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ABSTRACT

The process of 40 purhing of composites (4DPC) canmake owved lamanates without the 1meed for
curved molds. This 15 due to the use of wis yruretie lammnates. Stacls of laminates with s pecified layup
sequence | for thin composite lamanates) are deposited on to flat molds usig an mitomated fiber placement
mwachive (AFP). Onouing, the lamanate takes a ooved shape wlich canbe detenvired by lamvanate theoy.
The factos that corbibute to the currabue of the samples ae the difference i coefficients of thermal

contraction and slninkage of the ®sinduming cunng,

When a hun composite lamanate made by 4DPC 15 placed i room conditions, it1s observed to openup and
changes 1ts radms of ouvatire over time. Thus 15 due to the absoiphon of mois bue fom the auroandings

tlucagh di ffizs 1om.

This reseawch aims to find the effect of the covblbubon of temperate, resin shunkage and 1mois hare

absorphion on the radms of onvatie of the samples.

To anal yze the comblmton of diffelence m eoeffiments of thermal conbrachon and resin shunkage on the
cwrvahue of the samples, the samples were first completely des mabed of moishue by desophon test and
then a temperatue cycling test 15 canied oat The remults obtamed fiom temperatire cyeling test awe
compared with the theomrtcal wsulls gererated wsing the MATLAB mogram. To stady the effect of
mostre on the thin compos ite samples, moistire abs cophon tests were performed to determmne the clange

m radins and weaght of samples ower the cowrse of hre.
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CHAPTER 1: INTRODUCTION & LITERATURE REVIEW

Use of commposike maknak es incressed inecent years becaise of fheir lngh mec hanteal shength combined

with thenr heldwelt. Composie mmatenals ae a commpeling choice for amspace dushy mamfacirer anse then

prrveny amis toeduce fe weglt of the overall aneiaft. Comvpomtes abo have beenused momalang avtornobiles and

wrind tubine blades.

1.1 Composite materials and their manufacturing
Conpostte maknak are manfachued by covbimg oo or more differerd ratenals with dffeed plopsical

propettes wnally looem & mehix and endoceverds. Figae 1.1 shoas seps m e menfachning of compomtes .
Fendtarererds for comvposike matenal aze mfhe fonn of flbers, paticles or flakes that provide e meclenncal shergth

of the matenal [1].
Muoirix (hinder)
e s
o e
e A o~
“mmlﬁfﬁf A — Siruciure
.__u' _.-'. 3
= J_-rfﬁ? ‘H‘ . e =]
B——— - o7 Lanyinale - 1 \
g Py =
=

Reinlorcing
fibiers

Fimoe ] Mg hoving of compod i rceieriale [1]

The composite smachue 15 wnally a lavmate made up of layes of composike materials with verions fiber onerdahions .
These stmciues ae claafied as tho ad theklamnates depadng ontlenr theloess of cornplete stuchue amd moavber

of layes preserdin the stachue.



1.1.1 Fibeax

Reirfaeng fibers are Joowrn & bores of commposike matenals as they provide the chanactenshe mechamecal
popethes of tle composikes . These fibers have Ingh strengthand modads [3]. They show lngh msstave © solweis
and tervpershues. The comvposikes ae well looem for weglt sermtve apphestions, the primveny wmonb elmd e &
the darsity of the fiberswlochs bwrwhencorvpered to other wendocing materials . Typical fiber rendoceverds inchade

catbhonfibers, glass fbes, Fevlarand lenvoplastic fbes [1].

L.1.2 Mairix
Matix act s binders for fhe compoate maknak soee feyhold the wendtcemerds and lelp b dshdute tle
stress mome equally, Besiis ae meinly classfied ido Thennosetand Thenvoplastic Maho: [1].

1.1.21 Themnoret resms

These esms have the property of mevers hility, once these resins ae owred theybecome ndishle
and nsohible. The reason belund this is the formation of a covalently crosslinked and thermally stalile
fluee-dimesional network. The short molecular chans are also the reason for inlubiton of movements of
molecules @] Unlike thermoplas tics, these resins ae formed fiom low molecular weigld lepuid writh lowr
viscosity. B ome of the typical resinsystens are epoxy resins, polyimades , and polyiethanes .

1.1.22 Themoplastc resing

The thermoplasie polymers are known for thenr hear shuctire m the molecules without amy
hndangbetwreen therm The bonds preserd betwreen the imdividual molecules are Vanderwalls and lopdrogen
bonding, Heating can emove these bonding forces. When the resinis mabjected to heat, the molecules tend
o move fo rew positions. On cooling the resin these molecules fieeme in their rvew positions. This is the
reason whiy the thenmoplaste resin can be revsed and recyeled . Some of the advantages of thenmoplasthe
resin over thenmoset resin are their unlimited storage fme at mom temwperahue, ease of hamdling,
recyclability and shoit fabncation tie [3]. Typical themmoplaste wsins ae nylows, polyolefin, and

polycarh onates .
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L.1.7 Mandfachuring T echondg ues

The composite stnchires canbe mamfactired wsing a vanety of tecligques sach as Mamal hand
layup and autoclawe pocessing, Filament Windig, Fiber Flacement Pulbusiony, Limid ©omposite
Molding [1]. Mamfactinng of composites 15 an impoitant factor wlich determanes the cost of the fimal
poduct. Hence the selecton of perfect mamfactiiig teclumgque s lughly cntbcal. Some of the
marafachuing teclmuques ave explaed below.

1.1.31 Haned Lay Up tecluigue

Thas tecluneque mvolves mamally laying up of laye:s by hand and then ourmg them man oven or
mtoclave wsing their wspectve ouing cyele. The piocess for oning the matenal 15 shown m figare 1.2,
The prmary hmitation of fhus process 15 the low wohime maimfactinng of the fimal product since thas

pwcess takes a lot of time for large-s cale pioduchon.

=
S E—
LUS y TR T 5 E
rﬂ_“’"":::_lf__.-:.ﬂl S + —_— M | |
" ' u':. vk - F MF [0} 'r;!.:l.:
e <A d Al "
- T e i = )
o "?"5-," FenuranT il Tl vl Ly S .",
e A '
_.:-.'-._. L:;..-:'f Wl peeebt s Bt o
Mmoo 1T Feead lepag Beclmipe ael o i i i thored af cooinge (meeent ovett 1]

1.1.3.2 Filavwesd winding, saul. Fiber Placermsd

Filameit winding 15 a process used to make composite s tachues such as mesmire vessels, stomge
tandes, and pipes [1] Tlos teclouque 15 used to make composite stmichues of cylindrical shape. This 15 the

pumary limtation of the filamerd winding process thatitis lmmited to mamfactinng products of a specific

11



shape. Flber placement 15 simalar to filament winding in wloch fibers are placed on to the muface with

application of heat.

Mgoe 18 Shemeeflc repressnieton of oot wiiclng [1]

1.1.3.3 Pulbrusion
Pultmsion s a mamfactinng process mwloch fibers are dvawrnfrom fiber towrs and passed tlooagh

a s bath for inpregnation, After that the flbers ae collimated o an aligred bundle before entering

o the heated die. A pictonal epresentaton 1s slownim fignre 1.4,

rgnk
.f}v 5 (H 31 H] al I
PRk E o fllesng,

gudas

1 lirig)  rrERIT AR BIRR
jsultruEien EngRped oiG EVRaRLD

Vo) 1) e .
' s J— vy

b draulic rams iviahed
rezi 1 Bank G,

P

J

i relueming
cprridbs

fgoe 4 Shewmeetlc repreanieion of il onocess [1]



1.1.3.4 Liguid corposite nokding
Lipid composite molding (LCM) 15 a process in which a preform 15 made wsing diy fibers.

Corpies sion moldig, brading or Jouthng can be used to make the preformn Later this prefonm 15 placed
miside the tool ido wluch resin 15 ifiised along with catalyst mquired for oning. After g the wsin

the product 15 de-molded as shownin figue 1 5.

Injection

Havtin 4 nmlinl

Proform

Fipoe 1.5 Shemanc varaataton of Ligad compont molding (LOM) process [1)
All the marmfaching proces ses mentioned abowe have varons lmitations machas:
¥ Some of the teclunqes requize prepreg, whichumally has a lowr shelf Iife which leads to a tuve
constrant.
¥ Some of the processes require mitoclave hence for mam fachiing large parts machas fahine b lades,
or a boatwill be practically nnposs thle.
¥ Forpmwocesses like lquid compeosite molding (LCB ), the preformresds tobe held with the help of

bidders, and the dunersional accuiaey of the preform s veryenbieal.
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1.2 3D Printing Tec hmology

3D paiting, abo Jooem s the additive rennfachong (AW, 1apid pototyping (FP), or sobd feefonn 3 FF)

15 defined & the prooess of joning meknak b poduce a1 dijectusmg 30 model data, naally layer by layer [5] The

30 potng was fist explained by Chedes Hull m 1985 [B]. Ths mocess 15 caved oathy meslug 230 cormpater moodel

wsng a corvgpaterarled desypn (CAD) softerare. Lakerom an 3 TL (Gwface Tessellahon Larguage ) file 1s creaked in

wluch the 3D meshdatawllbe sloted dosmto 2D nul file foreach layer [5]. Tles fik & sert o a 3D pondng acloie.

Dhiffe et types of 3D privding teclnolgies ate clasified as follosrs:

L

[

Laghi polmeriraiion: Pats ae build vsig hght b selctwely omng byers of matenal movatof photopolymer.
s oree of fhe mocess used are Dimtal Light Piocesang{DLE) axd 5teechomaple (s L) [T[E].
Mader il Jetiing: Bruild pasks by set dowrnof small doplets of fhe filamest sl fen these pats ae cvned exposog
by UV Lgld [7][E].

Binder jetting: Cieating cijecth yioime fhe porrdeisd makenal foogh et deposihon of bmdne agerds [T][3]
Wl exchneione Tl 5 alsoloown & Fise Deposthan Modelng (FDBM ). Ghjects ae cisakd by depoatng
weterial oough leated noede sachilayer 5 paced larby layer il final pooduct 15 made [T][E][F]. The pocess
15 slowrmun figne 1 6.

Continuous disar T w."”:'rm'
THsmep A palyimef

ik Exlsusmon haad, |
i 52
[ ) X
Hozziee———
- L—.
ll,i" 2
Fllﬂ'r.'."'n'fi-..'_:'l*.l'ﬂt-' [oiking atsm

Fymee L6 Grophical wpreamniliongl 30 priing of compai e [5)
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£ Powderbed fissionlT s thenval eveigyto fise iegios ona porerbed [T]E] Tles poces uses high porreied
leser for thts poocess some of e commmom poceses are Direct Metal Laser Sidening (DBMLS), Elkchon Heam
Melnyg (EBM), 5electve Heat 5 ntering (3HS ), Selectie Laser Melting (53 LM), awd Selective Laser 5 ntenng
SL5).

6 Sheet honanadione Intles process metal sheet ae bond togetherbyuang exkenal fooce. Metal sheet aewrelded
wsng whasone weldmg mlaws 5]

7. Divecied ensapy deposion: Fooised fhermal erergy s used forfising moatenal wilile depositing onthe aibstrak .
(73]

The meterials noobed inthe 3D poding of polyver conpomkes ave ool ABS  Coppey’ AB5 | A hnvinaTTV sasitive

eanand ety ore.

Adveamobges:
¥ The smuficad advadage of thes process 15 dat e fival product 15 made up of soft paticks hence they canbe
cotpressed to chtanaspecific shape.

¥ Anofher sgnnficadt ad midage 15 the roumual matenal loss whencormpaed to ofer mafachiing teclunmqies

Diendvramnobgmes:
¥ The 3D pnding tecloology for corvpostes 15 lnvaked to the muvber of matenals that canb ensed. Craverdly,

oy tlenroplastc polyimers wnfl lowr glass tamiton erpemine and sukbk vEomsity ae vsed. 5 ome
poardered fonred maknak and few photopolymes canalsobe wsad [3].

P The maknal mades usog the 3D podivg eclookbey has loar necharncal poperties when compaed © the
staciues made by ofber mamfac tning teclonqies. Henee stoachues wqune additional post-treatveads such
o Dfiltration or corsolidabon fo ivpoove their popeities.  Ths makes the whok poses of malag a
cornposie stachue moe expearsive then ofber ppooesses [3].

P Bive fhe 3D privdng paocess & dore laerby layer, the tove cortuved for fbncating e part1s rach ngler

when coropared withother tec lnnques .

15



since there are many hmutatiors wlich need to be comected, even though the 3D puntg tecluolosgy
alread ¥ develops fast in recent years, there 15 need of vew mamifactoing teclungue which addresses the
hrmatations of 3D prnmhng tecluology along with the o tations of corentional mam facturing teclungues.

Thus led to the evohition of a rvew marnafactuing teclouqie which s called 4D pruding,

1.3 4D Printing

4D panthing wras fost stadied, ntiated and £nved by Thbik [10]. The 4D pnding eclonqe is ispmed by the
self-faldng mgam stucies ( shoem m fgare 1.7, these smchnes can charge mthe configusbon mder certam
strmlativg conditions [11] Crgam studies foors on paper ciaflmg, wloch manly deals wif e folling of 2-
durersioal (20) ppear odo 3-durersoiml (30) sachine along e me-defived hnge pattenns [11] The stomlatng

condibionrs inehade nfiazed (IF) helds, heat ar mooishue.

Figoe 17 Selfldirgon g souctoe [11]

Tre 40 motng eclinqme 5 an evolihonot 30 prntng Ecloology regading shaps, propeity, and finchonaldy [127].
40 panting 15 1ot a 1eplacervent for 30 poting teclnokeey, 15 o of Ecloologywiuch canbe used to mamifac e
cettamt type of products. The corvreational 40 privhing teclunlogy explots the popertes of matenals aich & swelling
1ato, thenval coefficent of expaivion [12].

When a 2-dovesional savait material with Jooem properties, predefined material stnachie (vobure fractions of Thes,
et flavent a=e, ausohopy, ete]) 5 aibjeckd tostioalatng coditions such & Erpeshue, hght ntesity, wakr
ete. #brarsfonve o a 30 stnachue. Thes process ef amafacining 1s Jooernzs 4D pnding clunque. The process abo

nrobes e use of mathernatical models to detenvare e desored shape [12].

&



2dem g 24um x 1L.250m

Fgere L8 Dremformcifion f 70 moterial foa B0 smwkon wsmng 4 D priniine dchigeee [12] [13]
Differert types of 4D puntivg method was deweloped ower the years, some of them are

1. Mult-Material 4D printimg: This process inchides wse of maltple polymer combination with
precise geomehic distibubon and comfignmbors enabled by 3D potng. [14] Some of tle

examples are Hydrogel-based Shape Changing , SMPs bmed Shape Changing [14].

2. Single Maderial 4D prindimg Tlus piocess divectly prids the active matenal as the final product.
some examples of tlos type of processig are Plotopolymenzationb ased Punting and Exbusion-
based Prnting [14]
Adveamobges:

¥ 4D pindne mamfacinig ecluuqae 15 a foon of meld-less mamfachune teclowqe, hence avouds fhe cost
anudl e recpanted forrmalang moolds .
¥ Dimesional acowscy: wih the moper noplerentaton of a mathermbeal mode] e can cbtan high

dimersional acmnacym e fival sacioe.
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¥ Tore and cost mvmlved i malang a 40 pided stoachue ae decidedly kss when convgened o corveational

menmfachiing teclonqies.

