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Application of CVN and 3-point bending in determination of critical fracture
toughness of 46E2 and 60EL rails
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ARTICLE INFORMATION ABSTRACT

Measurement of fracture toughness is one of the quality control parameters in rail manufacturing
process. Fracture toughness value is needed for designing the rail lines, analysis of defects and other
common prevalent works in mechanical engineering. The goal of this research is to introduce a relation
for measuring fracture toughness of rail materials with grade R260 by Charpy V-notch number. At first
the fracture toughness of rail material has been determined by 3-point bending technique according to
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’éfgc‘ﬁfrredf;ughness ASTM E399 in ambient temperature. The fracture energies have been measured by Charpy impact test
impact test and it has been illustrated that fracture energies have no significant change in the tests temperature limit.
rail ) Relations between the chemical analysis and mechanical properties have been studied and compared
3-point bending with results of the other researchers. Uniaxial tension test, analysis of chemical composite,

metallography and hardness test have been carried out for better study of the process. Finally, a relation
to connect the Charpy V-notch number and fracture toughness has been introduced and the fracture
toughness of the rails material over the impact test temperature limit has been calculated. Good
agreement between calculated results and the result of 3-pint bending test indicate appropriate accuracy
of the introduced equation.
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Fig. 1 Location and section of fracture toughness test piece [2]
[2] csts (Kojiiz (y905] Wiged glafio grlaws 5 Connbge 1 S0

4 o )lasis 17 093 1396 5 (oo Suille wdito

Oyl gl 5l (BFp a5 0,5 18 Az 550 A5 slayall B e
osel Sy (Kajiz e eilomy ot s pSoilal 5l e
30 38 5SS beadoly oylse [2] (Kiws S5 ab, e g S
Loy Sns joe )0 Sloy G2 Glie diged sln ot bl
s glalamdle L 5T S 5k, e s

syl 5 S pliear cuSE (Sejir ab ke oS 455 les
Jyame 598 Gl 5l Qliebl Cz T g xSo3luil 5 zskas ol 5o (ieS
CaSs (Soyaz g pSoslul anld Hog Camin 4 azg b cl (I
Sz resS slp slalal) ays 6550 5 esliiul L el oals (33
Ol S slaanl B 6l Luly, wsS ol Caio 50 0gh lo CunSlE
e glaaly Gl (plpegdle cnliSaly 5 el Sl lal>
Modge CanSs (Sajiz sloge] 5l el @l (bl 5o Wl
sl

5 peiine 90 93 4 Kie CaSs (Ko iz (550l (IS sk o
Pl a5 Sl (Glawlre b ppeditas (B, 090 o plox puditas d
¥y ke 5| (e paitne nd SlBAs; g Sy oo Kic (i i 4
Cyo 4 Kic ldke 6 Sl ez yo oyt 18] 9 oo @1l 1, Kic
Sy oS, anle e by, 4] ool ASTME 399 s uibin peicins
o culs (Sejiz gSeilal lags, Ao 1T —JISH 5 S 5
Slr sl 42 sel @l 5l eslin] [65] wites e zé &j50
Al oo Jlad 4 e i by S0 G CanSlh (Sajiz lade (5505l
P asli U jlad cow oyjle o Kio e e ailie o lge 5 laolS's
T8 alise Jlod 4 4o 4 (950 5 o e gy S 48 555

aazg by o)l gy calide slales jo 4y (lalesl bl (Sl
Koz g dips 65l opols bl el ilies Luly, LialesT plowl sles
Connd o oolitul sl (1) b, digas (sly sl oo Sl ek
5o oolaiwl (gly (2) abayly 7] 05 4y py S haud Sloged py Cunss
oads &)l [9] [lad cow (e sl (3) alal; 5 [8] o5 cuSih adlais

o

K¢ 2_c CVN 0.05
GOy =515~ 0.05] ®
Kic = 8.47(CVN)©63 @)
Kic CVN
(=2 = 1.23[-— — 0.0061] @A)
Oy Oy

