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Abstract

This work presents a correlation between the tremssvpermeability of a preform and the process
variability of the automated dry fiber placementnuiacturing technique. In this study, an experirakent
and numerical analysis of the dry tape preformhwifocus on its through-thickness permeability, been
undertaken. Geometric models, containing flow clegsof two different width dry tape carbon preforms
have been created in the TexGen modeller. A Cortipot fluid dynamics (CFD) simulation has been
undertaken to obtain the predicted through-thickrmeymeability of the dry tape preform. A paraneetri
study on the effect of different dry tape gap sizeshe permeability of the preform is presentedl.idsitu
compaction study, carried out in an X-CT machieggealed that the gap sizes were irregular throuigiheu
manufactured preforms. In addition, an experimeimagstigation of the through-thickness permeapbilit
which is based on a saturated flow condition atiekhess corresponding to full vacuum pressure)ss
presented. The permeability prediction based on XHeT re-constructed geometric model has been
validated using the experimental data. A furtheapeetric study has revealed that the process Vdyiat

automated dry fibre placement influences the thinetlickness permeability by a factor of upto 5.
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1.0 Introduction

Liquid composite molding (LCM) includes a numberoaimposite manufacturing techniques [1-5],
all of which require a vital, yet time-consumingefarming step. In recent past, preforming has been
achieved by 2D/3D weaving, fabric draping, andchtitg. These procedures require high-end textile
processing capabilities, which are expensive, tomesuming, and labour-intensive. The automated fibe
placement (AFP) technique [6-8], is an innovativayvof overcoming many preforming problems. The
process utilizes a robotic arm, which depositsfibgrs onto a complex mold, potentially overcomanyy
fabric structure variability and variations in lbd¢dber volume fraction, while draping in complex tight
corners. This technology has been successfullygmehted on the wing box of recent MS-21 airplarg an
C frames of upcoming aircraft fuselages [9, 10]cérely, a number of commercial dry fiber tape
reinforcements have been developed, examples beidgectional carbon fiber tape from Solvay (PRISM
TX1100 UD-dry tape) and Hexcel (HiTape).

The dry fiber tapes offer cost and weight advardageer traditional thermoset prepreg systems, by
keeping the raw material and, finished preform anm temperature with unlimited shelf life [7]. The
modern dry fiber tape manufacturers use bindinghisgir good tack to the mold, and subsequent $ayer
when heated, and a permeable veil between thesffbebetter resin impregnation. In order to allloigh-
speed production, a powerful heating source such laser, has to be incorporated to activate thdebi
Furthermore, the response time of the heating deneeds to be as rapid as possible, to avoid gny pl
spring-back [11]. It is well known that, fiber réimcements exhibit viscoelastic compaction respgtge
14]. Tape compression through AFP rollers also playgnificant role in determining the final pactadjty,
given that the first ply will be compressed sevdiraks, while the last ply will be compressed oohce
and the resulting preform may be non-homogeneotlseithrough-thickness direction.

Permeability is the ease with which a fluid carmflthrough a reinforcement and is primarily a
function of the reinforcement architecture andfilter volume fraction. The fibrous reinforcemerat®
dual-scale porous media and generally exhibit gifie permeabilities in different material directon.e.
the values of the two in-plane permeabilities; &nd kK,, and the through-thickness permeabilityg, kare

different. Although determining the complete perbikty tensor is important, the through-thickness



permeability is crucial in controlling the finalithness of the cured product. With increased prefor
thickness, the influence of through-thickness pafoigy on LCM processing of composites becomes
increasingly significant [15-17]. When resin inject is facilitated in transverse direction, by usia
distribution medium, such as in the Vacuum Assifedin Transfer Molding (VARTM), & becomes the
dominant parameter. Experimentally, the througbkimess permeability is determined in a saturated fl
regime, as compared to transient flow for the mpl permeability. This is primarily because ofidifities

in monitoring the flow advancement through thekhess of the preform [18].