Dizshvanibgmes

Eventhoagh a 4D pairding teclonque comes widh nuveious advadages over covvrertional mamafacinng eclunqae o
also les e diawhacks.
¥ The maknak used fordD padng e usaally soft plastc witha special mopaty. Henee it 5 hivated toa fewr
materaks [2].
¥ The 4D panded stnachue terds to degrade afler a certaim muvberof shape -slofhing cyeles and 15 nowecoveishle
[12][13].
2017, Hoa 2] nthoduced tle concept of 4D privdivg of compesikes (4DPC).

1.4 Introduction to the 4D printing of composites (4DPC)

Ilarry nadustial paats ave moadeusing a okl of the wspechve shape . The deagpmg axd malag of oolds e
alotoftive and more v, Also afleruang e mold for meufachumg, the molds maybe serd for e yelng ordermolbislong,.
hithoduchion of 40 peirding i the wronld of renufachiing of cornpostes can wedace the cost and tve rerqamed to make
a prochact, as e priany costand tove ave noobred mmalong ad desipong of ol
Hoa [J] has defined fhe venions factos affecting the 4DPC. The pocess defies a method of avtormated composite
mafachuirg usng anirraked fer place et (AFF) an later onnonng manantoclave [F]. Hoaused CYCOLM 977-
2 prepieg toers mattovated fber placeverd [ AFP) macloe and ladup wsyavetical lavinates corsstng of [V90]
and placed nwide the avbclaw. Upon oumg, e flat lavmwk gets wemdigued ad takes a ouved shape. The
woomfigishion of the commposite smaciue depends on vanons paaimeters, sacha the matenial propertes, the layap
seruence, fiber onadation, fucloes axd the stakge posthon of Tamee with différed onetaton [2]. An exavple of

a 4DPC hivmake rmawfachnied vang the prooss explaned dove 5 shownm figue 1.9,
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fMimoe 10 Compoarits Jacd ol 124 I el (2]

The factons affectig 4DPC wer caloalated vsmg the lammak theooy [15] When the wsymrehical composite
larrmate consstg, of TF & S0° layes 15 onied, #tends © andup ad acquoe a mdas of oovahie. Acooodig to Hoa
] the o prarey factors that affect fe stess iwailtats ad mooomedt remaltaods imthe matenal wlnehae msposble
for the muhng of the maknal are differece i coefficerd of thermal cordrachen ad ean slomlage. The effect of
difference meoefficierds of fhennal cortiac ton and resmusloinkage on e stes e alads and woment weailiad onthe

material ae explaned belowr.

Larimake theory
The lmak ey emquations nrobed mfiding the &, B and D mahix, ae grrenbyemations (110, (12 &(1.3 2]

Ay :J'[;P_uds B;; :J"[;P_urds Dy :J"[;P_uz:dr U

Whee 1,5=1, 2, 6.
And
Q u= Qurt+ X Go+ 20u) i’ + On ot
Q= (Cu+ Gn- 40k wnf + O (1t + me')
G 15= (0= O - 20k) i+ (O Oim+ 20k '
@u= Qi + X G + 2 one'+ Gt
G = (01— G — 20ka) rwimt (G — On + 20k rmt
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Des= (Du+ O — 200 - 20u) e+ Gl + nd) e (1Y

Wheie,
E:I.
1 o —
¢ 1=Vyavr,,
O VisE:  _ VB
1=V 12Va1 j'_.I"I:I.l'l-"1:|_
-]
O= - L=Viz¥ay
O = 12 e 13D
Whee,

s = omaeas stiffiess
Jy= 1edured shffiess
And B, Es, GipVys and 15 are moduli anvd Pobsonratios of a layer wspectwelyand alsom = cos & and

n = sin 8, whewr § s e aglebetreen e berdiectioninfe layer wlative o the x coodinete axm of e lavmak.

14.1 Efiect of Tenwperathure
A& corpos1k oosists of fibers A resne, ore las b leatup fhe ek for oong e msman the lamnate ©

fonn a comvposike staciue. Subsemquertly, tey need to be cookd dowrn to 1o tervperaire. Wihile coohig doem
thenmal coefficierd of comdrachon takes effect 1 fe corvpostte lavanate. Tle fennal coeffieent of corhacton of
materialis wsporsihle for the thermal stemes mthe makenal which renals m andngup of flabws ymrehical lavinete.
Trenmal shesses ae caseal notoily by the weven tarpe iahue feld but ako due © the anschopy of mopeites [16].
5 fesses and rorveds cordibubon due totervpe 1ahae v ldle cooling dowr n i aning Ervpaaiue o oo tevperahne

canbe caloalated vang equationd1 .47 2], [13].
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ety and s a1e orveeas coefficierds of thenmal cortachon of a parhiealar layer and e cos 8 and 1esinf . [7] [2]
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NJ, N 8 NT= Thenval shess esultad:.

M, M 8 M7, =Thenral momnent resulians



B E:;, 8 El.}; I plare shain
Ko B K= anrvahme.

AT = Dnfference i fervperatre
H = Thiclmess of lammmate.

L4.2 Effect of shombage
The slomkage of the composite matenal 15 due to resin slminkage. For cunng of thermes et resing

the hgwd wesm tansfors nto a solhd as & result of chermeal reachon between the molecules [Z]. Thas
tamsfonmaton can tale place at different termperabares dependig upon the type of 511 For matix such
as polyester, the liepid to s olid trams formmaton ooous at room terperatiie whereas for resin such as epoxy
the tansformation ocowrs at a lngher termperatire (aboat 180 “C) 2], The fenpeahie at which a sigrificant

amonnt of bansformation takes place is known as e fenpemhie.

Acconding to Bogeth and Gillespie [17], the process of resin o and modalis development neludes thuee
plases. Plase 1 15 when the modubis of resinis zerobecaus e the resin s hiuid. As the hqaid resingels, the
degres of e eremes toa vahie dmu:-tedbj'a;ﬁd. Chainng Phase 2 the resin trais fonns ndo the solid state
fiom the gel state and degree of e changes fiom a_'g'ﬁ'd to aé-",?g [L7]. The slombkage effectm the matenal
ooouls dunng ths plase. Faoally, the plase 3 15 the satirated plase whee resm s completely cuied and 1o
more finther slonkage or modulus development take place. When s lninkage ocous ataneadystage, when
the material 15 shll soft, the shunkage dwing thus stage may 1ot corbhbute to the weorfigurahon or crling

of the matenal. Once the modubis of resin waches a&"iﬁ , making the resin solid and stff, the sloinkage

that ooous dunng hus stage remuls mrecorfipuration or cuding of the matenal.

The effect of sltinkage coefficient on the netstess and ret moments ar caloulated wsing equation (1.13-

L14) 2][13].
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Where g/and g7 ae the staim due to sloinkage of anindiectonal layer, along with the fiber direc ion, and
trarsverse to the fiber divechon respechwely and e cos 8 amd 1= s 8. [1][Z][15]

i _#,;‘{.;‘-‘I-Er.;‘r.’_if;.,-= Shess raaltands due to sloinkage.
M3, M8 ML =Momentresultarts due to shrivkage.
&y By & g5, = off axas sham due fo shunkage.

B E:;_, B E_'-,_-'.,_; 1n plane s hains.

Ky Ky K= cmrvatures.

AT = Differnce m temperature

H = Thiclowess of larminate

1.4.3 Effect of nwisture

The lamnate theoy cornes pomnding to the effect of moistire 15 gven by the follormg sqmuatons

fiom 1 22 -1.30.

Ni

J“‘}f le A'\-'\- A:& E‘l"- E"-"' E"",& EF
Ny Ae Aze Ass Big B Bas || ¥y

= ) L6123
M.f By By By Dy Dy Dy F.
M;." Bia By By Dy Dy Dy Ky
B Bay By D Dy, D
M’,{., B P16 Pas Vs 25 - | K,
And
£ [N ]
X g @iz g by by By P
By Sz @z 828 by bax bag Ny
}-_:}. _|Ms ®2s Bss by bag by Nﬁ (173
K| |bu b b dyy ode dg My T
Ky biz bz byg dyz daz dig ;'I-f;."
b bag bBss d G2g  Ogs
K] 165 Prs Dge 8yg 82p s LM{_:;_
S = oM L= oML = oH
N = Pal(@uBy + @uzBy + QusB,, JACd:= e (124
: H H

M



H
NE = [l Q1eB, + B2aB,, + sy, )AC d= e (126)

#

M¥= j_,,.n:quﬁ +:3P|3 +gmﬁwuczdz e 12T
K

MY = QP+ f?::B: + [E:&E;_jd-.ﬂ'zdr e (128
H

MY = .I'H'i'?laﬁ +@_&E +|:;r&_5[3" WCzds e (129)

Whee i aze the off-aas coefficients of moishue exparsionand ae giwenas,
B=p,m" +p,n", E:f B,n®+ p,m*, E.-.;-.-= 2(B, — B, )mn e (13

|31 and |3: are on-axis coefficients of molstiie exparsion of a parbeular layer and e cos A and 1=51n A,
Whewre [ and [, are givenby equation 1 .31 & 1.32 [19].

B, =0 (13D

[T 1= | )

B.= B, (1- ) [1+= et i ) e (132

Whe,

B, = bohopie mahix mostire expasion coefficient { B = 0004 [20] )
vy = = fiber vohime fracton (As aumed tobe 0.8).
Ep= moduhis of the 1s ohropie matis

E. = Elastic moduhis of the wmdirechonal conpes ite.

NEN f & J‘n’_{.’;; shess iealtants due to moishue.

M, M 8 MY, = rooment 1esultas due to moishie

) EI;. & El_#.= In plare shain

Ko B K= anrvahme.

AC =Mastue contert (%)

H = Thiclmess of lammmate



Using the equations 122 - 1 29, the shess renltant and momend esultants due to moistaie absoption ae

caloulated .

The stress remaltants and momert remltands due to moishure canises the composite laminate made by

4DPC fo openup when placed at wom condiboms.

After calmlating the net shess and met moments resultants due to difference i coefficient of thermal
contaction, resm shunkage and mostoe absmphon, the radms of ouwatie of the samples can be

caloulated using the equations (1.33 and 1.34) [2]
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Dl: ‘D::
Yo ===(NI{ +N; — NI ) —=—(n] + N7 — NJ)
EJ.J. E::

Whee,
nr N;&.N_%: Tlenmal stess wesulfd . (Fefr suatoos 14- 112

M, J'I-{;.'Er. J'I-cE'_E.,. =Thenval morverd wenltands (Fefer ecquabiors 14-1.12)

i _;1‘,;‘{.;‘.‘-5;.;‘.’_;}‘}.: shess eailtant due toslomkage. (Feferemations 1.13-121)
M, J'I-{';:Sr. M_E:Mmmnhmﬂimﬂﬁ e to slondeage . (Feferequabonrs 1.13-1.21)
el Nf& J‘n’_{.’;; shess weanltads chie to moishue. (Feferemquaboms 1.22 1250
ME M f 23 J'I-c!'_{.’;: worvert e subzds due to moishue (FReferequations 122 1290
B E:;, 8 E:_'T#; In plane shain

Ky B K= anrvahme.

R.R, = madns of the sample i1 x and 7 directon espectvely.

Also Ay, By, Dy; are A B D mwahax caleulated ws g equation (1.13[2].

1.5 Effect of moisture

When the composite material 1s exposed to 1B mnounding after g, the sample tends to abs cab

mobstare flooagh diffiasion fiom the mmoanding atmeos phee. This process 15 mainly dependert on the

diffis 1vty of the moistie nio the materal.

The moisbue present i the material canbe m two differerd states wluch are fiee mostare and bound

molshire.
¥ Free mooshue 15 state of the water molecules that ave v mand amd b e witlan the material.

¥ Bound moashiie 15 defived as the moiste inwluchthe wrater moleen les are nmmdh ilized and bound

by other molecules i the polymer.

When moistue diffises mto the samples, there 15 a change m the net weight of the samples and swelling
ooon1s . This leads fo change in strain in material and change in the radms of the sample. The moistare

absoophon in the material leads to change mthe glass tais thon temiperatare (Tg) [21]. Moishiie absorphon



ooonls at a differerd rate for different temperature, so the diffias 1on coefficient changes withtemperabue for

the same wlative lnomidity (FLHY) [21].

Mos bue diffasion mto the resin leads to a reducton of glass bansibon terperatie aud softerung of the
resin systemn, wluch esult m degradation of stiffiess and shergth [Z2]123]. The mois bue enters mito
locations where there are loose ends inside the mured compeosite. Loose ends inside the composites are the
locahons where the samples ae not entrel ¥ oured . Once the molshure enters thos region, it may swell and
plasticise thatregion Hence the mots tave contert (AL in composite matenals 1s sigmficant for calonlations
of shesses norolved. [23] Diffasion of mois bue to a condibion of spatial wuforvaty can take motls, even

years, depending on the thickmes s of the lamanate [15].

Tounderstand the mdividual effectof mois e i composite materials, adetailed study ofboth absoiphon
and desorpton of moishure on the composite samples made using 4DPC needs tobe perfouned. Analogoas
to the effectof resin slninkage, the coefficient of moishare expais ion of the material is requied to caloulate

the net shess and net momentds .

The moistare comterd i a sample 15 caloulated using equation 1.41. 22]

ar=""%: v 400 N 3
Wy
W = weight of the sample at given time.

Wy = Weight of the diysample.

15.1 Coefficient of iz ture exp ansion

The effect of moshire on a composite matenal canbe fornd by deterrmnne hygoscome 5 hain due
to the change i mois hure comterd tside the matenal. This can be wsed to caloulate the coefficierd of
hygroscopic swelling. Then the sbess remltants and moment remltands ae determvaned. These then are used

to detenmure the radms of the 4D punted wisyimnetical lammate after moistaie abs cophon.



When mots bue diffises mito the mahix, it may lead to swelling and plasticizng of fiber — mahix netwark
and decieases the shength of inderface[23]. A decrease of 17% In trams verse strength canbe seen due o
degradation of the miterface (remults through SEM analysis [23]), 5o matenal faihie 15 seen to clange fiom
mwahix craclang to mterface fractiie dus to the decrease in wesidual compiessive stress. Hence it canbe

conchided that both tervperatiie and swell shess lead to a decrease in wsidual corpressive stress.

There ae vanms effects when moistire diffises ndo composite lammate sich as wduchon m glass
trarsition temperahure and softering of the matenal resulting in the degiadation of shffiess and shength
[23]. To find the effect of moishue conterd (AC), it 15 necessary to find the coefficient of moistie

EXPALE 1011,

The sham due to the coefficient of moishire expams ion (Bg) 5 givenby the followning equation [15]

1= PrxcAC (147

2x= Hygros copic 5 train.
fr= Coefficient of moistare expansion (/%).
AC = Mosture comtent (%46).

The cosfficient of moishue expasion along both longitidinal and tas werse direchons awe given by

emqmuabtons 143 8 1.4 [19]

B=0 . (1.43)
B,=B, =B_(1- /7 )[1+ YLy e (1.44)

SV Ext( 1= [vp My

Whee,
B,, = Lotopie mabix mostie exparsion coefficient

vy = flber vohume fiacton (Assamed tobe 0.6).

Epn= modubis of the 1s ohropic matix.



E: = Elastic modubis of the wudirectional comvposite.

Hewee by computing the coefficient of mois bure expansion for each layer and wsing lamamate theory, the
stress remultard and mommerd remaltdue to mois b canbe caleulated.