ays 5550 CUN (KSi) cowys oole poled conglin 0, (1) alal, 4o
el (KSIVIN) o pp Sty Koy Ko g (ftoIDS) oy o)l
ey Kic g (MPa) ez, 0y J) cuw=p CUN (3,2) alal, ;o
Zewl (MPaym)
azg b Jy oad wll 55 6,500 Ll eadsl gleakal) pogdle
)5 35y a5l Jssd BB el ass (gl a5 asis ala, a5 cudls
oole g il duylds a5 o asetie 48,8 & g0 ligion 4 azg b
ol g o)l ez BB G 48 (655 50 pditne D90 4 dalllas 300
daly> 50 50 a8 (65,0 5l eolaiuwl b cuSls Ko jiz acwlo ;0 8 50
ey oislog, wleaz wlb dal, sl s by o8] cusls

Oledl e 9 (2lslpi5 (hg) 5l gt s Sl o Gl slajls

! Fracture toughness
2 Crack tip opening displacement (CTOD)
3 J-Integral

62


http://journals.modares.ac.ir/article-15-6178-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:01 IRDT on Sunday May 13th 2018

Ubled 9 @lbse Jelexe 60E1 9 46E2 (sla s oSy (50 pix (6085051351 »3 iols 4308 09T 653l Ggy S a8
Carhon (%) S=4W
300 R=W/8(MIN)
oot 0.11 @‘/ m
0.2z ‘
=
5 200 r- h
& 0.31 K h
& T
k| 0.43 @
100 4 0.5% r =
063 q67
= b
200 -100 i 100 200 11D
Temaperature (°C) WA
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Fig. 2 Loading fixture for 3-point-bending fracture toughness test [4]
3 Shad hgy & Sl (Sojiz (gajl ol @l 50 Jlael 28 2 U

WMDY

[4] labais
a
()=
7199 =1 - D[2.15-3.932+2.75(2)'] -
3\/% 2(1 -2 (1~ )2
Kic
B= 2.5(0—)2 (6)

y
W 5 BS (Pavm) cew Kic (N) (g oo Po (64) Lalg, o

el o

e 65,0503l axlre oo Spte 5 o [12] ASTM E23 s it
S jlaitinl jo ouds &1l Jasdljgiws ulul p 58 (g 5ledigad .l 4 5 (655
855 o O yg0 0aloly

E3ose 4 4z g b il gla)lislo b slge 50 (y905] gl anmlis
ooyl oas &l 3 S 0 4 Ggesl o Jis S sl 3G
Soy il b a8 oud osls (las Cpadie awgs 418 ,5 & g0 Slidss
4 S g0 o] gl o8 ol el a0 (6550 5 Gl ool plSxinl )5
J13] el onls ools ylis

ouniplxil Slaoge3T-3
05970 yiiaS” 903 -1-3

FCC Materials

P

Low Strength
BCC Matenals

—_—

Energy absorbed

High- Strength materials

Temperature  ——p-

Fig. 3 Absorbed energy in various material in impact test [13]
[13] o)lr o 305l 5o calises Slge 4o ool i (55,1 3 S

4 o plass 17 095 1396 s LSl Ao sa dins


http://journals.modares.ac.ir/article-15-6178-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:01 IRDT on Sunday May 13th 2018

Ubled 9 plbso e doxo

60E1 9 46E2 sl Jo) amlils 550y 5035051331 )3 51ols 436 09T (5331 Gy 30018

13000
16000
14000
12000
10000
L, 8000
6000
4000
2000

0 T T T T T T T T T T

0 2 4 6 g 10 12 14 18 17.2
£(s)
Fig. 6 Force-Time diagram of fracture toughness test
S (o iz (9a3] o~ pl,Tho 6 JS

b (o195 (ot 9031 -3-3
pll (g yegilsS g, 4 aF aslllae 5,90 oole Glaand (olys Julos
039 ).,.'>l; )L....; o..\..'LJASU ‘5pr;: 9 M, 9 AS|)| 4 Jj‘-‘? IS w)f

