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Mechanical Property Behaviors of Polyethylene Pipe due to Thermal-Degradation
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Abstract: Reliability evaluations of linear low density polyethylene (LLDPE) pipe with respect of thermal
exposure time have been investigated in accordance with RS M 0042, which is a reliability standard for

polymer pipe. As the thermal exposure time is prolonged, a progressive increase, until 250 days, in tensile

strength and a slight increase in hardness are observed, while a proportional decrease in elongation at

break is showed. These results can be explained by the increase of crystallinity, followed by the increase of

crosslinking density, chain scission and the decrease in chain mobility, due to thermal oxidation as the

exposure time increases. Long term hydrostatic pressure test result implies the existence of transition
point from ductile to brittle fracture. Oxidation induction time (OIT) test is employed to monitor the
thermo—oxidative degradation of LLDPE pipe. This result shows that after the exposure time is 250

days, the depletion of antioxidants added in LLDPE pipe occurs. An empirical equation as function of

exposure time, under 100 C thermal—degradation condition, is proposed to assess the remaining amount

of antioxidants owing to thermo—oxidative degradation. Fourier transform infrared spectroscopy results
show the increase of carbonyl (=C=0) and hydroxyl (O—H) function groups on the surface of thermally
exposed LLDPE pipe. This result suggests that the hydrocarbon groups locally undergo the oxidation
on the LLDPE surface due to thermal—degradation.

Keywords: reliability, linear low density polyethylene, thermal—degradation, oxidation induction time.
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€] slo]ste] 7pg waEZ o7 AL H So), Zelodd 3}

|2 S5 diAsle] diRe] sk 9 7y, 783 vl
7 2l 718 ERRnE W] LAl AR T ik AR
7R ek golze] #etk AT I WAYS (fallure mech—
anism), 2]% 744 &7} (environmental effect), W& -2
(residual stress), 71412 £43 (mechanical property), A4
(operating lifetime) & ChJE WO A7} APela ek 5
5], Z)elgdl sjo]ze] Ulde) e B35 R AINE AdA] A
Q3 ARE AT & Zovk Eejelld Zuiig glo]>xd] sl
RES Fstol BH, 2-8sled) 288 thate] Hlwa] @izt
o] RFFARI 2 A4S Hole M (ductile) IR} AT ol A
2417+ dsHdegradation) ¥ §- w248] Zo| A34sK= F/d (brittle)
gz T 5 ok dAEA olefst ERlelgdl oo dég
n]del] W] 22 o5 4= Q)= AP (reliability) /W9 (durability)
of| #3t ATAANE 7t TR T2 AFSE Adleloh ARt
of|x] Eeeldl s3] ARV HrK= & AA| Hel AUk AR B
/A SN g Fast dolet gt

B AelMs AFAU =L d@A(LLDPE) E2fAE 3l
U 2 AE S s fl8l 7] Dsh(degradation) o] WHE =
24, 71417 =73 Wslks IESISIT Bgh okellA] T As) A

o

T 18R] flsle] AP (FT-IR), BEEEA(TGA),

ARIFAIEFHEA (DSC) ¥ tlEe] AkA 7 Hoxidation induction
time, OIT) S S4sISir) gt Gprlgie] ue AgAd gl
gl slo]e] iR ts ALY 23l A7y AHS AAs
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ME. 2 AFelxe st sl (F) o AP dsEe el
(LLDPE HS 1100, ¥%: 0.9 g/cc) & AM3SISILE Alae |
(pellet) & AE—239 (injection—molding) 3103 71414 B4 =7 o)
Q3 4=4] AJHHEE FRIEIIe) Bt B AR Alxd 1/4 2
2] Z2lolddl o] Z(2)74 1 6.4+0.04 mm, 77 : 1.1+0.05 mm)
AFRE () A 2R Alggit)

s} Alxd A Al glo] AlRHEE Toyosekifke] gear
aging oven(ACR45A) & ©]83lo] & &3} 3ol w3Az: &3}
Z712 RS M 004241 w2}, 100 ColA 30, 100, 250 2 3002
&2t FolFlth

1AM 24 4.