The tlun sobid composite lamanates made wsing 4DPC were seen to be opering up once oarved and left at
room comdition. This 15 due to molstue absophon o the material, ths ocows m both thun and thack
larmnates, it the opemuing up 15 wore m the thin lamnates whereas the thock lamimates do motundergo any
sigraficart change. The remon belund thus 15 that the shffiess of the tluick lawimate 15 lugher than the
shffiess of the thin lamnate. Hence the motshue has less effect of on the thack lammnate than on thon
laminate. Hemce a detailed study of the effect of temperahie & moistare in 4D prided composite than

cormposite lammmates needs tobe perforimed .

1.6 Research objec tive

The pumay chjectve of tlus research 15 fo stady the effect of enviromurental condibiors on the

defonmations of thin compes ite laninates made by the 4DPC. The research norolves the following

¥ Effect of temperatue on the owvatie of the thin composite lamanates. Thos stady nomolves
mbjecting the tlun composite lamimate fo empeatie cyeling (both heating up o g
termperahire and then cooling down fo room temperatix)

¥ Effect of sm sliinkage of the matenal on the defommaton of tlon compos 1te lammmates .

¥ Effectof moistue onthe ouvahire of the incomwposite laranates | This pait of the s earch mainly
deals with the absoipton and des cophon of mois e loough diffasion ndo the composite sample
made using 4DPC. The research mvolves finding the coefficient of moishure expansion (fu) of the
mwaterial and caloulating the stress resultant and the momerd remaltants due to moisture diffiision.

¥ To caleulate the 1mdms of owrvahure due to the shess remltands and moment remaltants mthe thun
composite lamimate due fo the combined effect of temperabue, slomdage, and mois buoe and

cormpare both theoretical and expemmental results .



CHAPTER 2: SAMPLE PREFARATION

2.1 Sample preparation

For the experimental procedure, various samples were prepared for differeit experiments such as

1. Differerhal scamung calmumehy (D3C)

L2

Tenpermhie Cycling
3. Slhunkage Test
4. Mostue Absoiphon

5. Moistue Desoaphon

The samples prepared for the experiments above are differert. Hence it s mecessary to discuss the sample

preparaton methods.

2.1.1 Compozite haninates mowde by 4D printing (4DPC)

A flat shaped composite lamanate corsisting of catbon epoxy (CYCOM 977-2) prepieg tow was
mennfachued using 4DPC via anantomated fiber placemerd (AFP) macline atConcordia AFP lab (figuie
217, Atfirst, the machine bed 15 heated using a propare flame so that the preprg does nots lip avay duing

the laming up process. & themoset head 15 fixed to the machne. The layup sequence 15 shown m figne 2.2,

3l
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After all the prepiegs have been laid (as shown i figure 2.2, they ae vanmm bagged by the followring

steps below .



a. The toolis cleaned wsing acleansr (LOCTITE PM clearer). After the cleaung process, ameleasing

agent 15 applied so that the sample does not stick to the ool danng the ounng process. The wrlease

agentused for this process 15 shown i figurs 2.3

Fimpy 7.8 Balaces oment iz ed for Facinin barmng

b. After applyimg the release agent, the sammple 15 placed on top of the toal for the bagging mocess.
The lease ilimis mt to wquired length and placed ontop of the tool. The sanple may s hck to the
bmwather matenal or the baggng materal. As such amother elease film 15 used before placing the
bmwather film. Befoe placing the vammmbag, the base of the pessure valve 15 placed on top of the
bieather matenal at the edges to movide wacuwm pressure thioughout the sample equally. A

schemate wpresemtation of bagging sequence 15 s hown in figne 2.4,
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The bagging 15 completed by wsing g sealant tape placed at the edges and then tclang the
vacam bag tightly without leaving any allowance for air. The air iside thebag 15 removed using
an external vaomm paump. After the baggng piocess, the efficiency of bagging or leakage test 15
checked vsing a vammm pamnp. This 15 done by sethng the vacuum at 15 Tow. Onee the vammim 1
reached the machime 15 med off to check the waraton m pressure. The final waomm bagged

sample 15 shown mfigaie 2.5

Smre 25 Foanmm Serfred soompls

H



d. The vammmbagged sample 15 placed m an mtoclave and 15 cuied following the ouring cyele as

shown in figue 2.6. The sample after oring a1rls up as shown in figure 2.7
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The samples after ouing tend to cud up (refer fignie 2.7). Tls 15 due to various comdububiows duing cunng

qich as

1. Tool- part nderachon

[

Fesislomkage [2]
3. The difference i coefficient of thermal contrachon b etereen the layers [2]

4. Mowstiwe absmphonbythe samples

2.1.1.2 Effect of Tool-part beraction

A common phenomenon that is cbhserved by composite marmfachoes while mamfachoing
cormposite paits 15 the shape change of the final moduct mamfactiied . The shape change 15 cansed due to
the ansmg of mvaniable residual stress, wluch canses deformation m the final moduct [24]. Ome of tle
reason for tlos aise of wsidual shess mthe samples 15 due to the mismatch of the Coefficient of Thermal

Expasion (CTE) betmeen the tool and pat [24]wluchis Jmosrn & tool pait mterachon

I
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For determrimung the effect of tool-pait nderactons, 5 samples cowsis ting of [090] of duneis 1ons
G"x 6" was made by 4DPC . By checlang the radms of airvaboe of these samples (for method refer 2.3)
for both duecthors 1.6, B the radms of orvatiie of tool side (part of commpos ite lammnate touchng the tocl
surface) and Fothe radms of muvahue of Bag side (part of lamanate facing awray fom the tool suiface)(
fignie2 B). The difference mthe mdms vahies (as showm mtable 2. 1) will showr the effect of part and tool

mtemchon on the md s of currahoe.

S AMPLE Average Eadiuz of cvmvabure | Aversge Eadiw of cumvahure
of Tool side (B (cnn) of Bag side (Bs) (cm)
5 AMPLE A 64+02 a0+ 01
SAMPLE B 63+02 59+ 01
SAMPLE C 6.5+01 a0+ 00
SAMPLE D G.5+005 60+ 005
SAMPLEE 6.7+02 60+025

Toble T 1 Rewclve of pord off eomple fovi bt the foad & Bevtses of apront of dotaprle atwegy ot the ool

From the vahies of the radin, it 15 clear that theie 15 a small effect of pat-tool irderachon on the
cwrvature of the sammples. This 1s because the coefficient of steel (toolused) 5 13.2 x 109°C whewras the
coefficient of themal exparsion of CTCOM 977-2 (material used for 4DBPC) along the transwes e direchon
15 4 3x 109°C . This difference in vahies of coefficients of thenmal expansion (CTE) cans es the mismatch
between the tool and pat. Hence the steel tool s hicts the fibers touching the tool murface to sloink to its

maximmm expaition vahes and thereby forcing the compesite face touching the tool marface to attain a

shghtly lngher walie.

Hewce fiom tlos expermvent, 1t1s clear that partand tool nderachon has a very small effect on the radnis of

cwrvahare of the samples made by 4DPC .



2.1.L1 Samples for a shudy on the effect of emperabme and resin sloinkbage

Tlhoee samples labeled as Sample 1, Sample 2 and Sample 3 were made by 4DPC with layap
sequence [F90] for performmng the stady on the effect of tenperatire and resin shankage . (Befer C hapter

3

After cooling the samples to wom temperatire and placing them in room conditions, the samples tend to

openup after some ture. This operng maybe due to the following wasois

¥ Contimme cunng of the samples at ioom termperatire due to the nronpleteness of the oire of the
sarmples
¥ Shess welaxabion due to the incorpleteness of the cuie of the samples

*  Absorphon of moishue

Inoder to see whether there 15 a1y imcompleteness of the degres of oure 1 the samples, DEC tests need o

be perforred onthe tloee sammples .

2.2 Differential Scanning Calorimetry Test (DSC)

DEC test was conducted on the 4D punting samples to check whether the samples were cured
entiely. Tlos 15 done by checlang the vanation i the heat flow of the matenal fora parboular terperabare.
When the sample absobs lheat (endothenmic wacton) or releses heat (exotherme reacton), they show a

peak mthe grapls duwing the process.

2.2.1 Samiple p reparation

A small plece of more than 10 g (for proper signals) 15 cut from the onginal composite saples
made b y4DPC. The small prece wa weighed ina weigling scale. The samples ae placed i henmetic pais.
The pans wer closed wsing Hermetic hids (as shown in figure 2.9 and a hand press tecloumque. The

pwcedule mentoned above was done for thoee sanples .

=B
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2.2.2 Experimendal Procedure

1. AD5SC machime as s hown m figure 2.10 15 used for tlos experiment. Opeming the mbiogen line then

meiease the presswe wgulator tobelow 20 1. The cooling device 15 switcled on In the softwrae

TA s mmentexplorr Corbrol = event= on, o tum on cooling. Then to get the macline to standb v

terperahue Conbol = go to standby tervp.

Fipwe T 10 DEC test mochove (pholocorisy ) Wi, foogit.ca )

2. DEC sample prepared as merhoned msecton 2 2.1 was then placed into the mackine by opeaung
the hid of the machine wsing the mackine software. An empty wference pan 1s also placed wlach
stays rear the wall. The panwith the sample 15 placed in the position closer to the user among the

tro pos thons to place the samples .



3. Fillinthe mumnay tab (ramp ophlonis wost oftenused for the degiee of mue, heat/coolleat for
glas hansition terp)). 5 etthe temperahire at 300PC to wlich the samples reeded tobe heated. Fun
the macluine for the test and check for wemlts.

4. Chck Graph icon to start data logging . When the test 15 completed, go to Conbol = everd = off.
Taun off the cooling towrer. T off mbogen to avoid was tage of 1mhogen

5. The testwas perfored ontluee DEC conpois each fiom the samples made by 4D punting (Table
22, 50 m total mne conpors wereused. & DSC test on the prepeg of CYCOM 977-2was dome to
check the degree of e before oumg the prpegs.

G. The graphs plotted by the I8 C macline 15 Heat flow (Wg) w. Tamperabue fiom which degree of

cwre of the sample canbe caloulated using the vartation in the heat flow i the graphs.

Samip les moade by 4D p rinding DSC text zamples

COUPROH 1.1

SAMPIE 1
COURON 1.2
COUPOH 13
COUPROH 21

SAMPLE 2
COURON 2.2
COURON 23
COTTRON 3.1

SAMPLE 3
COUPOH 32
COUPOH 33

Tadrle 121 Sangie dafor DECns
2.2.3 RBesuliz andd Dizcussion

Tlus testwas perfored on mire samples as showninTable 2.2, After performang a DEC teston

eachof the samples mentioned ab ove, s imilar grapls (as s hewrnin figae 210, 211 and 2 12 were cb tained.
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Al grapls for the rest of the coupons are shown m Appendix & From the above graphs it 15 evident that

the samples were completely cured .

Forcomparisoim, a DEC testwas perfored onthe prepreg of CYCOM 977-2. Figuie 213 shows the DEC

graph for a prepreg of matenal CYCOM 977-2. The graph shows an exothernmc peak, which shows that

the sample of the mepreg 15 unowred and can be arred by following a cwning cycle. 5o when we compare

the graphs fior the sammples made b v 4D pantng (fioe 210, 211 £ 2.12) and the graph for prepieg matenal

(fgue 2.13) theie ae no visible peaks mthe sample made by 4D puding. Henee they ae proved to be

completely cured samples.
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Evenwhen the sammples wee completely cued, they tend to openup when placed m romm comdibons. Thas
opemg up of samples (as shown m Sgae 2.15) was dbhserved by measnuing the radms wsng the radms
measwrement method explanred msechon 2.3, The pimary wasows for thos opering up of the samples may

be due to the followring factors

¥ Postainng of the samples
¥ Stress relaxation in the samples

¥ Moisbue dsophon fom the munoundimgs

Post cunng and Stess wlaxabon factors can be ehminated because the remulls of the D5 C test show that

the samples ae completely cuied. This leaves to detenmine the effect of moisbue on the currabue of

samples .
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N Kumple

Samples over the period of
uprtie 2 manthe

2.3 Radius measurement and calculating methods

The arc or mrve of the edge of the 5 ample tobe measued was plys ically taced on a plece of paper.
The method adopted for calmlating the radms of ouwabie 15 perpendionlarbisector of choid method. The
pomtof ndersecthon of the perpendicularbisector 1 of the chord 1 and peipendioalarbisector 2 of the chond
2 15 the certer of the are, and the distance fiom the center of the ar to the are gives the radms for the arc.

Thos schemate remesemtaton s shown mfigawe 2.14.

Thoing the radivs measwrement, the ponds for the chord are chosen fiom the muddle of the ame
length and 1ot close to the edge. Tlos 15 because the radms close to edges maybe differerd fiom the radnis

at the middle of the are length, due fo tool-pait interactionms at the edges.
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CHAPTER 3: EFFECT OF TEMFPFERATURE & RESIN

SHRINKAGE

The muvatie of the sample made by 4D pinting 15 due to the effect of resin shunkage and the
difference incoefficients of thermal combraction along different directions ina lamina. The effect of these
can be nweshgated by doing thenmal eycling tests . To do the thenmal eycling tests, at first, the moiste

prsent 1 the sample meeds tobe removed . Henee a desorphon mocess 15 performed on the samples .

3.1 Moisture Desorp tion from samples for Thermal ¢ ycling exp eriment
Desoipton 15 the process of rmoving the moistie foma material with the help of a desiceand.
This 15 done by subjecting the matenal to a desiccant (& material that absoobs moishue fom its

munonings ). Intlos case, we use Anhpdious © aleium Sulfate,

The removal of moisture fiom the sample ormatenal should remaltin the change i1 et s bain in the matenal
as wemoval of mois bue eliiminates the netstress and net moment due to the moistaze . Tlos makes the saple

to have a smaller 1adms than the ore with mos fe presend.

3.1.1 Samiplep reparabon
1. Theesamples wee mamfachuedusing 4D prited teclmology in an antoclave by follosring a oumg
cyele as explained above inthe sechon 2.1 .1, These samples weire leftat room tervpeatie for 2400
(35 days), and D5C test (refer 2.2) were perforred to check for degiee of cure of the samples. The

temperatue of moom averages at 22°C and relative lnurudity at aroand 30%:.

2% ]

The tluee sarmples were cut m half (as shown m figure 3.1) and the edges of these samples wee
smoothensd after outhng wsing a file aid sandpaper. The samples were labeled as Sanples 14, Sampls
1B, Sarvple 24 5 ample 2B, Sample 34 and Sample 3B . Each of these samples was marked upper
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and lower regiors for meamunng the radnas (figare 3 2). These samples awe placed mside a desiccator

for moistare desophon

e o —m = o

L e | -C:: Cue wling Hhe dilisl line

-

1

Mg B ! Sopmple oo for dbi orpiion B

3.1.2 Expermvenial Procedurs

A. Eemnvovral of free yode ture
Procedwure

1. After conducting the D5 C, the samples cut were out in lalf along its length (explained mthe sechon

31l as shownmfignre 32

Figmov 3.2 Derorpriion Bl iotmples

2. The samples were placed neide a desiccator (e 3 3) under wacuwm for vanous days witil all

the free moishare from s arnples 15 remmoved.
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Figoe 38 Desceemt: Aviwebenss Caletion Saffue

3. Wlhle the samples awe placed mside the desiccator as shownm figare 3.4, the v are cheched for the
radms (using perpendicular bisector chomd method as explained msection 2.3) and weiglt (fignie
35). Tlis piocess was dore for every 120 for the fist five days and later when it stabibizes the

readings were takenewry 24 o

Fimow 3.4 Somple: pleced iveide e desceoter

4, From the vahies dbotamed for radms and moishuoe comtent (AC) (using the equation 1.30), graphs
were plotted betwreen Badnis vs. Time & Moistare conterd (AC) 5. the square wot of Tine. This

pwcess 15 repeated for the six samples merhoned dove.