|

5o (39031 -4-3
slopsesl Jol s byl sly )y adaie o jo 315 gls a5
plnil aslllas 5 )50 o3le Jlzlo ) 28,5 Slai )0 b ayo g conSls (S iz
Ll s 5 ond enlie iy SelS sl ahaite grlans IS ) s

ol oals ool las 7 ISy b, 2U

iz 436 905153
1, R260 M5 LBOEL (UIC 60) 5 46E2 (U33) Ly, so 5 al> e ol o
[11] ASTM E23 s ailiwl (bl s (g 5lustiges g oo solisl Lo yg0 Tl
oaioloml diged Ml ay0 (yg05] pll Cua (I Wiges 2B &g
5 Sged Jsb b plnil ) gl cenSt (Sajiay nSojlil cox
8 J5b ol oad sl (Lo ez 8 LkS 5 by ek b,
3 olimebl (gl sl 4,8 g0l plosl cge oabolon | Aiges caimslis

o 3T (5051 5l Jol> i 4 Jguzr
Table 4 Results of chemical analysis test

C Si Mn S P Cr Ni
068 024 107 0015 0021 0.02 0.02

Pl

39 M2,

g
Fig. 7 Microstructure of rail head

Joy b sl 7 Sl

4 o pless 17 0951396 PYRIETP R VRU VH [ VARTRNIPY

28,5 alosl [4] ASTM E399 o laikiw] (ulul 5 digas g5l

Swgmli sbul (ASTM D5045) o laibl jo S5 olxl (sl
R\ E Y ) SURRLIV, i W/ RPN Zp g g Y B UUUWT S O S FUWER IR 7.
098 Sy g Shel Bua cwl oad slpriny Sglae oSl 58 S
oslitul b Bdod (53 el S5 Sgi 0 695 g5 g g Sl
onds sbol HLus 0.05MM s 4y 5L Ly gomw b g S plg 3,
a5 GlassS a4 eads sl Ll jo S SL s lass b e oSl
oo i s 5 25 Sy (53,5 4 e 45 353 ol el
el 48,5 )18 oolaiwl 0550 5 iz 00 DY (o g, ol il
[17,16]

3 5 UK el oa &l 3 Jgao 4o endoske] diges lasive
$9) & Sl ae3l plal gl oo oole] muSd g diged caxmslis
G125 sasl ploml (sl ol oo iaadse Lad - S olRws
Lg olojgym pl,SLo oams ylas 6 JSo ol ais 5 lai o IKN/S 4,5
el odel Cawody 16900 N ol iSTos ' (g9, e o 5l colazul
G5 S 2 dgee LIS 5 S g o 0 eaalie izen
g oo Jlosl

sl fla/w) e () alayl)y 93 Jgaz o ool &l polie 4 axg5 b
slp Kic jlaie (4) abaly gl eolinn! b ax j0 5 998 o0 Jol> 2.66
5 a5 S cygey] s 5l eolatwl b 0gd co dwle 47.28MPavm
79 Ssdee Jol>0.0196 = 0.016 Lyl s (6) akal,y 5 ooy &3l)l 1 Jgax

| e Kic Lﬁ‘ﬁ o..\..ind.,....'l?u )L.Xia U“JL"" L)"‘

el ds Jhos by 4 CenSih (Kayiz (y50)] diged Dlasie 3 Jeuo
Table 3 Properties of 3point bending fracture toughness specimen

(mm) ,lase cadle amia
250 L Jsb
39.2 W st
19.6 B Coalies

18.3+1.3=19.6 a g ,ked sb
160 S=4-W

olSa,Ss (535 o alols

- -

» sl

Fig. 5 Loading fixture and specimen for 3-point bending fracture
toughness test

O S8 (Kejin o903l plosl (61 oudangd iged g 950 Jlos! 23 5 JSB
6]:&'@&\3 Yool uﬁ”

64


http://journals.modares.ac.ir/article-15-6178-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:01 IRDT on Sunday May 13th 2018

