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ABSTRACT

3D braided material based on space group p3z symmetry has not been used
in industrial production although the braided fabric has been proved to
have excellent properties. Considering that plate 3D braided fabriciswidely
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used in some fields, the processing of plate 3D braided material based on
spacegroup p3 isfirst proposed. Based on the novel geometry structure of
space group p3 Ssymmetry, the yarn arrangement and motion law of the
carriersof plate 3D braided materid are studied. The fiber volume percentage
and itsvariationtendency of the plate 3D braided material are predicted by
establishing mathematical model. Plate 3D braided material based on space
group p3 symmetry has excellent properties and lays the foundation for

industrial applications.

INTRODUCTION

3D braided composites are widely used in aero-
space, automobilesand weagponry industry because of
itslight weight, highintensity and excellent performance.
The performance of braided fabricisrestricted by 3D
geometry structurewhich isachieved by braided pro-
cessing. Most researches still focused on 2-step and 4-
step brai ding method whose processing isrelatively
simple, and the yarn only moveinthexandy direc-
tion™. Themicrostructuresof thesebraided fabricsare
established and yarn orientation and fiber volumefrac-
tion are analysed™™®. Based on the research of micro-
structure of the brai ded fabrics, mechanical properties
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and other propertiesare studied®®. Braided performs
with various cross sections can be obtained by certain
processing®™. Thereducingyarn processingiswidely
used when braiding irregular shape of 3D braided fab-
ricg®19, Braiding angleisakey factor to many proper-
ties of braided composites12,

Thebraided processing based on space group p3
symmetry can make the yarn run through in every
braided direction when the carriers move in each
layer’™™, Whenthebra ded fabric reachesacertain thick-
ness, awhol e structure can be obtained while need not
to adopt adding yarn, reducing yarn or transforming
braided direction like4-step braiding method.

Thesymmetry of the brai ding geometric structure
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isdescribed using crystal symmetric group theoretical
methodsin 2005, and then aseriesof novel geometry
structureisdeduced® ., Thegeometry structurewhich
has the symmetry of the space group correspondsto
spacegroup pz. A nove geometry structure of unit cell
isdeduced by using the point group S6 corresponding
to symmetry operations®®. A novel geometry structure
can beobtained by transforming thenew cdll symmetri-
cally according to the symmetry described by space

group .

PROCESSING BASED ON SPACE
GROUP p3 SYMMETRY

Thelawsof thecarriers’ arrangement

Inthenove braided processing, dl of theyarnsare
divided into two groups: oneisbraided yarn that moves
inthe carrier plane according to certain rules, and the
other isenhanced yarn that does not move. Thearray
of thetwo groupsof yarnisshown asFigure 1.
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Figurel: Carrier array inthecarrier plane.

Hexagon cell

Figure2: Hexagon cell array.

AsshowninFigurel, thecarrier planecan beseen
asanumber of hexagon cellsarranged according to
certainruleswhichareprovided in Figure 2, and exter-
nal yarns are arranged around the outer edges of the
hexagon cdlls. Therulesof hexagon cell aray aregiven
by Figure 2. Every hexagon cell sharesonevertex with
adjacent hexagon cdll inxdirectionand their geometric
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centersareinadraight line. Hexagon cdll iny direction
istrandated horizontally for aradiusvaueof circum-
scribed circleof itself, so one hexagon cell joinswith
four hexagon cellsand shares one vertex with each of
them.

Interior yarnsarearranged in every vertex of the
hexagon cells(theblack dot in Figure 1). Motionless
enhanced yarnsare arranged in the geometric centers
of hexagon cellsfor enhancing the axial mechanical
properties (theblack hexagonin Figure 1). External
yarnsarearranged around the outer edgesof the hexa
gon cellsinorder to congtitute equilateral trianglewith
both ends of the edges.

Themotion lawsof thecarriers

Themotionlawsof thecarriersarestudied according
tothestructurd featuresof thenew 3D yarn-crossstruc-
ture. The shape of the carrier driver is designed as
showninFigure3.

Carrier

driver

Carrier Yamn

Figure3: Thearray of carriersanditsdriver.

AsshowninFigure 3, theyarnisarranged inthe
center of thecarrier, andthecarrierisarranged arround
thecarrier driver. Threecarriersaredrove by onecar-
rier driver. Thecarriersaredroveby carrier driver which
turns 120° every step. Three carriers and one carrier
aredefined asadriver group.