B. Bemwvalofbound moirhure

Bound moistuie present msammles was removed by heatingup the sample toa termpeatire ngher than

100 (terperatie for water to evaporate) and clheclang for a change inweight.

Procedwure
1. The samples were placed mtle oven at 1530 °C for 20 h amd then clecked for mdms and weigld

change, Later it was again heated for 3h at the same temperatue. Tlhos was dore to cordfirm that

theie was o welght change after the nuhal heating.

[

Thuing tlos experment, both radivs and weiglt (using a weigling scale shownin fignie 3 5) of the
samnple was measured. This was repeated for the all the 51x samples onwlich fise mosture remoral

testwas performed.

Fimre 8.5 Weiphangscold



31.1.3 FEesuliz 5ol dizcussion

A. Removal of free roizture
a) Easdne cakulibon
The mdi meamed at varoas tuve nderval were plotted against tuve for all the six samples and the

cwrvahare s hownin fignes 3.6 -3.11.
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Fadiuz (cm) vs Time (h) (Uppexr & Lower)
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From figures 36 to 311, it 15 clear that all samples followr the same pattern in a change m radms dunng

molstire desoiphon. From the above the vahies of radil, an average vahie was caloulated for each sample

and was plotted against tive as shownin figare 312
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From the above graph between Avwerage Fadns (em) v . Ture (W), itcanbe conchided that all the samples
tend to follow the same pattemn once the mois bare 15 emwoved and also the radivs almost constant after 240

. (14400 ramates). The final average radms vahies of all the sample muves as showm mtable 3.1,

Sariple MNaome Average Radius (o)
Sample 14 619+ 004
Sample 1B 631 +007
Sample 24 6.12+005
Sample 2B 503+ 005
Sample 34 630+ 008
Sample 3B 636+ 004

Tehde 5. 1 Fived covereige reecdie o which e seonples ciove apr ofter desorpiion

When the samples were subjected to abmosplenc condibions, the samples tend to absob moishue fom the

snounding, and this moistare diffuses into mahix region and plasticizes the matenal and swells the



polyier network leading to the nvrease of the fiee vohime of polyer, wlich allowrs s hght movements of

polyer chaiis .

When the material is subjected to des mphon, once the moistiie 15 removed thooagh a diffision process, the
fiee vohie of the mahix reglonbecomes empty and reshict any further mowment, leading the polyer

m the samples to rehun to their origingl positions (without mets tare after cunng). This 15 confinned by the

radms vahie caleulated before the desorphon test amd at the end of the test as shownm table 3.3

b) Weight Cakulation

Eemwnral of Free noishmre
Chuing the des ophion test, the weight of each s ample was also meanred at the same time with the

radms of the sample. The weight (g) vs. time (W) g1aples are plotted as shownin fgue 3.13 and all wahies

are as shown m Appendin B.

Weimdu(z)ve Tinee (h)
IMoostre desoophom of all the samples
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Fipre 505 Weiehe (m v D ph o ol the seompled

Lt [l

With the weiglt measwrements tabulated, the Mois bure content (A using equation(1.30) wax caloulated

and plotted against the square root of time

The graphs are shown infiguie 3.14-3.19.
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From figuies 3.14-3.19, it 15 clear that the same follows Fick’s law secomd lawr of diffiision as menhoned

megquaton 4 2.

Fick’s second law canbe wintenas [23]



4M,,
AC == VTvD e (A

M, = Maxmmm moistie conterd.
D = diffiasion coefficient.
t = conditioring time.

h= thiclatess of the sanpls .

The graph plotted for abowe equaton nrreses or deceases (dependig on absoiphon or desorphon)

Iinealy and then tend to wach asyrptobe to avahie 22] [25]
All the samples show the same varation & equation 4.2, hence they all followr the Ficldan ourve daring
diffis 1om.

& combined graph of all the samples dowe 15 plotted as shownin figore 3.20 for commpans on.

Motshure concentraton AC (% ) ve Square root of tove (i)
Covb imed graph of all the samples
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From the graphs, it canbe conchided that the moisture conterd (AC) tends o average about 0.35-0.4 %4
after 120 mun™® or 240 h. Thus meams that the samples had aclhieved & ymptotc moiste conterd (AC)
tluoug i diffiasion betwreen the matenals and the desiccant. Hence all the samples follow the Fiek’s second

lawr of diffision as it follows the Fieloan o

a0 fiom the radms calovlation and weight calailation of meois tare des crphion, itis foand thatafter 240 hithe
samnples tend tobe asymptote and hence the radms and weight of the mateal reach the vahie at which the

sample maybe fiee fiom fiee moishire.

B. Bernvral ofbowund romhure

Tao remove the bound moistae, the s anple was heatedup to 1309 for 23 hand checked forweight
(shownm Appendix B). twas fonnd that weiglt of the sample remans comwtant after heatng for 20 hand
later it was again heated for 3hmore. After the final leating for 3k twes foand to lave reached aweigld
atwloch the samples were diy after cunng as shoswnm table 3.2

The terperatiie of 1230°C wa chosen andomly and it was seen that thos temperatue did 1ot seem

to degrade the material as the samples rehured to state nglt after mring thos canbe seen mtable 33,

| Averaze Weight (=) ﬁﬁm

Sumgle Name | (AfterRemoval | o0 % &)
Free moisbure) bownd. mod )

Sample 1A 1913+ 0003 19.12 + 0.003

§ amgle 1B 1935 + 0004 19,24 + 0.004

§ample 24 1962 + 0005 19,61 + 0.005

§ amgle 7B 1887 + 0003 1886 + 0.003

S ample 34 1014 + 0003 1013 + 0.003

§ amgple 3B 1935+ 0004 19.34 + 0.004

Dielde B 2 Welgpht ofeach seoaple qpter e removad af Free oo Savonclm o

e




reeasuremrents befoe amd after mostare removwal are slhownmtable 3.3

As the samples ae almost diy, they are ready for the thermal cycling expemmert. The radms and weight

Average Eadne | Averape Eadius Weigli () Averape Weight
saanple Name mgﬂufzﬂmm mﬂumuf mt::j:?“l (Afier vl
of moirture) nwivture) moiviure)

Sample 14 86+001 61+003 1921 1912+ 0003
Sample 1B 865+005 6.1 +004 1932 1924+ 0004
Sample 24 833+003 6+00M 1970 1961 + 0005
Sample 2B 815+01 6+003 1594 1886+ 0003
Sample 34 855+005 6.15 + 001 1921 1913+ 0003
Sample 3B 835+015 6.15 + 0.04 19 .43 1934+ 0004

Tlrdd 5.8 Berlive ool welrie oo eild ey e ool O o o

3.2 Contribution of the coefficient of thermal contrac tion

Thermmal cyeling 15 defined as the process of subjecting a matenal to vanoas temperaties with
sufficient dwell e at each terperatie for attaiming thermal equilbimm The process 15 concdacted
gradually or slow pace so that there 15 1o thennal s hock iduced mthe matenal. (Thennal s hock 15 defined

by the large thermal gradient or varation in temperatie mside the matenal).

3.2.1 Samviple p reparation

After removing both fiee moistue and bound moistare, two samples were chiosen, and thermal
cyeling experimentwas performed mamovenas shownm figare 321 . Among the six sammples (refer sechon
3.1} two random samples, Sampls 1A and Sample 3B, were chosen for the temmperatie cyeling test. Only
tro samples were chiosen becanse other samples were neaded later for fite expenments such & slinkage

test.



3.2.2 Experimendal Procedure

l.

[

The sample preparation for ths expenment is explained mmsection 3.1.1. The samples chosenwer
sample 14 and Sample 3B. The samples weie subjected to vanous temmpelaties by placing them
m an ovenas shown i figure 321 The samples were heated up from 259 +o 4050, 60°C, 20T,
100eC, 1205, 140 C, 1e0°C, 180 °C & 190C.

Tle samples were als o cooled after heating firom 190°C to 180 %, 160°C, 140°C, 1205, 100,

2052, 605C, 405 & 255 Tlas is astep by step prooess.

L b iy, R

CiFgus IM |:---|J ‘ %
2

el i) il i ‘|

Fimoe 5.7 ] Sconple placed i o ovenfor Emperatiow creling

While placing the sample neide the oven, anactial mlerwas placed along with sareples. Tlus mler
15 used for mmdms meanuement for the given scale in Dighmizer (explamed insechon 3.1.3).
Thuing both heating and cooling down piocesses, plotograple of the sample for each parbonla
termperahire menboned above were taken for measumement of the radms at that parbeoula
ternperahue.

The photographs taken were amalyzed wsivg Digimamer (an image analyzng softerare)[3] to
caloulate the radms. The process of amalymng the tmage for mdms was explamed msecton3 1 3.
The average radns vahies ob tained from the measurement lis tin the Digimizer were talmlated, and
grapls were plotted between Average Ealms (cm) v . emperature (°0) for both leatig up and

cooling down pioces ses.

6l



2.3 Image analysis
The tmage files were opened in this dighmizer software, and the scale of the image was defined
using the “Thut’ tool 1inthe software. The method tosetthe scale of the tmage 15 by placing a naler (as shown
m figre 3.27) beside the sample and to defire a length in the mler by wsing “Umt’ tool. By tus way,
digiuzer [3] caloulates the muvber of pixels inthe image and with the lelp of scale defined by the useriin

flus case scale 15 defined by marlang a defired length on the naler).

] '|'I-"||-__j-.
A BT T 1 i
on wSTMYLS  Ameeld
: i %

trl ot IF.I' bt el ul

Fipre 3 77 Mreling conter of coe i digimizer [3)

Howr after defiung the scale, the “ceder ofthe ciroular path” tool in the softwrare 15 used mark vanoas pomts
aroand the oorvahare of the s amples in the image files . After marlang the varions poimds along the arvatiie
of the sammples, the softerare fids anavelage radms and center of the arc formred by the pomnts aronnd the

ouve. Checkimg the meamiement hst for each file gves the value of radms and locaton of the ceiter of

the curvahae.



3.2.4 Rexultz and Discussion
After analyzing the radii wsing Digimizer, for vanows temperaties mentioned i the empemtire cyeling
expenielt, a graph was plotted betereen Average Fadns (cm) w. Tenpembire (°C) fior both Sammple 14

amd Sample 3B. The graphs plotted for heatng up process are shownim fignres 3.3 & 324
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The graphs for cooling down of Sample 14 and Sample 3B dunng the temperatire cyeling are shown
fignies 325 & 326, All the 1adms vahies for the respectve temperatires fiom thos experiment are given

m A ppendix C.

AVERAGE RADIUS (cm) vs TEMPERATURE (C)
COOLING DOWH SAMFLE 14
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From the graphs (figue 3.23-3.25) itcan be conchided that the samples tend to follow the same pattem
for change in radms forboth heating up and cooling dowrn. The graphis observed o stop at 160 *Checase
the sample at 180 % 15 seentobe flat hemce after radms 15 assumed to mfimty. The sanple at 180 °C even
though looks flat but can stll be partof a lager mdms. This 15 explained i sechon 3.3, Enor bars ave

showninthe graphs as average vahies ae taken from thuee plotograpls amalyzed atthe same tenperatire.
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AVERACGE EADIUS (e VS TEMPERATURE (C)
Heatng up and Coolng dowrnof 5 anpk 3B
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From the combined graphs for heatng up and coolng down of both the Samples 14 and 3B, it can
be seen that fhe matenal follows nonlinear varaton with the 5"-degiee polymeormial equabon. The

eriations ofboth the grapls are shown i figare 3.27 and 3 28,

smee tlus tes twas perfonned after the desoipton of the sample, the radms that the samples are dus to the
effects of temperatue and sloinkage. To compare the mdns vahies cbitaned due to the effect of thennal
coefficient of expansion/conbracion of the matenal lamimate themywas wsed [15] A MATLAB mogram

was witten using the equation (1.1 to 1.29) and imput parameters ae given intable 3.4 (Befer appendix F).

The MATLAB progam belps in generating the theoietical rados fior 25 °C o 40°C, &0 °C, 20°C, 100+C,
120°C, 1405 & 1e0°C.

Modulus of Elasteity E; (GPA) 155
Modulus of Elasteity E; (GPA) 121
Shear Moduhis G (GPA) 440
Poisson's ratio v 0.248




Onaxis coeficment of thenmal conbacton e (10° %°C 3 | -0018

Onaxis coefficient of thenmal contraction e (10 %W/*C ) 243

On-axis shunlage coefficient g (%) 0

On-axis shunkage coefficient €5 (%) 0.033

Table 34 Mpeetperamelr: of makrial properties for e MATLAR progrem [2]
A compansonbetween the theoretical valie of mdns for their respective temperatue and the experimental

radms ob tained using the MATLAB program is shown in figure 3.29.

AVERACGE EADIUS (oo} Ve T EMPERATURE (C)
Corganson betreen Theoeteal mdms and Expearnvental radms
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Fimov 330 dvérape s om) ve Temperciow (C). Comperion betveen the Thearetical el ond Saperimendald reelies

From figue 329, the expenmertal and theoretical mdms vahies agree with each other The
vanation of mdns for clhange in temperatme is a curve of a 5%degiee polynomial equation. The graph
(fgae 329 shows that the conbibuhon of the cosfficient of thennal conbracton 15 sigmficand for the

cwrvahire change at various ferperatires .



The owves show lear proporbonality at lower temperabues and monrlinear at lugher terperatiies . At
lower temperatires, the walue of AT is higher, hence the conbilmbon of the coefficient of thermal
contaction on mdns of onvatie 15 mow sigmiicant when compared to other factos such as slnkage

and diop in elaste propertes. The wason for monlirean tyat lngher temperatires 15 explaned i secton 3.3,

Hence the corbimtion of the coefficient of thermal combraction to the crvatuie of the sammples 15 clear from

the abowe result, 1t 15 neces sary to determmne the comtubution of's lninkage 11 the ourrature of the samples.

3.3 Contribution of shrinkage

A5 we lave seen that the sanples openup ower the conse of tume at room condibors . Tlos opeimng
up of the samples can be due fo vaious reasons mach as post-oiring, shess melaxaton, and moistie
absorphon. The effect of temperatue change and conbibubon of the coefficient of thermal combrachon 1s
stadied wsing temperatie cycling expenment, so in ouder to find the effect of sloinkage, the following

expenient needs tobe perfonmed.

The experivent mainly ane atfinding the temperatue atwloch the s ample opeis up exdively and difference

fiom this temperatire fiom the aanng temperatire (Te).

3.3.1 Samiplep reparabon

Howr after the desorphon test, huse samples were chosenSample 14, Sample 1B, and Sample 3B
among 51% fiom the desophon test sarvples (refer to section 3.1). For accounting, the effect of sluinkage,
the samples were placed m the oven fior heating up untl the oue terperatiie. At cure temperabue, if the
sample 5 Hll has some aurvahire piesert, this 15 due to the effect of resin sluinkage in the compeosite. Because
at this termperabare the contbu tion of the effect of difference in coefficient of thenmal combracton betwean

the laye1s 15 ze1o and the only factor responsih e for the owatire 15 the resin sloinkage.



