore, the increasing gradient of v′0 was an evidence of
the presence of a continuous range of outgassing conditions into each specimen.

In all of the manufactured specimens, critical conditions at which outgassing firstly
happened were enclosed into L. Setting vent pressure to Pvent = −90 kPa along filling,
post-filling and curing steps, played a key role for that purpose. A Pvent closer to vacuum
pressure could have resulted in specimens whose useful area were completely covered
with porosity. The porous area fraction, s0, can be understood as an indicator of the above
mentioned critical outgassing conditions.

Although it was intended to isolate outgassing effects on void formation from flow
through dual-scale porous media, variations in resin viscosity, µ, significantly affected void
formation. In a future implementation of the proposed manufacturing methodology, it
would be recommended to not considerably alter time until filling, t0→ f ill0 .

Predominant formation of inter-tow voids resulted in a fast void content increase
once one enters the porous areas due to the large size of these voids. As a consequence,
flexural strength, σf M, did not suffer a continuous deterioration, but a sudden drop [5,6].
In Figure 11a, two different behaviors in terms of σf M can be identified according to
the presence or not of voids in the samples. A drop of 9.1% in σf M of porous samples
(once effect of fiber content was subtracted) occurred even including the abnormally high
values of some porous samples. Deterioration in σf M was more pronounced between
non-porous and porous samples than in samples with v′0 > 0 (Figure 11b). It is worth
noting that, in the literature, the detrimental effect of porosity on other matrix-dominated
mechanical properties such as inter-laminar shear strength and fatigue behavior is even
more appreciable [3–5].

In spite of the large uncertainty in measuring v′0 through the loss on ignition method
due to surface texture corrections, these measurements were more realistic than those
obtained by light microscopy. The heterogeneous pore distribution did not allow to capture
in a single cross-section, despite the large area analyzed, a representative picture to reliably
determine the void content fraction. A more accurate quantification of void content through
microscopy analysis would have required processing more cross-sections reflecting specific
outgassing conditions or a volumetric measurement method [6,40,41].

After analyzing micrographic samples, inter-tow void size, Ainter
0 , seemed to be related

to the free space between tows into the preforms; hence, higher fiber content preforms
should reduce Ainter

0 and even may decrease the total trapped void content. A similar order
of pore magnitude was found in other studies focused in components manufactured by
RTM [21,42]. In order to be really aware of the problem, it is highlighted that the maximum
values of Ainter

0 and Feret’s diameter, ∅Feret, found in the micrographic samples, 0.41 mm2

and 3.09 mm, respectively (Figure 10a). The maximum ∅Feret was even larger than the
thickness of the specimens.

The screening experiment confirmed the concern about traditional vacuum degassing.
It has been proved that mechanisms to enhance bubble formation are fundamental to
perform effective resin degassing. Assisting conventional vacuum degassing by adding
of nucleation media and/or HS resin stirring has arisen as a real alternative to minimize
outgassing in VI and enhance dissolution of voids formed during preform filling. Further-
more, both involved degassing times, tdeg, were long enough to not affect resin outgassing;
whereas, later resin pressurization, to remove micro-bubbles trapped near resin surface,
counter-productively resulted in higher void contents.
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The apparent degassing performance was similar in all degassing procedures. Initially,
bubble clusters were formed at the free surface and the average bubble size increased due
to bubble coalescence and diffusion of air molecules, resulting in the increment of the
volume of resin. Then, the volume of resin reached a maximum level, but bubble continued
increasing in size. After a short period of time, the volume diminished to its initial level
as the average bubble size also decreased. Finally, non-clustered bubbles burst at the free
surface of the resin, while the volume kept close to the initial level. The described process
did not require more than 20 min in any case, and the quantity of bubbles trapped near the
free surface did not significantly vary between experiments; therefore, a false impression
could have been created if attention had been only paid to resin behavior during degassing.

The best results in terms of porous area minimization were obtained when only
HS resin stirring was involved in the degassing procedure. Apart from being an easily
implementable degassing procedure, it did not involve waste of any additional material as
in the case of the nucleation medium. The combination of HS resin stirring and nucleation
medium showed a worse result than when only stirring was involved in the degassing
procedure. It may be explained by a higher rotation resistance at placing the magnetic rod
over the nucleation medium, involving a reduction in the stirring speed.

Future work on this research should include the analysis of the effect of stirring speed
and the influence of more stirring points on degassing efficacy. Furthermore, a pressure
measurement system would be useful to monitor inlet pressure evolution after clamping
the inlet; since preform thickness measurement during post-filling did not provide absolute
data about the gradient of pressure, it allowed, nevertheless, a qualitative comparison
between different specimens.

6. Conclusions

The effects of some factors (addition of a nucleation medium, HS resin stirring, and
later pressurization and degassing time) on conventional vacuum degassing have been
analyzed through a screening experiment based on a fractional factorial design, with the
aim of finding a really effective degassing procedure to minimize porosity in specimens
manufactured by VI. A detailed VI process has been defined to allow the direct assessment
of degassing efficacy by means of the resin outgassing behavior though final specimen
void content.

Specimen characterization revealed a large magnitude of inter-tow voids, finding
pores even larger than specimen thickness which resulted in a sudden and significant
drop in flexural strength. The results of the screening experiment supported the idea that
conventional vacuum degassing is not really effective and mechanisms to enhance bubble
formation are fundamental. Stirring the resin while being degassed at ≈ 300 rpm arose as
an easily implementable and significantly efficient procedure of reducing final specimen
void content.

These findings are not only crucial to approach the final goal of manufacturing
porosity-free VI parts; but conducting a proper degassing procedure is fundamental in the
analysis of matrix-dominated mechanical properties in VI samples, since the presence of
undesired porosity avoids taking advantage of the full potential of FRPs.

Finally, it is worth pointing out that the results obtained and the conclusions drawn
from the present study are only qualitatively applicable to other experimental conditions,
because outgassing behaviour is closely related to the materials involved and the VI
governing parameters. Moreover, further research is necessary to evaluate the effect of
higher stirring speeds and more stirring points on degassing efficacy.
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