QIE ME: RS M 0042¢) wie} dslel 57] AlFES o]83lo <l
Aol Rl WS AlEAIE 7] (Instron model 5567) & ©]4-
3lo] 50 mm/min®] SE% AIFSISIth #A 5702 AlgHe] A
B 3 Ayl A} o] TSI

AT MY A% 5742 MGFAR] Shore durometer hardness
£ ©l83to] KS M ISO 868l miet X130 #2 5749) A9
o] A¥Y & Hyghyt B2} glo] Akl

TH7|mpR| Qb ME: RS M 004291 meh, RAARS] UikAIE7)
(RPCS—Master2) 5 ©83lo] A&si3ith 300 mm Zo]¢] o]

= ARAL JHT B % vk UE @ Eow ug ¥R ¢

Figure 1. Schematic diagram of pressurized pipe.
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1714, pp=0°11 2] (2) ¢} FAE.

2 2
i+ (6n/r) - p
, = DO A A (2a)
Iy =5
2 2
i —(nn/r) - p
Oy :% (2b)
1’(, 71}1

A7|HL A et 2% LLDPE Fjolaze] A7 uieide
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DSC #A: TA InstrumentA}e] AXSFAFEHA(TA 2910) & A}
g3afo] g3lel LLDPE Tjo|328] 5=31(70) 3 ARt (p & 34}
SIS oF 10 mg®] AES A w7 18)elA Adollx] 250 CT7H]
10 C/min®] & £52 SsiSivk 2422 dslel Alghde] Z7gs)
% (crystallinity) £ 100% orthorhombic 27%2] €812l 293 J/g&
ARgate] Antegie

MR EZAIZE £ TA InstrumentA}e] AXISAIE3A] DSC
2910& ARg31od, ARBHTEAIRHOIT) < S35t 25~180 T77F
2] 10 C/min 52 $-2A171W NoZ 4 180 T = Jelell
A Op 7k vHFoIA] 1003831 Algste] 93 AR 7153191
ol A= WA (onset point) < ¥HFANES-© 2 [SO/TR 10837
of me} 27 71EM (baseline) o 12T 7.0 Az wapd o
e P!

HoIMEW 2M: Thermo ElectronAl2] Nicolet 5700 22]4
T FAVNE AREste] Azt wE s HEE s
STt

4 ¥ EE

A A3l = J[AN EM. HAPALEZEDA(LLDPE) o]~
o] dslel] e 71A1F B4 wisks ZARIICHTable 1). d3trtlo]
73l wet AT} SIS, 250004 FH | 26%7H
S} T ashe A BUL vbd, XSS d3bazio] Syl
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Figure 2. Mechanical properties retained vs. thermal—exposure
time.

Table 1. Effect of Thermal-Degradation on Mechanical Properties

Exposure Tensile Elongation Hardness
time(day)  strength(MPa) at break(%)

0 14.6%+2.1 335+46 56.4%1.1

30 15.7+£2.9 309+54 56.7£1.0

100 16.8+2.7 304+54 56.6£0.9

250 184+1.9 292+43 56.8£0.8

300 17.1x1.6 287%52 57.2£0.8

All specimens experienced thermal—degradation at 100 C for a
given time, according to RS M 004 2.

Zo|M, A33¢ #15%, 20094
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e} MR g Bl Hil 14% A4S Btk Aslalglef w)
A% WSkEe #3149 AP A HE UM A2 AR 3k
< FAsIATE ezl uhe 71A1% E4J2] WelE-E Figure 20
LERIQIEE 7=0] S7H80] AlEe] AaZHris tha A Y
Rt o d3h= ago] Wsk Qo] Wl tlS 9aks
HXE 2 GRISISITE gt dahrRio] o] wisle)] wlx|= J3k
2 34 o2 Z0F JhEr)

