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Effect of Duration of Deep Cryogenic Treatment on Microstructureand T ensile
properties of 1.2542 tool steel

S. E. Vahdat S. Nategh SH. Mirdamadi Tehrani

Abstract

Two groups of tool steel properties, namely high hardness and high toughness, are important for the performance of
tool steels. Any increase in hardness occurs at the expense of reduced toughness. Deep cryogenic treatment may be
used for increasing toughness, strength and hardness simultaneously. 12 sets of 1.2542 tool steel specimens that 9 of
which have been deep cryogenically treated for 24, 36, and 48h at -196 °C and have been tempered for 1, 2, and 3h at
200 °C and then double deep cryogenic treatment has been done. 3 sets were selected as standard specimens (control
specimens). The best results, simultaneous improvement of 13.8% in toughness, 8.5% in hardness, 26.4% in tensile
strength and 23.4% in yield strength wer e obtained for the specimen treated at -196 °C for 36 hours and then tempered
at 200 °C for 1 hour (specimen 361).

Key Words Hardness; Scanning Electron Microscopy; Strength; Toughness; Transmission Electron Microscopy

Wl oy 2 83 4 AVUTA Gl 53 O UL & 5 ATIAYE )b 5 dlie s i

Ol e Jol ¢ aodlal 13T ozl ¢ el ol ol oty ¢ itige 2215 Glslinl 2 ghas o 5(1)
Ol 01 e oDl 15T oL (O s Dl 5 pske Aol (i 2ASZls sl (V)
Ol Ol Ol pl s 5 e ol K255 el 5o pmuikige 0aSCELs calawl (1)

Email: e.vahdat@iauamol.ac.ir
DOI: 10.22067/ma.v0i29.41247



bl s o Dldes Olaj ]

Sydie a8 s s b

53 O Slles ol 53 e gyl
Spms bl bl el Sl Bl o s
Gl b GO i ol ol s LT s
st Jle ok ol 450 48 fSS
o BN L (636 O gas (Primary Carbide) 4 sl
Db a8 5w b Sl bl

DIN 1.2379 (Cr8Mo2SiV) 555, 13l sY 5 )
Aoyd ¥ p S Aoy @as M p S Ao s 2 /AN (5l
3 p23bls o /0 5 i o3 /AN O o
\ sl= DIN 1.2363 (Cr12MoV) 55 v 5 5Y 5
5 Ohdse oS e {«JS Ao s VY (o S ds
£ 0 Bkl & gad 4 S e ol
Bl 58 @il pom K (Sojix bl dd sl Ao
Aoy VY g5l DIN 1.6587 (815M17) Y55 (sl s
Ao ,ys /AT (S ds s V0 S Loy VA p S
P S P W AR I o
dsb sbajl 5 sl b dsys AL (ol
DIN 1.6587 sV sl [4] Ad Lio o sy
Loy3 VYO (o S doys +/AA sl (18NICTMo5)
Sl O30 don +/Y 5 p S Ao VA (S
335 eI (6 i L 5 ¢RIkl 6 gad i D
J5 e 5 2 1S Gal) aes ) Sl s b
[3-5] ol Gims 4w GBS 5 [5] A2 3L RC Y/t
\ 3t DIN 1.2990 (Crs) S 5, i3l 3V ol
YV Oddge Aoun VY wp S Ao s AN o S Ao
b Ao 3 /8 5 285 o3 ) (il Ao
el s G L s bl s
[6] 3l Al 31 oo Sl s i S
DIN 1.2344 (AISI IS ¢ 8 15l sV 55 sl oyt
ATAR cr; Ao )3 GIAY (o S dpys /Y 5= H13)
o3 AT 5 ke Ao s /AT O e Ao
el ¥ 5 Guesio 5 Slles ol AL (bl
o (S iz oo Sl 453 070 (slas 3 oS

4o dls

SRl GasY LTS Bl sl ol el
Canslia 5 VU il gl 5 plSotad (e Lol
Sl b S QLS il 0 Ol sen )5k VU gl 0 0
O Sl 5 Sz ol L G slasls 03,50
LSid s S 5 S5 ol e
503 0l lagy 4 ok

Ll e 0h op S Gls b 1l slasY g5 U
e gl CiS 5 S ol Slkes 1
b s O Skt 53 sbilegdl conal S
el s SolKe gl Jl o axkd 55
ool ol L e Wil oy 50l 4 sliladl
e ol e B L LS ool 4 e lileddly
slasl (65 1ie ) Blocsh ol 31 s sl e ol o
Tl ol o 03 3 Bl 0T 05Dl LS o s
Llg 5 S5 IS o ze Llg & odd e
238 ol SV dke e falS

Aoy Slbes pba ) (St ol L
s iledl ol (Olkes ol 53 ol p e s gl
s RS el Pl s e b cuyiile @
Vo bl sl JEs a5 sl bl
4 oS sleel S ol Slles 0 g
i 53 5 M 2l gm0 2005 e
Syh ool ol GBI s o S 51 VL Bl
450 LlS JSS Gl relin SO 5 5 el 4
ool (2iS  ul slales 53 (Secondary Carbide)
s Lledl cuiza] jldde EalS ( Jos opl et 555 e
Canslie 85 ol 456 A8 D3 sl LRIl
T1-3] das e g 1y JS i 5 oisla

5 Ol Slles ol 3 e S
S ke ol sl SOl Bl ool
S5 sl ol Sl i bl ) 5 T e
(Primary 4Jl lado,lS Jle sk .ol & 56 U8

ol Blasl b Gdle| L (636 0l g Carbide)

’r‘z‘/‘j)n_)u‘ﬁ'j%‘,/b

s 5 iy llie pwlige i



Aol Lo)lS MR Geas s 5 Sldas Oley il 5l
450 Gl 8 e &S5 )50 3 Lbe e Sl b
Sllas bl LSl a5 L [1] ol 13l e )
Sl ol L 1l slasV b (55 s i 5
Sl 8l by b o0 25 sl ol Uies
Ol 5 S S e S Slad )8 4 Lo 4 )
G alllan (s ol 3 WU il SIS ol g
el il 4l e 45U glad s
O (IS5 oo il ol )8 s, 5 JSis
5 UAS 5 &S e e L ol Ay ey 5 LSS
e w5l Gd)S w5 5 e Il S
Sl ol amd s s sltle Colg s s el
2y Jool

3 oS olRl eV soy ol S e St
Slie aSIl= s [1-10] el 4 S o)y SUT,
Do 5035 oS G 3550 15 Y 3 (3UT ole
Al bl b ol B e a3 0 S
S5 S jole jpam o)l Dle WS 5 A4S
sbul 53 A8 sl bl e p5 S 5 S Ll
5 obd sl S K )bl sy e il
ol e Ko g 50 )8 ol ol S 5

Sl N gl [11] 3Y 5 S OS5 4 S|
2SSy e 5 R EES GRS 34
oy |y Gkl €5 ol Kaole axjs too
A SEe) i bl sl (6l bl il 0 0
Sl Salg oo s (wsl a)ls S8 s ¢l
Sl @S L Soshe ol o e
tglie LSy Geesshon) Sl e
e

S Gees o 5 Sllas 30 (05 i
S Sl (e oli SO ol
adlas Slpl glas¥ (S ploual 5 (Ko jix
llas 1 5 12] Gimes 33 jou LT aan Lol Wilos yas
Nt ol o ol 53 Alesls plal (ool

Sl [7] 3l Gl dos T s e Slles
YV sl JSLLISS YA o5 § Siaal b 5V 5
IS Ao, VEVO (S Ao )3 WA (S Ao s
3 o Dldes Loilis Aoy V) 5 Ol 50 4055V
EVe glos 3 i8S g ol Kl am -V gles s
5 S welet e 4ol Kale am s 0L
8] 3l [hal5) Olesan sl plSon

fF A 02 (SRS et R 4 S A ealis
oMo [9] g o 0 deldS 05 58 e 5 OV
N b o 5wy 53 (il ol 4 oS A sdalie O
S doys 1108 k= DIN 1.2379 (AISI D2)
Ao VO 5 A g ds s /Y ‘r; do 5 VV/AA
- 5l 00 0 delS 0w 450 Lo)l8 )3 sl
el [10] W 35 adsl d)lS by &S
ST PREY P R N S ST T o e WE L P
Ll

Sl ol s 3-10] Lt las & 55 L
SIS S Sals S i Yoz | Sy
bl 6l b Slhee Luls 51 [3-5] wis S
Lt sa 4tz Osm 3,50 ol Conlis Sl
2 Sl w3y B Glhes Ll s bl 6l W
WS OIS L (Sair Rl e S
sk Ll sgs 3 T sl 4ped ws o S1[6-8]
Js ol eVl 55 o BT Lle L) sl
Slbbes Ll 551 G gl S5 Slles Lyl 5 Sl
Slkos ol L1 5 S eslinal 5 s ol 6l s conlo
soh Ul 4 Caslie 5 e (S in Ol
ol 3l Ol O ol sl il Oleges
sl gl O e 5 SUlas Lol b anlla ko
L gio SIS IRl N (sl b Sl
el oS 3 50

sl ) Olpl sV g Ges jio 5 Slles s
Sl e 5o a8l 5 adsl a8 Joli bes

L DIN 1.237915 sY 35 (sl ool odd iS5,

J[}" J iji}jﬂ:" sdige 4;/“:“

”‘qv‘jJnju‘ﬁ'jWJLf



bl s o Dldes Olaj ]

Sl (S 1 5 o 5 5 il slales 1225
Sl ite A G ol 5o ASl s 035 5 50 S
Ol slapl @ jae 52 Lis 5 550 e anily oS
a8 S a3 55 G ke (LS 5 Oles 5 Goes A
(B ol g bl adlls Gl sl
alwd A4S &g 4t Y m&ﬁg—;&,ﬁ.srw\
SoSams Gl U ad eslinal Conl @5 ¥ bl
AL eal 3 B slaesls oo sl

Lol i, mes 5 Gres o ) Slles
ol ool (5550l BB S ol S oSs S8
ke sla asn Dbl SO saidls 53 o&aws
Aol [15] ol s il 5 =L b Ol x5
Slhes 5 () w585 Sl G Sl
[1] Oliime Lo Oles L aS 3 5 4&33 WV (Gras jio 2
S ol Sl a5 Lsyls g Gl
05 Cnt Slas abols 155 e plnil oSt 5 5
Glos U aoes (glos s 5 00 5 Slos 31 ladi gad QS
SIS 3y aids ¥ (o] Kl ampn Yor) i8S
sl 0 a;bcf';\“ Jod= 5 Y Jadr o ladigal

(s (Ol e Gl B el Al

ol aJ)jT (\) J&i)) viajr"&; B L;.Z.J.S J’\)"

i s

GRS gy g3l

&y bdas (AISI ST Usles) 1.2542 5150 Y 53 5/40
Ol (pmomad 5 s GG, S and Sl
Lol 8 slos o3 gdoms 5l 3 5518 5, JG o
r.i )lsbj_w 9 )lS 6; )‘j”\ dub‘yﬁ LS)LS le.ﬂb
390 0 gean 4w 33 o g3 cpl Lo s iy Slh g
.\.:.US )}_&5 )J 12542 )‘J”‘ JY)B )—"l;' dl}- )J
Lyl s nd 6508 i 5l BYs s 4 550 e
B 1.2542 )\}5\ :‘Y}e L;:«JKA u.p\)} S s L5|f’4~.‘:€—’
S S oy ol 5 55 el il

CM‘ ol CM;@J (\)d}.l}-).) ‘g}'.'.L.?“?":’

12542 15 Y pland oS 5\ o

Aoy Loy Aoy
& &2 Sy
C [04800| Ni |0.1280| S 0.0250
Si 109950 V.  |0.0148| Cr [1.1200
Mo ]0.0281 P 0.0567| Fe Rest
Mn ]0.3360) W |1.5700

]

02 A3 d4] Izee Slidiss oS aw L iudw g
gﬂwﬁﬁjQstlﬂwwbw
3 GresAons 5 el Gl ble S LS

Gros o 5 Jrlp Lk ol &S (5 ¥ oo

& ge0 IS e o sl cele 6,116 Ol 5 gl el ci8 ok s el
002 | - e e ¥
003 | e e v
241 \
242 ! Y i Epren
243 B Y S
R IPEgT o BUIles

361 “Vor ol ! io 5 Slles
362 s Sl ax s YL o et v A 5ok

; - Y s Gillas sioms
363 G-Fjwb .\LS._.:JL.«A?); o v

235 )3 A

481 s 53 e VT )
482 LA Y
483 Y
531 oy \

’r‘z‘/‘j}nju‘ﬁ'j%‘,/b

s 5 iy llie pwlige i



ot lels o o] o (GBU A ool g et ]

3z i p5 Sldes 53 badped IS 5 jme T s

4sal IS Gls S Gl K= gl 68 K 0l | S sles i8S ol sle s =
002-241,
003-241,
241-241, PRSI P
242-241 . c ..
> b | Sl
243241, Sz ye a4 sl S
361-241, (..:j:.w: _ el YE e b el Sbl sles U
362241, | L. | CSERe s
363-241, | &7 i
481-241, aads
482-241,
483-241
950 <—bet >
900 bcT
850
800 et e 1§ Solales
750
700
650
600
550
Les 200
450 Double DCT
e i —
o, 200 etlan B g 201 ko iy el | ST B phuc 5 Sl alos
E;g 4 Zerlas L oo by oo
150
100
50
0
-50 N .
] ke g Gcnst shae 13 o e s
1 el 43535.;; s
-200
250 N

0 |200 400 600
Garsiaf s Sk

Wjuﬁjal?wt}.{r»(x_ﬁ\

sida gley

&kt AT g 105 Sihua S5 &y a3l lge 0 3
]
| bl |

¥

‘ 4283 9 Ko a3 DI Gt i by a1 il 0 e gled 3 il ‘
S e R ) 9 W) | ‘ i g ol 33 il |_‘,-_4, [

‘ i

!

20 VPt iy s 391 Kl 53 10+ (gld U oliamid 13 id oo ig? ol 30 o sligaid

‘ b Yoo 4 A Kl 4 )3 - gled 30 s

g dod s oD U gy A e g 0 59 daE e 15900 )DLyt il 3 o 428D 3 31 Sl
Blonds et Ao wietle FATE.TF s

i

[ECRUCE ST WPPSTY FRPPRTJOFIIN ) JURVTRT PRI IR SN0 ROV LGP PVCREY ¢

e g Rl e da 53 wd v o Al B3 g 60l e Ld dr 9 393 48 S0 i 4001

wiload par Il Sl an pd T gled sl Y 3 1Y

— ¥

L l i S i1 g3 U digss 4 VT ol |
01950 e 1T g1y S 213 e

(= 3 o) H_‘

i3 3 KA ks il eatly 3 JSs 5 s il T ot B 0 3ot o 0§ il i V1

aolly Sy Wi 3 alagk 2l )9 3

i v
'

’ o s el Yo g 31l 4 3 Tee gled o b dgad ‘

)

[ wwigisby, o]

Sl 5SSl ol adlas gl ol 5l (¢
e g piiS ol s Gty anllae iy, ) IS

J[}‘J&jjjﬂz‘y“"“# Jif;-’ ”“”/‘_}u 4Ju‘ﬁ'jwtjﬁ.:



sl (S e h ) Sldes Oloj

35 S9N Sy Koo gl 051 Jil (551
s oS 5 oo ki 5, V08 a5
sl 0l 518 (V5 0)d s s

30 13 Suse SN OS5 S
G S s Ol 5 e &S L s 5 el
N I e L RSP TSN
S s ¥ SleSs s fhoss Sope S
s s sl Vv b B ag IS s L
el s e a5 K o b s A
oo 3 b oS S sl ag Gy Oolas b =T s
A3 L) s Gatan PIPS

C;:r.g‘g@\:&
B S Kol S L] o
2 S eollen, s e (S 0]

C.z-w‘ c_L:: C_,.wj.éﬁ <-\j 0 ¢£>J}J>-

BS EN 5 ikl slas (228 cs slad s

bos Jsb ¢ tasks 0 (d) 3 L Les S 4 10002-1
g FeSle V0 (LY S Jsb 5 e 00 (L) 2
L 2iS Osnsl el ol 3 8 i 3 5 5 V]
rb.u'l SH B CNC Gl s olSiws 3l ealizal b e gl
S slp o e V0 Job 5 edde VYl
Philips SCl axl G5 ol&iws 3l (g kil sy anlllas
A3 o3l (WCu, Ka) s sLS £+ 515 3 e s b
oo 51 sy SN Sy S sl 4 sl
K& ik SJUT L ol e TESCAN MIRA 11
S8 ke 15l 5 51Ol 5 esdle A eslizal (55,1
sl o, IS S, 2048%1536 (<l «S OLYSIA m3

tiles a6l A eslinal sl (g5 JUT 6l s s

S (S i lonn 5 IS Og3] mls £ s

o s oo ool | 22 ol das sk sl (RC) o LS S
(MPa) (MPa) (%) nsls 5l (MJ/m®) + 0.65

REE 1525 £50 1670 +65 82+15 50 +1.0 91.3
002 2006 +50 2229 +65 55+1.5 56.5 0.6 81.7
003 1938+50 2181 +65 6.5+1.5 57.2+0.7 94.5
241 2007 +15 2279 +21 4.75 +0.75 56 +0.3 722
242 2019 +23 2265 +31 2+1.0 56 +0.5 30.2
243 1869 +49 2137 +53 6+1.5 57.9+0.5 85.5
361 1990 +50 2268 +65 7£15 54.6 £0.5 105.9
362 1945 +50 2201 +65 5+1.5 56 +0.5 73.4
363 2003 +50 2245 +65 5+£1.5 54.5+0.5 74.8
481 1972 +44 2244 +64 6.2+0.3 56.3 £0.6 92.8
482 1943 +50 2206 £65 75+15 56 +0.4 110.3
483 1996 +18 2249 +28 6.2 £0.8 55+0.5 93.0

’T‘qV‘jJa_)[aJaﬁ'j%JLm

Sl s Sipplee i &



ot lels o o] o (GBU A ool g et ]

sl 5 adsl A8 3 sl I 5 o3Il ldis 0 g
bl J&s | o sl JE
iy S a5l A S s | 4 86 A5 lid ATJJ\ Ao)S o3l %}u 1,8 o3l s e
+50% (V%) +10% (V%) | (min to max) (um) | (min to max) (um) () 5% () 2%
PSR 0.10 1.90 0.6 (0.4t00.9) 0.17 (0.1t00.5) 20000 320000
002 0.42 1.80 0.61 (0.3t01.5) | 0.35(0.13t00.5) 64000 200000
003 0.40 1.88 0.65 (0.3to1.5) | 0.4 (0. 13t00.5) 63000 160000
241 0.42 2.18 0.52 (0.3to1) {0.22 (0.065t00.5) 62000 660000
242 0.47 2.42 0.55(0.3tol) |0.24 (0.065t00.5) 65000 630000
243 0.37 3.73 0.70 (0.6t00.9) |0.25 (0.065t00.7) 60000 600000
361 0.57 4.69 0.65 (0.5t00.8) | 0.30 (0.065t01) 64000 894000
362 0.60 6.92 0.71 (0.4t01.7) 0.32 (0.065t00.7) 63000 750000
363 0.34 8.91 0.72 (0.4t01.5) {0.33 (0.065t00.6) 62000 726000
481 0.35 10.04 0.72 (0.3to1.4) |0.44 (0.065t00.7) 65000 707000
482 0.25 12.66 0.71 (0.4to1.4) | 0.45 (0.065to1) 62000 650000
483 0.24 12.87 0.73 (0.4t02) 0.46 (0.065t01) 65000 620000
4l 4,8 56 lde N d s
o S S 5 IS sy A IS ke
V% + 5% V%+5%
002-241 2.8 1
003-241 2.8 0.92
241-241 3.1 0.92
242-241 3.2 0.78
243-241 4.4 0.67
361-241 53 0.61
362-241 7.4 0.48
363-241 9.3 0.39
481-241 10.3 0.26
482-241 12.9 0.24
483-241 13 0.13