Recent work on permeability of dry tape preforms fecused on the experimental analysis by
varying gap sizes, binder amounts, layup sequeawd, tufting of preforms, in order to enhance the
permeability [19, 20]However, no study has considered a detailed expetah and computational
modelling approach for permeability predictionsA¢iP dry tape preforms. The main objective of this
research is to correlate the variability of theoawsited dry fibre placement process, and the through
thickness permeability of manufactured dry tapdagones. A detailed finite element analysis using a
geometric model of the preform, in-situ compactionan X-ray computerized tomographic (X-CT)
machine, parametric studies on the gap sizes fwiezft resin flow, permeability computations based
on the re-constructed geometry of the preformsr aftanning, and finally, experimental validation

through permeability experiments is developed. fblewing summarizes the step-by-step approach,

i.  Two different dry tape based preforms, with a ta@8 mm gap size between the tapes, were

manufactured using an automated fiber placemenhime.c

ii. Geometric models of ideal dry tape preforms weeatad in the TexGen modeller, with the
focus on determination of their through-thicknessmeability.

iii. A parametric study on the effect of varying the ga@ on the permeability was conducted.

iv. A detailed X-CT analysis of the dry tape prefornasnpacted inside the X-CT machine was
undertaken, highlighting the variability in the ggmoduced by the AFP machine.

v. The scanned structures were re-constructed in Tex@edelled and the through-thickness

permeability was compared with the experimental mmderical results.



2.0 Materials

The dry fiber tapes (PRISM TX1100) used in thigdgtwere supplied by Solvay, Wrexham, UK. The
dry tape uses a proprietary veil and binder teasgolhich is incorporated to improve resin flow a@adk.
The preforms were manufactured using the AFP matwiag process. Here, a robot with a 6 kW laser
mounted on the Coriolis end-effector, was useddoethe fibers on a flat mold. The heat generbiethe
laser was sufficient to activate the binder thasueed bonding of adjacent tows. The panels were
manufactured after adjusting the tow gap to fat#itresin flow. Preform A, having 6.35 mm, and &mef
B having 12.7 mm wide tapes with targeted inteetgpps of 0.2 mm were investigated, see Figure la.
Each preform consists of 24 layers with a stackeguence of [+45/0/-45/9Q] giving an overall thickness
of 5.15 mm. For the fibers, unidirectional TenaxS65 carbon fibers with a filament diameter of 5 um

were used.

3.0 Model Development

In this study, 3D geometrical models of the carfiber dry tape preform were created in the TexGen
modeller using a graphical user interface (GUi{yo geometric definitions are considered here ideal tape
placement with uniform gaps of 0.2 mm, and theisgaltape placement with varying gap sizes. Fodetiong
the realistic tape placement, the width, height @aiative location of individual tow gaps were maasl from
the X-CT scan data using the ImageJ software. Té&ad5€n model was then constructed from the measured
parameters. The TexGen model was meshed and ed@atan input file for the flow analysis in ANSY 32X
The workflow between TexGen and ANSYS is detailethie online tutorial [21]For modelling the ideal tape
placement, the dry tape geometries were modellgageashe manufacturer’s data, the veil and the drind
was ignored in this model for simplicity. For theydape preform studied here, the tapes were asttione
be impervious to flow given that the permeabilitshich can be approximated by the tow volume frarctio
using Gebart’'s model [22], is typically two ordefsmagnitude smaller than the macroscopic permigéabil
[2, 3]. Hence, steady-state flow through the chinmas modelled, given that the fluid will travebre

rapidly through the gaps between the tapes. Thignagtion greatly reduces the computational coshef



flow simulation. Figure 1b shows a dry tape prefanodel, created by stacking layers of quasi-isatrop
unidirectional tapes. In order to discretise thefgmm into a computational mesh, appropriate nusibed
types of elements were defined in the X, y andections.

Computational fluid dynamics (CFD) simulations werarried out using the commercial code
ANSYS/CFX for the permeability analysis of the gexted matrix mesh imported from the ANSY S/finite
element modeller. In the CFX-Pre processor, thenbary conditions are defined. The preform with a
stacking sequence of [+45/0/-45/90has no in-plane periodicity in a Cartesian corditedsystem. The
experimental sample size was 100 mm in diametenodel of similar size was not used instead, the
numerical model was maximised to the size 50 mn@ xnsn. Larger size models produced similar results
but at the expense of high computational time ayeisc Two types of boundary conditions, symmetnid a
a non-slip wall for the side faces were initialysted. The permeability predictions resulted infler@nce
of approximately 0.2%. The current model was noisiie to the boundary conditions of the side $ace
hence, the default boundary condition of a non-slgil was applied on the side faces for all subsatu
analyses. The top face was applied with a uniforesgure of 1 Pa, while the bottom face was applitil
a uniform pressure of 0 Pa. The pressure dwopherefore equates to 1 Pa, which induces a nassri
the through-thickness direction. Figure 2(a) shaomes boundary conditions for the dry tape used & th
ANSYS model for through-thickness permeability pcédns. The numerical study conducts a laminar
flow simulation, with a pressure length of 4.8 mine, the thickness of the compressed preform under
vacuum pressure. The non-slip wall boundary comafitivere specified at the four side surfaces oflthe
domain, as well as between the tapes and the ifigdfaces for the through-thickness flow simulatio
Figure 2(b) and 2(c) show top surface views of AMSYS models for Preform A and Preform B,
respectively.