VblKed 9 pldss (e oxo

60E1 9 46E2 (sla s oSy (50 pix (6085051351 »3 iols 4308 09T 653l Ggy S a8

4yo G395l ool bkl (Ko ir (S pT0)INI-4
=3 4

&5 oo Ll sl gonaie Laly), 0l Gl asade ;o a5 aisSoles
Sl oS guzly aaly (Jg sl ond ail)l St (Sejiz g )l 402
oML by oYs8 gly o)l gy wes Wl Jod BB ol o)lee ples
odls (Ll 7 S js 4 b eole (oud  MlS Jlisluy ) 4 axe5 L (R260
CaSs (Keyiz Gl lei o0 280 HB s> o5t uizmed 5 Cowl ouds
ey G gz dlal) Gl 05 eesS (8) ke, eolial L,
Soged 05 CanS oogase jo asle 4o (655 5l eslatul b clsls
sl 003 815 Jsaz gl 5l oolial U g slye 63,5 4 oay i

K¢ = 19.58 \/(CVN) ®)
Kic 5 () w2 lzr 42p2 0031 5 s (55,1 CUN (8) alad 5o
0550 Glodyy Sl Koz ol (MPavm) > 5 ConSs ez
25 oud dnlxe B Jguz 5 (8) alal, wluly iagh onl o eolinl

SR 9 (S5 4omi -5
oads ooy plis calises slales jo 4o 50 40 oS b 4 JSs e
argi b artes N8 56 a0 s5,0 5 50 K0s olie 0,5 pogdle ool
L Joleo 0055 31 ol sm o ST (ol polie 5 o) slond oS 5 &
ol plosil (6 5 2b,l 998 0 aein (9) alal, 5l eolatul
c _C+Mn+Cr+M0+V+Ni+Cu ©)
ET 6 5 15
dpwle 0.86% Joleo (00,5 ol 4 Jgaz 5 (9) akal, 51 colazul b
S (65,80 plouial ial38l L as” oo eols lias 58 3 JSKi 50 098 e
ST Jgoo o a5 ) oobe (Sl ole> 4 azg bl oo ialS
L olge oS jasin oS [13] 0 2 E/150 JLoae | eolatwl g oad

el b olge aws o |, Liolej] 0550 ool lv e eVl oSl
G dSs 5 5YL sl p 5 gloa¥ed L aslie o Jg el 13 YL
@il o555 (SS elsr @l Gl Gl el ol b
0ol 5l ol i 54 53 oSl rizen 5451 glaJgaz 0 &S
oS Cowl opl oaimolis ouls &5 Jaus jo oS alize slabes jo 4,5
5 b slos 51 SYL (605 A e Jl sles slyls axdllas 0,50 oslo
CanSs Koy 0 labasde (BB 18 lpygesl plxl sles oogame
ol azilag

Gy sasliasoay (8) alal, 5l oslatwl b aS 6 Jgaz 0 oadasl)| zls
Gl a Ghed gy 4 8 eSS (Soiz oge] A b o>
PR RO S SRV TRyt FER PRV [OWR YU NP RV P 2SRV

(8) bl 5l onliinl b cnSls (Ko jiz drslone jl Jol> i 6 Jgur
Table 6 Fracture toughness calculation by equation (8)

slagge;l plsl | ol mlis ol bl g03T s Lo 0 30 @l Cono
1 Fomk glales ;o ggesl el 6l ol oad @l 5 Jgaz jo 4y
S ylaibiwl ulwly g ol ools 13 pgase (5,8 0 bdiges ke sl
S5k ks j5e gles 1 50l 5°C Wb 58 5l e ) G s sled

oM 5 by Sl 425 (5551 0S5 s 5 e o9l ol b
I Sglis Les D3| B5C sz b a8 el oad ools olis opl g
Bl g0 oamlive 4,5 (65,0 50 (glala>de