Kgo) 53 S sl 315 Sla A8 (28 L Gee
T olis 51 a8 ae Son b 51l e 213
FE s Jo Comd 4 Sl ol B S
Sl Cage qolitla,y e 9o ol 5 Sl s
QF&QBJJ.JJJ@M)JMHKleQJJh
Lo YA LYY Gio o) slad sald 4l ol
S aS  do 3 VY B4 5 S LS oS

Gillas Lo as G228 S 5 S12S U5n3l

o S b (8) Jgd 5o 5 acwlses [VWV] ) dolas
el G S 5 S ef 5 0l Sl UTS
Toughness or Ur=2/3xUTSxe¢ )
G o py gbaised el gl dedr o
Sl LB 5 03,0 (Symt bl 5 (S plSnl

ey 0k Gl LV 50) Jader sollaal 55 5

J‘/}" J iji}jﬂ‘:‘ sdige 4;/“:“

”‘qv‘jJnju‘ﬁ'jW‘JLf



bl s o Dldes Olaj ]

ax Sl S5 psY s 4y LB op S slead!
amps Yoo i8S sles 53 on S el 358 s
Sl o555 s 55 3585 ahools Lol el S 5] S5l
Ay 80 A )l8 s S5 0)dsdar Gillas 1
AT e

Lomde B o glies Gl (8) Jod o
CiS sl oY Ol G o s Ol SRl
R ESRYPIJN Ot S TWRCINCIINEI
ot G ) Sl YE &S ol L 50d 2l e
ol o5 eSS olles Gl p Ol cele ¥4
VS pladgas iy e as glaws ¢l oS s
Sl Ol cele ¥ Wl o Gees i ) el
dswaq&w:élﬂ)w\p‘ycdfﬁow
Lgd o G o )y Colu EA &S Sls Wl 2l
L\ﬁj.w\tﬂwﬁowé\ﬁ&u;@u\
e 8 S Sleedl AR Goee i 5 Oley Sl
Oloy e 10 5 b o il i ol (2l w
st Sl el b S @28 sl 05V
PR L 5 A e e Rl s i e 4
55 L 5 S 0l Sl i J s 8 U 5 0l
Al a8 I gl eV Ol b

DIN 12379 i3 ¥ )y [10] sy o
& o Gaet ko Gk eSS Ko in
AL e alS Ao )5 Vs sl e Olles L 45 ges
Sl sl Lt dodr 5o ol G 534S o
SN i ol 5l o3 YO BY EAY 5T ola & sl
JH2 92 2 olE pl o 50 e edalle LS
S Y55 S DIN 1.2379 150 5V 53 Vsl el ) g2
G 3y 40 SV 58 S s Lo J;fj)gﬂf
C);Lﬁjqﬁmojww\.w|w;hﬁj:ﬁ)ﬂﬂr5
o3I 5 Slde amy SWT 3l Sltlags o sl
o3Il 5 ol ie 355 o o biledl a5 Ao S I3
Al s e Sa el e 4l s s
s ) s Kojix [10] T LG 5,108

S 3 0l 555 g5 5o 2kl Gl |5 050
Aol 558 Ol 53 ko 5 (e o

Wyoi b anglde 53 TEY wipes e b iy )3
YEY i 15 ol 4l isl53l Ao VY sl
53 3,0kl i sad S s el o S ol s
e )13 Gl (e (pl s LS IS 8,
e L& T g Y Gladd pad 4y Lol VEY &gl
s S O 55 55 a0 il LS

Sl gl fK"’“‘ (Gl 5 VEY &gl aline
Gt basllial 503 b awslis 5 DIN 1.6587
dos3 ) Sl S o 5 sle Wsed sk abagl 55 S
Ol Sl dos VB s £ged cpl e 5 ol
e 4 45 Aty & ged 4z 3 Jaid LT [5] das e
23 NN Gres o) gles s Cele T )
BYJCICIVAR SECTR VIPVIURUURIP IR VoS I PN K S| W
A S sl Kl a5 VA gles

a0 o O 3 0 258 sladigad o s 5o
s 6yt e hoys Vb ssde 35kl & sas
Wgod 5 P G e VY & gad (pdr Oloa Gillas
sl jolamstl s | gsew o S YAV

Oloy Al L ssd o asde d sl elul
e sad S8 5 Ol Sl (Gaes Ao ) Slles
e sk Ll o SRl Gl e & sl
Cele ) S s G iy e w gl Gl
Gros oo 55 Dlhas Gl sl A W50 o 25,
€ ogad iy e s gliws gl a5y ol p"y
Cola YE L& Lpd o o8y cell ¥ oS Jla
2B O3l 2t 5 ol Y Gras jho 5 Slikes ol
ol L iy e plaas Gl a3l
25 el 25Y (6 708 Guns s 25 Ole (S 52 0l
53 oS leest 358 ey I oS sles s
45l a8 olel a4 o3l ol 5l (g S
Sles 5 A i ld 5 e LSS (6 2 )
3585 oo ool Kl s Yoo Slae ool ciS )

’r‘z‘/‘j)n_)u‘ﬁ'j%‘,/b

s 5 iy llie pwlige i



ot lels o o] o (GBU A ool g et ]

(110)q
- G1hy,,c,
(333,
(102,

10},

1015 20 35 S 40 45 50 S5 6
26°

Standard specimen

(H2e,
Ol

©D @)e g
(200}, h (220),

100 105

1L

()
(110)
(sul Digr, Specimen of 002
(333, ¢,
(1021,
(412,
(310),c (91, ¢,
(54223»6. a 211), 1,
(200), @20),
™ |
)
1D, e, Specimen of 243
30 (3330,
: (102,
oo (110),
%
E;C
Eht
14 (412,
12 (91D,
o 211),
(512)u, ¢,
-A 220),
A
15 65 70 75 %0 55 100
26°
(&)
4 (51Dy,,c, T
320 P Specimen of 483
%0 (102,
e (110)¢
3
= 160 (12,
| s
o [CIRV
100 (310),, ¢ 211),
O e (512)
6 200 o
(200} ‘A (220),
2 sk A A
10 15 20 25 30 35 40 45 S0 55 60 65 70 7S S 90 95 100 10
28°
(@)

31k () i s0d 5l WTS s il 3,5 Y IS
AT () YEY (0) + Y ()

e i) S i Jsde G ool s a5 L S
el ot anllan V lslas Golla (22S

bl bl s [6-8] Gise 4w slaanl
e EAY ¥ lad gl Slhes Ll gl Goios
© ot dables pllas SAY 5 ¥ bk e 5
Do 3 FO LAY (¥ 5o n Y lad yud 5 5, bkul & po
ls § i 2SS i

B L i R3S (S bt Sl
Bl Sl S 0l e i ) 0L
Cole V4 Gaes o el T L (s ol
3 AL Rl S (Seir B Sk S
S el Y Goes i ) Solu EA L inen
Ao s Slas 5l da e diladl gla 5155 0 5L
a bl o Al i g e Dllas 4 Sl Grae
At 2l i Gaes i 5 Ol K05 ole
(s 0)dsdr Gillas ity bl 5 A 0 W5
ol Al D3 S0 IS Gl e Ol sl

RU SO

a3 WM ol S5 g0 sles bl
ol 3 Kl a3 0477 0F OLL sles 5 5l Sl
550 N SSUT jolie Jlis 5 g 0 ar s bl
olre 51 (2 35ske el OLL 5 50 slos Gods
[18] .Lﬂda Cewds (Payson and Savage) Y 5 ¥
M;(°C) = 498.9 - (316.7xC%) - (33.3xMn%) - )
(27.8%Cr%) - (16.7xNi%-11.1x(Si+Mo+W))

M{°C) = M(°C)-215 ™)

el 2SIl s AT by sl

JSE 53 o8 b o psle 4l s ledl ol
L Philips oSl ansl 3,5 olKaus 1 sslizal L (V)
Sla @500 5l (hew, Ko) <y 5k tr 55 50 e Sls
Sy g 5> oS Ab odalie AT 5 TEY 1Y oIk

3,005 3 g5 s biladl g ladl yad

”‘q‘/‘jJnjw‘ﬁ'}Wdﬁa



bl s o i Dldes Oloj ]

'

35000

FeKa

e Int W% A%
1 22.5 | 7.86/29.68
1 267.9/5.40[ 471
30000 !
1 a_2515.178,1763.50
1 a|375(857[2.11
25000-]
20000-] RegionA
{Fela
15000
Ea
10000- ]
wu
WM
i Cria | FeKp
1 I i WLP2 Wiyt
I e 4 S <1 T N
[ [ ] 10 15 2
r
%0001
35000
|
30000
25000
1
20000 Region b
{Fela
Erla
15000-]
] |
]
10000
wu
1 eKp
000 || Whia e
{§ K CrKa WLB2 Wit
" l,f, e J UL VY‘_’_!'_",W_,'-E Wiyl oV
] § 10 15 ]

B a5l 655 SS8 b s s (o

40000-

.V/ e

FeKa
{a | 24.1 | 8.73 B1.23|
| skl i
Ka| 77.4 | 151125 |
Ka [2714.1/86.8966.85 |
W La | 1202388067 |
RegionC
wu
eKf
cig
i}!\(j WLP2 Wiyt
WLlawip wiyt ) [ o
; 10 15 2

C aahs 3l 55 S8 cab ls gl (&

J-&)JUW[?C}W)‘Q)JJAL;QJ‘).LP

j;ﬂ;}g‘”é\.@.\&i)wba&.ﬁb&&lﬂﬁ&&\
S K Sppan [19] e O il sde 53 (&

SMCs b5 (oS 5 L a5 LS
Oeime b g Gras jio 5 Sllee (b 5> MasCe
sy ooma Ll [6-10] ool sas 5158 sob
b S5 15 andllas 550 (9551 SSE i i
S S S i 53 (L ¥ S
S S Loy 5 by et lS i,
Lol jasiieD IS G > L ey s ABC
SSE b s (O 50 501 g S
Sy paFEe o P )l nl (65

oS sl Gl 4 cad sl gladls
e R Ny -~ WE I W e P VS IR P ERpJt S
Soldie S S5 a5l A8 B ol S 51 8
s 5l L8 sl 1 S o B 1y w0 S
RS S B il plply Bl b GRS S
e M23C ploacd oS 5 L 4 50 A8 5505 (6 S
Sl 6055 B Sl S 5 irl s S DI |
S (6/(23+6)x100=20.69 A%) a3l Ao ys Yo/ 4 L
o5 adks ol (55 SSE ab Sledd 4l e L
S5 Dby o3l o3 1440 s (& — 1) S
Sls g b oS S AC bl K5 G b jlc
e |5 S MICs lead S 5 L sl )8
o3 Vo bl 6o 55 RSN S 5 al 03 S
5ok abyl ama L oS (B(3+7)X100=30 A%) sl
Yo sl IS s aikie ol 65, SSE i
el s 3 a3l o, VVYY 5 YAA o (O

SEM bV 2000 K WD 1603
Ost BEE
M MAG TO OO M Datemisyy 103811

Vereex sy Go S @ sSas Sor sl (L

!r“IV‘jJUL@J‘ﬁ';WdL«

e s iy le wlige L



eSS glgasl ST, U (/Y OVY /v v AOE=)
A EVA s 4 s 5 1 VIOY 58 sy
sl

& god 81 a5l S e (Sl o(0) I 3
o do 3 BT Ll s coliedd is 5 sla
agaal Jal b i aseta SUT S (sl n 125) o
ol o S cd s Ayl A8 S s 08 S
(A5 5 5o calb 058 ]l o
(iS5 O3 b ey 5 Oley SRl L a5
Lodls ez o ys VYAV 614 1 4 56 sy lS 1ok
ol il 4 s

x5 b sl A8 e L1580 ((0) Jad s
et Lo (o 000 :0ke) Gros s 5 O
i sl S e (A3 00 . S5Le) 28 0l
Sl st alS s ol Jale 15 syl
les 3 5,513 rK-léJ. S Sl gl slaas S
o3 b 513 20-22] e s 55 Gres i 2
Sl b, 0¥ 0¥ gladdgad 5o 4 50 Ay s
Sl Bl d Gree o 5 Slbes ol 05k |25 o
gl Lge 4 50 A8 LSS

BELVIY

S S pbdse @Bl Als (SO

S CC I SR BT SIS LPE
Ll as Gl T s sbiledl ol OAE w35
23 5 (M23Co) 4 536 5 (M7Cs) sl oS 13 (g 51>
cele Y O a4 ol Kol asjs —147 gles s
ars Vorgles 5o e 5 odd io ) o

Lo ciS L csle ) Gle ol Kol

Lijs.! L;QJ‘ Sde L;‘)b cB 4.:.>l4 L;\.’.J“u_c.::}) g_")\).)
100 / (19.95 X 6+1.11X24+77.88 X26+1.06 X74)
rjjSngl;-j:.QS) JATJ u,?.,...i...'; 6}[}-%.32225
“ A,C f‘)” e JJoJ:J be ‘J‘.’.) L So 0
(29.68 X6+4.T1 X Ly ,&5 31 sde lyls 5 5
(31.23X L, &5 24+63.50 X26+2.11 X 74) /100=21
s 6+1.25X24+66.85 X 26+0.67 X 74) /100=20
S 5 ol sl S 5 S 5 e S sl
s

50 SN SR S ppad (B) SO 05
33 (oo 5 eSS 03,5 Slgas! S|l )
5 e &S Sl ol s 1S il el S
FCO B P W CrGIP
05 e W] e JSa o 2 (05
4;,1-<$5 VJ\ J}A /yveAOE u(\)d).)&- d_»Ua.a k}:j;ﬁ
r}; Vj‘ d}ﬁ '/'V\Of. 9 W Vj‘ d}ﬁ '/'Y‘OV\
b Lol sl (ascin Colan SO s )05 59
s Sole gl Kol St 1 LT aols
V/OX pmy eSS slgast slins @ s S Glgadl sl
Sleadl dlols (pimman (0/0YV0E: /v eAOE=)
ENA o u,:mi..’ sleas! Bl @ r.:,...:.l.:..ﬂ sleas!

Tpmm M = M Live WT =RV
— ~ 50008 X _amms = 3

Y a,gﬁ&:mizjrj;éug\;xs\ﬁmj\&,)ﬂfﬁwgnﬂ,,@,nﬂ: ¢ s

-’[}" J iji}jﬂ:" sdige 4;5/“:“

’f‘qv‘jJnju‘ﬁ'jWJLf



sl (S e h ) Sldes Oloj

'Y

S5 sl )lS S5 Olea L adll slaay s
Slie Lol 5ol Slaie (5 O gladsir 53 5 0l
Sos o ph Slles e 5 J8 450 A0S
Al ke a5 Oley G L T e e
(S 3 ST ol S anes 1 s pd e 2ty a4 il
Shome jio n5 Slhes 3 plple d e 5
el sd e ASKE . Al LS8
ol w2 lIS hles N sl 50 Jsix 3 p s
ol Bl L sdome i 5 Sldes i 5 13 e ol
Al s Sl 2B A8 s G 5 Ol

5 adsl Ll 3 slaes JE (0) Jsds s
sl S S sl Js el sl o 5 4 56
A e M bl O GSile 5 ol L
s 3550 3 05 lae ol il e ek
Gho Ll edd Geeejio ool A ST S
AS e

Loyl au)ls Ol sl JSs (o) s s
[FRTY CTRN WP AN PP vV SN NIV W
Lol @l slas JKs o ris cnS el )
55 el e gl ol a5 S ol a5
Sl 3 oy ey 0k (a}:.'.li.o

S Oy B 3 2022] Ul 55 sl e
= G e 5 Ol GRlBl Lol el
S S O 4S5 XS pn My SRS 23l
DA P OBS 3 s eld o S s e
Gt o 3 b3 Rl 3Ll o ST ol
Ll (B a b bl oo S il 21T et
o lSe Sl sl oo S opasl aa, 8 Sy I
03 SNl I (Gaes i 5 Ol Al L ¢33
Lol e Ll bl sl I sl ol
S 0T o o8 (sleilane bl sltas S 21351
b g sl xS cl sl sl obel slass
S b s bl SOl B Ls e S5
S 5 sl AlS 3 i wiSS s, s L

b s G Sy Sn psnas (0) IS5 55
53 Sl o e3ls il Laddged 228 5 05 2SU) anl
(Tertiary 42l 4o ls s (ool Jlids lad sl
bl s (e &1y3) MysCs S 5 L Carbide)
ol A8 Lls 5 us od) adsl a8 oll
ol s L el Gl L S (LS
o s Sldes L M23Cs duuls Ol Slaas oS a8
as,p (U dsdr 50 Jodor) ol 4l Jlbl csdos
G a4l S (g, S s

B

SEM HV: 20.00 kV . 16.63 mm MIRAW\ TESCAN
View field: 21.67 ym  Det: BSE 5 pm '
SEM MAG: 10.00 kx Date(m/ddy): 10/25/11 IROST u

YEN-YE) & g5 (I

MIRAW TESCAN

ROST"

SEM HV: 20.00 kV ‘WD: 14.96 mm
View field: 21.67 pm :BSE 5 pm
SEMMAG: 10.00 kx  Date(m/dAy): 10/26/11

A\ S F AR

5 450 Glada,l8 5 (G asS) oyl glaag, 8 Gl o 1K
O Gkl s (K diw) 06

H“W‘j;aj[«.i‘/,.pj%du

e s iy le wige L



ot lels o o] o (GBU A ool g et ]

o ey

r=3504 nm

SEM HV: 20.00 kV WD: 18.01 mm MIRAW TESCAN
View feld: 2.167 ym  Det: BSE 500 nm r
SEM MAG: 100.00 kx Date(midly): 10/25/11 IROSY“

J.'v‘eéjs éyﬁ a‘)s 4w O Ajrj (J‘

SEM HV: 20.00 kv WD 11.95 mem
View fleid: 21 67 pm Det: BSE
SEMMAG 1000 ke  Dateimiddy) 1072611

WS o W S EAY el (o
@l S ghle s Al S

Wgas 53 a6l Aoy8 Ol Olasie anslis L
Lol looe Y asle) sdidiw ) lad s L T
53 4l AlS L3 e & 0ol e L3 (5,1l
b ol sl S 5 do 3 VY0 Blu= Y & sal
Sl a4 ar g bocsl Al Ao s Yoo Bl
Canbl L olyd o3l Sle gdoys Yo Bla
s rop; Slles &S 55l e w85 and

Dl 63 503 S05gen ) 50 slade) S
WY elas 3 adsl aulS s o3l () Jsir s
Jar 53 s b il Sl Ly, & ped i
|kl & ged 3 adsl AuslS Sl slaw JEs o

UL Il pl) 35 e b Ll o3l 5 LT sl
Sy 3 e Ll Guls s Gaes i ol
[ bl_i) 4..[‘9.73 .k:;)ls be o)‘.)u‘ 3 )‘J\.EA c(-\ Jg.&)
A 55 Sl o) 358 e analS Ll sl s 51 Ll
5 ey Sl OF &S 1, o) W g I IS
J}JdoMLiﬂ .Juhb‘ja QL.';.: bo.l,ica..is/ﬁ el )
W o0 o (V) USS Lles 57 3O a Lo)p3 ¥ il oS
J 5 Lol & 53 5 Lles S SN ea b4 B0
b 2l Lol ol sl JISs 1 s 305
a)\Ju\ cwﬁwﬂ) dlA) Jﬁ‘ﬁ‘ L’ L(O) J}J.?- BEl
(o) A0 0ke) it s 4l A8 &3
sles 3 6, S0 fl'{'é" S ol ol slaw JE
cg:,\.:.s/ﬁ QLA) BE) Ql}-‘); MJ@ 'C) L;;eﬁjﬁaéﬁ)
obie 5l s s ad gl a8 BlbI sble ol e sdle
S b adsl A8 L3 s A S 5 3T
et S8 50 a8l Ao )8 O3 Sl s 5 Lyl sl
3 el (kS Ol il Lo Jsd s
P b e B (o)) S sk 450 A8
M:Q}&ﬁwbb):qj}lj,\ﬁjgabba\w
th;kfc J:§)J" LSJ‘I‘.’:L’ )‘J:Ld Aiyu J\.;J)ls Q\JJ o)‘.\J‘
o (8)adaly sl eslazad U (0)d s 5y B 48 anl
[23] ol g e OB
dr/dt oc k/r? ®)
0)5 LS‘;’) AL.:U LEJJ..O k ‘Q‘)S CLQ.«.:I T 4.(.1)}]9.:
SUoplpls cad Olest 5 (Col glos ys 5 yeseio
A me Db Il s $6 A8 5 Sl SIS

sl AlS 8 e 05 Se 3 Dby3 5 LS

)T“IVU;U&J‘[,.FJW‘JLJ



bl s o i Dldes Oloj ]