QoA Tl Asprlzie] F7tel W RS SR v
A7 7R Rlew A 4 Qlek 3|, a1 dskrgle] wE
LLDPE FAuje] A3k S71el 71Q1ght 5, dskz191 100 C
2= Z27)oll= oJd¥ (annealing) 95 74217 LLDPES] 2%
I s 4o = ok 53, APEH] A, #AF 73 A
& e & Aleko] 7] wiEel] A3K= K golah| o FoixIth
WAL GEelr] el B, 257 S7FHl HH At 25 (mobility)
o] S7kete] Kt HA| A AKEEe] EE o] A7dske]q, o] wkzt
ghdlzle] A= 5718 Zloltk ojgfel Avh= #Ab ARETHe] 23
AL IAA QPR ST HE otk WA 9
Q1o 2= 7l (crosslink) W= S71E & 5= ek d3prklo] S
o] we} Aof| 2J5t Ak oxidation) 7} LLDPES] oA RE] 2188
ek olgfsh AkslE Qlsle] EE|H AR el ARfEtcizie] A
ol T3 ohE, 37152 Akl vkSSEle] YAkslE 9l slo| =2
A= Gele] Blzke FAdsit) o] Whe-S IR AKES] B E
o] Mz Agsh= 7uHke-S FEsit) ol rfwdee Zuy
AR ] 25 Wallsl] AE TMIRICE AR, olest 7t
WHES-E A= Ak (chain scission) 3 22 71717 EAJel] %44
ol E3E Fleh= A7) wek® o An 18A aAlE A8
(brittle) = A ¥Ick kA AdHsigize] 4 dsph WawdA] At
Alzo] #olA] Ak Wk (segment) o] TAE SdkslA HTk o=
AKz9] 918] Wi (density of entanglement) S ZAAIZEE ofz}
2A19] BHIES IA AAIZIA ik glEe] AR o] 7has)
o] x| YRS U Y Zloltk o]dh Ail= okl we &
ST W2 dalg 7hao] elo® A 4= 9k

LLDPE sfo]329] Asje] kg @7 |9l A vk= Table 291
gefBisick. 43l 1e] LLDPE Tjo]3 A[gS ol831o] 337} 60
Z~70% Alolel &R HE AR o= S/M7IH I
e 43It 121, AR HlnE SlaliM, ke o) A3

b
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Table 2. Short-term Hydrostatic Pressure Test, DSC and OIT Results
of Thermally Exposed LLDPE Pipe

Exposure Failure Failure T T: Vs OIT
time(day) pressureMPa) time(s)  (CT) () (%)

(min)
0 56104 683 1259 1075 392 50
30 6 80*r7 1264 1080 409 25
100 6 110£8 127.2 1084 41.7 19
250 6 201£11 1304 111.7 467 15
300 6 338*€19 130.3 1123 475 05

7Tm' peak melting temperature. 7;: peak crystallization temperature. y:
wt% crystallinity. OIT: oxidation induction time of thermally exposed
LLDPE pipes at 100 C. All specimens experienced thermal—de—
gradation at 100 C for a given time, according to RS M 0042.
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A I JES AFH o7 ST} 6 MPaollA] 174 % sl
A7 L] AR ST At A AlPHE 5.6 MPasl Ust
(internal pressure) ol ©F 683 Wl T =|9ict. Al Ho|= A&
T2 delrglo] T7FESS AR R4 0% ST1siglc) odl
A= o sl W RS kel o] Qlo] Helrk o
7, SuElofok 3 |2 AME 2509714] Dl Al
A9 (ductile) 37t 5 oA 300Y B3l A=
k] F2 9T Fdo] E3be wrt AEE I o) & dst
8=o] wE} LLDPE 3o|Z A= FHAslEo] 71 928 1
oETk

RS M 0042¢] wte}, @A d=ge]oldall Zekig slo|zo] %
71785t long term hydrostatic pressure) ¥ FYSISATE
Figure 3l YeRd ng} o] Eupig sjo|ro] dsirjziel] w5}
ERTE WSle] B, HlwA 27AER1 Stage 1ol Rofrl= <
(ductile) T}, Stage TI°ll == 31 (brittle) 34, 1231 A7}
3l (degradation) & 3 323 o] AASH= Stage 111 744 5
Sk 7H5ER1 80 CollM F38= AdATE= s QAR B
FEe 28 A AERTTF UERIARL AR A 5 Ao
Qo] 213+ A3} W F3}H(brittlement) 7} AN FA s =2 A
S BT 7IEAE 202 80 TolA, Y99 e 71gt &
=g wjo] gAY SR TS 715 AFE Figure 401 YER]]

Hoop stress or
Internal overpressure

'