Once the simulation parameters were defined irCiR¥-Pre processor, the CFX-Solver was used to
run and solve all of the flow field variables fdow simulation based on the discretisation of thevilr-
Stokes continuity and momentum equations [23]. ASSEFD-Post was used for post-processing the
simulation results and to obtain the necessaryrimftion for the permeability calculations. Duringet

post-processing stage, the flow paths are visuhbg® volume averaged mass flow-rate is obtaindgth W



the applied pressure gradient and known geomédteypérmeability through the gaps between the tepes
calculated according to Darcy's law [22]. To obiaireasonable balance between accuracy and coipputat
time, the accuracy of the CFX calculations to thesmsize was assessed, based on convergence of the
predicted through-thickness permeability of the AfPe. To summarize, the processes involved in
modelling the through-thickness permeability igstrated in the form of a flowchart in Figure 3igstudy

also involved a numerical parametric study to o@the through-thickness permeability of PreforrmB

a 50 mm x 50 mm model. To explore the effect ofywvay the gap size, values of 0.1, 0.3 and 0.4 mmewe
considered. A further investigation was carried loytalternating the reference 0.2 mm gap with 0.3,

and 0.4 mm gaps. The gap height of 0.2 mm was aiagd constant throughout.

4.0 Experimental
4.1 Microscopy and X-CT Analysis
Initially, the preform morphology was investigateg examining tape cross-sections under optical

microscopy. The tape fiber volume fractidf,was estimated using ImageJ software [24],

Ar (1)

where A, is the cross sectional area of a single fiberhin image A, is the total area of the tape image
under investigation, ani is the total number of fibers in the image. Fiveasurements were taken at
different locations for each tape to achieve maaieate results.

The X-CT images were obtained using a®GEhoenix Nanotom device to study the microstructire
the preform, specifically the gaps between thedaped0 mm diameter compaction fixture was insthite
the X-CT machine with a load cell capacity of 5 Khhe 40 mm diameter preform samples were placed
between the two platens, and a compaction forcévalgmt to full vacuum pressure was applied at the
crosshead speed of 0.5 mm/min. After one hour, wtmmnplete stress relaxation of the preform was
achieved, scanning was undertaken at voxel siz5ofum. The X-CT experimental set-up and an

illustration of image acquisition are presentedrigure 4 (a,b). The commercial packages, VGStudax M



and GeoDict, were used for data processing, evatua@nd the gap analysis. A bimodal threshold was

applied to the voxel intensity histogram to segnikatpores and the preform [24, 25].

4.2 Through-thickness Per meability Experiments

Following the microstructural analysis, the throtigltkness permeability was measured using an
existing saturated unidirectional flow measuremeevice, as shown in Figure 5(a,b). The device was
housed within a 300 kN MTS testing frame, allowfngaccurate control of the sample thickness, éed t
potential for simultaneous compressibility and peaility measurements. In the 150 mm diameter
cylindrical fixture, thethrough-thickness flow area had a diameter of 1@ the flow direction is from the
bottom inlet to the top flow outlet, passing thrbuge sample held between the plates with holehasn
in the schematic in Figure 5(b). The sample theslen(4.8 mm corresponding to 58.5% was ensured
using a linear variable displacement transducerL) sensor, allowing for the calculation of acti&l

values. The through-thickness permeability was agetbfrom the measured flow rate using Darcy’s law;

_ Qhu (2)
37 A.AP

whereQ is the volumetric flow rate through the samplés the imposed cavity thicknegsjs the hydraulic
oil (test fluid) viscosity, 0.078 Pa.4,is the cross sectional area, am®lis the applied pressure difference.