3.3.2 Experimendal Procedure
1. Toprpar the samples for the slninkage test, the samples were placed 1 anoven for heating toa

termperature and its radi are mesmured at diffeent tervperahiies.

[

The prrposed samples were heated up and kept cos tard froon 25°C to 3050, 40°C, 30°C, a0 *C,
704C, 80°C, 90°C, 100°C, 110%C, 120%C, 130°C, 140%C, 150 %C, 180 %C, 170°C, 175%C, 176 °C,
Lr7ec, 1785, 179 %0 and180°C.

3. The mdms conesponding to each temperatire was reconded and amalyzed wsing Digimser (refer
22.1) amd graphs were plotted to amaly= the exact the temperatue atwluch the samples flattens.

The procedurs mentoned above was done for huee diffeent sarples that are Sample 14, 5 ample

1B, and Sample 3B.

3.3.3 Resultz aowl dizcussion

slhiinkage test was performed fo find fo the effect of sluinkage on the onvahoe of the samples.
Thos 15 dome by heatng up the samples untl the ene emperatie awl checlong for its radns of ouvahie.
Graphs were plotted betwreen Average mdms (e vs. Temperature (T to determvane the vanation in radnis
of onvatie with an morease m temwpeatire. Figures 330 to 3.32 show the Awerage mdms (o) ws.

Tempeatiie (C) forSample 14, Sample 1B, and 5 ample 3B wspechwely.

The ralns vahies comesponding to the temperature for the respechvwe samples are shown m A ppenchx D
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From the above expemmeits on all the samples abowe, itwas found that the samples appear to be flat at
1735, Tt ore cammot conchide that the samples are completely flat becanse they can stll have a laiger
radms and look hlke flat for thos sample sime. Tlos 15 simlar to the case of sarth beirg round ona global

soale but appears tobe flat at fhe local scale.

After comparing tloee differert samples, acombined graphwas plotted as shown i figare 3.33.

!
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Al the samples follow the sane pattein as shown in temperatire eyeling which s a 5™ degree polymommal
emquaton (efer3 1. The sample shows the same vanaton as a theowteal vatatonwlach is wrified using

MATLAB pogram (explained insecton 3.2,

The radms at 177°C 15 13658 cinand the madnis at a emperatire greater than 177°C appear tobe ndhuty
(sample looked like flat prece) butitalsocanbe a weiy large radms of arvatiie whicheamotbe detenmined
usig thos teclunque. The flatening of the sample at varous temperabue 15 shown i figure 3.34. 50 o
caloulate the shminkage strain at 177 %, the ourvahie 15 caloulated vsing equation 3.1, where K s the

curvature of the sample and E 15 the radms of the sample.

K=7 (3D
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After caleulating the muvatie of the sample K| substitating the vahie i equation 1.13, siee all

the other vahies are =rowe get the moment due to sluinkage in the x-diectonis given as equation 3.2
Mi= D, K ST i

The moment due to sloinkage m ters of sloinkage stain s grven by equation 1.13

Whewe 5 I’.'.;'P I!i__P ae the off-ans shains due to wsinslonkage and ae given as,

gi= e'm?+ein? | e=en® + €m? ef= 2l —elymn (1.21)

v



Whewre g/and g7 are the stais due to shunkage of a umdnectomal layer, alog the fiber direction, amd

trarsverse to the flber divechon respectvely and e cos # amd n= sinf . [Z][18]
From the above two equations, the value for the sluinkage stramwas caleulated as e” = 5 = 6.4 x 107

Differerd vahies of e were used for caloulation of madms (obtamed theoretically) using MATLAB piogram
The shninkage strain vahes used for theoretical calculations are e = 6.6 x 10 [2], &€ =33 x 10* (which
15 half of 0.00065) and & = 0.0000&¢ (vale of strain obtaimed fiom expenmeital radms at 177 «C).
Using lavanate theory, the 1mdin for different walues of shunkage strain for different termperatiie were
plotted & shown fige 3.35. For comparison, the expermivental 1mdms b taned for differeid tervperahires

(shown i figure 3.35 bhie hne with enor bars) 15 also meorpolated m figare 3.35.
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From fignie 3335, it can be seen that good agreement beteen all the slunnkage sham vahies with
the expenmertal remalt 15 obtained wrhil 120°C. There 15 no significant difference in all ourves in figare
335 umhl 120 °C. The radms due to sluinkage shain 8 = 64 x 10° shows a higher value than fhe
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expenertal mdms for all the terperatare lugher than 140°C wheieas the radms due to slommbkage stam
g =33 x 10 seens to agree with expenmental data until 160°C. This difference inradms vahies (when
compared to expaimental vadius) for e =3.3 x 10+ at higher terperatize canbe athibuted to the 1educton
m elmbe propeities of the composite material (educton m E; and Gp2). The vahie of E; and G weie

reduced tobe a percertage valie atroom temperature.

To cleck for a deciease m elashe poperhes, a graph for mdms of the sample at 100%s, S04 80%a 20%
4%, 2% and 10% of elas tic properbes (Wahies of E; and &2 ) mentoned m mpat parameter i Table 3.1

with temperatue (O was plotted as shown m figae 3.36.

Radius{cm)vs temperaure (L)
Thearetical mdius produced forwvarous percentage of Elastic properties using
MATLAB program
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From the graply, thecretically, as the samples tend tobe soft (sample have low elotic popeities],

they tend to open up more (lage radms). From the graph (figure 3.35), 1t 15 seen that the samples have

5



elastic propeities simalar to 100%: of el tic properhies at a lower terrperatare (= 160PC), whereas at a lugher
termperatire (femperatire lgher than 160MC) the samples tend to have lower elastic properties. This drop
m elaste properhes canbe seenin the graph as the samples tend to drop from 1004 elaste properhes to

4% or wore when the tervperahire 15 geater than 180°C.

From figuare 3.36, for the reducton of elastic constants to about 40% or more of the vahies at wwom
termperatare, there 15 no sigmflcant difference i the 1mdms of curratire atlow temperahue . For termpemtie

greater than 180 °C, the clange m radnis becomes mow promcunced.

By uwsing the vahies of Ez and Gpp to be 5% those at room temperatiie, and the linear sluinkage
stamof 3.3 x 10, the vahie of the mdms at aare ( AT=0) s indeed equal o 137 e, wlich agrees with the

expenertal vahe.

From figne 3.35, a graph plotted for caloulated vahies of the mdms &t different temperatires and
different vahes of &mmmed . [t seens that the best fit of sloinkage shain to the expermental mdms s
linear shunkazge shain conresponding to 3.3 x 10%. A linear sloinkage stamof 3.3 x 10* cones ponds toa

rohmrehic sham of 1 x 107,

It 15 also observed that at low temperatre (tempelatiie less than 100 °C) the 1adms does not change with
the amonid of sluinkage. Thus 15 because atlow terperatiie, the difference in actual terperatiie and oure
tervperatue [ AT) (1efer toequatiors 1.6-1.117 15 lugh and tlos makes the conbibubon of thenmal coefficient
of expansion moch mor dominadt than the corblbution of resin shhinkage. At higher temperatires
(termpelatire greater than 160°C) AT 15 small, and this makes the relatve cortbuton fiom resm s lninkage

more s igificant than conbtibution due to the coefficient of thermmal contraction.



CHAPTER 4: EFFECT OF MOISTURE

4.1 Opening up of the sample

The samples after muring, when placed in wom conditions were dhserved fo be opening up. Tlas

can be seen by plysically tacing and measunng the radms of ouvatie of the samples using method

explained msechon 23,

The radii wer meamired forevery 1 hfor the first & hand then for every 6 h time iterval uihl 24
h. Later e nerval was meeased to 24 Iy, 48 hoamd 72 huahl 1688 Iy 288 Iy, and 840 hrespectiwly. The

total duration of meamuemerds of the radivs was 340 k. This procedure was done for tloee samples.

Fadms vahies were plotted against their s pective time in hoas (figues 4.1, 42 & 4 3. The radin

for the upper amd lower side of the same sammple are plotted 1n the same gaph for commpanson.
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From the fignies shownabowe, it 15 clearly evident that the samples tend o change ther radu of currabue
as theyare leftatwom conditions . 5 ince from DEC test, itis conchided that the samples are after completely
cured, so the only eason for opermng 15 becaus e of the mosture absorphon fom the sunounding. This can

beconchided by amalymng the effectof mois e absoiphon on the samples.

4.2 Moisture Absorption

The primary aim of performang a moistiie absophon test 15 to find the effect of mois bure on the
opernng up of the sample. Inonder to do so, it 15 recessay to caloulate the shess renltants and moment
resultants due to moistire. Thus 15 done by wsing the coeficient of s e expansion By, Along wath the
caloulaton of stiess and moment resultants, the samples ae also cheched to see if the moishoe abs sphon

followrs the Fickian law of diffusion. Fick’s second lawr of diffusionis givenbyequaton 4.1

dac 2
940 _ p#tac

at e (410

AC= Meis bue comdent (7). (Fefer to equaton 1.30)

D = diffusion coefficient.

t = condbhon g tme.

z = length in the thiclness diechon

The Fick’ second law equation (4.1) can be derived ndo formm as shown m equation (4.2) 22]. Fiek's
second law of diffusion helps toundes tand the proces s of mois tare ab sorphion and desorphion in a material

with the Ielp of'a diffision coefficient [25].

aM,,
it

AC = —2+tD e (4D

M, = Maxmmm moistiie contert.



D = duffiasion coefficient.
t = conditioring time.

h= tlacloiess of the sample .

a0 to check the sammles, whether they followr Fick's lawr of diffision a graph between mosthe content
(ACY amd the square oot of tume 1eeds to bie ploted. Figne 4.4 shows a schermate representaton of the

Fickian owrve 1e. the ourve wlich follows the equaton 4 2.

{:.25-.......E...............E.............-.E.......:........:....

=
2
1

Expermental Data, MC=2

Mazz uplake, 5%
=
n

a1

o

= = = Fickian Simulation, MC-2

— Non=Fickian Simulatioen, MO=2

i i i i
10 15 20 25 30 35

{time)"=, h'?

Fimoe 44 Sehemoln repredsenionion of Fokioe corve [25)

4.2.1 Samiplep reparabon

Two samples of catbon epoxy (CYCOM 927 matennal with the layup sequence and dimensions
shown m fignie 4 Swere marmfachued using 4DPC. The samples weie labeled as samples 1 and sample 2
along with marlang the upper and lower swafaces (as shownin figre 4.8) for meamiung the radms and the

welght of the sammples.
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Figure 4 60doustre Al orption somples
4.2.2 Experimendal Procedure

1. After preparing vew sarples for moishue absorphon (efer 4.1 .10, The samples were leftm relative

humdity averaging aboat 0% and a temperahare of 2290 (7T2°F) for moistae absomphon through

diffias 1om from the samoundngs.

[

Chuing tlos moistare absmphon, the relative Inmudity recorded b yusing lnmadity and temperatiie

logger (DICES G TP125).
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3. The Eadms & Weiglt meamuemerts of diy samples were wmeonded, using the teclungques and
devices mertioned in the sectioms 2.2.1 and 2 2 3. Both the weight and radivs were reconded at time
mterrals of every 1 kb for the first 5 Iy, then foranevery 5 humbl 53 hofexponie to sunoandings.
Later the readings were takenewvery 12 . untl 161 . of total e after ouing.  Everdually, thus
e nderval betwreen the readings was meeased to 24 hunhl the weight of the sample attamed a

constantweigld.

4. The weights of the sample were meanied wsing a weighing scale of 0. lmg of acowracy (shown m

figne 217)

LOVET,

Fimee 4.7 Shemotc wprezeniaiongl aioaple for Mot hov dbiorpiion
5. After caleulating both the mdms and weiglt, g1aphs were plotted between Fadms (em) w . Tore

and Weight(gn) ws. Tine. The process merhoned above 15 repeated forboth S ample 1 and 5 ample

2.

4.2.3 Rexults and Diecussion
The lmadity and temperatire logger recorded the Felatve lnnmidity and temperatire of the wom
atwloch the samples were placed, for every 15 man dunng the whole cowrse of the experiment. The 1ange

of relative Inmudity and tervperatiie change s shorninfigue 4.3,

Fromm data’s plotted in a lonmidity and terperatiie logger (fgure 4.8), It 15 dbserved that change m

terperabue at wlich the samples were placed was fanly consis terd and the relative lnnadity change 15 not



very signficant. Tlos vanation i relative Inmudity does mothave a lage tnpact on the change m radnis as

the diffusion 15 a very slow process.
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A. Radnw Cakulaiions

The graphbetrreen Fadnis (cm) Vs, Tive (1in) 15 plotted forboth sample] and sample 2. The graphs were

plotted for both the upper and lower side of each samiple as shownim fiues 4.7 & 4.8,
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From figures 4.9 and 4.10, 1t 15 clear that there 15 15 theie 15 asigpoficant change m radms for the first 0-100
h. Thus 15 the period atwloch the rate of moistuie diffision ido the matenal 15 maxitmm, and thas canbe
validated using a Weight (g) vs. Time () (shornin figure 4.11 -4 12, and finding the meisture diffasion

o the sample for 0-100 L



The fial average 1mdms of the s ample obtamed at the end of the experivent 15 shownintable 4.1

Samnp Jew Maone Final Average BEadius (o)
5 ample 1 754 + 0.16
5 ample 2 22XE+020
Teelle o 1 Fimedd vevites of the potmprle ofr Mbizhow dbompiion

The difference between the vahies of the radms (Table 4.1 15 due to the diffeilence amount of moste
diffised mto the samples. The mowstie coment (AC) in sample 1 at the end of the expenment 15 found 1o
be 031% wheweas in 5 ample 2 the moste contert (AC) was foand to have 0.25%. Tlus differlence i
molstre coment 15 very small batthe nobal weight of sample 2 15 larger than sample 1 (refer figue 4 9 &
410y, sample 2 has more moishare preserd init. Henee miois bave wreight presert insample 215 slightly lager

than sample 1. This 15 the reason for the samples having differerd final average 1mdns .

B. Weight determination

Chuing this expenment weights of samples were weomrded and plotted against time (s hewrn infigare 4 9 and

4.10). Tlus was dore to analyzs the change inweight of the samples due to the mostre diffis1on.
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From fignies 411 & 412 1t 15 clear that the mois bue absorphon for first 0 — 100 I 15 weay logh and later
on the moistue absophon reach an & ymptotic valie. To dbserve the diffision of the moisture ndo the
sarnples, the moos tare comert (AT ) (as explamed m ematon 1 30) 15 plotted against the 5 quare rootof tme

to check for the Fiek’s second law of diffasion as explained in equation 4.2
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From figuies 4.13 and 4.14, 1t 15 observed that both samples follow good relation with Fick’s second lawr
of diffusion (efer figne 4.4). This meas the composite made by 4D prding absoih moistie fom the

sunounding loough diffiusion explained by the equation 4.1 & 4 2. This conchision is made by comparing



the fipue 415 with fignie 4.4 Thos 15 done fo undestand the moishoe diffiasion pattern m composite

samples made by 4DPC.
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To chserw the vanaton m radms for the change m moistire content (AC) (given by equation 1. 30) present

m the samiple, a graphis plotted betwreen Average 1mdms (o) vs. Moistiie comdent (AC) as showrnin fignie

416

From the graph shomwnm figure 4 .13, 1t 15 clear that the radius elange 1n the sammple 15 e arly moporhonal

to the moishure comdent (AT, Since the 1mdns 15 the aveage vahie, they are wpwsented with enor bas 1n

the graph
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The change inradns with moistaie comtent is linear. Validating this result with the theoretical analysis 15

TeCass aly.