T (S5 (53031-6-3
@ arg by el opSojlil BB Cepn 4 slanlll Sl (So (S
s a1y (Sl ol 5l e ailg oo JlSle 5 olend oS
@b a5 0l el ) ahaiie o 53 (s S5t (59051 sk nl (sl
Joy 280 -263 n e el oad &) 9 IS ,0 edelcamsd

Ll 00 $oslal
S0

Fig. 8 Impact test sample according to ASTM E 23.
ASTM E 23 5 Jastial bl s 5 5051 diges 8 S5

sz 2rs 0903l 3 Jole @l 5 Jour
Table 5 Results of impact Charpy test

(1) ot 5 o3l 53,

(DC) Lo ) &y

(MPaym) cosls (Ko jix

(OC) Loo B3 2y

Ly 3osl 2050l 1 gges]

47.96 47.96 47.96 47.96 -30 46E2
46.58 43.78 47.96 47.96 -30 60E1
47.96 47.96 51.80 43.78 -20 46E2
46.58 47.96 43.78 47.96 -20 60E1
45.20 47.96 43.78 43.78 0 46E2
45.20 43.78 43.78 47.96 0 60E1
50.53 51.80 51.80 47.96 25 46E2
47.96 47.96 47.96 47.96 25 60E1

65

boge B osl 2051 1 o]
6 6 6 6 30 46E2
5.66 5 6 6 -30 60E1
6 6 7 5 -20 46E2
5.66 6 5 6 -20 60E1
5.33 6 5 5 0 46E2
5.33 5 5 6 0 60E1
6.66 7 7 6 25 46E2
6 6 6 6 25 60E1
265
268
263
277
280
271
267
265
273
270

Fig. 9 Result of hardness test (in HB)
(S o o 0lagl) (o S5 O%“')'T 5 O S

4 o plass 17 0931396 5 LSl Aslse G Sis


http://journals.modares.ac.ir/article-15-6178-fa.html
www.SID.ir

Downloaded from mme.modares.ac.ir at 15:01 IRDT on Sunday May 13th 2018

VblKed 9 pldss (e oxo

60E1 9 46E2 (sla Js) oSy S0 pix (6085051351 p3 iols 4308 09T 653l Givgy 38

&ip-8

[1] F. D. Fischer, G. Schleinzer, Residual stress formation and
distortion of rail steel, Combustion and Flame, Vol. 160, No. 9, pp.
1677-1692, 2013.

[2] Europian Standard, EN 13674-1, Railway applications- Partl-
Vignole railway rails, 2011.

[3] A. Salemi Golezani, The effect of microstructure on estimation of
the fracture toughness (KIC) rotor steel using Charpy absorbed
energy (CVN), Advanced Materials and Processing, Vol. 1, No. 3,
pp. 11-17, 2013.

[4] ASTM E399, Standard test method for linear-elastic plane-strain
fracture toughness KIC of metallic materials, ASTM standards,
New York, 2001.

[5] D. Roylance, Introduction to Fracture Mechanics, Department of
Materials Science and Engineering, Massachusetts Institute of
Technology, 2001; http://www.ocw.mit.edu/courses/materials-
science-and-engineering/3-11-mechanics-of-materials-fall-

1999/modules/MIT3_11F99_frac.pdf.

[6] B. Su, Elastic stresses and deformation on All-Steel cylinders
without defects and axial cracks, Pressure Vessels and Piping ,
Vol.76, pp. 789-797, 1999.

[7] S.T. Rolfe and S.R. Novak, Review of developments in plane-strain
fracture toughness testing, ASTM STP 463, pp. 124-159,
Philadelphia , PA, 1970.

[8] Y. J. Chao, J. D. Ward Jr., R. G. Sands, Charpy impact energy,
fracture toughness and ductile—brittle transition temperature of
dual-phase 590 Steel, Materials and Design, Vol.28, No.2, pp. 551-
557, 2007.

[9] K. Kussmaul, E. Roos, Safety and reliability of pressure
components with special emphasis on fracture exclusion, 10" MPA
Seminar, Stuttgart, Germany, 1984.