\k2

WT (=2000nm2 + =1000000nm2 = 0.2V%
A b w6l s S 4 e K55 4 sbilaly
il gl Ve ST el 4 el T
AT S o 00 s o VI
SIS S (o = VIS 5 IS 6o S
Al 658 IS8 L B MGy S 5 L als

Sas L sl Susl,y aid (o — V) K 5
@ e 3 sy s S oS S
33 el sk 63,1 cr sl AT o E Il
5 Cr3Ca FesC Mp3Cs MGy (slady IS 2l -
ORI PPN PURRCI B - WA TR (& ML MC
i8S Gl 4 5 a5 (Jbt 5 8 L) siladly
CRs e 50 S G S L 5 pl sl sl
CrCa FesC slan)8) wis plabs oy, g xS
s Soxs S Gy S s MC
s gl

(MniC) 56 slad S s (= V) IS 55
M7C3) a5l slado )8 SIbL s (FesC) a5
2 r 03la DL 5y 4 () s (AL SWSTL
SRS e R S R
S o o581y 450 A8 (IS e

100 nm

Red phase, Ferrite,

O el ale .ol Lot gad plee 5 O Cinal Ly
Lt yoi plo 53 OF Hldie Cauas AL 3 luilinl & 4ad s
Aoss Ve e ) (0) e s e oyl il
Sad o SMS ames (e~

Wgas 3 4ol Ao S Sl o3Il ((0)d s s
5 Y ladse (i Lo ,E) 5l S S 5 Ikl
Aoo8 Sl sl & ((0)dsdr s ol 00T
Gl 3 L) 51 i o lulal €pes 03 w5l
ok jao 5 Sad sad Sl S g 00T g0 Y gladd pal
ol is & 55 e Olse 3 cme el
Lo, & v oY 500 Y lad ol g s liliad € gas s 43
VA ke 4) (0) Jsd s e ol il 0L
Sad s St (aze= Aoy

s S sl U Gk ol s
ol sl bl oails 53 sope 550
;> JEOL ARM Atomic Resolution Microscope
3V AppFive “Topspin” 138l o 5 L <5 5kS Yo 5,
BAY & 503 1y ot ploal 335 G, o EAT 6 55
Loy & sy Oldlae L (A= V) IS s
Bl S5l U s e S s S
el g 2SI andl G, AV s g gl Ve

s e Ao /Y 5l eS) Gl el Al

BCC Zone [133) Green phase, Retained austenite, FCC Zone [111]

S b ae ) todilandly Szl (Ll

’T‘QV‘jJnju‘ﬁ'}%J@

s s o le kg &



K ot lels o o] o (GBU A ool g et ]

12001
100
10004
500
#00] Iron carbide
100
g 6004
§ iy L
% e L
b Wikl w9 . o B 7
300
200] @ \ High Resolution Brightfield STEM
L Cu ] Elm.- ”l"‘:u; Element Line KRatio Correction Atoms %
e s e - c Ka 0.708+0. 0092 1.0000 91.86+1.20
dONTEOR N Y T R e G g Ka  0.292+0.0078 1.0000 8.140.22

©3S oal doslS o33 Sl tla Ll (o

nular dark field) STEM

Element Line KRatio Correction Atoms %
= Ka 0.057+0.0026 1.0000 33.59%1.53
s Ka 0.00710.0015 1.0000 1.6210.32
Cr Ka 0.022+0.0025 1.0000 2.91+0.34
Fe Ka 0.307+0.0087 1.0000 38.68+1.09
W La 0.607+0.0301 1.0000 23.20%1.15

655 LB MiCs a8 0 S 5 o3 (&

)‘/}.AJL;JD_}}[ZAJ.«,L{J%}‘L ”‘qv;‘}):Ju‘ﬁ'jWJLu



bl s o i Dldes Oloj ]

1

100 nen
100 nem 1]
100 am
Grain sl Grain
boundary ™ boundary .
C"C: M?C] F!’C
100 ren _ —
Grain y.
boundary ™
o .~
- : i
= = —
Da ¢
M Cs Retained austenite
Grain
boundary

STEM map of specimen 483
Area =80000 nm”

MeC Cr3C, FesC My3Cs M;Cy LSLA.L:;)lS JAL}: LA)U ij“f)) Soss d}]ﬁ\ g:,&w};:a ;.,LS\J‘;' P (CJ

S b a3 okiledl o

EAY w503 31 sy o 95 Sy S gl VIS

e Gl sl s bod Gai ol s Y
5 e (sl Jole s slpe £ ol 23S
el o b 4 56 A S b slas &

Coles b iy G55 Sk 4 plaes Gln -t
e Y wgas i Mg Ce gl ol
Glos s ciS pcslo) 5 Gees yio i Csl T
.w\;whﬂ.s\)fﬁsjbe\z-)s\‘“

Ol Saley bl e a4 plies sl -0
ol T8 i YEY 6500 iben 5 b e 1
3 Yor glos 55 i8S pcele Y 5 Gres i
el 5 e sl Sl

Sprs pde Ly Sl aadl G Sl e 811

&S 4omsi
Gl VYOEY 1l 5V 55 &6 gl s VY 51 i ol 3
Lol byl a5 SO ol il e
A esliial Gras o 55 Dldes 3 bl
BYY il (Gras i 5 Dlekas Sl oslined -
S K iz 5 Ao 3 VY B4 e (s T
odis ho py ek sl 4 Cad Aoy YO VY
(sl ol 3l Ole e gla
(Ges 350 5l SV gl das e 0L el =Y
53 a5l o8 LSS gl p sdoe Sh 5 Slles
Lol a5 Cele VE 31 Ly &S Sladses

el 6

!T“IVUJUL@J‘[,.F';%JL«



dlS Gl s el dil> A5 4 oo ol
io 3 SOlles 53 0y CidS L s S e 4yl
5 oS Sl el o5 pbel il s
Fir) 3,8 o 53 5 ke ST jolie lgas]
S Sleedl (iS4 (el A L
ool Al 51 g S 631l 4 b ool ST ()
ol o pd e bulr dadlss e Gk Sl ens @
Jees sl a8 1SS Gl Rils oSS
a0 L a5l o)l ol slae ol by 55 e
OF GlLbI 5 &ls 5,0 534S gladsl a8 Sl s
Sl sl S s spd e LSS Lyl I3
& o cad gl A8 BB s a0 L 4 5L 1S

sl 3l Gas ;J.’@w s o liladl o]
slledl slacgmal fas Gie i Sllee
Slkes 31 a8 WAL e Cuosle 4 Jleasd
ol s e WSS 450 A8 eiS
(e iz 5 Dlhas) Sio n5 Olbes rass )3
Copisle 4 &S 3 s sletiladl o
0351 ol LSL ails 542 -2 S b Aol
(Cosle 4 obilbadl coanl) dloal s 1Y
S Gl sl glaa )8l by S S Wl i
Slles ras3) ddme ions Sllee 51 e
LSS e S N e S Gl
53 4l A8 S5 0l (e ss S L e

Soso pl 4 s a5 Bl G 5pe Il SV

5B ol o o 53 Dl s " 35 0 Ol

G5 e sy 4 55 e U L adsl auls

e

1. Das D., Ray K.K., Dutta A K., “Influence of temperature of sub-zero treatments on the wear behavior of
die steel”, Wear, Vol. 267, pp. 1361-1370, (2009).

2. Darwin J.D., Mohan L.D., Nagarajan G., “Optimization of cryotreatment to maximize the wear resistance
of 18% Cr martensitic stainless steel by Taguchi method”, Journal of Materials Processing
Technology, Vol. 195, pp. 241-247, (2008).

3. Li S., Deng L., Wu X., “The mechanism investigation of deep cryogenic treatment on high alloy
martensitic steel by low frequency internal friction”, Cryogenics, Vol. 50, pp. 433-438, (2010).

4. Bensely A., Senthilkumar D., Mohan L.D., Nagarajan G., Rajadurai A., “Effect of cryogenic treatment
on tensile behavior of case carburized steel 815M17”, Materials Characterization, Vol. 58, pp. 485-
491, (2007).

5. Baldissera P., “Fatigue scatter reduction through deep cryogenic treatment on the 18NiCrMo5 carburized
steel”, Materials and Design, Vol. 30, pp. 3636-3642, (2009).

6. Hong-xiao C.H.I., Dang-shen M.A., Qi-long Y., Li-zhi W.U., Zhan-pu Z., Yong-wei W, “Effect of
cryogenic Treatment on Properties of Cr8-Type Cold Work Die Steel”, International Journal of Iron
and Steel Research, Vol. 17, pp. 43-46, (2010).

7. Koneshlou M., Asl K.M., Khomamizadeh F., “Effect of cryogenic treatment on microstructure,
mechanical and wear behaviors of AISI H13 hot work tool steel”, Cryogenics, Vol. 51, pp. 55-61,
(2011).

8.He Y., Yang K., Qu W., Kong F., Su G., “Strengthening and toughening of a 2800-MPa grade maraging
steel”, Material Letters, Vol. 56, pp. 763-769, (2002).

oo s sy lle elige 4 TPV 3 ol o 5 Gy S



...jjﬁﬁbﬁjwjé,;ﬁj@u&g[ajjﬂ A

9. Mehtedi M.E., Ricci P., Drudi L., Mohtadi S.E., Cabibbo M., Spigarelli S., “Analysis of the effect of

Deep Cryogenic Treatment on the hardness and microstructure of X30 CrMoN 151 steel”, Materials
and Design, Vol. 33, pp. 136-44, (2012).

10. Das D., Ray K.K., “Structure-property correlation of sub-zero treated AISI D2 steel”, Materials Science

11.
12.

13.

and Engineering A, Vol. 541, pp. 45-60, (2012).

Wegst C.W., “Key to Steel, Wegst GMBH, Germany, pp. 125, (1989).

Amini K., Nategh S., Shafyei A., “Influence of different cryotreatments on tribological behavior of
80CrMo12 5 cold work tool steel”, Materials and Design, Vol. 31, pp. 4666-4675, (2012).
Oppenkowski A., Weber S., Theisen W., “Evaluation of factors influencing deep cryogenic treatment
that affect the properties of tool steels”, Journal of Materials Processing Technology, Vol. 210, pp.
1949-1955, (2010).

14. Akhbarizadeh A., Golozar M.A., Shafeie A., Kholghy M., “Effects of austenizing time on wear behavior

15.

16.

17.

18.

19.

20.

21.

22.

23.

of D6 tool steel after deep cryogenic treatment”, Journal of Iron and Steel Research, Vol. 16, pp. 29-
32, (2009).

Farhani F., Niaki K.S., “A Programmable System for Treatment of Alloy Steels at Cryogenic
Temperatures”, Advanced Materials Research, Vol. 264-265, pp. 1240-1245, (2011).

BS EN 10002-1, “Metallic materials tensile testing, Part 1: method of test at ambient temperature”,
British Standards Institution, (2001).

Dieter GE., “Mechanical Behavior under tensile and compressive loads”, ASM Handbook, Vol. 8,
Mechanical Testing and Evaluation, Ohio: ASM international, pp. 5 and pp. 100-103, (2000).
Vermeulen W.G., Morris P.F., De Weijer A.P., Van Der Zwaag S., “Prediction of martensite start
temperature using artificial neural networking”, Ironmaking and Steelmaking, Vol. 23, Issue 5, pp. 433-
437, (1996).

Cullity B.D., “Elements of X-ray Diffraction”, 2" ed.,, London, England: Addison-Wesley publishing
company, pp. 555, (1978).

Li S., Deng L., Wu X., Wang H., Min Y., Min N., “Effect of deep cryogenic treatment on internal
friction behaviors of cold work die steel and their experimental explanation by coupling model”,
Materials Science and Engineering A, Vol. 527, pp. 7950-7954, (2010).

Tyshchenko A L., Theisen W., Oppenkowski A., Siebert S., Razumov O.N., Skoblik A.P., Sirosh V.A,
Petrov Y.N., Gavriljuk V.G., “Low-temperature martensitic transformation and deep cryogenic
treatment of a tool steel”, Materials Science and Engineering A, Vol. 527, pp. 7027-7039, (2010).
Hao-huai L., Wang J., Bao-luo S., Hong-shan Y., Sheng-ji G., Si-jiu H., “Effects of deep cryogenic
treatment on property of 3Cr13Mo1V 1.5 high chromium cast iron”, Materialsand Design, Vol. 28, pp.
1059-1064, (2007).

Porter D.A., Easterling, K.E., “Phase transformation in metals and alloys”, 3rd edition, Van Nostrand

Reinhold Co. Ltd. (UK), England, pp.315-316, (1983).

’r‘z‘/‘onju‘ﬁlj%‘,/Lw )[}"JL;.;J}//":‘L{“'L#%)”‘L



’qu¢onjw4ﬁ'deL« )/J‘AJL;J”JJ']/‘;‘J”’L{’A‘@/“‘“

* dier SBOA il JUB ) 5 o W olo 4 oileudl i T Wil Wb wsy
G o de B TS50k ol Golo i Viabaes o5 A

ol i it ol (sl 0l o ks (o ol 1 g gl s o iladl Coti] Wi U g ) o
I i s S 5= iy Sl U sane dder Ol b delin i (oo ) I5= nizal llas s L T e Ot e <
D3 s o DL ol it plonil s V5 VT e An Gl lIL 5o Sews (s oy s S edlizad b Gl Co 258
Slog i s bo 2 I3 Sl Sl b o 5 030 Il olilacly Contioe (U ks Ol (Sloti s 13 gl 100 il e (slos LIS L
Cosisle b oSl Coizal g Voo Sl ke (cla gl SOL 4o s ol 00l GLET 0liladl Coitnd UG ot IS 0ok Sl

el 0l (T e Ol il 0 s glio 4 (ool i3] Copl 45 Gl 43l i

R WACE SRR VU FECIIRCIVN IPTCIVE e PICIN SRR WELL S W N P~ W (g~ F Y3 1 [

Investigation of Retained Austenite to Martensite Phase Transformation on Wear
Behavior of White Cast Irons

V. Karami Dastnaee S. S. Ghasemi Banadkouki M. Mosalaee poor Yazdi A. R. Mashreghi

Abstract

In this study, the effect of retained austenite to martensite phase transformation has been studied in conjunction with
wear behavior of white cast irons. For this purpose, the wear behavior of an alloyed white cast iron with a carbide-
austenite microstructure has been studied in comparison to that of conventional white cast iron with a pearlite-carbide
microstructure. The wear tests were conducted by using pin on disk test method with loads of 80, 100, 120 and 140N.
The results show that retained austenite is stable and also work hardened during wear test conducted with loads less
than 100N in alloyed white cast iron samples, while, the retained austenite transformed to martensite after using loads
greater than 100N. The retained austenite to martensite phase transformation has been associated with significant
improvement in wear resistance in the alloyed white cast iron.

Key Words white cast iron; carbide; pearlite; martensite; retained austenite; wear behavior.
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Effect of Heat Treatment on the Electrochemical Behavior of Nickel
Aluminum Bronze Alloy (C95500)

A. Abbasian A. Davoodi B.Koruji

Abstract

The effect of heat treatment of nickel-aluminum bronze all oy on the interaction of the cathodic surfaceand its corrosion
behavior in 3.5% NaCl solution is studied. The alloy was studied under different industrially recommended heat
treatments, including quenching, normalizing and aging heat treatments. The microstructure of the specimens was
studied by optical microscopy. Polarization tests proved that with increasing immersion time, and the formation of the
protective layer, helps extend the oxygen-diffusion controlled cathodic reactions and also increase corrosion
resistance. Polarization curves showed that the anodic polarization behavior is almost the same for all samples, which
suggests that activation is controlled by the heat treatment of the samples. The different behavior under the influence
of cathodic polarization proves that the alloy also reflects the increase or decreasein the level of corrosion resistance.

Key Words Corrosion; Potentiodynamic Polarisation; Nickel-Aluminum Bronze Alloy; Heat Treatment;
Microstructure; 3.5% NaCl Solution.
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Assessment of Compressive Strength and Hardness of Al-Gr Composites Produced Using
Liquid Homogenization Followed by Cold-Pressand SPS

H. Pakdell Noghabi S.A. Sdjadi A. Babakhani

Abstract

A relatively new method, homogenization in liquid phase, was used to produce aluminum-matrix composite reinforced
by graphite particles. The graphite content was chosen from zero to 4.5wt.% in this study. Composite samples were
produced using the mixed powder by two ways: spark plasma sintering and cold-press sintering under different
pressure, temperature and time conditions. The specimens’ microstructure was investigated by optical microscopy and
scanning electron microscopy. To evaluate the mechanical properties of the samples, compression tests and hardness
measurements were performed. According to the results, homogenization in liquid phase method caused significant
improvements in the distribution of graphite particlesin the matrix. Improved mechanical propertieswere obtained at
3wt.% graphite. According to the results, the compressive strength of Al-2.5wt.% Gr composite, obtained from this
mixing process and cold-press sintering, was increased at least 113.8% compared to the pure aluminum. Moreover,
SPSprocess increased the strength of Al-3wt.% Gr composite to about 206.2%, compared to pure aluminum.

Key Words Aluminum-Matrix composite; Graphite; Liquid phase homogenization; SPS; Compressive
Strength; hardness.
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Effects of Nitrogen on Microstructure, Mechanical Propertiesand Corrosion Behavior in
Nickel-Free Austenitic Stainless Steels

S. M. Salehi SH. Kheirandish S. M. Abbasi

Abstract

Different amounts of nitrogen were added to nickel-free high manganese austenitic stainless steels with addition of a
nitrided ferroalloy. The microstructure was evaluated by optical microscopy and the mechanical properties were
determined by macro-hardness and tensile tests. The corrosion behavior was evaluated by electrochemical impedance
spectroscopy and polarization. The results showed that the microstructure of high nitrogen and low nitrogen steels
were austenite and ferrite and austenite, respectively. The hardness, yield strength and ultimate tensile strength of the
steels increased with increasing nitrogen content. In addition, corrosion current densities decreased and corrosion
potentials shifted to more positive values with increasing nitrogen content.

Key Words Austenitic Stainless Steels; Nitrogen; Mechanical properties; Corrosion.
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Effects of Fenton's Reagent on Surface M adification of Nitinol Shape Memory Alloy for
Biomedical Applications

J. Khalil-All&fi R. Asghari

Abstract

Nitinol shame memory alloy is very useful in manufacturing of medical implants and stents. Thermal oxidation and TiN
coating are of common Nitinol surface modification processes and in return Fenton's oxidation using Fenton reagent
isanew approach in modifying the surface of Nitinol for medical applications. To study the effects of thisnovel process,
experimental tests including oxide surface characterization, investigation of corrosion behavior and biocompatibility
of the created oxide surfaces in simulated body fluids were performed. Parameters such as temperature and duration
of oxidation process were studied. Based on the results, the optimized conditions considering temperature and process
duration were determined. Accordingly, Fenton's oxidation process at 65 °C for 24 hours can create an oxide surface
without any cracks which produces desirable biocompatibility and corrosion resistance and helpsto improveitsin vivo
performance.