50 to caloulate the effect of moistue onsanples made by 4D PC theoretically, it 1s 1mecessay to refer

the vale of the coefficient of mois tare expansion (1) of the laminate to caleulate the shess resaltants and

moment resultants Since the coefficient of moishiie exparsion (Pr) of a conposite 15 a matenal property,
it 15 dependent on vanous properhes such as moshue expansion coefficlent of the mahix, fiber vohime
fiacthon the elastc moduhis of compeosite and the elastc modulus of the mahix. Hence while caloulating

the coefficient of molstire expas ion the above-mentoned paameter was taken into consideration
Al the abowe-mentoned palametars are referred fiom vanous references as shownbelow followrs:

B, = botopie matix mowstie expason coeffeent (= 0004 [20] )
vy = fber vohime frachon (Assamed obe 0.6).

E,,= moduhis of the 1s ohopie mahix [25].

E. = Elastic moduhis of the wudirechonal momposite [26].



4.3 Calculation of stress resultants amnd moment resultants doe to Moisture
Absorption

Amalogous o the coefficient of thermal conbacton, the shess remltand and the moment remltand due to

mostare ab sorphon 15 given by the equaton 1.22-1 29,

The stess remltants and moment remltants due the difference m coefficient of theral conbactonbetreen
the layers dunng cooling and resin sloinkage 15 wesponsihle for the owvatie of the laminate (Jaminate
attais smaller radms) dunng eunng. Whereas the stress remltants and moment resultants due o mois tare
absoophon are ves poshle for the opemng up of the lammate (lammate attams lngher radms). Hemee we
canconchide that the effectof moisture ab sooption s oppos ite when compared to the effectof the difference

m coefficients of thermal conbacton and esinshunkage.

The total 5 ties s resul tart due to the difference m coefficient of thennal contrachon, slonkage stam
amd coefficient of moishue expansion comsidering the diuechors for the shess msultank 15 grven by

emqabon4.3.
Total Stress resultants = N7 + N* + (—N"y (4.3

The total moment resultantdue to the difference m cosfficient of thennal comrachon, slvinkage strain and
coefficientof moistiie expansion coisidering the divections for the momert wsultants 15 givenb yequahon

44.
Total Moment resubtants = M7 + M + (-M%y (4.4)

The abowe equatiors ave applicable for samples whose referemce or nuhal state 15 flat piece at cuie

tervperatare [ Te).

The followmg equation gives the conbibubons of the difference m coefficients of thernmal combachon

betmeenthe layer, resin s loinkage and coefficient of moisture expars ion in the radms of the sample [2].
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B E:;, 8 El.}; I plare shain
Ko B K= anrvahme.

Ay R, = mdms of the sanmple in x and y diection wespechvely.

A MATLAB progiam for caloulating the 1adns of curvature due o stress remaltants and momeit resultants
due to difference m coefficlent of thermal conbactoms, resm shinkage and mostue absaphon 15
developed wsing the relation 4.3 £ 4.4, and equatiors 4.5 - 412 along with the gt parameters given m

Table 4.2 for vanous moshoe content(AD) and dufferent coefficients of mowshure exparsios (B)) vahes.

50 to caloulate the shess remaltart and moment remaltards due to meois bare absorphon, different vahies of

eoefficient of wooshue exparsion (B) wee refened for gereration of rads wsing MATLAB plogram
The eoefficiert of mons tare exparsion chosen are 0.001 fusmg B_=0004 [20] ), 0.003 & 0.005 (upper Lt

and lower luvat of the coefficient of moistiie exparsion values mggested by M Hyer [12]).

Modubis of Elas ieaty E, (GPA) 155
Modubas of Elas icaty Ez (GPA) 121

ahear Modulas G2 (GPA) 440
Poissonls rato v 0248

On axis coeffcient of thenmal conbaction e, (109 %/°C ) L0118
Onaxis coefficient of thermal conbacrton e (10°% %W/ *C ) M3

On-axs shiinkage coefficient 2] (%) 0

Or-amxs sleinkage coefficient g5 (%) 33x10°
Difference m termperahure from ouie terpembire (AT *C) -157
Coefficient of moisture expansion (Fa) (%) 0001, 0.003 & 0.005

Todele 4.7 Dipwed poboda o e JoF calcilalng e oo al e (1)



These theoretical valie of 1adi obtaimed for different valies of coefficient of moistiie exparsion (By) ae

then compared with the experimeital radns obtained for the comesponding meois tare conterd (AC ) during

mostare ab soophon tes t{refer sechon 4.3,

Thas companson graphis s hewm mfigae 417

1
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The experimental radnis shows aclose relationwithin a range ofthecretical By vahies of 0.0018%% -0.003%%.

smee the experimental mdms wahies are an average vahie, it 15 shown with enor bars. Hewce 1t can be

conchided that the vahie of the cosfficient of mois ture expansion (fy) of the thun composite lamanate made

by 4D pintng 15 n the range of 000174% - 0.003%%.



4.3 Prevention of moistime absorp tion
The opernng up of the samples after oing 15 cansed due o mois bue absorphon Tlos operung up

of the sample canbe preverted by covenng the sample with abunimm foil tape as shownin figare 415

t

Lo EIE

Fron 400 Soeaples Before orel piter v ot covering

Thos efficiency of avoidance 15 checked by checlang the mdms and weiglt clarge of both sample 1 and

samnple 2 before amd after covering ad over the conse of ime.

Aversge Radius . ]I i Weiglt before Weigldt right
. " before covering . » covrering with after covering
mnITan
foil tape (cm) tape (em) tape (g) foil tape ()
Sample 1 6.75+ 005 67+0.1 183905 312815
Sample 2 T+ 005 71+005 184500 303215

Tabie 4 8 Bewtier ool Weight af sosaple before coud glter coveringe with alionieon ol fopre

After checking for the change i1 1adms and weight of sample coveled with ahimmnun foil tape
(efer Appendix E) for two weels (as showm m tdble 4.4), it was foand that mois bue 15 abscabed by the

samples tluough the edges of the tape and tlooagh the adhesive layer, wlich acconnds for the clange m

™M



welght of the sample for 0.150.2% of it weight after comiing with abunimim fioil tape. But the radnas of

crvahare does not vary significantly.

Time Sample 1 Sample
em) (cm)
Aftey covering 6.7 +0.1 31.2815 T7+005 03215
Afer ore week 6.8 +0.1 313264 71+01 303825
After twoweeks 6.7 +0.1 31.3408 74+ 005 0403

Tl 4.4 Beeclive ol wetgrht calendaiion of ey cove

rang withakmivem oul kg

Hence by applying this method, the opeming up of the samples canbe preverted .
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CHAPTERS: CONCLUSIONS AND CONTRIBUTIONS

5.1 Conclusions

Thin compeos ite laninates were made by 4DPC byusing an AFP machine. The prepregs thatare laid upby
AFP macline on a flat mold hawe wsymoretie layup sequence of [90). Ths was later oured 1 an
mtoclave. After oing the sample and cooling to room temperatre, 1ittends to arlup and take orvabiie.
Tlhus 15 due to the difference i the coefficient of thermal conbrachon betwreen the layers and res ins loinkage.
Laterwhen thes e samples were placed in the room, theywer diserved to openup, which leads to a change

i the 1adms of mrvatie of the samples. This 15 due to abs oophon of o shae from the abmosphers hroagh

o 1ffins 1001

S0 to analyze vanoas factors such as empeatire, resm sloinkage, and mois b that afect the radnas

crvature of a thin composite lammate made by 4D matng, a seres of test were performed, and tle

follow g conchisions canbe mads.

1. The effect of terperahme on the curvahmre of a thin comnp osite Lanina te ravde by 4DPC
The effect of termperahure 15 dus to the difference 11 coefficieit of theimmal conbacton
between the layers and was found that this conbbubon 15 agesd with expermmental for all the
tervperahres umhl 180°C . For temaperature above 180T, the effectof s insluinkage become more
sigiaficard wheeas at low temperabue, the effectis less signficant as compared to the coefficiend

of thertnal combrachon.

[

The effect of resinzlombage on the cunrahore of o thin conaposite laimecke vade by DPC
Itwas found that the mdms for shunlage shaine® =3.3 x 10 agiees withall expenmertal
radms ob taived wihil 1680°C . The change inradms abowe 160°C was foind tobe due to the drop in

the elastic properties of S0% along with shoinkage stain e =33 x 10+,



3. The effect of nuoivhre on the cunvahure of 3 thin compoesite lanieve made by ADPC
The mois hare entering into the lamanates wae found to ierease the radms of the lamanate,
tlus was found by calmulating the shess remltads and moment resultants due to mos e
absorphon. Forwlhich the coefficient of moistiie expaision (By) 15 amalyzed for a ange of vahies
and was found tobe i the range of 0.0017/% - 0.003 M4 The opering up of lammnate dus to the

effect of moistie canbe lmted by coreinng the lammate with alummomn foil tape.

5.2 Summary

Facters affecting 4D prinded

oI ot es

|

v

250 100=C l&0+C 178°C
TEMPERAT URE ¢ C)
[0 Mosiguficance O Less simuficant B Highly sigrificant
Pipre § 1 Flow chareaf fecirs qffectng carvanme af a 40 pringed comprosies ke

Factors affecting curvatue of the lamanate canbe closified ndo 4 based on the terperatire of the s amples.

¥ From wom condibons to 100°C, the factors affecting the cwrvatie are the mowshoe absoiphon
fiom the sunoanding, difference m coefficient of thermal corbrachon b etereen the layers and resi

slumbage wlichiis less siguficant when conpared fo founer two factos.



¥ From 100°C fo 160 °C, as the moshue present m sample 1s evaporated, the mpimary reason
resporsihle for the aurvatire 15 difference in coefficient of thermal combraction b etrreen the layers.
Here the resm shunkage 15 also a simall factor responsible for enrvahoe but 15 les s simuficantwhen
compared to corbbubondue to difference in thermal conbactons cosfficieds.

¥ From 1609 to 176°C, the corbibubon of difference m coefficient of thenmal comdrachon
becomes comparable with other siguficant factors mach as s sloinkage and drop in elastic
pwpertes. Hence all the tluee factors affectthe ormature of the sample.

P AL 1770, the aare tenmperatire the mimary factors responsible for enrvabne of the sammples ae the
resin sloinkage and drop in elaste properbies. The conbibubon due to difference i thermal

coefficients 15 ze1o as the valie of AT (AT = o1re temperabue —sample tferperabue) 15 =10,

5.3 Contributions

1. Forthe fist tume, the palametic std vy of a conposite lammnate made by 4DEC was perfonned to
fird the effect of slninkage on the ourvatire of the laminate.

2. The effect of moshye concenbabon on the murrabue of the lamnate was detenmued .



[1]

[4]

[3]

[6]

[10]

[11]

References

Hoa 3V, Prnciples of the Mamfachommg of Composite Materials, 2nd ed. DEStech

Publicatioms, Ine, 2017.

Hoa 5.V, “Factors affecting the poperhes of composites made by4D pnnting (moldles s commposites

marmfactuimg),” Adv. Masmy® Polvm Conpos. Sei, wol. 3 mwo. 3, pp. 101-109, 2018,

Welisite, “erarwr dighmizer com™ |

5. . Taghavy “Moistare Effects on High Pafomence Polyimer Composites,” Uinvesity of

Teoromto, 2000.

X Warg, M. Dhang, Z. Zlow, ] Gow, and D. Hu, “3D priing of polyver matbix composites: &

review amd prospectve,” Compos. Part B Eng, wol. 110, pp. 42458, 2017.

Charles W Hull “Apparatus for producton of tlree-dimensional objects by s terolithography,”

Patentmuvber:4 575,330, 08-Aug-1954.

M. Kamoanand & 5axena, “A Comgrehensive 5 tudy on3D Proting Tecluology & Compieheisive
s hady on 3D Privhing Teclmology,” Moradabad Inst Technol bt J Mech. Eng., wol. 6, mo. 2, pp.

6389, 2016.

J Q. Al-mabkiand A, T Q. Al-maliki “The Processes and Tecluologies of 3D Produg,” e J

Adv. Comput Sz Techmol , wol 4, no. 10, pp. 161-165, 2015,

B. 5 Shalu “Advanced Mamfactiring Teclouques ( 3D Panting ), 1o, 4, pp. 1623, 2016.

5. Tiblats, “4D muding: Mulb-matenal shape change,” Arehir Des., wol. 34, 0. 1, pp. 116-121,

2014

D Derg and ¥. Chen "“Onganu-Based SelfFolding Stnactue Design and Fabucaton Usig

Projection Based Stewolhtlography,” J Mech. Des., wol. 137, no. 2, p. 021701, 201 5.



[12]

[13]

[14]

[15]

[16]

[17]

[15]

[19]

(0]

[21]

[2]

F. Momeny, 5. M. Mehdi Hassau M, E. Lo, and T W1, “A review of 4D puudhing, ™ Mater. Des., wol.

122, pp. 4279, 2017.

D. Faviv, “Active printed materials for complex self-evolving defonmations,” S Rep., wol. 4, pp.

1-8,2014.

J. T W, L. M. Huang, Q. Zhao, and T. X1, “4D Prding: History and Fecent Piogress,” Chinese

J Polvmm Sa (Bnglhish BEd, wol. 36, 1o, 5, pp. 363-5735, A01E.

5.W. Tsal and H Halny, rediction to composite materials. Teclmormme Pub hshig Company, Inc,

1980.

V. P. Hiwolaew, E. V. Mwhenkova, V. 5. Piclmgin, E. H. Soubyn, and A N, Elowsher,
“Temmperatie effect on the mechanical mopertes of composite matenals,™ norg. Mater , wol. 50,

o, 15, pp. 1511-1513, 2014,

T. A Bogeth and J W Gillespie, “Process-Induced 5 tiess and Deformation m Thick-Sechon

Thermoset Conmposite Lammnates,” J Conpos. Mater., vol. 26, 1o, 5, pp. 626-660, 1992,

M. W Hyer, Svress Analvsis of Fiber-ranforced Composite Materials | DES tech Publications Jie,

2009,

Batbhero. EJ, hiboduction to Composite Materials Design, Second. CEC Press, Taylor & Francis

Groap, 2011,

D F. Adars and M. M. Mowmb, “Mostie expasion and themmal expansion coefficients of a

polymer-matsg™ Fbrows Conpos. Suet Des., pp. 819530, 1980,

WOW Whight, “The effect of diffiusion of'water into epoxy ®sis and their cathon-fib e reirforced

composites,” Conposites, vwol. 12, o 3, pp. 201135, 1951.

C-H. Shen and &, 5. Spunger, “Moistue absorphon and desoiphon of composite materials,”

100



[33]

[24]

[35]

[35]

Compos. Mater., wvol. 10, pp. 220, 1976.

M. Ly “Tenperature and Moistire Effects on Composite Materials for Wind Twbie Blades,”

Thesis,Moitana 5 tate Tiversity-Bozeman, 2000.

. Tenge, & Powsarhp, and &, Fernhd, “Tool-part mterachon i composites mocessing. Pat [:
Expenmeital nwestgation and amalyheal model™ Compos. Part A Appl. Sei Mauwg, vol. 35, no.