[10]R. Mohammadi, M. Saeedifar, M. Fotouhi, C. teymuri, M.
Ahmadinajafabadi, Determination of fracture toughness of
heattreated AISI D2 steel using Finite Element and Acoustic
Emission methods, Modares Mechanical Engineering, Vol. 14, No.
11, pp. 1-8, 2014. (in Persian )

[11]R. Ghajar, J. Alizadehkaklar, M. Namati, Y. Alizadeh,
Determination of fracture toughness of rail UIC60 steel ‘using
charpy impact test in different temperatures, Transportation
Engineering, Vol. 2, No. 3, pp. 249-259, 2011. (in Persian )

[12]JASTM E23, Standard test method for notched bar impact testing. of
metallic materials, ASTM Standards, New York, 2006.

[13]G.E. Deter, Mechanical metallurgy, Sl<Metric Edittion, pp. 472-
482, New York: McGraw-Hill, 1988.

[14]JASTM El111, Standard test method for Young’s modulus, tangent
modulus, and Chord modulus, ASTM Standards, New York, 2010.

[15]E.Hu and W. Wang, The elastic_constants measurement of metal
alloy by using ultrasonic nondestructive method at different
temperature, Mathematical Problems in Engineering, Vol. 2016,
Article ID 6762076, 7 pages, 2016. doi:10.1155/2016/6762076.

[16]JASTM D5045, Standard test. methods for plane-strain fracture
toughness and strain energy.release rate of plastic materials, ASTM
Standards, New York, 2010.

[17]M.R. Ayatollahi, M.R.M. Aliha, Analysis of a new specimen for
mixed mode fracture tests on brittle materials, Engineering
Fracture Mechanics, Vol. 76, PP. 1563-1573, 2009.

4 o )lasis 17 093 1396 5 (oo Suille wdito

el i e yme Sipdy aneS o> Slsieds [2] iy s S it
5 @l 2o @l exas bl plaiea wilgs o (8) alail, bl cnlz
ol 8 gl 4> 30 25 1 -30 slales jo R260 WS Jo, consld Koy
Sl yime (g ) (8) abuly Cosl g 4 3V 055 18 gl 550

5L 280 HB sgu> 5w b g (ol SalS Jiws S s Lujs ;a5

S -6
5l ooliciasl L R260 SIS L 4BE2 s, onle oSty Ko yiz i (2l 4o
odgame 13 gl 4o (903l ad (g pSojlal Sk aw e (b,
IS BOELy 46E2 (sl s, oole (sl ol ciles 4,3 25 5 -30 Lo
g Sl 009: Jo5 T-5 y 4 yd (6550 oaimo ylid dxl .l plxsl R260
S35l 0 Sz i lapgesl plxl (ples 3game j0 45 Wb asuine
Sybised Jolr a5

5l ool b conSs Ko iz spSojuil sl slalal, oo cnl 5
ol @l aalie 8,5 By 5 B 3,30 )l 41,5 (555
Sade g el @l a5l eolaiul L csls  Sejis anwlxe
6.8% slaz> :Slas oaiwo s glabads aw ies g, 4 ouig S ol
Sl Wlgige 5 Calolie €85 gl sid b yme alaily cnlply soand
s Sls JSlon, L R260 (oS b by Cansls (Sojiz (e
S s azys 25 b 30 les sngame o 5, L8 esliul o )50
sy dalgss pols glas iolejl 050 eole Sl (Ko i

e S b -7
(M) [t 5 S5 Jsbo a
(M) Ggos Cusles B
Jolae (S Ce
(GPa) Kby Jouo E
(N) g,
(MPaym) L (KSivin) couSs Ko i Kic
(N) ST (g5, P
(M) LSy, 5550 B 55 0 alold S
©) ol t
(M) Lges 2 w
Sy pidle
%) oo Jobo a8 6L
(MPa) jSlas o5 oy

(MPa) s s g,

66


http://journals.modares.ac.ir/article-15-6178-fa.html
www.SID.ir