Ductile failure

Stage |

Stage Il

Brittle failure

Brittle failure Stage Il
by degradation

Failure time

Figure 3. Schematic of failure modes for thermally exposed
LLDPE pipe. *
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Figure 4. Long—term hydrostatic pressure test result showing
hoop stress vs. time—to—failure for LLDPE pipe.

ok
g g3l & BN EN. AAFAIEHAIE o]&€3le] LLDPE 3jo]>=
82| Gajol| w2 H=1( T, AHSR(7) 2 AHE(p 9
1= TSI Table 2). Ashrtle] S7tel w4, A7dshe
Aol AR 0= FrkoIc 3009 st - Sl A%
e ok 5 C, ARslEE ok 219% H%E Z718IsIck LLDPES] 7
9 WAL TR AR Eo] golahal % ST Al BARREE A
o} 01714, 93keel 100 T LLDPE vjo|29] A431e%
(~107 O F 128l & ), 293 (p de2 AP Re 22 od
o 3o Zgeh= A 0% BRItk uEpA, olejst Asl: S
At AP FEEE AT F7H 8 djloR
E21=4

SuEoor 3 Fask He d3l T AlPHAME FHS VER:
F2 ¥]7 0]2] 90-118 T ol F7H<! &4 (endothermic)
7} v, FuEslel” oeh, 2 o FAvA(T1o% F)
T T AR 7R ZE Alze] Argslel] St ZiQ) wkd, vlwA
22 ARl YUY A(T2E W) &= 2R RS 7 &89 A
&2 Aol olgt zlox Argdrt: 53] T2 34 A 2% (inter—
facial crystal) 2-& #olZ(transition layer) ol 7|¢13F 21 02 X},
olgfgh T2 Fdu|== dslell oJgt F3F A% d(crystal phase) £
S Qg 53], 115 € el ¥2==(Figure 50 312
7 R FhulTe $3 2] EAES vehdink® 93t % 6
U opdel o] A =W, A3l o1F Ade A st
A EAE A dnt G4 obgido] wke Zlo = sk,

Figure 6 dslrlzte] TGA ZAuEA] Zizke] AlgHe] dis
AsE RofErh FsrRle] Sl FAY Fhashe AlRde] S3t
S P 5= Qi) o) dapt el wet B ] Tk
Agto] whAslo] SgtAl=F (M) 0] S7FsE 2102 WAtk kX%
olgfgt 7twHwe] TPt dshd AlFHAA HoXle A2
7ol = G2 Fo] Btk QU T o AR A
7k 71l Wk ARakee] Sk dxkEch o) da), dabalzt
et Fe Agslee] TPt olFolA|al, 11 0% AlgE: At
3o o8l A7d3h=#] &gt w7 (amorphous) FEollA] Akst
2 QIBH A& Ae) 7k ¥hgo] WAehs A o® Helth
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Figure 5. DSC spectra of thermally exposed LLDPE pipe on the
melting curve.
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Figure 6. TGA spectra of thermally exposed LLDPE pipe.

LLDPE Al&#2] & Akst A3de grlsl] 2f8l dsirlilel
glo]3 Al ABHEAIRHOIT) & S5tk 180 CollA] Aka
(O olM 5743 OIT A3 A, 43t A Al 502l U
J =77 vkt 18] 30, 100, 250, 3009 dshe Al A
Solli= 242} 25, 19, 1.5 30%FlA Hd9]aE g1 4 9l
tH(Table 2). ABHTEARES Zj&alaA 9] A8t 82
J71e 4 Sl TR A|HEEA, LLDPE 3o]3Z A8 dslof uj
AP A|e] 312 (depletion) 55 FUEHWYE = e #471e
olc}! ol Az} B Ao Akl LLDPE o]3ell= octadecyl—
3,56—di—tert—butyl—4 —hydroxyhydro—cinnamate 2} tris(2,4—
di—tert—butylphenyl) phosphate 5 & 7F4] AF8PEA| A7} AR
Fek Figure 7= RS M 004291 W}l 100 CTollA d3ls 1
O3 Al OIT #he BsheA] ke 27] 3o]3e] OIT grell o
g HAIE ghow FAsIGITE Asprkle] TRl wet OIT gk
HdEZ o5 F243] st AsAAe] 95%7F A" AR
ol X ket 74 e BRItk 250¢ dsh A 3 AksAA]
£ 79 3dE BloR gk olelsh APIR|Ale] e 7
23 71A1A 2799 AskE &gtk 2509 olF- 3009 Hske A
AHollA TS e APIAA| el &gt =4 s
z dral]