Due to limited availability of the materials, thregperiments were conducted for each of the perititgab

characterization experiments to get an averagesvalu

5.0 Resultsand Discussion
5.1 CFD Prediction on the Effect of Gaps on the Permeability

The FE flow simulations were performed on Preformar@l Preform B, as shown in Figures 2 (b,c).
The flow velocity values were obtained from the Cpost-processor and the permeability was calculated
by applying Darcy's law. It is necessary to do aslmaensitivity analysis before validation of the
permeability value, since the number of meshed efgsnthrough the gap width and thickness will gffec

the accuracy of final results. To assess the sengiof the permeability prediction, flow simulath on



Preform A was chosen for this study. The finiteredat model was meshed using eight different mes#ssi
from 0.12 to 0.03 mm, with the number of nodes nagmérom 128,000 to 2,473,000, as listed in Table 1

Figure 6 summarizes the findings of this mesh s$eitgi analysis, where the relationships between
the number of nodes and the predicted permeabitityCPU run time are shown. The figure shows tiet t
predicted permeability decreases as the mesh irsedeftending towards a constant value when a very
detailed mesh is employed. Closer examination glifei 6 and Table 1 suggests that a model with 650 x
10° nodes is sufficient with a 90% confidence leveth# converged prediction. The resulting modelhwit
an element size of 0.05 mm, was deemed to represamtable compromise between model accuracy and
overall CPU time.

Table 2 presents the predicted CFD results fothiheugh-thickness permeability of Preform A and
Preform B. The % gaps in the 3D design is basethematio of the volume of gaps to the total voluofe
the domain. The permeability in the through-thickdirection obtained from the CFD analyses ofd?Pnef
A and Preform B were 3.87 x 19and 3.65x18* m?, respectively. Clearly, the permeability of theform
based on the 12.7 mm wide tapes is approximately l@ver than preforms based on 6.35 mm wide tapes.
A higher flow channel density can be observed &fd®m A compared to Preform B, as shown in Fig@res
(b,c). This visual observation suggests that thenpability is much higher in Preform A, which agsesth
the computational permeability results.

Figure 7 and Table 3 present the calculated perititgabalues for different gap widths for the
Preform B. The bar chart gives the predicted pehiligas of preforms with inter-tape gaps of 0.12,00.3
and 0.4 mm and compares these values to thoseefufrms with similar gaps that alternate between 0.2
mm spacings, for example, 0.1, 0.2, 0.1, 0.2 mm Att examination of the figure shows that the
permeability increases rapidly as the width of gja@ between the tapes is increased from 0.1 tont4
For example, the permeability for the smallest gap based preforms is 9.61 x20n? whereas that for
its 0.4 mm counterpart is 1.34 x f0n?, i.e. over one order of magnitude greater. As ebquk alternating
the gap size by introducing 0.2 mm wide spaces dé@tvihese gaps serves to increase the permeaibility
the 0.1 mm gap based preform and decrease thoeeiadsd with the 0.3 and 0.4 mm systems. It is

interesting to note that the values for the altiénga0.2/0.4 mm tape gaps in the preform with aerage



gap size of 0.3 mm exhibits a slightly lower perbikiy than the standard 0.3 mm gap based prefamm,

spite of the fact that the % gap is the same ih bases.

5.2 Microscopy and X-CT Analysis

The cured preforms were examined under an opticarostope to physically study their
microstructure. Figure 8a illustrates a typicalssrgection micrograph image for Preform A follownegin
infusion. It can be observed that the unidirectidieers form an almost circular shape for the @@t of
plane) tape and close to an oval shape for thad@®. A gap due to surface veil and binder caddmrly
identified as a darker region of approximately 20gize in between the layers. Figure 8b shows aseros
section image consisting of the 90° fibers analyssdg the ImageJ software. The fibers can be gebe
scattered, with the more compact fibers being pdékea hexagonal arrangement. Measurements yielded
an average fiber diameter of 5 um. By calculathmgydrea of a focus part of the tape, the areaabf flaer
and the number of fibers, the average fiber volfmraetion of the entire individual tape was estindate be
0.74 in a 0.585 fiber volume fraction preform.