Key Words Shape Memory Alloy; Fenton's Oxidation; in vitro; corrosion behavior; biocompatibility.
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Evaluation of Microstructure, Phase Composition and Properties of Four Layer Zirconia
Coating on API5L Steel asa Function of Different Sintering Condition

M. Jafari M. Kalantar

Abstract

In this study four layers of zirconia coating were applied on the surface of API5L steel samples by sol-gel
method using zirconium isopropoxide precursor. In the first group of samples, after each layer of coating
and for the second group after four-layer coating, heat treatment (calcination and sintering) were carried
out at the desired temperatures (350-550 <C). X-ray diffraction and differential thermal analysis were
used to evaluate the physico-chemical reactions and phase changes in the obtained gels caused by heat
treatment. Microstructural features, adhesion strength and corrosion resistance of the coated samples
were determined by scanning electron microscope, microhardness, adhesion and electrochemical
corrosion testing, respectively. The results showed that by increasing the sintering temperature from 350
to 550 <C, the structure evolved from amorphous to crystalline state. For the first group of samples,
sintering at 450 <C and for second group, sintering at 550 <C offered a more homogenous microstructure
and improved corrosion resistance.

Key words Zirconia Coating; Sol-gel, Microstructure; Composition Phase; Properties.
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Investigation of the Pitting Corrosion Behavior of 403 Martensitic Stainless Steel in
Bromide and | odide Solutions

S. Pahlavan K. Safar I. Taji M.H. Moayed S. Mollazadeh Beidokhti

Abstract

In this study, the pitting corrosion behavior of 403 martensitic stainless steel was investigated in NaBr and Nal
solutions, by using potentiodynamic and potentiostatic techniques. The observations showed that halide ions have a
bilinear effect on the pitting corrosion. The bromide ion due to its smaller ionic radius is more active in the initiation
step of metastabl e pits, so that it increases the frequency of occurrence of metastable pits. On the other hand, theiodide

ion has a greater effect on the propagation step, due to the low acidity of HI. Altogether, the bromide ion is more
aggressive than iodide and has a lower pitting potential.

Key Words Pitting Corrosion; lodide; Bromide; Metastable pits; Martensitic stainless steel.
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Effect of Electrodeposition Parameters on Chemical Composition, Cathodic Current
Efficiency, Hardness and Morphology of Zn-Ni Alloy Coatings

M. Tafreshi S. R. Allahkaram H. Farhangi

Abstract

Zn—Ni alloy coatings were electrodeposited from acidic sulphate baths. In this study, the effect of plating
parameters and bath composition on the cathodic current efficiency, as well as hardness, morphology and
chemical composition of the coatings were investigated. The morphology and chemical composition of the
coatings were investigated using scanning electron microscopy equipped with EDAX analyzer. Results
showed that surface morphology and chemical composition of the films were strongly dependent on the
electrodeposition parameters. Ni content and hardness of the coatings were increased and the cathodic
current efficiency was decreased by enhancing the bath temperature and Zn (11)/Ni (I1) ratios, or reducing
the current density and bath pH. Electron microscopy images showed that cracks appeared on the coatings
surface with increasing temperature dueto the high residual stress. In addition, the structure of the coatings
became finer with increasing the current density, resulting in the formation of voids and porosities. Studies
on the bath pH revealed that only the coatings which were deposited in baths with pH=2 had a dense and
uniform surface. Moreover, increasing the Zn (11)/Ni (I1) ratios in the bath caused brittleness of the
coatings.

Keywords Zn-Ni Alloy Coating; Chemical Composition; Morphology; Cathodic Current Efficiency;
Hydrogen Evolution.
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Optimization of Process Parameter s of PL GA/CS Nano-bio-camposite as Tissue
Engineering Scaffold

S. Vaezifar E. Halvani-Anaraki

Abstract

Tissue engineering, as an interdisciplinary science, is culturing cell body or stem cells outside the body
and depositing grown and differentiated cell complex on substrate biomaterialsinto a patient'sbody. PLGA
and chitosan are commonly used for tissue engineering applications, respectively as synthetic and natural
polymers. In this study, nano-biocomposite scaffold of tissue engineering was prepared by
€l ectrospinning/el ectrospraying method. Nanofiberswith randomand aligned arrangement wer e prepared.
The average particle size and fiber diameter was measured using Image J analysis software.

Keywords Electrospraying; Electrospinning; PLGA; Scaffold; Chitosan Nanoparticles; Tissue
Engineering.
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Effect of Chopped Carbon Fiber on M echanical Properties of ZrB2-SiC Composite

Z. Balak M. Azizieh H. Kafashan
Abstract

In this research, effect of carbon fiber (Cr) and its content on sinter-ability, hardness and fracture
toughness of ZrB,-SC composites which were produced by spark plasma sintering, was studied. For this
purpose, four composites with different C; content (10, 20, 30 and 40 vol%) were sintered by spark
plasms at 1800 °C, 40 MPa pressure for 6 minutes by with a heating rate of ~50 °C/min. In order to
evaluate the microstructure, scanning electron microscopy, EDS and x-ray diffraction was applied. The
hardness and fracture toughness were measured by macro-Vickers and SENB method, respectively. In
this research, C: addition does not have any significant effect on hardness. The results showed by
increasing C;, relative density decreases and open porosity percent increases. Fracture toughness of
ZrB,-SC composites was improved by increasing C; content.

Key Words ZrB»-SiC composite; Cy, spark plasma sintering (SPS); fracture toughness.
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Micro-tribological Behavior of Electrophoretically Deposited HA-TiO-
Nanocomposite Coatings

H.R. Farnoush

Abstract

In the present study, the HA-TiO, nanostructured composite coatings with 0, 10 and 20 wt.% TiO, were
fabricated by electrophoretic deposition on Ti-6Al-4V substrate. Micro-scratch tests in progressive load
mode, were examined for evaluation of adhesion strength, tribology and fracture toughness of coatings.
The critical contact pressures in micro-scratch test for crack initiation and delamination were increased
by the addition of TiO, content in the coating. Moreover, according to the linear elastic fracture
mechanics, the maximum fracture toughness of coatings was obtained for HA-20 wt.% TiO, sample. The
scratch grooves were studied by scanning electron microscope.

K eywords Micro-scratch; Electrophoretic Deposition; Hydroxyapatite; Titania.
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Numerical Simulation of Tube Extrusion Process of AlSI304 and
Comparing with Upper Bound Solutions

M.R. Bahmani K. Farmanesh G. Borhani

Abstract

The study purpose was to evaluate the effect of initial billet temperature, extrusion speed, extrusion ratio
and angle on the tube extrusion process of AlS304, particularly the extrusion force, and achieve optimal
parameters. Abaqus softwarewas used for the simulation purpose. 12 sampleswer e eval uated with different
initial conditions. Two-dimensional axisymmetric model was used to simulate the process, due to the axial
symmetry of the process. Mechanical-thermal coupled solution was used for process solution. Also,
CAX4RT elements were used for achieving all the degrees of freedom. The initial temperature was found
to have the strongest effect on the force.

Key Words Tube Extrusion; AISI 304 Stainless steel; Simulation; Upper Bound Method.
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Structure, Microstructure, Magnetic, Electromagnetic and Dielectric Properties of
Nanostructured Mn—Zn Ferrite Synthesized through Glycine-Nitrate Combustion
Process

Z. Maleknezhad Kh. Gheisari A. Honarbakhsh Raouf

Abstract

In this work, MngsZngsFe;Oy ferrite powders were prepared through glycine-nitrate combustion method
at different molar ratios of glycine to nitrate. X-ray diffraction patterns showed that samples crystallized
successfully in a spinel-type structure in all reactions. Magnetic properties were measured using a
vibrating sample magnetometer. The saturation magnetization values of the as-synthesized samples were
found to be in the range of 59.5-63.3 emu/g. Dielectric and electromagnetic properties were examined by
a LCR meter. The sample synthesized at the lowest G/N ratio showed the lowest magnetic loss and the
highest permeability. The complex impedance analysis illustrated only one semicircle indicating the
predominant effect of grain boundary property of the material.

Key words Mn-Zn ferrite; Nanocrystalline; Glycine—Nitrate combustion process; Dielectric constant;
Impedance spectroscopy
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Study of Texture and Warm Flow Stress of a Microalloyed Steel Dueto Static
Softening During Hot Defor mation

M. Mansourinegjad B. Mirzakhani
Abstract

In this paper, the influences of metallurgical phenomena and texture in addition to the thermomechanical
parameters on the warm flow stress of austenite in a gas line-pipe microalloyed steel have been
investigated. Warm compression tests were carried out in the temperature range of 850 to 950°C under
various amounts of strain, strain rates and holding times. The microstructure and texture of the samples
were then investigated by scanning electron microscopy and electron back scatter diffraction technique.
The results indicated that deformation temperature and strain via strain induce precipitation of
microalloying elements during annealing impose the fraction of recrystallization in the material.

Key Words Static Softening; Austenite; Microalloyed Steel; Stress Relaxation.
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M. Mansouringjad, B. Mirzakhani

In the second part of the relaxation curve, due to
recrystallization, the softening kinetics increases and
stressfallsrapidly. By increasing the holding time, the
grain growth and creep occur after completion of
recrystallization and it causes linear stress decrease as
seen for deformation temperatures of 950 and 1000 °C
inFig. 1.

Fig. 2-aand Fig. 2-b display the scanning electron
micrograph and the EBSD image of sample subjected
to hot compression a 900 °C. The sample has a
bainitic microstructure with the BCC texture at room
temperature.

This texture is representative that the bainitic
phase was originated from deformed but not
recrystallized austenite. On the other hand, the EBSD
image shows that in the above deformation condition
the partial recrystallization happened.

(b)
Fig. 2 Scanning electron micrograph and EBSD image of
sample hot compressed at 900 °C, strain 0.1, strain rate 0.5 s*

4- Conclusions

1- At 850 °C deformation, the strain induced
precipitation starts just in the beginning of
annealing time and retards the recrystallization.
Therefore, the long annealing time is required for
softening of material. However, a higher

temperatures, first recrystallization starts and then
the plateau occurs, afterwards recrystallization
goes further.

2- Deformation rate influences on the first part of
relaxation curve. On the other hands, it changesthe
internal energy of the deformed materia before
annealing starts.

3-The SEM and EBSD images show that the samples
guenched following hot compression have a
bainitic microstructure at room temperatures. The
BCC texture confirms that the baintite phase was
originated from deformed austenite.
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Study of Texture and Warm Flow
Stress of a Microalloyed Steel Dueto
Static Softening During Hot Defor mation

M. Mansouringjad™ B. Mirzakhani?

1- Introduction

Nowadays, thermomechanical  processing is
extensively used to improve mechanical properties of
metals and aloys. In this process, plastic deformation
isimplied on austenite phase. As aresult, the internal
energy of work hardened material rises dueto increase

of dislocation density and crysta defects.
Simultaneously, restoration processes including
recovery and recrystalization occur at high

temperatures and compete with work hardening
effects and decrease internal energy of austenite.
Therefore, the extent of flow stress of material is a
function of softening fraction arises during and after
hot deformation.

The stress relaxation test is an effective technique
to investigate microstructural evolution after hot
deformation  such as datic  recovery and
recrystallization. The recrystallization kinetics of aNb
micro-alloyed steel and a plain carbon steel after hot
deformation have been evaluated by Zhang et al. [5].
They have accomplished that Nb in solid solution
increases the value of apparent activation energy of
static recrystallization significantly.

The objective of present paper is a comparative
study of the static recovery and recrystallization and
the effects of precipitates and thermomechanical
parameters on the flow stress behavior of V-Nb-Ti
microalloyed steel.

2- Experimental

The chemical composition of the microalloyed steel
used in this research, used extensively in gas and oil
industry, islisted in Table 1.

Table 1 The chemical composition of microalloyed steel used in
this study (wt%)

C S P S [Mn|Nb | Ti |V N Fe

0.09(0.009(0.007 |0.32|1.55|0.03(0.01|0.04|0.002 | Bal.

In order to study the stress relaxation behavior of the
steel, hot compression tests carried out using Gleeble
1500 thermo-mechanical simulator. The cylindrical
hot compression specimens with 12 mm height and
initial diameters of 10 mm were cut out from the steel

'o110

plate with the axis parallel to the rolling direction. To
do this, the specimens were reheated with 10°C/s to
1200°C, held for 5 min and cooled with 1°C/s to the
prescribed deformation temperature, and then held for
3 min at thistemperature before being subjected to hot
compression. The tests were peformed at
temperatures of 850, 900, 950 and 1000°C, annealing
time of 0.05 to 1000s, strainsof 0.04, 0.1, 0.25 and 0.4
and strain rates of 0.1 and 0.5 s!. During the hot
compression test, stress relaxation was measured. The
specimens were then water quenched immediately
after deformation with cooling rate of 200°C/s and
more to study microstructure evolution.

Hot compression samples quenched after
relaxation, were sectioned and prepared for electron
microscopy and electron backscattering diffraction
(EBSD) observation to investigate the texture and
microstructure. The normal of the observation plane
was perpendicular to the sample axis. To do this, the
JEOL JSM 6500F scanning electron microscopy was
utilized.

3- Resultsand Discussion

The experimental stress relaxation data of hot
compression tests at various temperatures are shown
in Fig. 1. During hot deformation, the material is
work-hardened and the flow stress increases. While
the sampleisheld isothermally, the compressive stress
is relaxed. In the beginning of restoration process,
stress drops with a slower slope with logarithmic of
time. Since dislocation annihilation occurs during
static recovery which is the main softening
mechanisms for the relaxation start times.

190

170 4

150

130 4

90 A

70 A

50

30 4

10 + + +
0.001 0.01 0.1 1 10 100 1000

Time, s
Fig. 1 Stressvs. log(time) curvesfor theisothermal
relaxation of the steel at 850, 900, 950 and 1000 °C, strain rate
0.5s1and strain of 0.25
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Z. Maleknejad, Kh. Gheisari, A. Honarbakhsh Raouf

Fig. 3 shows the magnetization-field (M-H) curves
of the as-prepared powders. Referring to this figure,
the saturation magnetization is in the range of 60.5-
63.3 emu/g, indicating superior magnetic properties of
the all synthesized powders.
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Fig. 3 Hysteresis curves of the as-synthesized Mn—Zn ferrite
powder s at room temper ature

Fig. 4 displays the variation of the real part of
permeability with respect to frequency. The lower
G/N molar ratio, the higher permeability. On the other
hand, just the powder synthesized at lower G/N molar
ratio indicates a Mn-Zn ferrite phase without impurity
(Fig. 1). Hence, it can be deduced that permeability
strongly depends on the impurity.

6
5
= 4 =
IPrrere e +* * + }
H * -
-
2 - GIN=0.72
p - GIN=0.56
GIN=0.39
0
0 2 4 [ B 10

f(MHz)

Fig. 4 Variation of permeability asa function of frequency for
Mn—Zn ferrite samples

The frequency dependence of the dielectric
constant, [, of the all synthesized powders at room
temperature is illustrated in Fig. 5. For all samples,
dielectric constant shows maximum values at low
frequency, then decreases rapidly by increasing
frequency and becomes frequency independent at high
frequency. This behavior can be interpreted on the
basis of the interfacial polarization mechanism.
According to this mechanism, dielectric structure of
ferrites is made up of well conducting grains separated
by the poorly conducting layer of grain boundaries. In

the low frequency region, the charge carriers can pass
through the grains and reach to the grain boundaries
through the electron hopping. Due to high resistance
of the grain boundary, the electrons accumulate at the
grain boundaries and produce the build-up of layers of
charge at interfaces. Such internal charge layers make
large contributions to dielectric constant. In contrast,
as the frequency of the applied field is increased,
before the charge carriers can pile up at the grain
boundaries, they reverse their direction of motion.
Hence, the probability of electrons reaching the grain
boundaries decreases and subsequently polarization
and dielectric constant start to decrease.
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Fig. 5 Dielectric constant as a function of frequency at various
GI/N ratios

4- Conclusions

In this study, nanocrystalline Mn-Zn ferrite was
prepared by an auto-combustion method and the
effects of the fuel concentration on the properties was
studied. XRD diffraction confirms formation of the
nanostructured Mn-Zn ferrite in all cases. Magnetic
measurements show that saturation magnetization is in
the range 60.5-63.3 emu/g. The powders prepared
with the lower G/N ratio show the higher permeability
in the all measured frequencies. Dielectric constant
decreases with increasing the frequency, indicating the
normal behavior of ferrites.
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Structure, Microstructure, M agnetic,
Electromagnetic and Dielectric Properties
of Nanostructured Mn—Zn Ferrite
Synthesized through Glycine-Nitrate
Combustion

Z.Maleknejad ! Kh. Gheisari?
A. Honarbakhsh Raouf

1- Introduction

Mn-Zn ferrite is one of the most important magnetic
ceramic materials well known for high magnetic
saturation and low magnetic loss at high frequencies
(8-10 MHz). Mn-Zn ferrite is applicable in inducers
core, transformers, antenna rods, electromagnetic
interference  devices, microwave devices and
biomaterials applications such as cancer cure and
pharmacy.

Nanosized Mn—Zn ferrites have been produced by
many processes such as mechanical alloying Sol-Gel,
hydrothermal and combustion synthesis. Recently, the
combustion synthesis process has attracted wide
attentions due to its ability to produce nanoparticles
with high surface area. If glycine and metal nitrate are
chosen as fuel and oxidizer respectively, the process is
called glycine-nitrate process (GNP). In the present
study, the effect of glycine/nitrate (G/N) molar ratio
on the structure, microstructure, magnetic,
electromagnetic and  dielectric  properties  of
Mny sZng sFe;O4 1s examined.

2- Experimental

The metallic nitrates Fe(NO3);.9H,0,
Zn(NO3),.6H,0 and Mn(NO3),.4H»0 as oxidants and
glycine (H,NCH,COOH) as reductive were used. The
above mentioned metallic nitrates and glycine were
solved in 100 cc distilled water for three G/N ratio of
0.39 (30% lower than stoichiometry), 0.56
(stoichiometry) and 0.72 (30% higher than
stoichiometry). The solution was put into a large
beaker and heated in a common microwave oven to
vaporize the excess water and accomplish the reaction
with a tiny combustion. The combustion yields
voluminous dark ashes accompanied by a large
amount of gas. Structure and microstructure were
evaluated using X-ray diffraction (XRD, Bruker DS)
and scanning electron microscope (SEM, LEO
1455VP). The magnetic properties were measured by
a vibrating sample magnetometer (VSM). The

electromagnetic and dielectric properties were
evaluated at room temperature by an LCR meter
(GWINSTEC, LCR-8110G) in the frequency range
from 1 KHz to 10 MHz.

3- Resultsand Discussion

Fig. 1 shows the X-ray diffraction patterns of Mn-Zn
ferrites synthesized by GNP at different G/N molar
ratios. The formation of the Mn—Zn ferrite can be
confirmed clearly due to the appearance of at least
(111) (isolated, 26 =~ 18°), (220) (isolated, 26 ~30°) and
(311) (isolated, 20 = 35.4°) reflections in the respective
XRD pattern.

$F Mn-Zn Ferrite
@ Impurity (310 G/N=0.72
220) (440)
( 20y (400) @®® & hly
:] SR\ sl -1 A vy WL, W
3
z 7 | ¢ G/N=056
H e | | T % ? )
£ J = . 1 W .
GfN=0.39
)
20 30 40 50 60 T0

20 [degree]

Fig. 1 X-ray diffraction patternsof the Mn—Zn ferrites
synthesized at various G/N ratios

SEM microphotograph of the as-synthesized Mn-
Zn ferrite clusters at G/N ratio of 0.72 is illustrated in
Fig. 2. As it can be seen, agglomerated clusters show
a lot of pores that are associated with the large amount
of gases released during the combustion synthesis.

iy §a
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2 3

£ i - E.n!

Fig. 2 SEM microphotograph of the Mn—Zn ferrites
synthesized at G/N ratio of 0.72
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force obtained from the model and calculated
according to theinitial temperature of the ingot.