1,pp. 121-133 2004
M. H. Sloang amd B . Miclel Moistre Sensifivify of Flastic Packages of IC Devices . 2010,

Cytec Engireered, "“Cyeom 97 7-2Epoxy e m S wtem - Tecluncal Data 5 heet,” Cviee - Eng Mater,

pp. 14, 2012,

101



A DSC test resulis.

Appendix

a) DSC results after sample preparation
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b) Easdne ob zerved after zanwple preparation
SAMPLE 1 SAMPLE 2 SAMPLE 3
Upper side | Lower side | Upper side | Lower side | Upper side | Lowersie
TIME (H) (em) (em) (em) (cm) (em) (em)
1 6.5 G.55 6.9 69 6.8 G6.75
2 74 73 7.5 73 6.3 7
3 74 735 7.65 7.55 73 7.35
4 7625 7.5 7.65 765 7.1 7.1
5 7825 7.55 7895 21 73 71
5] 7.65 7.5 7895 18 7.3 7.25
18 2.2 785 24 245 225 2
24 265 24 29 8375 23 23
43 10 2.7 10.65 275 945 94
96 91 29 o5 905 9 9
144 2 9 oz 9 365 3.3
168 94 9.6 o9 95 92 94
240 9.6 9.5 93 945 9.5 915
288 29 97 oz 27 29 24
456 9.5 93 93 965 93 915
552 2 2.4 02 91 295 2.7
TaE 102 99 103 103 106 99
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&40 9.45 9.25 9.5 9.15 9.1 8.95

BE. Moisture Desorption

L Eemwoval of fres moizhure
a) Eadine Caleubvobon
Sarple 1A
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T v (i) Upper side (cm) Lower side (cmn) Average Radiue (cxn)
0 25 2.6 25
10 16 1.6 75

10.5 75 765 7575
12 T4 7.25 7325
4 7.05 5.95 7
3 G6.85 6.9 G.875
48 ) 6.9 63
a0 G5 G.7 G.65
[ 65 6.65 6.625
& G6.85 6.55 6.7
o5 &.7 G.5 G5
108 G6.45 6.4 G425
120 G6.35 6.5 G425
144 63 5.2 65.25
168 G6.55 6.4 6475
192 63 6.25 6.2715

216 G4 G635 6375

0 63 6.2 G6.25

a4 6.35 G35 G.35

24 G2 6.2 G52

318 52 5.2 52

H2 6.35 6.2 6.275

366 G6.25 6.25 G6.25

20 6.25 &1 6175

414 6.25 6.15 G52
438 6.1 6.25 6.175
452 G6.15 G.1 G.125
436 G2 G.2 G2

Sanple 1B
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0 26 87 2.65
10 78 805 7925
10.5 78 79 7.85
12 15 185 1575
M 7 712 71
35 T7.15 6.8 6975
43 6.8 695 6.875
&l 6.55 6.65 6.6
72 6.65 6.6 6.625
& 6.65 6.75 8.7
95 8.7 6.75 6.725
108 6.4 689 6.65
120 6.55 6.6 6.575
144 6.4 6.6 6.5
188 8.5 8.7 6.6
192 6.4 8.5 6.45
2la 6.3 6.6 6.45
240 6.4 8.5 6.45
264 63 645 6375
204 6.25 6.3 6.275
318 6.3 6.4 6.35
342 6.35 6.4 6.375
3686 6.35 6.4 6.375
390 6.15 6.35 8.25
414 6.4 6.35 6375
438 6.1 6.25 6.175
452 6.3 6.3 6.3
485 6.35 6.5 6.425
Sample 2A
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Tine () Upper side () Lower zide (cmn) Averape Eadius (e
0 835 23 2325
10 T45 7.55 7.5

105 76 7.55 71575
12 12 73 125
! 69 71 7
36 6.8 6.85 G825
43 8.7 68.75 6725
a0 6o5 68.55 6.6
2 655 6.65 6.6
& 635 64 6375
o5 6.5 65 6.5
108 6.4 64 6.4
120 615 63 6225
144 G625 65 6375
188 625 6.35 6.3
192 8.2 63 B8.25
2la 625 6.35 6.3
240 8.1 63 8.2
264 615 62 6175
204 6.1 6.05 6075
318 5] 6.15 6075
342 615 6.25 6.2
366 615 6.15 B8.15
390 G605 8.25 8.15
414 615 63 6225
438 G605 6.15 6.1
452 6.1 62 B8.15
486 6.2 62 6.2
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Sanyple 2B

Time (h) Uppex side (cm) Lower side (cm) Average Radius (em)
0 803 8.2 815
10 765 7.45 7.55

105 15 73 74
12 7 71 703
gl 6.8 6.85 6825
3% 6.6 6.65 6625
48 6.5 66 6.55
&0 6.4 6.35 6375
7 63 6.35 6325
& 6.4 64 6.4
05 6.5 6.25 6375
108 6.4 6.25 6325
120 6.1 62 6.15
144 63 6.25 6275
168 6.4 6.25 6325
192 6.2 6.1 615
216 6.1 6 603
240 6.1 6.1 6.1
264 615 6.25 6.2
294 595 595 595
318 615 6.15 615
342 603 6 6025
366 613 6 6075
300 6.1 6.05 6075
414 603 595 6
438 6.1 6 603
462 6.1 595 6025
486 605 6 6025
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Sanple 3A

T imne (h) Upper side (cm) Lower zide (cm) Average Eadiue (cmn)
0 8.5 86 8.55
10 1.7 15 1.6

10.5 18 16 1.9
12 74 15 745
24 7.2 71 115
36 13 69 7.1
43 7 69 6.95
a0 6.55 64 6475
72 6.8 66 6.7
34 6.7 66 6.65
96 6.6 6.45 6525
108 6.6 65 6.55
120 6.65 6.45 6.55
144 6.5 6.55 6525
168 6.6 6.55 6575
192 6.45 64 6425
216 6.3 66 6.45
240 6.45 62 6325
264 6.45 6.25 6.35
254 6.45 6.25 6.35
318 6.3 62 6.25
342 6.3 63 6.3
366 6.45 63 6375
30 6.5 6.45 6475
414 6.2 6.35 6275
438 6.3 6.25 6275
452 6.4 62 6.3
4386 6.45 6.35 6.4
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Sanwple 3B

T e () Upper side (cnn) Lower side (c1n) Average Eading (cn)
0 82 8.5 835
10 755 18 7.675

10.5 1.8 1.5 1.715
12 735 1.6 7475
24 715 7.1 7.125
36 715 7.05 7.1
48 695 6.95 695
al 6.6 6.7 665
72 685 6.8 6.825
34 6.6 6.8 8.7
96 665 6.7 6.675
108 665 6.65 665
120 6.5 6.45 6.475
144 6.6 6.65 6.625
188 655 6.65 6.6
192 6.5 6.55 6.525

216 6.3 6.35 6.325

240 6.3 8.5 6.4

264 645 8.5 6.475

294 6.3 6.4 635

318 645 6.5 6.475

342 6.4 6.4 6.4

366 6.4 6.4 6.4

390 6.3 8.5 6.4

414 6.3 6.4 635

438 635 6.4 6.375

462 635 6.4 6.375

485 625 6.45 635




b)) Weigld Measurenend

Sample 1A
Moixhme
T 1 () Taome (i) T ime zqxt (mdn' ") Weiglht () conberndt AC (%)

0 0 0 192088 0428192755
10 a00 24 49480743 191883 032101385
10.5 &30 25 0998008 19185 0. 3037680672
12 720 2683281573 191881 0319988212
24 1440 3794733192 19.1723 023736004
36 21a0 45.4758001 5 19.171 0.230565329
48 2880 3366563146 19.1674 021174367
60 3600 a0 19.1596 0.170963408
72 4320 65. 7267069 19.1539 0.141162447
24 5040 T0.8929574 19.158 0 162508705
295 5760 75859465354 1915616 0181419885
108 480 2049844719 191549 0.14639068 5
120 7200 84 85281374 19.1494 0.117635372
144 2540 0295180031 19.141 0.073718167
las 10080 1003992032 19.1451 0.0951 53945
192 11520 1073312629 19.1419 0.078473581
216 12260 113 8419958 19.1425 001580525
240 14400 120 19.1417 0.077377934
264 15840 125 8570618 191325 0.09278137
204 17640 132 8156617 19.1308 0.020390131
318 19080 1381303732 19.1386 0051170394
342 20520 143 2480366 191327 0030373785
365 21960 1458 1890684 191289 001456475
390 23400 152 9705854 191336 00350092
414 24540 1576071064 19.1322 0.027709655
438 26280 162111073 19.1259 0
4a2 210 1864932431 19.131 0071435779
486 29160 170. 7629936 19.1303 0017776012
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Sanple 1B

T e () Time (min) | Timesqrt(mind®) |  Weight (gm) M'Tg‘:;;;“’“
0 0 0 19 1211 0395949057
10 600 24 4045974 193075 0325280964

105 630 25 0995008 19032 030937402
12 720 268328157 19 306 0317486711
24 1440 37947319 19 856 0277073147
36 160 46 4758002 19 863 02151719
43 S50 536656315 19 7747 0154846219
60 3600 60 19 7764 016367975
72 830 657267060 19271 0135620346
84 D40 709929574 19778 0144973473
06 5760 758046638 19778 0144973473
108 6450 804084472 197703 0131983019
110 m 348528137 19 3657 0 108080552
144 5640 929516003 19 7558 007226938
168 10080 100.399203 19 3615 0086256619
13 11570 107.331263 19 2604 0080540819

216 12960 113841996 193577 0066511138

240 14400 1710 19 7583 006968837

264 15840 125857062 19479 0015588546

04 17640 132815662 19351 003169679

318 15080 138 130373 193% 0057677618

342 20570 143248037 193507 0030137855

366 21960 148 159068 192473 001247083

390 23400 152970585 19 7534 0044167546

414 24540 157607106 19 2537 00457264

43 26280 162111073 19 2463 0007274655

462 27770 166493243 19 2492 0072343582

436 29140 170,76 299 19 7449 0
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Sample 2A

Moisture content AC
T e (h) T e (1) T ime sqrt (it ®) Weight (zm) (%)

0 0 0 19.7026 0 444036604
10 600 74 494897 19,685 0354311641
10.5 630 15099801 19,6826 0342076419
12 710 16532816 19,6788 0372703954
gl 1440 37947332 19,6626 0240116235
3 2160 46 4758 19.6577 0215139959
48 880 53665631 19.6523 0.18760674
&0 3600 60 19,6483 0167214703
T 4320 65726707 19,6445 0147847268
&4 5040 70.992957 19,6465 0.1 58038286
% 5760 75894664 19,6445 0147847268
108 6480 80 498447 19.645 015091272
170 7200 84 852814 19.6357 0102979756
144 8640 92 9516 19.6307 0.07748974
168 10080 100 3992 19,6335 0091764166
192 11520 107.33126 19,6322 0085136754
216 12960 113.842 19.6323 0 DES646555
240 14400 120 19,6306 0076979939
264 15840 125 85706 19,6729 0037725268
794 17640 132 Bl 566 19.6196 0020901838
318 19080 138.13037 19.6294 0070867378
342 0520 143 24804 196215 0D030|H055
366 21960 14818907 19.6293 0070352527
390 73400 152 97059 196231 003874487
414 ME4D 157.60711 196725 0035686065
438 6280 162.11107 19.6155 0

462 27720 166.49324 19.6174 009686218
486 2160 170.76299 19.6707 0026509648
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Sanyple 2B

Moisture
T e (h) T imne (awin) Time Sqrt (min'?) Weight (zm) condent AC (%)

0 0 0 189432 0421977
10 600 M 49489743 18,925 0328675
10.5 630 25 D99E008 189245 0322844
12 710 6 BIW15T3 189216 030747
24 1440 3794733192 18.9047 0.21788
36 2160 46 47580015 189055 0227121
48 880 5366563146 18,5971 017791
60 3600 60 18 8932 0.156916
72 4320 657267069 18 8598 0.138892
g4 5040 70 9929574 188975 0.153735
95 5760 75 E9466384 18,5895 0137301
108 6480 8049844719 15,5904 0.142073
170 7700 B4 85781374 1888 0.099663
144 8640 57 95160031 188756 0063615
168 10080 100.3592032 18 8799 0.08641
192 11520 107.3312629 18 874 0055133
216 12960 1135419958 188759 0065205
240 14400 170 188775 0073687
264 15840 1258570618 18 8685 002606
294 17640 1325156617 18 867 0.018024
318 19080 138.1303732 188744 0057253
342 0520 1432480365 188554 0030747
366 21960 148.1 890684 18 8563 0014313
390 73400 152 97058 54 12 8704 0.0365048
414 ME40 157.6071064 18 8585 0026306
438 26780 162.111073 18,8536 0
462 27720 1664932431 18 8662 0013783
486 2160 170.7629935 18 8684 0025446

116




Maikture content
T 1 () T e (1nand) Time sqrt (min' *) Weight (g) AC (%)
0 0 0 192142 0421773
10 a0 24 4945974 191943 03177a7
10.5 &30 25 0998003 191912 0301565
12 720 35 8328157 19.1891 0.29059
24 1440 37.9473319 19.1777 0231008
36 2160 45 4758002 19169 0185538
48 2880 336656315 19.1666 0.172995
a0 3800 a0 19.1602 0139545
72 4320 657267069 191599 0137978
34 3040 10.99729574 19.1587 0.13170a
95 5760 75.8946638 19.1629 0153857
108 6450 30 4984472 19.1588 013222
170 7200 84 8528137 19.1507 0.085895
144 2640 92 9516003 19.1433 0051219
158 10080 100.399203 19.1482 007eE>=
192 11520 107.331263 191453 0051a72
2la 12960 113541996 19,1451 0.0s0527
240 14400 120 19.1485 0078397
264 15840 125857062 19.137a 0021428
204 17640 132815662 19.1385 0028132
318 19080 138.130373 19.145 0.050104
342 20520 143 248037 19.1397 0032404
365 21960 148 189068 19.1335 a
390 23400 152970585 19.1406 0037108
414 24540 157.607106 19.1398 0032927
43 26280 162.111073 19.1336 0000523
452 27720 166.453243 19.1357 0011458
485 20160 170.762994 191375 0.020906

117




Sanwple 3B
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Maikture
Timne (h) T e (rvan) T e zqrt Wedght (z) condendt AC (%)
0 0 0 1942358 0435309
10 a00 24 45489743 19405 0327774
10.5 630 250998008 19 4046 0320536
12 720 X E32E1573 19 4034 0314332
et 1440 3794733192 193858 0228511
k] 2140 45 4758001 5 193827 0207314
48 2880 S366563146 193796 0191288
a0 3500 &0 19.374 0162336
72 4320 657267062 193736 0.180268
& 2040 70.9929574 19372 0151996
296 5780 75 366384 193736 0180268
108 G480 8040844719 193753 0189057
120 7200 84 85281374 193586 0082719
144 2640 02951680031 19354 0071345
188 10020 1003992032 193617 0098745
192 11520 107.3312a629 193551 004624
216 12960 1138419958 193559 0.06876
240 14400 120 193557 0067726
264 15840 1258570618 193473 0024299
294 17640 1328156617 193454 0029986
318 19080 1381303732 193571 0.074%9%4
342 20520 1432480366 193513 0044978
365 21960 148 1850854 19345 0017578
390 23400 1529705854 193306 0041359
414 24840 157.8071064 1935301 0038775
438 25280 162.111073 193426 0
452 27720 166.4932431 193472 0023782
486 2160 1707629936 193488 0.032054