Thecircleswith arrowsin Figure 4 are defined as
driver groupsand thedirection of thearrows meansits
movement direction. Thegeometrical centrelines of
driver groupsarenumbered inArabicasshowninFig-
ure4.

e Everythreecarrier, whichconss of two carriersat
theend of every edge of the hexagon cellsand one
carrier that can condtitutesequilatera trianglewith
both ends of the edges, is drove by one carrier
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driver. All of thedriver groups can bedivided into tently but synchronoudy inthe same group.
two groups. anticlockwisegroupwhoseserid num- e Six driver groupsa so make up ahexagon cell as
ber of geometrical centrelineisodd and clockwise showninFigure5. Themovement direction of ad-

group whose serial number of geometrical centre jacent driver group isopposite. Thespecificmove-
lineiseven. Different driver group moveintermit- ment rulesareshownin Figure6.
Direction of driver  Driver Direction of braided Braided  Enhenced Centre line of

group movement group yarn mo \«.m-.nl ydl’n yarn driver group

Figure4: Thearray of carrier driversand themovement rulmof carriers.
Themovement of threecarriersnamedas ‘X, ‘Y’

and ‘Z’ is studied for obtaining the movement rules of
carierseasly inFigure6. Driver A, B and C run coun-
terclockwisewhiledriver D runsclockwise. The new
brai ded processing dependsontheintermittent and cir-
cular movement of thetwo groupsof driversinthepeci-
fied direction. First, driver A, B and C run counter-
clockwisefor 120°. Carrier X moves from x,tox,,Y
movesfromy,toy, and Z movesfromz toz,. Sec-
ond, driver D runsclockwisefor 120°. Carrier X moves
fromx,tox,, Y movesfromy,toy, and Z movesfrom
z,toz,

Direction of driver
group movement

Figure6: Movement rulesof carriersand itsdriver. [ Ay
Asshownin Figure5, six driver groups compose Figure 7 : Emulation model based on the new braided

one hexagon cell. A, B, Cand D in Figure 6 are de- processing™.
fined ascarrier driversand x, y and zmean coordinate AsshowninFigure7, plate 3D braided material
pointsthat carriers passed by. can be obtained by repesting thetwo steps.
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THEMOVEMENT TRAJECTORIES
OF THE CARRIERSBASED ON
BRAIDEDPROCESSING OF SPACE
GROUP p3 SYMMETRY

The movement trgectories of the carriersinthe
carrier plane can be deduced by analyzing the move-
ment of carriersin different positionsaccording to the
movement rules, asshownin Figure8.
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Figure8: Movement trajectoriesof thecarriersinthecarrier
plang®,

Theseblack dotsin Figure8indicate carriers’ po-
gtion; thegtraight linesmean movement trgectoriesand
thearrowsexpressmovement direction. All of the car-
rierscan returnto their point of origin along thetragjec-
toriesinthemovement direction, and theprocessingis
defined asamovement cycle. Theresulted movement
track of acarrierisshownasFigure 8 (a) or Figure8
(b) depending onthemovement order of thetwo groups
of drivers.

THE CALCULATIONOFTHEFIBER
VOLUME PERCENTAGE

Theunit cellsof theplate 3D braided material

3D braidedfabricsaredividedintointerior region
with no externa yarn, surfaceregionwith oneexternal
yarn and corner regionwith two externa yarnsasshown
inFigure9.
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Figure9: Unit cellsof theplate 3D braided fabric.

(a) Interior unit (b) Face unit
Figure10: Fabricunits.
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(c)Corner unit.

Theunit cell mode saregivenin Figure 10. Interior
unit, faceunit and corner unit arerespectively shownin
Figure 10 (), Figure 10 (b) and Figure 10 (c).

Basic hypotheses

e Thesectionof theyarnisassumedto bedliptical,
and the two axes of elipse are 2a and 2b. The
section of theenhanced yarnisassumed to be equi-
lateral hexagon, and thelength of itsedgeisR.

e Theratio of projected areain acertain direction of
onelayer fabric and one unit’s projected area in
thesamedirectionishbig enough.

e Thelengthof thesngleexternd yarninthefaceunit
andinthecorner unitisequal to thelength of the
singleyarnininterior unitinabraid pitch.

Geometric parameters used for describing 3D
braided fabric

(a) Number of braided fabricunit-cedlls

Thenumber of unit cellsinthe outermost layer is
assumed as n, and the row number ism. The number
of interior, corner and face unit-cell can be expressed
separately asN,, N_and N.. Numbersof braided fabric
unit-cellsare

2
N=mn+M (@)
Nf = 2(m+n)-10 ©)
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Nj =N-Nf —=N¢ 4)
(b) Braidingangle

Therearetwo kindsof braiding angle: face braid-
ingangleq, interior braidingangleS. They aregivenas
follows

tana = (R +2v/3b)/3t ©)
2b
tanﬂ:(R+\/§)/t (6)

Figurel2: Interior braiding anglep.
Thefacebraidingangle candinterior braidingangle
P arerespectively expressed in Figure 11 and Figure
12.

(c) The cross-sectional area of the fabric A and
thetotal volumeof thefabricU

They aregivenasfollows:

38Y3

A = (3J3R +8b)(25R + 3 3 b) @)
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3

U = 2At = 2t(3V3R + 8b)(25R +

b) ®

(d) Thetotal volumeof theyarnin thefabricUy
It can beexpressed as.