Table 2 Parameters of the extrusion model

Parameter Range
Punch Velocity 250-100 (mm/s)

Initial Slab Temp. 1273-1473 (K)
Initial Punch, Die, 573 (K)
Container Temp.
Coefficient of Friction 0.03
Between Slab-Die,
Slab- Container
Coefficient of Friction 0.4

Between Slab-Punch
Coefficient of Heat
transfer between Slab-
Container
Coefficient of Heat
transfer between Slab-
Punch
Dieangle
Outside Tube Radius

1500 (W/m?K)

2500 (W/m?K)

30-90 deg
180-240 (mm)

23

P
(MN) 15
uls ]

5

04

1200 1300 1400 1500
Initial Slab Temp.(K)

—=— FEM

Fig. 2 Maximum extrusion force from the FEM
method and calculated according to theinitial
temperature of the ingot

The comparison of the results of calculated and
FEM show good matching. The maximum
difference between the results is 5%.

Fig. 3 shows the maximum extrusion force
obtained from simulation and analytical
relationships at various speeds. According to this
result, with increasing extrusion speed, the
increasing extrusion force is negligible and can be
ignored.

In Fig. 3, the maximum extrusion force obtained
from the simulation and analytical relationshipshave
been shown in different extrusion ratios.

According to Fig. 3, the extrusion force has been
significantly increased by increasing the extrusion
ratio.

15

(MN), ESSSS==2

—8—FEM

e Ll 0t

0 100 200 200

Extrusion Velocity
(mm/s)
Fig. 2 Maximum extrusion force at various extrusion
speeds

According to Fig. 3, it can be said that by
doubling the extrusion ratio, the extrusion force has
almost doubled its value.

30
S
(MN) o) —tr— Calculated
15
10
5
0 +
] 1 2 3 4

Extrusion Ratio

Fig. 3 Maximum extrusion force at various extrusion
ratios

4- Conclusions

The calculated maximum extrusion force due to
simulation and upper bound method have good
matching.



Journal of Metallurgical and Materials Engineering, Vol. 29, No. 2, 2018.

Numerical Simulation of Tube
Extrusion Process of Al SI304 and
Comparing with Upper Bound Solutions

K.Farmanesh” G. Borhani2 M.R. Bahmani®

1- Introduction

Extrusion is a common bulk-forming process to
transform materials into semi-finished products. A
product that is produced by this method is seamless
tubes. The seamless Al SI304 stainless steel tube has
been an important profile widely used in ail,
transportation and national defenseindustriesmainly
due to its excellent corrosion and oxidation
resistances and good performance at high and low
temperatures.

The seamless stainless steel tube can be produced
by extrusion method using glass as lubricant. The
process is carried out at high temperatures and it is
associated with large deformations and high strain
rates.

Anaysis of meta forming processes is
commonly  performed  utilizing  analytical,
numerical, or physical techniques. Due to the
complexity of the equations involved in the
analytical approach, application of such methods is
only practical for the case of simple geometries and
boundary conditions.

Finite element (FE) simulation has become an
important tool in the design and development of
extrusion and other manufacturing processes. Most
of the simulation work involves aluminum extrusion,
but some work on steel and titanium extrusion has
also been reported on titanium extrusion and on
steel.

Simulation of extrusion using the finite element
method (FEM) has become more common during the
last decade. The most common approach in these
simulations is to use a uniform billet temperature as
initial condition in the extrusion model. The initial
stages of heating and transport are often ignored.
Although the finite element method can provide a
basis for studying and optimizing the deformation
occurring in a complex extrusion process, it cannot
design the tooling.

2- Experimental

Duetotheaxial symmetric geometry of the extrusion
process, atwo-dimensiona symmetric finite element
model was used as shown in Fig. 1.

Contanier
DIE

Fig. 1 schematic location of the process components.

The dimensions of components of the model are
givenin Table 1.

Table 1 Dimensions of components of the
model (mm)

Length of slab 500
Outside radius 300
Inside radius 100
Thickness of tube 60
Thickness of container 40
Dieangle 30

In the model, the primary ingot was considered
as pre-pierced. the properties of AlSI 304 stainless
steel are used for the primary ingot and the properties
of AlSI H13 are used to model process equipment.

In this study, a completely coupled thermal-
displacement analysis was used. To achieve the
degree of freedom required for analysis, the
CAX4RT element was used. Patterning the model
with this element was done using the Lagrangian-
Eulerian mesh-layout method.

Parameters of the extrusion model are given in
Table 2. The upper bound analysis method was used
to solve the analytical process. The Johnson and
Cook formula was used to correlate between the
yielding stress and strain, rate, and temperature.

3- Resultsand Discussion

The maximum Extrusion force was calculated using
upper bound and compared with the results obtained
from the FEM. The result of this comparison is
shown in Fig. 2. This figure shows the extrusion
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The results depict that the addition of TiO; in the
coatings will increase Kc. This enhancement in
fracture toughness would be caused by reduced
porosities and microcracks during sintering of HA-
TiO, composite coatings.

4- Conclusions

The critical contact pressures in micro-scratch test for

crack initiation and delamination were increased by
the addition of TiO- content in the coating. According
to the linear elastic fracture mechanics, the maximum
fracture toughness of coatings was obtained for H20T
sample.
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Micro-tribological Behavior of
Electrophoretically Deposited HA-TiO>
Nanocomposite Coatings
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1- Introduction

Hydroxyapatite (HA, Ca;o(PO4)s(OH),), owing to its
similar chemical composition to human bone, shows
favorable biocompatibility and osteoconductive
properties. However, due to its brittleness nature, HA
cannot be wused for long term load-bearing
applications.  Using  simultaneously  enhanced
biocompatibility and mechanical properties could be
achieved by coating tough Ti alloys with bioactive
HA. Among different methods employed for the
fabrication of HA-coated metallic implant,
electrophoretic deposition is an effective technique for
the fabrication of dense and uniform HA layers on a
substrate even with complex geometries.

In the current study, the nanocomposite coatings of
HA/TiO, nanoparticles with 0, 10 and 20 Wt.% TiO,
were electrophoretically deposited. Thermal tensile
stresses at substrate-coating interface due to thermal
expansion coefficient (CPE) mismatch between Ti-
6Al-4V substrate (otieal4v=8.9x10°¢ K') and HA
(0na=14-16x10° K, leads to the crack formation
during sintering and cooling the coating from the
elevated temperatures. The presence of titania (with
ario2=10.2x10° K1) in HA coatings hinders the crack
propagation and reduces the CTE mismatch between
HA and Ti-6Al-4V substrate. Micro-scratch tests in
progressive load mode, were examined for evaluation
of adhesion strength, tribology and fracture toughness
of coatings.

2- Experimental

Hydroxyapatite (Merck, dsp= 250 nm) and TiO;
(Degussa, dsg= 21 nm) powders were used as the
coating materials. The substrate is a 3-mm-thick Ti—
6Al4V plate. Three suspensions were individually
prepared by adding 1 g of HA (H), HA-10 wt. % TiO,
(H10T), and HA-20 wt. % TiO, (H20T) powder
mixtures into 50 mL of absolute ethanol (Merck,
USA). The addition of 1 g/L iodine (dispersant) to
ethanol was resulted in positively charged particles.
The prepared suspensions were dispersed by a 50 kHz
ultrasonic bath for 60 min, and then were immediately
used for EPD without further aging. Ti6Al4V
substrate (as the working electrode) and 316L stainless
steel (as the counter electrode) were immersed in the
suspension with a fixed distance of 10 mm. Prior to
deposition, Ti6Al4V substrates were ground by 400 to
1200 grit SiC papers, then washed out with detergent
and degreased with acetone, and finally passivated by
a HF (100 mL/L)-HNO; (300 mL/L) solution. One
side of the cathode was masked by a non-conducting

tape. Surface area of the cathode was 1 cm?. EPD
process was carried out under constant voltage of 20
V for 120 s. After deposition, the green coatings were
dried in air for 24 h at room temperature. Sintering of
the coatings was accomplished in an argon—purged
atmosphere at 850 °C using the same heating rate and
cooling rate of 10 °C/min under dwell time of 1.5 h.
The mechanical behavior of coatings was studied by
using a micro scratch tester (CSM Instruments).
Scratching was conducted under a progressive load
with a 200 um radius diamond indenter (Rockwell T-
256). The normal load applied to the indenter was
increased linearly from 0.05 to 10 N at a scratch speed
of 1.01 mm/min along 2 mm distance. The variation
of normal force (F,), tangential force (Fy), friction
coefficient, penetration depth (P4) and acoustic
emission (AE) in terms of scratch distance was
recorded by the Scratch V3.76 software. The critical
normal loads refer to initial cracking, L., and total
delamination, L., of the coating were measured as the
adhesion of coating. Five scratches were made on each
of coatings. The mean values of L. and L., were
obtained by using acoustic emission profile vs. scratch
distance. The scratch paths were analyzed by using a
scanning electron microscope (SEM, Hitachi, TM-
1000). Besides, a novel micro-scratch technique was
applied to assess the fracture toughness from the
recorded forces and depth of penetration.

3- Resultsand Discussion

It is possible to recognize the critical loads of L.; and
L., values by studying the acoustic emission variations
(AE %) against scratch distance (or F,). Fig. 1
illustrates the initiation of the AE variation under L;
indicating the surface cracking which follows by a
severe fluctuation at L., denoting the total
delamination. Accordingly, Fig. 2 shows the SEM
micrographs from worn surfaces which depict the
highest critical distances of crack initiation and
delamination for H20T sample. In another word,
H20T sample was sustained the higher normal load
before failure.

Fig. 3 summarized the contact pressures of H,
HI10T and H20T samples. The highest critical contact
pressures (i.e. P.;=3.71 GPa and P,=5.18 GPa) were
estimated for H20T sample; this can be compared with
the hardness of human bone, which varies between 0.5
and 0.75 GPa. The implementation of a simple
analytical linear elastic fracture mechanics model of
the scratch test provides a means to determine the
fracture toughness (K.) from the forces measured
during the test and to the geometry of the probe. The
slope of linear variation of Fr?/R* against 2pA/R3 in
Fig. 4 demonstrates the Kc? value. The Fr/[2pA]"? for
penetration depths greater than half of the maximum
depth (d>dmax/2) reaches to a constant value indicating
Ke.
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Mechanical Propertiesof ZrB2-SiC
Composite
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1- Introduction

Zirconium diboride belongs to the refractory
transition metal deboride from the fourth to the sixth
group of the periodic table. Most of these diborides
have melting point above 3000 °C, making them
potential candidatesfor thermal protection structures
for leading-edge parts on hypersonic re-entry space
vehicles at over 1800 °C.

Nonetheless its low fracture toughness has long
prevented this material from being used in wide
applications. Its susceptibility to brittle fracture can
lead to unexpected catastrophic failure. One major
research direction has been to increase its fracture
toughness by incorporating fibers into the base
material to form a ceramic matrix composite due to
their reduced weight and damage tolerant behavior.
Carbon fiber reinforced ZrBy-based composites are
interesting materials for these applications, due to
their reduced weight and damage tolerant behavior.
Main reason for the lack of large scale applications
is the high cost of manufacturing composites
reinforced with continuous carbon fibers. This
limitation can be partly aleviated by use of carbon
short fibers. So, in this research, the effect of short
carbon fiber on fracture toughness of ZrB,-SiC
composite were studied.

2- Experimental
The initial powders were prepared in the first step.
Specification of powders are givenin Table 1. Then
the powders, according to Table 2, were mixed by
wet ball-milling at 200 rpm for 3 h in a zirconia
bottle, using zirconiaballs and ethanol as media.
The mixtures were then dried. The powder mixture
was put into graphite die lineswith graphite foil with
an inner diameter of 50 mm and sintered using SPS
apparatus (SPS-20T-10, Chind). The sintering was
performed at 1800 °C, under the pressure of 40 MPa
and holding time of 6 min.

The graphite layer was removed by polishing.
For fracture toughness evaluation, the polished

samples were cut in dimension of 3*4*22 mm?d,
SENB method was applied for fracture toughness
evauation. The hardness was measured by Vickers.
For this purpose, five correct indentswere created on
composites by using 30 Kg force.

Table 1 Specification of powders

Powder Grainsize
my
ZrB; 20
SiC 25
C T800, 5

Table 2 Composition of composites and their symbol

ZrB2, vol% Ct, vol% SiC, vol% Symbol
70 10 20 ZS10Ck
60 20 20 ZS20Ct
50 30 20 ZS30Ct
40 40 20 Z340Ck

3- Results and Discussion

Fig. 1 shows the carbon fiber dispersed in matrix of
ZS10C; composite. Carbon fibers are shown by red
arrows. Time-Temperature-Displacement curves of
all composites are given in Fig. 2. It can be seen by
carbon fiber ascent content, the shrinkage was
reduced.

Effect of C; on relative density and open porosity
is shown in Fig. 3. Carbon fiber has negative effect
on relative density and resulted in increased open
porosity. Fig .4 shows C; effect on hardness.

EHT = 15.00 kV Signal A = AsB Date:12 May 2014
WD =105 mm Mag= 200X Time :14:09:31

Fig. 1 SEM image of ZS10Cs
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smaller in diameter but no significant differences
(p<0.05) in the diameter were observed.
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Fig. 2 SEM micrographs and the average fiber
diameters of the aligned-oriented of PLGA/CSfibers

All the fabricated scaffolds were 70-80 um in
thickness as evaluated by a scanning -electron
microscope using a cross section prepared by the
cryocut at three points and measured by the Image J
software.

Fig. 3 TEM image of cross-section of scaffold
(thickness)

4- Conclusions

In this study, both the randomly oriented and the
aligned PLGA and PLGA/CS nanofibrous scaffolds
were fabricated. Scaffold composed of PLGA and
chitosan nano-particles provide the mechanical
support required. In this study, chitosan nanoparticles
and PLGA were used to fabricate the scaffolds by
electrospinning method, for the first time.
Nanofibrous scaffold with high percentage of chitosan
nanoparticles provide a beneficial approach for tissue
engineering.
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Optimization of Process Parameter s of
PL GA/CS Nano-bio-composite as Tissue
Engineering Scaffold

S. Vaezifar*! E. Halvani-Anaraki’

1- Introduction

In recent years, autogenetic and allogenetic tissues
have been used as substitutes in the treatment of
damaged tissues. However, secondary surgery would
bring donor site morbidity and lead to infections or
immune responses [1]. Cells should be able to adhere
and proliferate in a suitable scaffold in order for the
damaged tissues to regenerate. Viable substitutes can
be implanted into the functioning tissue surrounding
an injured area [4]. For this purpose, biodegradable
and biocompatible synthetic or natural polymers have
been used to develop scaffolds especially designed to
mimic the structure and biological function of the
native extracellular matrix (ECM) proteins. Such
scaffolds provide the mechanical support required and
enhance the cell attachment and proliferation rate [2-
5]. Among the current methods used for fabricating
tissue engineering scaffolds, electrospinning has many
advantages. The polymeric scaffolds fabricated by
electrospinning are promising materials or substrates
with high specific surface area, high porosity, and
interconnect pores similar to the natural extracellular
matrix (ECM) which can regulate cell activities. The
current study describes a processing method, reported
here for the first time, for the fabrication of PLGA/CS
biocomposites. This method describes the deposition
of chitosan nanoparticles on electrospun PLGA
nanofibers by electro-spraying the chitosan solution.
Randomly-oriented and aligned PLGA and PLGA/CS
biocomposite nanofibrous matrices (with the different
PLGA/CS ratios of 90/10, 80/20 and 70/30 (w/w) %)
were successfully prepared by this methods. The
scaffolds produced were subsequently characterized in
terms of their morphology by SEM.

2- Experimental

The PLGA/CS nano-biocomposites were electrospun
onto a rotating collector from a PLGA solution (24%
w/v in TFE). The deposition of chitosan nanoparticles
on the electrospun PLGA fibers was initially
optimized by electro-spraying the chitosan solution
into nano-sized particles at a lower concentration with
negligible chain entanglement. This is because
continuous fibers cannot be produced by
electrospinning at high concentrations. Chitosan
nanoparticles were distributed uniformly on the PLGA
nonofibrous structure by simultaneous
electrospinning, and the nanoparticles appeared to

adhere strongly to the PLGA nanofibers. In this
method, chitosan was dissolved in TFA at a
concentration of 2% w/v before being sprayed onto the
target by electrostatic charge and at a feeding rate of
0.33 ml/hr and an applied voltage of 13-14 kV. The
distance between the spraying nozzle and the mat was
10 cm. In the double-nozzle method, the PLGA and
chitosan solutions were simultaneously electrospun
from two different syringes and mixed on the rotating
drum to prepare the nanofibrous biocomposite
membrane. A 90/10 weight ratio of PLGA/CS was
obtained by simultaneous electrospinning of the two
solutions. To obtain the 80/20 and 70/30 weight ratios
of PLGA/CS, the duration of electro-spraying the
chitosan  solution = was  increased  without
electrospinning the PLGA solution in multi-steps.
Randomly-oriented PLGA/CS nano-biocomposites
and aligned nanofibers were formed using a rotating
drum at 50 and 4000 rpm, respectively. The fabricated
scaffolds were dried overnight under vacuum at room
temperature. Electrospun nanofibrous membranes
were sputtered with gold, and their morphology was
observed using a scanning electron microscope (SEM,
Seron Technology AIS 2500, India). The diameters of
the resulting nanofibers were determined using the
Image J software from the SEM micrographs.

3- Results

Using the Image J software for the SEM micrographs,
the average particle size and fiber diameters of the CS
and CS/PLGA were determined. Chitosan
nanoparticles obtained under this condition were
highly uniform. However, the average diameter of
chitosan particles was 91 £ 8 nm in the optimum
condition.

The PLGA/CS electrospun fibers/electro-sprayed
nanoparticles with three different ratios (90/10, 80/20,
and 70/30 w/w %) were fabricated. In this method,
PLGA and chitosan solutions were simultaneously
electrospun from two different syringes and the
electrospun PLGA nanofiber and electro-sprayed CS
nanoparticles were mixed and collected on the rotating
drum to prepare the nanofibrous composite
membrane. As shown, the average fiber diameter of
the PLGA/CS electrospun fibers prepared by electro-
spraying the chitosan solution on the PLGA
nanofibers is lower than the pure PLGA nanofibers but
higher than the ones fabricated by the first method.
This could be due to the simultaneous effect of two
electrical fields. In order to prepare the aligned
scaffold, a high-speed rotating drum was used as the
collector at a speed of 4000 rpm. Compared with the
randomly-oriented nanofibers, the aligned ones were
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Fig. 1 Plot of Ni content vs. a) the electrodepostlon bath
temperature, b) the current density, c) the electrodeposition
bath pH, d) Ni?*/Zn? ratiosin the electr odeposition bath

3-1-4 Effect of the Ni?*/Zn?* ratio

Samples were electroplated at 50 °C, pH= 2.5, current
density of 40 mA/cm?, and Ni?*/Zn?* ratios of 1, 2, 3,
4, and 5. Theresultsare shownin Fig. 1d. Asit can be
seen, Ni content of the alloy coatings is increased by
enhancing the Ni?*/Zr?* ratio, which is due to the
competition of the Ni2* and Zn?* ions for reduction.

Effect of bath and deposition parameterson
mor phology of the coatings

3-2-1 Effect of temperature

Fig. 2 showsthe SEM micrographsfrom surface of the
Zn-Ni coatings electrodeposited at 40, 60, and 80°C. It
is obviousthat the electrodeposition temperature has a
dramatic effect on the surface morphology of the Zn-
Ni coatings. The surface roughness is increased and
the morphology is coarsen by raising the bath
temperature.

Fig. 2 Morphology of the Ni-Zn coatings deposited at a) 40, b)
60, and ¢) 80°C

3-2-2 Effect of current density

SEM micrographs from surface of the Zn-Ni coatings
electrodeposited at 20, 40, and 60 mA/cm? are shown
in Fig. 3. The size of the coating grains decreases but
the surface becomes rougher with increasing the
current density.