Microscopic inspection of Preform A and Preforméealed that there were some irregularities in
the gap sizes. Hence, a pore size distributionysivats conducted on the preforms via a X-CT scam Th
specimen has a thickness of 4.8 mm under full viagland the experimental data shown in Figure 9 were
obtained by decreasing the thickness from the upcessed value to 4.8 mm, and then maintaining the
thickness at this value during the relaxation psscé& he first phase starts with a rapid increaskedrelastic
region with time. The stresses reached a peakmamately 0.12 MPa for both Preform A and Preform
B. An abrupt drop in stress occurred and the pre$ocontinue to relax at a constant value with iasireg
time, until there is no further decrease. A dethi®eCT scan was performed on the preform when stres
relaxation was not observed anymore.

The re-constructed images of the preforms takem fiiee X-CT machine were analyzed using the
VGStudio MAX software. Figure 10 (a,c) shows typi8® X-CT scan images with the total volume of
tapes and gaps captured. These images were traasterGeoDict software, where the software ineigr

the tapes as a solid section and pores as gapseFig(b,d) shows the gap analysis images for Rrefo



and Preform B from GeoDict. A closer inspectiontloé Figure 10(d) image reveales that some gaps are
noticeably wider than others. From these imagey, fiiee isolated gaps can also be observed, hilgtifig

the binder material region. From the gap distrimutanalysisjt was found that the measured % gap of
Preform A and Preform B were approximately 1.5% 31586 respectively.

Figure 11 shows the X-CT image slices of the prafat selected depths, corresponding to plies
oriented at +45°, 0°, 90° and -45° to the referelireetion. An examination of the figure indicatbat the
gaps in Preform A are typically smaller than théapated value of 0.2 mm. The average gap widthbe
+45°, 0°, 90° and -45° layers were 0.14, 0.14, aritb0.15 mm, respectively. A number of large gaes
apparent in Preform B, with values as high as In® imcases. In this case, the average values éogabp
size in the +45°, 0°, 90° and -45° layers were, @3B, 0.25 and 0.26 mm, respectively. Howeveie tiuat
for both preforms, some gaps are clearly visibldembthers are difficult to distinguish.

The experimental through-thickness permeabilityrati@ristics of the AFP preforms based on the
two different tape widths are summarised in TableTRe average permeability of Preform B is
approximately twice that of Preform A, with the ffizer being 1.85 x I8 m?and the latter 8.31 x T0m?.

It was noted that the permeability variation infBren B was more evident than in Preform A, due to
limited availability of the raw materials and prefes, only an average of 3 experiments is presefited.
unpaired two-tail Student’s t-test was performedreasure the statistical significance between wee t
groups of samples. The two-tailed p-value of 0.6@ws that, the difference is not quite statisticall
significant. The higher degree of variation in Bref B causes the p-value to be slightly higher ttren
conventional criteria of 0.05. The permeabilitiesided from CFD (geometrical design based) simoitei
are compared with experimental data in Table 2eRamination of the table indicates that the CFD @hod
for Preform A overestimates the average experinhetdda by over 4.7 times. This relatively large
discrepancy is related to the idealised geometay was employed in the CFD models, where the hctua
dimensions of the test sample were not considedadexamination of Preform A in the X-CT scan
revealed that the % gap in this sample was appmteiyn 2.1 times lower than that in the CFD modeis.
contrast, Table 2 shows that the CFD predictionFfeform B underestimates the experimental value of

permeability by approximately 5.1 times. As befdhes can be explained by the difference in thesuezd



and calculated % gaps, where the % gap in the >X6€ih being approximately 2.3 times greater than tha

in the CFD model.

5.3 Effect of Tape Placement Variability on the Per meability

The X-CT analysis showed the significant geomatiiference between the idealized preform model
and the actual preform. This geometric differenesulted in the fivefold deviation between the
permeability prediction and the experimental d&tais finding strongly suggests that more consistent
control of tape placement process would be desrahl order to achieve the target permeability.sThi
section attempts to quantify the exact effect pétplacement variability on the measured permegbilhe
accurate assessment of permeability was obtairredgh the geometric modelling of preform variakilit
The X-CT scans provided the basis to re-constrhet precise preform geometry. The gaps were
individually quantified for each ply orientation,ittv the measurements of cross-sectional width, seros
sectional height, and distance of ply shift. Anothrdormation was on, whether gaps disappearedtdue
tape overlap, this being the case for Preform Anshim Figure 11. Following the approach described i
Section 3.0, the geometric model was constructeltexGen to accurately replicate the X-CT scan. fégu
12 presents a through-thickness view of the stagkgd in Preform A and Preform B. The TexGen models
were closely matched with the X-CT scan in termghef gap dimensions and the gap connections. The
TexGen model was meshed using a voxel elemento$ife05 mm. This element size was based on the
mesh sensitivity study described in Section 5.% Sthbsequent CFD analysis and permeability caloalat
followed the procedure described in Section 3.0.