IL BEermwvalof Bowmsd Motzhoe

a) Weiglht Caleulabions
Sample 1A
T e (h) Weaght (gm)
20 1912
23 191212
Sarple 1B
T (h) Weidght (gan)
20 1924
23 19 23099
Sample 2A
Time () Weight (gm) |
| 198095
3 198083
Sample 2B
Time () Weight (zm)
20 188588
23 128569
Sarple JA
Time (h) Weight (zm)
1| 19,1299
3 191251
Sample 3B
T imne (h) Weight (gm)
20 193404
23 193358
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C. Temperature cycling

Sample 1A (Heating up)
Temperature (C) Radies 1 {cm) Badius 2 (cm) Average radius (cm)
25 G6.2 G2 G2
40 1.57 726 741
a0 | 2.55 206 2.31
20 9.57 926 942
100 11.25 11.54 1.2
120 14.74 1478 1476
140 | 2 2188 =2
180 37.71 41.55 a3
Sarple 3B (Heating up)
Temp eratuxe (c) Eadise 1 {cmn) Eadne I (cow) Averape radius (cnn)
25 | 6.35 G635 G6.35
40 3.2 237 3.2
a0 201 294 2.9
20 10.31 10 10.15
100 1284 1241 1263
120 15.10 1496 15.53
140 J1.e2 2183 21.87
1&0 Fda 3636 3798
Sanple 1A (Cooling down)
T exvmp exature (c) Radies 1 {cm) Badius 2 (cm) Average radius (cm)
1&0 EW 3641 37.520
140 | 3 2181 =5
120 1554 1444 15
100 11 .51 11.52 11.55
20 2.78 2.70 2.4
&0 7.16 717 717
40 6.55 G4l G6.50
25 | 5.43 540 5.41
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Sanmple 3B ( Cooling down)

Temperature (C) Radius 1 (cm) Badius 2 (cow) Averapge radius (cn)

180 F.a 36.36 3798

140 235 2096 21.66

120 15.87 1530 1548

100 12.19 1204 1211

20 9.65 950 957

a0 2@ TE8 798

40 7.04 704 704

25 538 G549 643

D. Shrinkage test
a) Shomlcage test
Sample 1A Sample 1B Sample 3B
Temperatwe (C) | Radivs (an) | Tempersture (€) | Radius (tm) | Temperature (€) | Radius {an)

i 6.47 30 634 30 8.82
40 741 40 T47 40 735
20 8.06 0 797 30 750
&l 3.5 a0 366 &0 2.0
T 945 70 958 70 9.1
20 1035 20 10.04 80 982
20 1029 20 10.86 20 10.84
100 11 87 100 1192 100 11.74
110 1339 110 1311 110 1271
170 1517 120 1504 1710 13.92
130 1752 130 1781 130 16.685
140 A58 140 2003 140 19.35
150 30.188 150 26.13 150 2428
1&0 3?29 150 3561 1&] 31.28
170 6252 170 6508 170 G7.49
175 2455 175 101.59 175 25.61
176 113.50 176 105.57 175 1371
177 13473 177 142.59 177 13273
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b} Eadius at differend zlombage steain st differend ternp eradure

Terperahme | Exp erimerinl sverage | Badie (ena)at | Eadiee Gena) st | Eadive (em) at

{(C) raudius (cxn) ex=-0L00066 ex=-0.00033 ex=-0L000064
170 65.03 33.53 a1 119 581
1a0 3539 2598 37749 58.78
140 19.99 1791 2252 2912
120 14.71 13.67 16353 19.35
100 11.34 11.05 12742 1449
80 10.07 9.27 10.437 11.58
&0 265 799 8.8382 064
40 741 702 7.6642 226
25 8.54 6.43 6.96%9 746

a) Eadie for differend percendage of elastic propertes at different temperahumre

1DDES EDD% [0 1 5] 4005 FiiLh ] | 10R%
L1500 T el i el elastii bt 110,18 elarti
PEcperties | preperties | preperties | prcparties | preperties | preperties  preperties
AT Radiuix Raudins R i Radding Radius Radinis R adine Experirent al
((C) | (o) | qom) (tr) (i) (m) | (o) {tn) Radiw {tma)
10 43 95 755 G443 7218 23381 14198 25837 G65.03
0 | 3438 3 44 4524 50.68 8.5 09 59 131 4 35.39
40 | 21542 | M4m0z | 2835 3176 36.587 6247 | 11368 19.99
60 | 158 17 54 2064 2312 26 85 4540 82.78 14 .71
20 1233 1379 1623 1218 21.11 377 6508 11.34
100 10.16 11 36 1337 1498 17.30 X047 5362 10.07
120 | 564 0 65 1137 1274 14.79 2505 4559 354
140 | 7.5 54 050 11.08 12 85 2179 3966 741
160 | 664 7 44 875 08 11.38 1928 3509 6.54
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E. Moisture Absorption

a) Radix Cakulation

Sample1
T e () Upper radins (co) | Lower radins (ean) | Avernge radius (cm)
0 6.85 69 6.88
1 67 6.75 6.73
2 6875 7 5.54
3 5.95 71 7.01
4 71 7 7.05
5 7 7 7
10 7 72 71
18 7.05 7.25 715
23 7.25 7.25 7.25
28 73 7.35 728
33 7.25 7.35 7.3
43 7.25 7.35 73
48 7.45 735 74
53 7.85 7.55 76
65 7.65 17 7688
77 7.65 77 7.68
89 7.85 76 773
101 7.65 78 773
113 79 795 793
125 78 78 78
137 7.85 78BS 785
149 79 78 7.85
151 77 78 7.5
185 g1 205 8.08
209 7.95 795 795
233 79 205 758
281 7.95 2 798
3% 78 78 78
377 7.75 8 7.88
449 7.85 7.95 79
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Sample 2

Tove () Upp er radius (e Lower radius (cma) | Average radius (o)
0 665 6.7 6.68
1 6.9 7.05 8.98
2 715 7.15 715
3 7.2 7.2 7.2
4 705 7.1 708
5 7.1 7.15 7.13
10 73 7.4 735
18 T35 745 74

23 7.6 7.5 755
28 7.5 7.55 7.53
33 7.5 7.6 755
43 8 .7 785
48 795 7.7 773
53 7.7 7.75 773
65 19 3 795
77 79 79 79
89 3 8.05 2.03
101 3 3 8
113 805 8.25 815
125 81 825 218
137 825 825 825
149 815 3 208
151 8.1 8.2 8.15
185 8.5 8.3 8.4
A9 23 23 23
233 24 23 835
21 83 8.5 24
329 82 3 8.1
317 82 825 823
449 815 825 82




b) Weight Cakulation

Sample 1
Moizture
Time (h) T i (im) At (mint™) Wedght (g) ACI (g contendt AC (%)

0 0 0 183596 0 0
1 &l 7.745967 1836891 0.0095 0051744
2 120 1095445 18.3738 00142 0.077344
3 180 1341641 183759 0.0163 0088782
4 240 1549193 18.3766 0o17 0.092585
5 300 173151 183778 00182 0.099131
10 a0 24 4949 183775 00179 0.097497
18 1080 3286335 183836 0024 0.130722
3 1380 37.14835 18.3879 00283 0.154143
= 1880 4059878 183912 0.0316 0.172117
3 1980 44 49719 183922 0.0326 0.177564
43 2580 507937 18305 0.0349 0.190091
4= 2880 5366563 184031 0.0435 0.236933
53 3180 56.39149 154003 0.0497 0.270703
&5 3900 62449098 184003 0.0497 0.270703
77 4520 6797058 154083 0.0487 026525
20 5340 730753 154134 00538 0.293035
101 &060 T7.846 184139 00543 0295758
113 6780 8234076 154145 0055 0.299571
125 7500 S6.6025 15.4131 0.0535 0.291401
137 2220 9066422 184114 00518 0282141
149 2540 94 55157 154164 0.0568 0.309375
161 o550 08.2853 15.4167 0.0571 0.311009
185 11100 105 3565 184158 003562 0.306107
2| 12540 111 9821 154166 0057 0310464
233 130980 118.1371 184213 00617 0.336064
281 18880 129 8461 184195 00599 032625
32 19740 140 4991 154181 003585 0318634
3 22670 150.3995 18417 0.0574 0.312643
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Modzture conend
Time (h) At (ind ) Weight (g) AC2 AC (%)
0 0 18,4152 0 0
1 7745967 184785 00133 0072723
2 1095445 18.4304 0.0152 0082541
3 1341641 184314 0.0192 0.104262
4 1549193 184317 0.0195 0.105891
5 1732051 184344 0.0192 0.104262
10 74 4949 184314 0.0162 0087971
18 3286335 18.4402 0.025 0135757
73 3714835 18.4427 00275 0.149333
= 40,9878 18,4428 00276 0.149876
13 44 49719 18446 0.0308 0.167253
43 50.7937 184484 00332 0180786
48 5366563 18.4557 0.0405 0219927
53 5639149 184629 0.0477 0259025
65 62 44998 15,4616 0.0464 0251966
i 6797058 18 4606 0.04.54 0246535
g9 730753 184656 0.0514 0279117
101 77846 18 4684 0.0532 0288892
113 8234076 184655 0.0503 0273144
125 86 60054 18 464 0.488 0264998
137 o0 66472 18.4634 0.482 026174
149 o4 55157 18 4686 0.053 0289978
161 08,2853 18,4676 0.054 0284548
185 105.3565 184676 0.0524 0284548
2ls 1115821 184697 0.0545 0295951
133 1182371 184684 0.0532 0288892
281 1298461 184712 0.056 0304097
39 140.4991 184691 0.053% 0292693
37 150.3995 184704 0.0552 0299752
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F. MATLAB Program
% 4D PFRINTING CODINGm

rlear; fonrnat,
foryemt shont g

% Laommate def nuticon (plie s of equaltloclaess)

Mplies = 2 %npukerider the ronder of pliss =7;

thetadt =[90 0],% vgniterder e stackngg sequence fromtop 10 [ ]'y % pl mgles modegree s, froom top
con ertraticnn = gk ercter the mokboe ©oted o %"y

thetadlb = flphitleta dt); % ply angk s oudegress fronbotton

L ply =0000125; % S0 muts  metels

I =Hplies *h_ply;

for i= 1Mphes
ha(l) =-Mh+hpk)l +1Th ply,
el

% Ply engmeermg properties (ASG50 1)

El =155g9; % Pa
ml2= 248

EX =121e? ;% Pa
G12 =4 489 ;% Pa
m2l=mml2 *"E2/E];

al =-0.018e-8; % ¢ oefficiends of therim] e xpansion
a2 =24 Je-b
delaT = - 157 %omgnut"ercter delta 'y

%o ) 1oairix Qoaterial coomdouate s
dencim = 1 - 1oal2 il

Q11 = El J/ denvoan ;

Q12 =1ml2 *E2 / derwoan |

Q22 =E2 /denomn :

Q&s = 12 :

Q=[Q11Q120;Q12 Q220,00 Q4&4] ;
®Q=[20.70,. 720,00 .7]
a=[alal0];

s=nw() ;

% Qbar sty es (landwte coordinates) awl codibatios to
% ABD Imatries

A =meros(3 3
B =czerox3 3);

D = meros(3 3
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MT = zeros(3, 1)
MT = zeros(3,1%

for i= 1Mphes
theta = thetadb(l) *pi f 180; % ply 1 angle o dias | from botion
1m = ¢ ostleta) ;
1= southeta)
T=[m"2n"2 2%n' n™2 m™2 -2 - m i (et 2 -2 ;
Quar = 1w(T) *'Q "(aw(T))'
Shar = oo Qbar’y;

ghar = T' " ;

A =4+ Qba *h_pk,
BE=E + Qbar *h ply *dhai);
D =D+ Qbar *(_ply *Doani™2 +h_ply™3 7 12);

HT =HWT + Qbar *abar *Ii_ply *deltaT ;
BT = MT + Qbar "abar *Iv ply *ghan(i) " delaT ;
erul

ABD =[AB;BD];

ABDIvr = oo ABD ) ;

HASSUMIMG VOLUME SHEMEAGE OF 3 4%

%o Ok = ABDaee [T MT]

oar=elkil:31) /dela T

®CALCULATING THE STRATH DUE T O SHEDTEL GE A CCORDIMGLY
ws=.008;

Im s=ws/3;

e1=0;

el=-1my_=/100;

Hi=zerox3 1),

ME=zer0s(3 1)

for i=1Hphes
thista = Buetadlafiy *pi f1E0; % phy 1 awgle Do disne froon botton
1m = ¢ os(tlwta) ;
1= southeta)
T=[m"2n"2 2%n' n™2 m™2 -2 - m (mc 2 -2
Quar = 1w(T) "'Q "(aw(T)'
T e=[m"2n"2mYn™2m™? -m' -2 Mnh 2% M (m2 - "2,

if theta==0
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eba=[0:2.0],
e ke ¥ theta=00
eba=[e20:0].
eke
eba=T e [el;e2;0];
el

ME =H 5+l ar "elaar b _ply;
WIS =I5+ Qloar e h_ply Hoar (i)
el

%CALCULATING THE STRATN DUE TO HY GRO 5COPIC SWELLING
5C1=0;
502=0003;

WH=ze105(3 1Y
WH=zeros(3, 1Y

for i=1Hphes
theta = fwetad(i) *pi /180, % ply 1 mgle Duradisns fromm botton
1 = ¢ ositleta) |
1= souleta) ;
T=[m"2n"2 2%nM n™2 m™2 -2 -mth m (mc 2 -n™2);
QUar = 2e( T) *'Q "(aea( T
T e=[m"In"2mYn™2m"? -m' -2 Mnh 2 m M (m2 - n"2];

if theta==0
G Char=[0;5C2; 5C2];
eke ¥ theta=00
SChar=[530C2,0,502);
e kg
SCbhar=T eMSCL;EC2;5C2];
el

MH =MH+ Qbar "5 Char T pl *concertation,
MH =MEH+ Qbar "5 Char T ply "shaiD Yoo evdration,
erul

¥or alovlathng tota 1 stram

xl= B(11y-(D(1 10BCLL 1IN AL Ly-(D (1,20E02 200 WAL 2y

x2=-(D(1 1B 1N AL (D1 2VB2 2)) A2 2y

3= (D1 IVB(LIN T U HE(L I FHL 1D (1 2B(2 1) YHT(2 LS, DN HCLL L)Y

Fl=-(D(120BC1 10 AL L (D2 2WB(2 2 AL 2
¥2= B2 20-(D(1 2080110 AL 2)-(D (2 2WE(2 20) "AL2 T
F3= (D1 2B T L+ E(L L WHC 10-+HDE2 20802 20 THT(2 14502, 1 HEL L),

ex_total=((y2 YMT(1, 1 ME(L Lk MEICL 1k 233 (x2 (MTC2 Lk RISC2 1)+ 2 1) 300002 "x1-712),
ey_total={(y]l ¥MTCL, 1+ ME(L L MEICL, 1 233 (x1 (MTC2 1k RISC2 1)+ 2 13- 300000 1 *%2- 72 1),

k(WL +NGE(1, LA NHL L (AL 1y Y x totaD-(ACL 23"y total/BC1 LY
ky=(HT(2 1+NG(2, I NHCE L (AL 23" x tota D-(ACT 23" y_total/BO2 2

radms_1 =1kx;
radms_2=liky;
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Tadms_1
radins 2
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