Fig. 3 Morphology of the Ni-Zn coatings deposited at current
densities of a) 20; b) 40; and c) 60 mA/cm?

3-2-3 Effect of pH
Fig. 4 shows the SEM micrographs of the Zn-Ni
coatings deposited at pH values of 1, 2, and 4. At low
pH values, there is not enough time for hydrogen
molecules to exit from the cathode surface due to the
high reduction rate of hydrogen ions. Therefore,
hydrogen molecules are confined within the coating,
resulting in rough, non-uniform, and porous film. The
hydrogen reduction rate decreases and reduction
reaction of zinc ions facilitates with increasing the pH
to 4. Hence, the amount of Zn in the coating increases
and the formation of the hydroxide causes roughness,
unevenness and porosity on the surface.

Fig. 4 Morphology of the Ni-Zn coatings deposited at pH of a)
1;b)2;andc) 3

3-2-4 Effect of Ni?*/Zn?* ratio

Fig. 5 shows the SEM micrographs of the Zn-Ni
coatings obtained from baths with the Ni%*/Zn?* ratios
of 1, 2 and 5. At small Ni?*/Zn?* ratio the surface
morphology is fine grained, which can be because of
the high reduction overpotential of H* on the surface
of the substrate. The reduction overpotentia of Zn?*
increases, while that of Ni%* and H* decreases with
raising the Ni?*/Zn?* ratio of the bath. Consequently,
the reduction reactions of Ni%* and H* take place with
ahigher speed than the Zn?*.

Fig. 5 Morphology of the Ni-Zn coatings deposited from baths
with Ni?*/Zn* ratiosof a) 1; b) 2; and ¢) 5

4- Conclusions

1- Increasing the temperature and Ni?*/Zn?* ratio, as
well as decreasing the pH and current density
enhance the Ni content of the alloy coatings.

2- The coatings electrodeposited at high pH and
current density don’t have agood quality (although
the current efficiency ishigh) and canend upinthe
burning of the surface.

3- Increasing the temperature and the Ni%*/Zn?* ratio,
and decreasing the current density and pH leads to
harder coatings.

4- Over 70 °C temperatures cause brittleness and crack
on the coating due to the subsequent hydrogen
evolution and residua stress.

5- Coatings obtained at pH=2 have dense and uniform
surfaces.

6- Increasing the current density causes fine-grained
morphologies, although the obtained coatings have
rough surfaces.
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Effect of Electrodeposition Parameterson
Chemical Composition, Cathodic Current
Efficiency, Hardness and M or phology of Zn-Ni
Alloy Coatings
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1- Introduction

Zn coating is widely used to protect the steel parts
against corrosion. Despite the benefits of zinc
coatings, the high electric potential difference between
the zinc and the metal substrate leads to instant
dissolution of the deposit, and therefore the zinc is
deposited with other metals such as Ni, Fe, Cu or Sn.
Among these aloy coatings, the Zn-Ni has attracted
much attention duetoitshigh ductility, aswell asgood
resistance against corrosion and hydrogen
embrittlement. In this paper, the effects of bath
temperature, current density, pH and the bath
Ni?*/Zn?* ratio on chemical composition, current
efficiency, morphology, and hardness of the Zn-Ni
coatings are studied.

2- Experimental

In this study St37 steel sheets with dimensions of
25x25%2 mm was used as substrate. The same sized
316L stainless steel was utilized as the non-
consumable anode. Electrodeposition was performed
by using a DC current rectifier. Bath composition and
deposition condition have been presented in Table 1.
Hardness tests from surface of the coatings were done
by a Vickers microhardness testing machine. The
applied load and dwell time were 10 g and 15 s,
respectively. Morphology and chemical composition
of the coatings was examined via a scanning electron
microscope equi pped with an energy-dispersive X-ray
spectroscope.

Table 1 Bath composition and deposition condition for
electrodeposition of Zn-Ni coatings

Bath composition

Zn-Ni coatings

ZAS g TH O 30-170g L
NSO TH,O 1708 L1
H;BC; .

Na S0, 80g L1
NaC ;3 Hys50, (505 01gLt

Deposition condition

Current density 30-70 mA cm?
Temperature 40-80°C
oH i-4
Stirring speed 250 mpm
Deposition time 20 min

3- Resultsand Discussion:

3-1 Effect of bath and deposition parameters on
chemical composition of the coating

3-1-1 Effect of temperature

Samples were electrodeposited in a current density of
40 mA/cm?, pH= 2.5, Ni?*/Zn?*=2 and in temperatures
of 40, 50, 60, 70 and 80 °C. Fig. 1a shows the effect of
temperature on the Ni content of the alloy coatings. Ni
percentage of the coatings increases with raising the
bath temperature, which can be due to thinning of the
diffusive layer (decrement of polarization) and
variation of the kinetic parameters.

3-1-2 Effect of Current density

Samples were electrodeposited at 50 °C, pH= 2.5,
Ni2*/Zn?*=2 and in current densities of 30, 40, 50, 60
and 70 mA/cm?2. As shown in Fig. 1b, the coatings
have higher Ni percentage at low current densities as
compared to the higher ones. In alow current density
sequestration mechanism  follows a regular
mechanism but with the increase of current density the
mechanism shifts to an anomal ous mechanism. Thisis
due to the decrement of hydrogen reduction
overpotential, which facilitate hydrogen evolution and
increases the pH near the cathode surface. Therefore,
a zinc hydroxide layer is formed on the cathode
surface. This prevents reduction of the more noble
metal ions, and thus Ni content of the coatings is
decreased.

3-1-3 Effect of pH

Samples were electrodeposited at 50 °C, current
density of 40 mA/cm?, Ni%*/Zn?*=2 and pH of 1, 1.5,
2, 25 and 3. Asshown in Fig. 1c, with an increase in
pH, Ni percentage of the coatings decreases. The
reason is attributed to HSM (Hydroxide Suppression
Mechanism) theory. According to this theory, an
increase in the pH causes to a higher concentration of
OH- in the electrode/electrolyte interface, and as a
result formation of a zinc hydroxide layer on the
cathode surface. Deposition of more active metal
hydroxide prevents the electrical discharge of the
more noble metal .
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metastable pitting nucleation. That is, bromide has
more aggressive activity in the nucleation stage of
pitting which can be attributable to its lower anionic
radius. Bromide's smaller anionic radius increases the
probability of its diffusion toward the passive film and
initiating a localized breakdown. Declining trend of
metastable pits occurrence frequency which is
observable in Fig. 2 for both environments, is also
attributed to diminishing the potential sites for pit
nucleation over the working electrode exposure time.

Lad 0.5 M NuB|
0.5 M Nal

2 (lem™s)

0.6
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Fig. 2 Occurrence frequency of metastable pits during the time
obtained from 3 identical potentiostatic experiments in NaBr
and Nal solutions. Error barsarerepresenting 95% confidence
limit

Other metastable pitting characteristics such as
lifetime, peak current, radius and stability product
were also assessed in this study. Lifetime which is
defined as the difference between nucleation and re-
passivation times in the current-time curve, was found
to be 0.8 s lower in NaBr solution compared to Nal
one. However, metastable pits peak current was
averagely 450 nA higher in NaBr solutions in
comparison with Nal ones. Peak current is also
defined as the difference between passive background
current and the greatest current during the metastable
pit growth. Possessing current-time curve for each
individual metastable pit, its radius was calculated by
using Faraday's law. Metastable pits radii were found
to be approximately equal to 2 pm for both NaBr and
Nal solutions.

Galvele has proposed a criterion for transition
from metastability to stability. According to his
criterion, if the stability product which is defined as
the product of pit current density and its radius
exceeds a critical value, the pit will become stable.
Current density can be itself calculated by dividing
metastable pits peak current per their surfaces (2na?,
which a denotes radius). The values of metastable pits
stability product have been represented in Fig. 3. As
can be seen, stability product has slightly a higher
value in Nal solutions in comparison with NaBr one.
The median value for stability products in NaBr and
Nal solutions are respectively 0.018 and 0.024
mA/cm. As observed in spite of higher E; of 403 SS
in Nal solution, metastable pits stability product is
greater in comparison with NaBr solution. In other
words, metastable pits developed in presence of iodide
have grown more than those initiated in presence of
bromide. Onset of stable pitting at higher potentials in

Nal solution in spite of its greater stability product
may stem from harder salt precipitation in that
environment and also from lower occurrence
frequency of metastable pits which is an indicative of
initiation stage of pitting.
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Fig. 3 Cumulative distribution of metastable pits stability
product for 403 SSin 0.5 M solutions of NaBr and Nal. The
values have obtained by considering 3 identical experimentsfor
each environment

4- Conclusions

The effects of bromide and iodide anions on pitting
corrosion of 403 martensitic stainless steel were
studied in this work by means of potentiodynamic and
potentiostatic experiments.

It was found that pitting potential of 403 SS is
lower in NaBr solution in comparison to Nal solution.
Hence, it can be said that bromide anion has more
aggressivity for 403 SS compared to iodide.

Occurrence frequency of metastable pits was also
found to be higher in presence of bromide which
means that bromide is capable to activate more
potential sites for pit nucleation in comparison to
iodide.

Comparing NaBr and Nal solutions, it was also
found that the lifetime of metastable pits was also
shorter in the case of NaBr. However, metastable pits
peak current was approximately 450 nA greater in 0.5
M NaBr solution compared to Nal. Metastable pits
radii were found to be almost equal in both media.
Nevertheless, metastable pits stability product was
nearly 0.006 mA/cm greater in the case of iodide. The
less probable stable pitting in Nal solution (higher
Epiis) can be attributed to possibly harder precipitation
of salt in the pit bottom as well as lower pit initiation
events (lower occurrence frequency of metastable
pits).
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I nvestigation of the Pitting Corrosion
Behaviour of 403 Martensitic Stainless
Sted in Bromide and | odide Solutions

S. Pahlavan' K. Saffar? I. Taji* M.H. Moayed*"
S. Mollazadeh Beidokhti®

1- Introduction

Various aggressive anions have been reported that are
capable to induce pitting corrosion of stainless steels
(SSs). The most studied anion is normally chloride due
to its commonplace presence in almost all
environments. It has been reported that bromide and
iodide can also provoke pitting in the case of stainless
steels.

Most studies on SSs report that the aggressivity of
halide anions increases in the order of: I < Br < CI.
In other words, pitting potential, Ep;;, of SSs with low
content of Mo, has the highest value in chloride
bearing environments and the least one in iodide
bearing one.

This work aims to examine the effect of bromide
and iodide on both stable and metastable pitting of 403
martensitic SS. It is also intended to probe possible
correlations between metastable pitting characteristics
and stable pitting.

2- Experimental

403 martensitic SS was used in this study. It was
composed of 0.165 wt% C, 11.64 wt% Cr, 1 wt% Ni,
0.83 wt% Mn, 0.29 wt% Si, 0.16 wt% Cu, 0.04 wt%
Mo, 0.04 wt% N, 0.04 wt% Co, 0.03 wt% V, 0.03 wt%
P and 0.01 wt% S. To impede the risk of crevice
corrosion in mount/alloy interface, specimens were
primarily pre-passivated in 0.1 M Na,SOj4 solution by
applying the constant potential of 850 mVscg to them
for 900 s. The specimens then served as working
electrode (WE) in a three-electrode cell alongside with
saturated calomel (SCE) and platinum plate as
reference and auxiliary electrodes, respectively. Prior
to each electrochemical experiment, working
electrodes were wet grinded by SiC paper up to 1200
grit. WEs were then rinsed by distilled water, dried by
flowing warm air and put into use. Studied solutions
were also made using analytical grade reagents of
NaBr and Nal in concentrations of 0.01, 0.1, 0.2, 0.5
and 1 M.

In order to investigate stable pitting,
potentiodynamic experiments were implemented.
Polarization in these experiments was began from 50
mV below the open circuit potential (OCP) up to onset
of pitting corrosion at high potentials. Sweep rate was
30 mV/min. Before running the experiment, OCP was

recorded for 3600 s to obtain steady state condition.
Potentiostatic experiments which also served for
studying the metastable pits, were performed by
applying the constant potential of -50 mVscg to the
specimens for 900 s. OCP recording for obtaining
steady state condition in this case was last for 600 s.
To check data reproducibility, each electrochemical
experiment was repeated three times.

3- Resultsand Discussion

Potentiodynamic experiment showed that OCP in
different concentrations of NaBr and Nal solutions are
approximately equal. It was also found that 403 SS is
passive in both solutions and undergoes pitting
corrosion at higher potentials. Pitting potentials, Egi;,
0f 403 SS in NaBr and Nal solutions are shown in Fig.
1. Tt is observable that E, for each specific
concentration is lower in the case of bromide. As
reported by other scholars, there is a linear relationship
between E,; and logarithm aggressive anion
concentration. This relationship is calculated for each
solution by means of linear fitting to Eis. The more
negative slope of the fitted line as well as lower
intercept in the case of NaBr solution confirm that
bromide has more aggressivity for 403 SS compared
to iodide.
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Fig. 1 Average of 403 SS pitting potential in NaBr and Nal
solutions as a function of concentration. Linear fit hasalso been
shown for each solution. Error bars are representing 95%
confidence limit

Potentiostatic experiments showed that 403 SS is
passive at the potential of -50 mVscg in both 0.5 M
solutions of NaBr and Nal. Metastable pits were also
observed in both environments as current fluctuations
in the potentiostatic experiments. Fig. 2 shows the
occurrence frequency of metastable pits. The values
shown in Fig. 2 are calculated using 3 identical
potentiostatic experiments. According to this figure,
occurrence frequency of metastable pits was found to
have greater values in NaBr solutions in comparison
with Nal one. In other words, it was found that the
presence of bromide activates more sites for
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Figs. 2a, b and ¢ show microstructure of GB coated
sample calcined and sintered at temperature from
350°C to 550°C for 1h. According to Fig. 2a, the
formation of fragments on sintered sample at 350°C
can be due to presence of liquid concentration gradient
in GB coated sample. To balance this gradient, liquid
diffuses from inside the pores of the solid network
(gel) to the outside surfaces causing tensile stresses
inside the pores and compression on the solid phase
following the sintering of solid network. If the stiffness
of the gel is high, the generated stresses can cause the
formation of islands or fragments in the structure of
coating film during drying cycle. According to Fig. 2b
there is less fragmentation and more homogenous
structure for coating film sintered at 450°C that can be
due to the crystallization phenomenon. Fig. 2¢ shows
the micro crack at surface of coating due to
transformation of tetragonal phase to monoclinic for
the coated sample sintered at 550°C. It is necessary to
mention that the GA samples show a more
homogeneous and non-fragmental microstructure.

Fig. 2 SEM micrographs of zirconia coating for the GB sample
sintered at a) 350°C b) 450°C and c) 550°C for 1h

According to the result of micro-hardness
measurements (Tables 2 and 3) higher sintering
temperatures deliver a higher value of microhardness
for coating films. Crystallization of amorphous phase
to tetragonal and monoclinic zirconia by increasing of
sintering temperature can be responsible for higher
microhardness. For the same temperature of sintering,
the GA samples show higher values of microhardness
for the reason that sintering process was done on each
layer. The corrosion behavior of uncoated and ZrO,
coated samples which had been sintered at different
temperatures 350 to 550°C for two group of samples
were studied in 3.5 wt% NaCl using potentiodynamic
polarization curves and Tafel extrapolation method.
According to Tables 2 and 3 that show the effect of
sintering temperature on corrosion behavior of ZrO,

coating, by increasing sintering temperature from 350
to 450°C, the corrosion potential and corrosion current
density (icorr) shift towards noble state and a lower
value, respectively. The possible reason for
improvement of corrosion resistance at sintering
temperature of 450°C can be due to completion of
dehydration of zirconium hydroxide and higher
densification of sintered coating. It seems that 350 °C
is not enough for removing of zirconium hydroxide
completely. By increasing the temperature from 450 to
550 °C due to the associated volume expansion in the
tetragonal to monoclinic phase transformation, the
corrosion resistance is reduced. Appearance of cracks
in the coating film act as penetrating channels for the
corrosion of substrate. For all of the sintering
temperatures, the corrosion resistance of coated
samples is higher than uncoated samples.

Table 2 The electrochemical parametersderived from
potentiodynamic polarization curves (GA samples)

samples Lon(A/cm?) | Econ(mv) | HV
350°C 6*107 -0.43 2133
450 °C 3.5%107 -0.33 242
550°C 7.5%107 -0.50 250

Uncoated 4*10° -0.83 180
sample

Table 3 The electrochemical parametersderived from
potentiodynamic polarization curves (GB samples)

samples | Lon(A/cm?) | Econ(mv) 206
350°C 9*1077 -0.652 233
450 °C 8.3*107 -0.63 233
550°C 7.9%107 -0.52 247

Uncoated 4*10¢ -0.83 180
sample

4- Conclusions

1- Calcined gels at 350°C have a non-crystalline state
but increasing the calcination temperature to 450°C
and 550°C, tetragonal and tetragonal/ monoclinic
phases appeared, respectively.

2- A denser and more homogenous microstructure is
obtained for samples sintered at 450°C after each
coating layer up to four layers (GA samples) but for
sample sintered after four coating layer (GB samples),
there is the formation of islands or fragments in the
structure of coating film during drying and sintering
processes.

3- By increasing of sintering temperature from 350 to
550 °C, the microhardness of coating films for both
GA and GB samples is increased.

4- By increasing of sintering temperature from 350 to
450 °C, the corrosion resistance is improved but higher
than 450°C, there is an increasing corrosion current
density of coating samples for both GA and GB
samples.
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Evaluation of Microstructure, Phase
Composition and Properties of Four
Layer Zirconia Coating on API5L Steel as
a Function of Different Sintering
Condition

M. Jafari! M. Kalantar®

1- Introduction

The protection of metals in corrosive environments by
ceramic coatings is improved by increasing of
refractoriness, corrosion, wear and oxidation
resistance. Zirconia has the advantage of high
toughness, mechanical strength, chemical inertness
and high thermal stability and low thermal expansion
coefficient 12-14x107°K ™!, which is very close to that
of many metals and high temperature alloys. The sol—-
gel process is one of the most promising methods,
because it offers many advantages for the fabrication

of coatings, including excellent control of
compositional modification and microstructural
characterization, a process of low temperature,

simplicity and being inexpensive. In our study, ZrO,
thin films were deposited by dip coating using
zirconium propoxide as ZrO, precursor on the APISL
carbon steel substrate. The characterization of the
coating films after sintering was done by FT-IR,
TG/DTA, XRD, SEM, Vickers micro-hardness and
potentiodynamic polarization tests.

2- Experimental

Samples of carbon steel APISL (composition in Table
1) as a substrate were used in this study. The substrate
was polished using 60 and 150 grit SiC paper. In order
to remove the polishing debris and degrease the
surface, all substrates were ultrasonically cleaned in
acetone solution.

Table 1 Composition of carbon steel API5L grade
S P Mn Si C

0.035 0.004 0.40 0.45 0.17

The propoxide solution was prepared by stirring
zirconium (IV) propoxide (Sigma-Aldrich) and
isopropanol at room temperature in the molar ratio
1Zr: 15 isopropanol. Catalyst solution with the molar
composition of 1.0H,O: 0.6HNOs: 7.5 isopropanol
was prepared using distilled water, nitric acid and
isopropanol. Acetic acid was added drop-wise to the
stirred propoxide solution up to the molar ratio of
acetic acid to Zr equal to 2.0. The solution was stirred
for 2 h to complete the reaction between propoxide and
acetic acid. The catalyst solution was mixed with the
above solution and stirred for 2h to produce a zirconia
sol with the molar ratio of Zr:CHCOOH:
HNO;:H,O:Isopropanol equal 1.0:2.0:1.2:2.0:30. ZrO»

thin films were deposited by dipping the substrate for
40s into the solution and a withdrawal constant rate of
6cm/min. A number of samples after each layer of
coating up to four layer (GA) and a number of samples
after four layer of coating (GB) were sintered at
different temperatures of 350 °C, 450 °C and 550 °C
for 1h and a heating rate of 10 °C/min. The phase
structures were identified by X-ray diffraction (XRD,
Xl Pertpro, Holland). The microstructural
characterization of the coatings was studied by a
scanning electron microscope (SEM: VEGA3
TESCAN, CZECH). Hardness of coating films was
measured by Vickers micro-hardness (Micro Hardness
Tester KOOPA - MH3). The electrochemical behavior
of the samples both before and after coating was
investigated by means of open circuit potential (OCP),
and potentiodynamic polarization tests (SAMAS500) in
a 3.5 wt% NaCl solution.