Table 2 also lists the CFD predictions based orréhsonstructed X-CT geometric models. For both
preforms, the CFD models accurately predicted terame experimental values with the greatest error
being approximately 10%. Permeability inherentlhibis a large standard deviation, due to reinforest
deformation and measurement procedures [26]. THé #iscrepancy associated with the numerical
prediction is considered as the extremely goodltelsthas always been a challenging task to adelya
predict permeability of reinforcements due to falaichitectural variability. With advanced geoneand

stochastic modelling approaches, the numerical igiieds have significantly progressed, bringing



predictions much closer to experimental values 8], In the present study, the CT scans provideex
fiber architecture and variations in gap sizeshmactual preform sample. Also, the AFP dry prehave
simple geometric features compared to a woven aranionp fabric. The CT scans and relatively simple
fiber architecture allow accurate geometric repreeons in the numerical modelling to achieve
permeability predictions as close to experimensdies.

For Preform A, in comparison to the idealized modated on the material geometrical design
(Figure 2b), the re-constructed geometric modderhl in the gap width by 20% narrower in average
number of gaps was 27% less in the re-constructsmngtric model due to the large number of tape
overlaps. Tape overlap occurred in all the ply ria&ons. Here, we define the Tape Overlap Ratthas
number of missing gaps over the total number ofsdagsed on the material design, times 100%. The
Preform A was more prone to in-plane misalignmérdan Preform B due to its narrower width. Hence, th
tape placement process caused greater levels ebtaglap in Preform A. The narrower gap and tipe ta
overlap decreased the permeability to just 20%hefitlealized material design. For Preform B, the re
constructed geometric model had the much wider,gapsaverage 300% that of the idealized model. The
robotic arm failed to achieve the 0.2 mm tape gaPrieform B. As a result, the realistic permeabiitas
four times greater than the target permeabilityugabbtained from the idealized design. The largesga
measuring up to 1.5 mm in Preform B, would likedybecome resin-rich regions in the finished contgosi
part. The resin- rich regions would represent paierpaths for crack propagation, leading to a
compromised mechanical performance.

The validated re-constructed TexGen model was adajat perform parametric studies on the tape
placement varaiblity. The Tape Overlap Rate was #v#reform A model. By adding the missing gaps in
sequence to the ply orientations %480, -45°, and G, the Tape Overlap Rate gradually decreased to 18%,
9% and 0%. Also, by removing the existing gaps ftomvalidated TexGen model, the Tape Overlap Rate
increased up to 41%. The adapted models were thalyzed using the CFD analysis. Figure 13 (a)
presents the sensitivity of predicted permeabiiitythe Tape Overlap Rate. The Permeability deceease
linearly with the Tape Overlap Rate. Permeabilégahed zero when the Tape Overlap Rate exceeds 50%

and the gap connectivity was eliminated. Througbkitess permeability is highly dependant on the



connectivity of gaps. Figure 13 (b) highlights theantified effect of tape placement variablity. ifakthe
idealized preform design as the baseline, the nstoacted model with varied gap sizes had the most
significant impact, with a 60% decrease on the ughsthickness permeability. Further, to combine the
varied gap size and the Tape Overlap Rate (modetltia actual preform), the Tape Overlap Rate led to
further 18% decrease in permeability. The parametudies suggests a consistant control of gaphwadt

critical in the tape placement process to achikeadesign target for permeability.

6.0 Conclusions

An innovative modelling and experimental approaels been sucessfully applied to correlate the
through-thickness permeability and the processabdity of the automated dry fibre placement preces
versatile numerical model has been created andatali using experimental permeability measurements.
Realistic TexGen models re-constructed from theTXs€an, resulted in accurate permeability predistio
with £10% deviation from the experimental data. TR€T analysis, coupled with the in-situ compaction
loading, provided the accurate 3D data of prefoefoamation. Supported by the accurate 3D geometric
scan data, the numerical modelling technique becameffective tool for predicting permeability by
incorporating the process variability of automafier placement. The precision of automated dryefib
placement can influence the distribution of gapesénd tape overlap rate. By considering the AFP
variability, the permeability would deviate frometharget value based on the material design bytarfaf
5. The study has revealed that the deviation afnpability was primarily due to gap size variati@®%o
contribution) and tape overlap rate (18% contritmijti This evidence confirms that precise controthaf
gap size in automated fibre placement preformshés most critical parameter to achieve the desired
permeability. The modelling procedures develope@ihecan be employed to produce AFP preforms that