= AgellA = 100 CeollA] dshel LLDPE 3o A|ee]
G3prRte whE ABPIRIAIY] RS G5 4 Sl S A
T PR xdsgith(Figure 7). ©1F olal7} S8 dARE
2 xdsl] 3l OIT kel A2 1(n) & FH3l 33k 2 (3) 2}
Z

In(OIT) = Ao -£+1n(OIT) (3)

o7, OITE= G3PAZHD ol W2 OITEE Ao 100 Coll] d3fs
LLDPE IT}o]xZ Al3Ae] 4kspiR|A|e] 2h4H]E, OlTi= 27] 43}
A2l OITZH(=0)= Yehdc) OIT ol Adz 1= F3k I8
Figure 8%} 3t} Figure 8¢ Aok 2ol &J5p4, 100 ColA] LLDPE
o] AJFHHAE G -G, 774007F o)F o= AEPIAAZ A
& EABH 55 & qUrk

=
d @3l & MelMRA 4. d3t A - F AFHe 54 v=E v

[MSTLEYS )

Zo|M, A33¢ #15%, 20094

y = 103 ,9¢-0-0006x
R2=0.9793

OIT retained(%)
3

Reduction of 95%

0 2000 4000 6000 8000
Exposure time(h)

Figure 7. OI'T data expressed as percentage of initial OIT value
of thermally exposed LLDPE pipe: Exponential fit to the data was
plotted for 100 C and the following equation and regression
coefficient were obtained (y=103.9e %%, R?=0.9793).

50
N
40}
)
2
§ 30
o
=
o 20f
= o B
— y =-0.0006x + 4.6433
10} R?=0.9793
0.0 L s L Py
0 2000 4000 6000 8000

Exposure time(h)

Figure 8. Logarithmic plot of OIT data of thermally exposed
LLDPE pipe: Linear fit to the data was plotted for 100 C and the
following equation and regression coefficient were obtained (y=
—0.00006x+4.6433; R*=0.9793).

Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm™")

Figure 9. FT—1IR spectra of thermally exposed LLDPE pipe.

wap7] flsto] A e digtAlS r3sto] Figure 99l Wehilth
5= Aol C—H stretching (2900 cm ™) 28] 3% CH, defor—
mation bending (1460 cm 1) @ CH rocking bending (717 cm™)
oo Weh= 937 weo] 2t Eejeld s Sklsigict
d3x7ro] Z7)slel wel k=R d (carbonyl) 1E-(e.g., acid,
ketone, aldehyde, ester, lactone, a—,B—unsaturated ketone) ©.
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Fl2RY I50] AEHA 2% (stretching vibration) 2} ¥ %
=2 BHlEoX 2] WelE Ao mm S48 ¢ itk 5o o,
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WEdl=g

2 =B
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(& TP eIt A154-] ‘%}ﬂmﬂ 2 Ake At A
& LN AAaAA A9 FHAAEE gtk olfsh AstrRt
uhE 9] FAshe ddale 1A %Cdj Ardeet. 71t
A A= dsrRre] Sl wet 2712 Adakelx ATk
E o)== R Huis] BHojFr) ARIPAIERAIS} dEEEA 2
AEAE Folod, dshrRte] Srlel wiet Ashert Skl Al

H= dslebdel] ofall AgsheA] x5k ugl FHtelk AlskE Qlgh
A A} 7l 9kgo) vl A o 7 sdtEn) o Ak} 3-8

Hof F= ABHEARE S4 Avk= 250 A3} Soll= A7k At
SPIAAL ALY AAEE RoZ Helth dild AlgHe tidt &
ARG FAe o A3lg Q3 72 R (-C=0) ¥ 3|==4(0-
H) #6719 S7Fs BolErh old Aik= glo]z Alga el
A= ©skrart doll ofsl Ak Sle= vehdit
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