3- Resultsand Discussion

The XRD patterns indicate the amorphous phase for
calcined gel at 350°C (Fig. 1a) and monoclinic and
tetragonal phases at 550°C (Fig. 1b). The existence of
the tetragonal phase below 1100°C without a stabilizer
(such as Y,03) is due to a confinement effect (particle
size of calcined sample at 450°C smaller than the
critical size). In fact, an excess of surface energy in
smaller crystallites should stabilize the pure tetragonal
phase. Increasing of crystallite size greater than of
critical size, for the calcined sample at 550°C, induces
a decrease of surface energy permitting the
transformation of tetragonal phase to the monoclinic
phase.
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Fig. 1 XRD pattern for calcined zirconia gel at a) 350°C and b)
550°C
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Fig. 1 The SEM micrograph of NiTi samples after Fenton’s
oxidation (a) 70C24h; (b) 70C36h

Investigation of Nickel release rate in Ringer
solution is implemented using atomic absorption
spectrometry. The amount of nickel released from the
control sampleis about 1.685ug. L*.mm~2. The results
indicate that the amount of nickel released from the
Fenton oxidized samples after 15 days of immersion
in Ringer solution islessthan 0.006yg. L. mm~2, which
is significantly lower than the daily safe intake of
nickel to the body. Thus, from the aspect of
biocompatibility, created surfaces nickel release tends
to zero.

Table 3 provides a comparison of current density
and corrosion potential valuesfor oxidized samples. In
the study of the effect of oxidation time on the
corrosion behavior, there is no steady trend. At 60 °C,
increasing the oxidation time in the Fenton solution
increases the corrosion resistance, in return at 65 °C
and 70°C, whatever the oxidation process time
prolongs, the corrosion resistance decreases.

Table 3 corrosion potential and current density for oxidized
samples

Sample Oxidation Oxidation | Current density | Corrosion
number | temperature | time (hrs) (mA.cm?) potential
(°© )
60C24h 60 24 5/316 x 1075 | —440
60C36h 36 4/235x 1075 | —464
65C24h o 24 4/102x 1075 | —520
65C36h 36 4/457 x 1075 | —475
70C24h 70 24 4/143x 1075 | —476
70C36h 36 6/717 x 1075 | —464

It can be concluded that although theincrease of the
oxidation time in al samples increases the volume of
the oxide layer, the thickening of the oxide layer does
not aways mean an improvement in corrosion
behavior and, as can be seen, for different
temperatures, the effect of the process time will be
different. Oxidation operations at high temperatures
can have a negative effect on shape memory
properties.

Keeping the process time constant, polarization
graphs are used to study the effect of temperature of
the Fenton oxidation process on corrosion behavior.
Fig. 2 shows the polarization diagram of samples
oxidized for 24 hours. Among these, 65C24h having a
more negative potential, exhibits the least corrosion
current. After that, the 70C24h sample has a better

corrosion resistance. Generally, in 24 hours, higher
temperatures provide a more resistant coating than 60
°C.
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Fig'.2 polarization diagrams for 60C24h, 65C24h and 70C24h

In 36 hours, as shown in Fig. 3, there is not much
difference between the corrosion potential of the
specimens. However, the comparison of current
density (Table 3) shows the increasing trend of
corrosion current with temperature growth, which
means better corrosion resistance a  lower
temperatures during oxidation time of 36 hours.
Elevating the oxidation temperature accelerates the
surface oxidation and increases the possibility of
formation of porosities and fine cavities, which leads
to aloss of corrosion resistance.
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Fig. 3 polarization diagrams for 60C36h, 65C36h and 70C36h

4- Conclusions

Increasing the thickness of the oxide layer does not
necessarily result inincreased corrosion resistance and
biocompatibility, and there can be no absolute and
steady effect on corrosion behavior by increasing or
decreasing the time and temperature of oxidation in
the studied cases, but it can provide the optimal estate.
The optimum time and temperature for this processis
immersion in a Fenton Reagent solution at 65 °C for
24 hours, which provides the best results for corrosion
and biocompatibility between the examined
conditions.
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Effects of Fenton's Reagent on Surface
Modification of Nitinol Shape Memory
Alloy for Biomedical Applications
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1- Introduction

Nickel-titanium alloys are one of the most widely used
medical aloys known as Nitinol. Superelasticity,
biocompatibility, shape memory properties and
corrosion resistance make these aloys superior to
other applied materials in medicine. One of the main
reasons for the good biocompatibility of Nitinol isthe
faster oxidation of titanium than nickel at the aloy
surface; therefor surface modification of Nitinol
seems essential to improve its performance.

In 2007 for the first time, the effect of Fenton's
oxidation in surface modification of nitinol alloyswas
studied and presented a biocompatible and flexible
coating as a low-temperature process for the
modification of Nitinol surface. The Fenton reagent is
referred to a mixture of H2O, and iron ions, in which
H,0, is converted by Fe** to hydroxyl radicals (OH")
with higher oxidation potential than H,O,. Hydroxyl
radicals are used as non-selective and highly active
oxidizing agents. Fenton’s oxidation is carried out by
catalytic decomposition of H,O, to hydroxyl radicals
according to the following reactions:

Fe?* + H,0, - Fe3* + OH" + OH~ (@)
H,0, + Fe3* - Fe?* + HOO" + H™* 2

Fe** initiates the reaction and catalyzes the HO;
decomposition resulting in production of OH". This
radical has a non-coupled electron and is one of the
most reactive oxidizing agents.

In this study, Fenton’s oxidation has been
investigated to create a protective oxide layer against
corrosion on a Nitinol aloy, and an attempt has been
made to optimize the operating conditions to provide
a more corrosion resistant layer. For this purpose,
temperature and time factors are considered as
variables and Ringer solution have been used as the
test environment to measure corrosion behavior and
created layer biocompatibility.

2- Materialsand M ethods

Nitinol specimens with 50.8, 49.1, 0.05 and 0.04
atomic percent of Ni, Ti, C and O elements
respectively were prepared using wire-cut to produce
disksin athickness of 1mm and 12.7mm in diameter.

The time and temperature of the oxidation process
were considered astest variables and thus the samples
were grouped in accordance with Table 1.

Table 1 Grouping of samplesunder the oxidation process

time\temperature 60°C 65°C 70°C
24 hours 60C24h 65C24h 70C24h
36 hours 60C36h 65C36h 70C36h

Specimens were subjected to Fenton’s oxidation
under different conditionsin 6 groups and the seventh
group was used as control with chemically polished
surface finish. Preparation of Specimens was
performed in three steps according to ASTM F86. All
specimens were grinded and then chemically polished
with a solution containing H.O, HF and HNOs in a
5:1:4 ratio for 5 min. Afterwards, ultrasonic wash in
acetone for 10 min was applied to samples and then
dried.

Fenton’s reagent was supplied according to Table
2. Theinitial concentration of H>O, was equal to 5%
and H)O./Fe?* ratio in molar concentration was
2000/1. FeS0..7H,0 was employed asa source of iron
ions, and the solution pH value was set to 3 by adding
HF.

Table 2 Fenton’s solution components
Solution components H20, Distilled water | FeSO4.7H20
Quantity 20 ml 380 ml 11.3mg

Fenton’ s oxidation was performed for groups 1-6 at
a specified temperature and time according to Table 1
in the absence of light with stirring, then were washed
in distilled water and dried.

To simulate body fluids condition, Ringer's
solution was used as the test environment. To
characterize the created oxide surfaces, A 25-gram
Vickers microhardness test was performed by the M-
400-G1/G2/G3 device and the SEM photographs were
made using the Cam Scan MV 2300 device. The device
used for the AAS test was the Anaytic Jena
novAA400 model with graphite furnace atomizer. For
this test, oxidized samples and a control sample were
placed in different containers of Ringer's solution with
gtirring, for 15 days at 37°C. Potentiodynamic
polarization test was carried out using SCE as
reference electrode.

3- Resultsand Discussion

Comparison of the VHN indicatesthat, the higher time
and temperature, the higher VHN, which is attributed
to higher thickness of the coating. Fig. 1 shows the
SEM micrograph for 70C24h and 70C36h samples
using backscattered electrons representing the crack-
free surfaces. Cracks are favorable placesfor the oxide
layer fracture and nickel release, which can be
associated with serious implications for medical
implants biocompatibility. Cavity-like points at the
surface of the oxide layer are surface porosities
attributed to over-etching.
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Table 1 Chemical composition of stainless steels
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Table 2 Tensile properties and hardness of annealed samples

UE TE Hardness
Sample | YS(MPa) | TE(MPa) @) | (%) | @)
HNS 790 1160 43 57 331
LNS 387 503 23 37 206

Fig. 4 shows the polarization curves of stainless
steel sample in Ringer's solution at 37 °C. The figure
shows that the polarization current was low before the
pitting occurs and then the current increased to a high
level. Polarization parameters were obtained from the
extrapolation of the polarization curve for the stainless
steels and their values are recorded in Table 3.

It may be seen that the values of corrosion current
density (icor) decreased with increasing nitrogen
content. While the corrosion potential (Ecorr) and linear
polarization resistance (LPR) increase with increasing
nitrogen content. The breakdown potential (Epnq) is
another important parameter in selecting material for
biomedical applications. Epq in HNS is significantly
more than that of LNS.

Impedance spectra was used for evaluating passive
film stability on the samples’ surface after passive film
had formed. Fig. 5 shows the Nyquist curve of HNS
and LNS at 37 °C in Ringer’s solution. The values of
electrochemical impedance parameters are presented
in Table 4. It was observed that the corrosion
resistance of HNS is more than LNS.

T T
1E8  1ET 0.1

Current density (A em™)
Fig. 4 Polarization curves in Ringer's solution at 37 °C for HNS
and LNS.

Table 3 Polarization parameters for different stainless steels in
Ringer's solution at 37 °C

Samp | Ecorr Leorr C.Rate LPR Eba
les (\2)] (nA/cm?) (mm/y) Q) (\2]
HNS -0.1463 0.0316 0.000371 2.64:10° 1.15
LNS -0.3737 0.277 0.003256 1.356%10° -0.21
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Fig. 5 Nyquist plot of HNS and LNS in Ringer’s solution at
37°C

Table 4 EIS parameters for HNS and LNS in Ringer's solution
at 37 °C

Samples Rt CPE n

Q) (F/em?)
HNS 1.6%10° 4016107 | 0.811
LNS 1.783%10° | 1.45%10° 0.8292

4- Conclusions

The following conclusions can be drawn from the
present study:

Microstructure of HNS is fully austenitic with the
presence of annealing twins. Although, the
microstructure of LNS is austenite + ferrite. Strain-
induced martensite and secondary phases were not
observed in either microstructure.

Yield strength and tensile strength were increased with
increasing nitrogen content without considerably
decreasing elongation. Besides, the addition of
nitrogen increases the hardness of samples
significantly.

Nitrogen content showed a significant influence on the
corrosion behavior of SS. The corrosion rates
decreased with increasing nitrogen content in the
alloy.
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Effects of Nitrogen on Microstructure,
Mechanical Properties and Corrosion
Behavior in Nickel-Free Austenitic

Stainless Steels
S.M. Salehi' Sh. Kheirandish? S.M. Abbasi?

1- Introduction
Nickel containing austenitic stainless steels can cause
inflation and allergic reactions due to releasing nickel
ion in the corrosion products. Due to this fact, nitrogen
containing nickel-free austenitic stainless steels were
substituted with common stainless steels in
biomedical applications. Balachandran et al. have
reported that every 0.05% of nitrogen is equivalent to
1% nickel for austenite stabilization. It was also
reported that the minimum nitrogen which is needed
for full austenitic structure is:
[%N] min=-0.88(wt%C) +0.046(wt%Cr) (D)
-0.0009(wt%Mn) +0.038(wt%Mo)
-0.053(wt%Si) +0.082 (wt%Ni)
-0.208(wt%Cu) - 0.032(wt%W)-0.278
A recently high nitrogen, manganese austenitic
stainless steel (P558) was developed which showed
high strength and hardness in solution annealed
condition. Carpenter Technology corporation has
announced the new high nitrogen steel (with 0.9%wt
nitrogen) which has 606MPa yield strength in solution
annealed condition which is almost twice the amount
of 316L austenitic stainless steel. Generally, nitrogen
improves the austenitic stainless steels properties such
as: increasing mechanical properties without affecting
ductility and toughness, significantly improving
corrosion resistance, decreasing the tendency to form
strain induced martensite. Thus, the main idea of this
research is to find out the effect of nitrogen content on
microstructure, mechanical properties and corrosion
behavior of nickel-free austenitic stainless steels.

2- Experimental

High nitrogen austenitic stainless steel (HNS) and low
nitrogen stainless steel (LNS) were prepared in form
of ingots, by melting pure iron and ferroalloys (Cr,
Mo, Mn, nitrided ferrochrome, etc.) in appropriate
proportions in an induction arc melting furnace. Pure
nitrogen gas was used as protective gas. Cast ingots
were re-melted by ESR process with CaF, and Al,O3
slags and it was done under flow of nitrogen gas. The
chemical composition of stainless steels is shown in
Table 1.

These ingots were solutionized at 1100 °C for 1
hour to remove segregation, and hot-rolled at 1200 °C
to reduced thickness. Then they were solution treated
at 1100 °C for 1 hour and quenched in water. Samples
for microstructure analysis were prepared using
manual grinding, and etched by Glyceregia (15ml

HCI+5 ml HNOs+10 ml Glycerol). The microstructure
was studied by optical microscopy.

Tensile test was done according to ASTM E&8, using
Instron universal testing machine at a strain rate of 2.0
mm/min to determine yield strength (YS), tensile
strength (TS), uniform elongation (UE) and total
elongation (TE). XRD test was used to identify present
phases, using XPert Pro MPD PANalytical with Cuka
source. Macrohardness was measured by a Vickers
Hardness tester at 30 kg load. The electrochemical
tests were performed using a standard three-electrode
cell assembly. Saturated calomel electrodes and
platinum wire were used as reference and counter
electrodes, respectively. The electrolyte solution used
in this test was 200 ml of Ringer solution. The
experiments were carried out using IVIUMSTAT with
IviumSoft software for simulating EIS and
Potentiodynamic polarization data. EIS measurements
were performed in the frequency range from 10 mHz
to 100kHz. Potentiodynamic polarization experiments
were carried out by changing the electrode potential
from -250mV to 2V at a scan rate of 0.001 V/s. The
corrosion current density (icor), corrosion potential
(Ecorr), corrosion rate and other parameters were
automatically extracted from the polarization curves
by the Tafel extrapolation.

3-Results and Discussion

Fig. 1 shows the microstructure of HNS (Fig. 1a) and
LNS (Fig. 1b) which reveals fully austenitic grains
with average size of 2045 pm for HNS, and austenite-
ferrite grains with average ferrite size of 25+5 pm and

average austenite size of 8+3 pum for LNS. Fig. 1 also
shows the annealing twins in austenite grains, which
caused to decrease grain boundary energy.

According to Eq. (1) and Table 1, the minimum
required nitrogen for fully austenite structure is 0.5
wt.% for HNS. However, LNS, which didn’t have this
minimum amount, has austenite-ferrite structure. Fig.
2 illustrates the X-ray diffraction profiles of annealed
samples at room temperature. XRD investigations
exposed only the presence of peaks corresponding to
austenite in HNS as well as austenite and ferrite in
LNS and no evidences for formation of martensite or
any other phase.

=

- - | ‘
(a) (b)
Fig. 1 Optical micrographs of (a) HNS: fully austenite grains
with annealing twins and (b) LNS: microstructure of austenite
(bright phase) and ferrite (dark phase) in annealed condition
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Fig. 1 Compression test curves of pure aluminum and
composite samples produced by homogenization in liquid and:
a) SPSat a pressure of 28 MPa and b) cold-pressed at a
pressure of 500 M Pa and sintered at 500 °C

Hardness test results of samples manufactured by
SPS at pressure of 28 MPa and manufactured by cold
press - sintering in a vacuum furnace are presented in
Fig. 2. According to the diagram, it is observed that
hardness of the composites increases with increasing
graphite content to the optimal value and then
decreases. The reason is that in the pressure of 28
MPa, since the distribution of 3 wt.% graphite in
aluminum are uniform and homogeneous without
agglomeration, the mechanical properties such as
hardness are increased. With the increase of graphite
over the optimal value, accumulated graphite and
agglomeration are growing.
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Fig. 2 Hardness of Al-Gr compositeswith different percentages
of graphite produced by homogenization in liquid and: a) SPS
at a pressure of 28 MPa and b) cold-presssintering

4- Conclusions

1. Using the method of liquid homogenization and
SPS, a uniform distribution of graphite at the
optimum content of 3 wt.% was achieved which
improved the mechanical properties.

2. Increasing the percentage of graphite to the optimal
value (3 wt.%), enhanced hardness value 69.6%,
compared to pure aluminum.

3. With the increase of graphite to the optimal value,
compressive strength increased to about 206.17%
relative to aluminum.

4. Comparison of SPS with cold-press and sintering
method showed the efficiency of SPS in producing
high density composites with improved
mechanical properties.
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Assessment of Compressive Strength and

Hardness of Al-Gr Composites Produced

Using Liquid Homogenization Followed
by Cold-Pressand SPS
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1- Introduction

There is a controversy over the influence of graphite
in aluminum composites on mechanical properties.
While many papers report the positive effect of the
addition of graphite on mechanical properties of
aluminum composites, some believe the reverse.

It is clear that the uniform distribution of reinforcing
phase in matrix of a composite is essential to obtain
the optimum properties. Reinforcing particle
agglomeration causes the loss of mechanical
properties. So various processes are used by
researchers to distribute reinforcing particles in the
composite matrix more uniformly.

In this study, a new method for mixing aluminum
and graphite powders, called liquid homogenization,
is used. The mixing method prepares homogeneous
and uniform composite components in an organic
solvent by an ultrasonic device. The objective of this
study is to investigate the mechanical properties of
aluminum-matrix composites reinforced by different
amount of graphite particles prepared by liquid
homogenization. Compaction and sintering were
performed by two ways: spark plasma sintering (SPS)
and cold-press and sintering in a vacuum furnace.

2- Experimental

To produce aluminum composites reinforced by
graphite, different content of graphite was added.
Aluminum powder was added slowly to the
suspension and ultrasonic operation was continued for
4 hours. Pressing and sintering operations were
performed on the resulting dried powder in two ways:
SPS method and the method of cold-press sintering in
a vacuum furnace.

Compression test was performed on the specimens
using a Zwick /2250 according to the standard ASTM
E9 with height to diameter ratio of 1.5 at strain rate of
0.03 s*'. Hardness of the specimens was measured by
Brinell hardness under a load of 5 kgf. The mean value
of five measurements was reported for each sample.

3- Resultsand Discussion

By the liquid homogenization method used in the
current study, it was possible to increase the graphite
percentage in the matrix up to 3wt.% without
agglomeration. While, the optimum amount of
graphite added to aluminum composites by other
production methods (1wt.%) is much lower than the
optimum value achieved by this method. Above the
optimum content, graphite uniformity in the matrix
decreases.

Microstructural study of the composites produced
by cold-press sintering and SPS indicates that more
uniform distribution of graphite particles is obtained
by SPS relative to the cold-press sintering.