exhibit a superior flow behavior and mechanicaperties.
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Figure 1. (a) Photograph of Preform A, a 6.35 mrmendry fiber preform based on a gap size of 0.2 mm,
(b) ANSYS model of Preform A, created by stackidda&yers of unidirectional tape in a [+45/0/-45/20]
stacking sequence.
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Figure 2: ANSYS model for through-thickness pernil@gipredictions, (a) Summary of the boundary
conditions used, (b) Top view of Preform A and,Top view of Preform B.
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Figure 4: Experimental set-up of (a) the GE Phedtarotom X-CT machine with compression fixture
and, (b) an illustration of X-CT image acquisitiorocess.
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Figure 5: Photographs of (a) the fixture installed MTS machine with bottom half of the fixtureos¥ing
plate with holes and, (b) a schematic of the thietlgckness permeability experiment.
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Figure 6: Mesh sensitivity study showing the numdfanodes required for convergence
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Figure 7: Parametric study to assess the effegapfsizes on the permeability of Preform B.
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Figure 8: Cross-sections of Preform A after resfnsion, (a) close-up of two plies, and (b) clogeefi
individual fibers.
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Figure 9: Stress relaxation plots during comprestesting of Preform A and Preform B in the X-CT
scanner.
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Figure 10: GeoDict analysis showing the distriboitod pores in (a, b) Preform A, and (c, d) Pref@m
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Figure 11: X-CT images taken under compressiorrefioPm A and Preform B showing the variability of
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gap sizes between different plies.
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Figure 12: Through-thickness view of the stackepsga X-CT 3D scan and TexGen 3D model re-
constructed from the X-CT scans for (a, b) Prefésnand (c, d) Preform B.
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Figure 13: The effect of tape placement variabiitythrough-thickness permeability based on the CFD
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List of Tables

Table 1: Details of the mesh sensitivity analysisthe model of Preform A.

Number of Nodes i » i )
FE Model ID 10 Mesh size [mm] Permeability [fh | CPU time [minutes]
g22-12 128 0.12 8.05 x 18 2.04
q22-10 156 0.10 7.39 x 10° 2.43




q22-08 221 0.08 5.06 x 10" 3.71
q22-07 317 0.07 4.45 x 10 4.49
q22-06 606 0.06 4.12 x 10° 6.82
q22-05 648 0.05 3.80 x 10'® 7.87
q22-04 1,057 0.04 3.67 x 10" 12.34
q22-03 2,473 0.03 3.36 x 10 25.47

Table 2:Gap and permeability values for the dry tape prefprsimulations vs. experiments.

% Gaps Permeability [rf]
i %Error
Tape Experiment %Error
Preform| (Exp
width . X- Unpaired| CFD CFD (X- | (Exp vs.
sample Design . . vs. X-
(mm) CT Test Average t-test (Design) CT) Design) cn
p-value
8.51 x 10" .
Preform - 4 3.87x | 7.47x10
6.35| 31 | 15| 7.66x10" | 8.31x10 s 366 -10
A 10 14
8.75 x 10"
0.07
2.52 x 10" .
Preform 3 3.65x | 2.04x10
12.7 15 35 [ 1.09x 10 | 1.85x 10 14 -80 10
B 10 13
1.94 x 10°

Table 3: Details of the CFD parametric study ondfiect of gap size on the permeability of Pref@m

) Alternate
_ % Gaps Gap width _ -
FE Model ID Tape width [mm] - gap width Permeability [M]
mm
[mm]
h50-01 12.7 0.8 0.1 - 9.61 x 10"
h50-02 12.7 1.5 0.2 - 3.65 x 10
h50-03 12.7 2.3 0.3 - 8.24 x 10




h50-04 12.7 3.0 0.4 - 1.34 x 10°
h50-21 12.7 1.1 0.1 0.2 1.95 x 16
h50-23 12.7 1.9 0.3 0.2 5.62 x 16
h50-24 12.7 2.3 0.4 0.2 7.31x 16