Uy =168mab (R + 2b/+/3)/sinp + 24zab

\/9t 2+ (R+2y3b)? + (75y3R 3 + 150R 2b)/tanB ©

(e) Thefiber volume per centageV,
It can beexpressed as:

Uy
Vf =X 100% (10)

(f) Therelation between thefiber volume per cent-
ageV, and theyarn packing factor

Theyarn packingfactor, theorigind cross-sectiona
areaof braided yarn and theoriginal cross-sectiona
areaof enhanced yarn canbeassumedas/, S and S,

=S (1)
AS] = mab (12)
ASy = ? R2 (13)

Fiber volume percentage of the 3D brai ded fabric can
bederived as

Vi =f(.B) (14)
Thevariation tendency of V. can be expressed asFig-
ure13.

»

T

A

Figure 13 : Tendency of 3D braided fabric fiber volume
per centage.
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Asshownin Figure 13, thefiber volume percentage V,
decreaseswith theincrease of theyarn packing factor
A, whileincreaseswith theincreaseof braiding angles.
Suitable braiding angle and yarn packing factor can be
selected inthe certain braided processing according to
Figurel3.

CONCLUSION

Plate 3D braided processing based on space group
pz Symmetry isfirst proposed, including carriersar-
rangement, movement rules of thedriversand move-
ment trgectoriesof the carriersof thebraided materidl.
Plate 3D braided materid fiber volume percentage and
itsvariationtendency are predicted by establishing geo-
metric modd. Thefiber volume percentageof plate 3D
braided materid ismainly affected by theyarn packing
factor and braiding angle. Thebraided processing based
on spacegroup p3z Symmetry ismore convenient when
braidingirregular fabric and thefabric hasbetter prop-
ertiesand structurd integrity. Thevariety of 3D braided
material isenriched by researching plate 3D braided
processing based on space group symmetry and the
research laysthefoundation for industria gpplications.

REFERENCES

[1] Joon-Hyung Byun, Tsu-Wei Chou; Process-micro-
structure relationships of 2-step and 4-step braided
composites, Composites Science and Technol ogy,
56, 235-251 (1996).

[2] L.Chen, X.M.Tao, C.L.Choy; On the microstruc-
ture of three-dimensional braided performs, Com-
posites Science and Technology, 59, 391-404
(1999).

[3] T.D.Kostar, Tsu-wei Chou, P.Popper; Character-
ization and comparative study of three-dimensional
braided hybrid composites, Journal of Materials
Science, 35, 2175-2183 (2000).

[4] Xuekun Sun, Changjie Sun; Mechanical properties
of three-dimensional braided composites, Composite
Structures, 65, 485-492 (2004).

[5] Diansen Li, Zixing Lu, Li Chen; Microstructure
analysis and prediction of the elastic properties of
3D and 5-D tubular braided composites, Acta
Aeronatica ET Astronautica Sinica, 28, 123-129
(2007).

[6] Makiko Tada, Tadashi Uozumi, Asami Nakai,
Hiroyuki Hamada; Structure and machinebraiding
procedure of coupled sgquare braids with various
cross sections, Composites, 32, 1485-1489 (2001).

[7] Wensuo Ma, Jianxun Zhu, Yun Jiang; Studies of
fiber volume fraction and geometry of variable
cross-section tubular 3D five-direction braided fab-
ric, Journal of Composite Materials, 46, 1697-1704
(2012).

[8] FuJdingyun, Li Jialu, Jiao Yanan; Impact of reduc-
ing yarn technigue on microstructure of special-
shaped 3D braided performs, Tianjin Polytech Univ,
23, 16-23 (2004).

[9] Zhu Jianxun; Reducing fiber technic for 3D braid-
ing hollow coneshaped fabric, Eng.Sci., 8, 66-69
(2006).

[10] Zhaolin Liu, Lifang Liu, Jianyong Yu; Unit yarn-
reduction technique and flexural properties of ta-
pered composites based on four-step row and col-
umn braiding, Composites: Part A, 42, 1883-1891
(2011).

[11] JitendraS.Tate, Ajit D.Kelkar, John D.Whitcomb;
Effect of braid angle on fatigue performance of
biaxid braided composites, International Journal of
Fatigue, 28, 1239-1247 (2006).

[12] Yan Gao, JiduLi; Effectsof braiding angleon modal
experimental analysis of three-dimensional and
five-directional braided composites, Composites:
Part B, 43, 2423-2428 (2012).

[13] Wensuo Ma, Chuang Xu, Kai Li, Lingling Zhang;
Processing and properties of plate 3D braided ma-
terial based on space group symmetry, Applied
Mechanics and Materials, 161, 250-254 (2012).

[14] Feng Wei, Ma Wensuo; Group theory analysis of
braided geometry structures, Chinese Science Bul-
letin, 50, 2529-2533 (2005).

[15] Wensuo Ma; Binggian Yang, Xiaozhong Ren; Deri-
vation of 3D braided geometry structures from
braided symmetry group, The Open Materials Sci-
ence Journal, 5, 28-34 (2011).

Wateriols Science  mmm—
ﬂuVWMW