Results of compression tests for samples
fabricated with different percentages of graphite at
59007 and pressure of 28 MPa are presented in Fig. 1a.
As can be observed, compressive strength increases
with the addition of graphite up to 3 wt.%. The
strength decreases with more addition of graphite. The
reason can be attributed to the agglomeration of
graphite particles and the more porosity and stress
concentration sites produced during fabrication of the
composites.

Compression test was also performed on the
samples produced by liquid homogenization and cold-
press in 500 MPa and sintered at 500 °C for 6 hours in
vacuum atmosphere (Fig. 1b). According to the results
the maximum compressive strength is occurred at 2.5
wt.% graphite content. In other words, the maximum
graphite content which can be added to aluminum
matrix by cold-press and sintering process (2.5 wt.%)
is lower than the amount added to the matrix by SPS
process (3 wt.%).

400 4

Al3%Gr

Al-2.5%0Gr

Al-L5%Gr

Al3.5%Gr
- A-4.5%Gr

compression strength (MPa)

o 0,05 01 0.1s 0.2

strain

! M.Sc. Student Department of Materials Science and Engineering, Ferdowsi University of Mashhad.
2 Corresponding author: Professor, Department of Materials Science and Engineering, Ferdowsi University of Mashhad.

Email: sajjadi@ferdowsi.um.ac.ir

3 Associate Professor, Department of Materials Science and Engineering, Ferdowsi University of Mashhad.



A. Abbasian, A. Davoodi, B. Korojy

reactions are extended and also corrosion resistanceis
increased. Polarization curves showed that the anodic
polarization behavior is amost the same for all
samples, which suggests that activation is controlled
by the heat treatment of the samples for anodic
dissolution.
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Fig. 2 Polarization curves after 0 and 72 hours exposed to
3.5% NaCl

Sample E (heat treated 30 min at 900 degrees
Cdsius and then water quenched) gives the best
corrosion resistant alloy.

3- Conclusions

The effect of heat treatment of nickel-aluminum
bronze aloy on theinteraction of the cathodic surface
and its corrosion behavior in 3.5% NaCl solution is
studied The different behavior under the influence of
cathodic polarization proves that the alloy aso
reflects the increase or decrease in the level of
corrosion resistance.

Due to formation of surface protective layer, the
presence of B’ phaseimprovesthe corrosion resistance
of the dloy.

Sample E (heat treated 30 min at 900 degrees Celsius
and then water quenched) gives the best corrosion
resistant alloy.
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Effect of Heat Treatment on the
Electrochemical Behavior of Nickel
Aluminum Bronze Alloy (C95500)
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1- Introduction

The effect of heat treatment of nickel-aluminum
bronze alloy on the interaction of the cathodic surface
and its corrosion behavior in 3.5% NaCl solution is
studied.

Following in Table 1 and Table 2 are chemical
compositions and type of heat treatments that were
engaged in thisresearch

Table 1 chemical composition of the used alloy (C95500) after
casting

Alloy Composition (wt%)

Material
Cu Ni Al Fe | Mn S

Bal. | 48 | 103 | 45 | 09 | 0.06

Alloy (C95500)

Table 2 Heat treatments

tre;erf]‘tent Sample mti n °E time (1) T?_’Sp.
Water quench A 30 | 900
Normalizing B 30 | 900
Water quench Cc 30 | 900 2h 500
Normalizing D 30 | 900 2h 500°C

The aloy was studied under different industrially
recommended heat treatments, including quenching,
normalizing and aging heat treatments.

2- Resultsand Discussion

The microstructure of the specimens was studied by
optical microscopy. Various phases were detected and
the result can be seenin Fig. 1.

1 MSc student, Hakim Sabzevari University.

Fig. 1 Themicrostructure of the specimens studied by optical
microscopy a. ascast, B, C,D and E

In corrosion part it will be shown that dueto formation
of protective layer, the presence of B’ phase improves
the corrosion resistance of the alloy.

Polarization tests proved that with increasing
immersion time, and the formation of the protective
layer, the oxygen-diffusion controlled cathodic

2 Corresponding Author, Associate professor, Ferdowsi University of Mashhad.
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3 Assistant professor, Hakim Sabzevari University.



V. Karami Dasthaee, S S. Ghasemi Banadkouki, M. Mosalaeepoor Yazdi, A. R. Mashreghi

Table 2 Chemical composition of etching solutions used

in this study
Etching chemica composition
reagents
2% nital 2 ml nitric acid, 98 ml ethanol
Glyceregia | 9 ml glyceregia, 6 ml hydrochloric
acid, 3 ml nitric acid
Marble 4g copper sulfate, 16 ml hydrochloric
acid, 38 ml distilled water

Fig. 1 Optical metallographs of (a) conventional white
cast iron (2% nital); and (b) alloyed white cast iron
(Glyceregia - Marble). Eutectic carbides, pearlite,
martensite and retained austenite arerepresented by
M3sC, P, M and RA symbols, respectively

0.014

o012

ool +
D.008
0.006 1 m comventional white cast iran
0.004 + - alloyed white castiron
0002 + | _ | |
ol = i =1y |
0 100 120 140

Load (N)

Weight Loss (mg)

Fig. 2 Comparison of weight loss ver sus loads of
wear test for conventional white cast iron with
alloyed white cast iron

Fig. 3 shows typical scanning electron microscopy
(SEM) images of alloyed white cast iron sampl es after
wear tests at different loads. After 100N load, the
amount of retained austenite transformed to martensite

in sub layers of wear surface samples is negligible
(Fig. 3(a)), but by increasing loads from 100 to 140N,
the amount of retained austenite transformed to
martensite was increased in a way that at the load of
140N (Fig. 3(b)) aimost all of retained austenite was
transformed to martensite in areas around the wear test
surfaces.

Fig. 3 SEM images from the cross section
perpendicular to the wear test surfaces of alloyed
white cast iron samples showing the
microstructural changes by stresses and
mechanical forcesat loads (a) 100N, and (b) 140N.
Directions of A and B wererepresented tothe
parallel and perpendicular direction to the wear
test surfaces, respectively. Eutectic carbides,
martensite and retained austenite ar e shown by
M3sC, M and RA symbols, respectively

4- Conclusions

In this study, the effect of retained austenite to
martensitic phase transformation on the wear
behavior of alloyed white cast iron with carbide-
austenite microstructure has been studied in
comparison to that of conventional white cast
iron consisting of pearlite-carbide
microstructure. The results showed that the wear
resistance of alloyed white cast iron with carbide-
austenite microstructure is higher than that of
conventional white cast iron consisting of
pearlite-carbide microstructure. The higher wear
resistance of alloyed white cast iron is because of
phase transformation of retained austenite to
martensite as well as higher work hardening
response of retained austenite due to stresses and
mechanical forces developed during wear tests.
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1- Introduction

In recent years, wear resistant steels have been
generally replaced by wear resistant white cast irons
in many applications such as. mining industry,
grinding balls, liners, mill rolls, train shaft etc. A good
wear-resistant white cast iron not only should have
high abrasion resistance performance, but also must
have sufficient gtiffness to prevent sudden failure.
According to ASTM A532 standard condition, wear
resistant white cast irons are classified into pearlitic
white cast irons, various Ni-Hards and high chromium
irons. The microstructure of pearlitic white cast irons
contain a mixture of continuous MzC eutectic carbide
and pearlite which result in low toughness and low
wear resistance in such applications. By adding a
significant amount of alloying elements such as nickel
and chromium, wear-resistant white cast irons are
developed in four groups called Ni-Hards 1, 2, 3 and
4. Generaly, depending on the type and amount of
aloying elements, casting conditions and cooling
process, various kinds of multiphase microstructures
including a mixture of continuous M3sC eutectic
carbide, secondary carbide particles, pearlite, bainite,
martensite and retained austenite are formed in wear-
resistant white cast irons, which lead to completely
different wear resistance behavior. Among these
microphases, retained austenite is an unstable
microphase at room temperature that causes wide
range of changes in the wear properties of white cast
irons. The aim of this paper is to study the effect of
retained austenite on abrasion behavior of a low
aloyed wear-resistant white cast iron with a mixture
of carbide and retained austenitic microstructure.

2- Experimental

The molten samples of proposed low alloy and
traditional white cast irons are prepared in an
induction furnace with the capacity of 100 kg at 1450
°C; dfter final preparation, the chemical analysis of
the molten metal was obtained using an ARL

gquantometer device. Table 1 shows the chemical
composition of investigated white cast irons.

In order to study the wear behavior of the white cast
irons, the wear tests were done by using pin on disk
method under loads of 80, 100, 120 and 140N. The
wear-resistant disks are made of heat treated 100Cr6
steel with 62HRC, thickness of 10mm and 70mm
diameter. Abrasion test samples are prepared in
cylindrical pins with: 50mm height and 5mm
diameter, which are provided by wire cut from cast Y -
shaped blocks.

Metall ographic samples were prepared with wire cut
from Y-shaped cast blocks. After polishing, the
etching was carried out based on the chemical
solutions given in Table 2. Optical and scanning
electron micrographs were taken by Olympus PMG3
and MV2300CAM-SCAN, respectively.

3- Resultsand Discussion

Fig. 1 shows typical light micrographs of white cast
irons in casting condition. According to
metallographic image presented in Fig. 1(a), the
microstructure of conventional white cast iron
includes ledburite (small pearlite islands in white
continuous eutectic M3C carbide matrix) and large
islands of pearlite (brown color phase) which is
revealed by 2% Nital etching solution. For revealing
the multi-phase microstructure of alloyed white cast
iron with more contrasting resolution, a double stage
etching method was used based on the Glyceregiaand
Marble chemical solutions. It can be observed that the
microstructure of aloyed white cast iron includes a
mixture of small scattered martensite islands (gray
phase) with retained austenite (brown phase) and
continuous eutectic M3C white colored carbide matrix
(Fig. 1(b)). Theseresults show that agood contrasting
resolution has been developed between the
microphases of martensite, retained austenite and
eutectic M3C carbide in the alloyed white cast iron.
Fig. 2 compares weight loss versus loading force for
both conventional and alloyed white cast irons at
different wear test loads. In the samples of
conventional white cast iron by increasing the loads
from 80 to 100N and then 120 to 140N, the weight
loss of samples hasbeen increased. Alloyed white cast
iron also shows this wear behavior, but the amount of
weight loss compared to conventional white cast iron
has been decreased by increasing the loads.

Table 1 Chemical composition of investigated white cast irons

Type of white cast iron Fe C Si Mn P S Cr Ni Mo Cu
Convmt'oir;in""h'tecas‘ balance | 3.26 | 0.61 | 052 | 0.012 | 0.022 | 0.89 | 0.053 | 0.055 | 0.054
alloyed white cast iron | balance | 3.33 | 0.54 | 1.15 | 0.031 | 0.026 | 443 | 2.38 | 019 | 056
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SCs; however, PD of SCs increased until 36 hours
of soaking time while being reduced after this
period.

6) Precipitation of the SC was primarily due to the
expansion resulting from transformation of the
retained austenite into martensite and secondly
caused by the difference in thermal contraction of

the phases.
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Table 3 Content of tertiary carbide (TC)

Specimen | Content of SC+PC | Content of TC
code vol.% + 5% vol.%+5%

002-241 2.8 1
003-241 2.8 0.92
241-241 3.1 0.92
242-241 3.2 0.78
243-241 44 0.67
361-241 5.3 0.61
362-241 7.4 0.48
363-241 9.3 0.39
481-241 10.3 0.26
482-241 12.9 0.24
483-241 13 0.13

As shown in Table 1, for different specimens, yield
strength and UTS showed no relative change.
However, when compared with the standard
specimen, UTS and

There was no retained austenite in the specimens;
however, PCs and SCs were present in these
specimens. These carbides could play the role of
second phase in the matrix. To verify second
precipitation mechanism of the SC, the specimens
again were immersed at -196°C for 24 hours, after
which they were tempered at 200°C for 1 h.
Henceforth, this process is called double DCT. For the
second precipitation mechanism to be valid, TC
should precipitate as the consequence of double DCT.
It was observed that volume fraction of the SC
increased compared to the value before the double
DCT (Table 3). PD (and volume fraction) of the TC
could be obtained by subtraction of the PD (and
volume fraction) of the SC before and after double
DCT (Tables 2 and 3). For example, for specimen 241,
volume fraction of the SC before double DCT was
found as 2.18 vol.% and, after the double DCT, it was

increased to 3.10 vol.%, which meant volume fraction

of the TC was 0.92 vol.%. Combining these results
and considering the fact that volume fraction of SC
particles increased with the double DCT (Tables 2 and
3), the second mechanism was verified for

precipitation of the SCs.

4. Conclusions

Different soaking and tempering times were

considered to study effect of various treatment cycles

on mechanical properties and microstructure of
advanced 1.2542 specimens.

1) Simultaneous improvement in hardness, UTS and
modulus of toughness was obtained for specimens
361 and 482.

2) For advanced 1.2542, it was observed that
maximum modulus of toughness could be obtained
by simultaneously increasing soaking and
tempering times. However, if reduction in
production time and cost was of primary concern,
lower soaking and tempering times would seem to
be a more feasible option. In this case, specimen
361 would be a more feasible option.

3) DCT could improve modulus of toughness because
pull-out of high PD of SCs occurred. In these
specimens, high PD and increased volume fraction
of SCs were two effective parameters for modulus
of toughness enhancement.

4) Maximum hardness can be obtained either by
increasing soaking or tempering times. However,
if the reduction in production time and cost was of
primary concern, increase in the tempering time
would seem to be a more feasible option. In this
case, specimen 243 would be a more feasible
option.

5) The regions which facilitated formation of more

SCs were developed so that the increased soaking

time led to constant increase of volume fraction of
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hardness of the DCT specimens showed 32-36% and
9-12% increase, respectively, because the standard
specimen stipulated quenching in oil and tempering at
450°C while DCT treated specimens were quenched in
water prior to their DCT. This issue provided effects
of this treatment cycle on the advanced 1.2542 yield
strength, UTS and hardness.

Table 1 reveals that under similar conditions,
changes in the UTS and yield strength followed a
similar trend as expected.

In this research, specimens 361 and 482 had higher
modulus of toughness than conventionally treated
ones, which showed that increasing DCT duration
needed increasing tempering time to obtain high
modulus of toughness. For example, for 36 hours of
soaking time at -196°C, 1 hour tempering time was
needed to obtain maximum modulus of toughness. For
48 hours soaking time at -196°C, the corresponding
tempering time was 2 hours. This means that, with
increase in the tempering time, longer soaking time
was required for obtaining maximum modulus of
toughness because tempering after DCT caused more
reduction of residual stress in comparison with As
shown in Table 2, volume fraction of the PC was
approximately constant (=0.4+0.2 vol.%) in different
specimens while Tables 2 demonstrated that volume
fraction of the SC increased with soaking or tempering
times from 2.18 vol.% to 12.87 vol.%. As shown in
Table 2, an increase in soaking time resulted in
precipitation of more SC (average, 500%) due to
defect density around the PCs in phase matrix, which
increased with an increase in the soaking time and
facilitated precipitation of the SC.

Also shown in Table 2, an increase in tempering
time resulted in a little precipitation of SC (average,
50%). On the other hand, volume fraction of SC in
specimens 002 and 003 were somehow fixed since,
without carrying out DCT, the conditions for the

formation of SC were not facilitated.

Table 1 Results of tensiletests and modulus of

toughness
Specimen| Yield | Tensile Elongation Hardness| Modulus of
code strength | strength %) (RC) toughness
(MPa) | (MPa) (MJ/m?)=0.65
standard [1525 +50{1670 +65| 8.2 +1.5 |50 1.0 91.3
002 |2006 +50{2229 +65| 5.5+1.5 ig'z 81.7
003 1938+50(2181 £65| 6.5*1.5 ;St(7)3 94.5
241 [2007 +£15[2279 +21[4.75 £0.75| 56 +£0.3 72.2
242 2019 £23|2265 31| 2+1.0 |56=+0.5 30.2
243 [1869 £49|2137 453 6+1.5 ;7)'2 85.5
54.6
361 {1990 £50|2268 £65| 7 £1.5 105 105.9
362 1945 £50|2201 £65| 5=£1.5 56 +0.5 73.4
363 2003 £50{2245 65| 515 ig'g 74.8
481 1972 +44(2244 +64| 6.2 +0.3 igz 92.8
482 1943 +£50[2206 +65| 7.5+1.5 |56 0.4 110.3
483 {1996 +£18(2249 £28| 6.2 +0.8 |55+0.5 93.0

Table 2 Content, size, population density (PD) of SC

and primary carbide (PC)

I+ I+ —_ —_ —_

A=A 5 E] 5 B

c8 SOIS0|o5%| 258 | B 23

25 |22|z8 (88|28 | 72 | °%

B leg|eg|=ed|=esd | &= 2

5 |8 |8 1) ) s 0 N A

X~ 8= & 2 X x

0.6 0.17

standard 0.10 | 190 | yo0 ol 1i00.5) | 20000 | 320000
0.61 0.35

002|042 | 180 |31 5l () 13100.5)| 64000 | 200000
0.65 0.4

003|040 | 188 |37 5l () 131005 63000 | 160000
0.52 0.22

2411042 | 218 | (55 | 651005 62000 | 660000
0.55 0.24

2421047 | 242 | (50 | 65005y 65000 | 630000
0.70 0.25

2431037373 | 0 ol 0. 0651007y 00000 | 600000
0.65 0.30

361|057 469 | o500l (0065101 64000 | 894000
0.71 0.32

362|060 | 692 |0 4001 2l0.065100.7) 63000 | 750000
0.72 0.33

363|034 | 891 | 101 5l0.065100.6] 02000 | 726000
0.72 0.44

4811035 1004|307 ol 651007y 65000 | 707000
0.71 0.45

48210251266 | 101 ol (0 06st01) | 62000 | 650000
0.73 0.46

483 1024|1287 | (o | 0065101y | 65000 | 620000
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Effect of duration of deep cryogenic
treatment on microstructure and tensile
properties of 1.2542 tool steel

S.E. Vahdat'* S. Nategh?
Sh. Mirdamai Tehrani’

1. Introduction

Successful employment of advanced tool steel in
engineering applications relies on its ability to meet
service life requirements and to be fabricated with
proper dimensions. This means toughness (Ur),
strength and hardness must increase simultaneously.
In the last decades, many researchers have reported
that subzero treatment of metals could fulfill the need
for producing high ultimate tensile strength (UTS) and
wear resistant tool steels for engineering applications
at lower cost. Deep cryogenic treatment (DCT) could
improve hardness, UTS and  toughness
simultaneously. The first mechanism of precipitation
of secondary carbide (SC) is due to the expansion
resulting from transformation of the retained austenite
into martensite and secondly caused by the difference
in thermal contraction of the phases. For this reason,

the goal of this work was to optimize the duration of

DCT to produce advanced 1.2542 tool steel.

2. Material and Methods
The specimens were given codes for easy

identification as following:

(a) Water quenched specimens: The first two digits of
the code for a specimen indicate the soaking time
(h) at-196°C. The last digit indicates the tempering
time (h) at 200°C (Figure 1).

(b) Oil quenched and tempered at 450°C: The
specimen coded as standard specimen.

(c) Water quenched and tempered specimens (non-
DCT): Specimens 002 and 003 have been
tempered at 200°C, but no DCT has been

performed on these specimens (Figure 1).

3. Resultsand Discussion

Results of tensile tests and modulus of toughness, and
microstructure results are listed in Table 1, 2 and 3,
respectively. tempering after conventional treatment.
In other words, increasing DCT duration produced
more defects and more defects needed increasing
tempering time (at constant tempering temperature) to

obtain high modulus of toughness.

900 DCT
8§30
800 S dary carbide p
‘-'\‘J
650
600
o 500
& i
E lor
‘E‘ 2or
g 3 hours Double DCT
. ~00 lhour
= 1so 4 Tertiary cahide
100 precipitation
50 4
50
-100
-150 24 or 36 pr 48 hours 24 hours
(1] rZC'C' 400 600
Hardening - quenching Time (min.)
Primary carbide precipitation

Figure 1: DCT and double DCT Cycles
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