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The Effect of Heat Treatment on the Microstructure of Cast Ni-based | N100
Superalloy

A.Rahimi  Sh. Mirdamadi S.H. Razavi S.M. Abbasi

Abstract

The purpose of this study was to investigate the effect of heat treatment including solution treatment and
aging on the microstructure of cast nickel-based IN100 superalloy including size, volume fraction and
morphology of primary y' and different kinds of carbides. For this purpose, different solution heat
treatment cycles and a constant aging cycle were implemented on cast ingot samples and the
microstructure of the samples were analyzed by scanning electron microscopy and optical microscopy. It
was found that, the alloy in the full + partial+ aging treated condition had the optimal combination of y'
morphology, volume fraction and size. In this condition, the alloy possesses a cubic primary y' with 45%
volume fraction which is a significant increase as compared to other cycles. Discrete M,3Cq carbides
were formed at the grain boundaries and the morphology of the cubic MC carbide was changed to the
spherical shape.

Keywords Ni-based IN100superalloy; Solutioning Treatment; Primaryy-; Carbides; Solution
Temperature
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Effect of Aluminum Addition on the Microstructure and Mechanical Propertiesof High
M anganese Austenitic Steel Fe-18Mn-0.6C

S. Majidi S. Kheirandish M. Abbasi

Abstract

In this research, the effect of 2.3 wt.% aluminum addition on the microstructure and tensile properties of
high manganese austenitic steel Fe-18Mn-0.6C was studied. For this purpose, the samples were
investment cast, homogenized and hot rolled. Tensile testing was carried out at ambient temperature.
Microstructural investigations and fractography on the steel samples were carried out using an optical
microscope and a scanning electron microscope. The results showed that the aluminum addition
increases the austenite grain size. In addition, 2.3 wt.% aluminum addition increases the yield strength
and plastic strain, decreases the ultimate tensile strength and eliminates the serrated flow during plastic
deformation.

Key words TWIP Steel; Aluminum; Stacking Fault Energy; Mechanical Twinning.
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The Effect of I nteraction Between Hardness, Inclusion and
Microstructureson the Fatigue Behavior of Steel

S. Mortezaei A.R. Mashreghi

Abstract

In this study, the fatigue behavior of alloy steels with different hardness values was tested. Results showed
that the fatigue limit increases by the increment of hardness up to 400 Vickers whereas it drops when the
hardness value exceeds 400 Vickers. Fractographic observations using scanning electron microscopy
revealed non-metallic inclusions as the dominant fatigue crack initiation sites. By predicting the
threshold stress intensity, with the aid of scanning electron microscope observations of the fracture
surface and comparing the fatigue limit of the steels, the appropriate effect of hardness on the fatigue
behavior of the steel can be presented. Finally, ssmple and accurate models were proposed for the
estimation of the fatigue limit by means of hardness.

K ey words Fatigue Strength, Non-metallic inclusion, Stress intensity factor.

ol oy 4525 53 4 80/0/0 36 53 OF Ll B 5 QYN 506 55 allie o d ®

55 ol8ls (65,0 5 Odre pwidige o dSEils (sl Ll )8 (g peils (1)
amashreghi@yazd.ac.ir.s 5 ol&ils (5, 5 Odme wilige 02 HLlils 1 shms oy 55 (V)
DOI:10.22067/ma.v28i1.32874.



bl s 5 2l e Llise T e

\$A

CSl S ol Sloy Ko oSl [l
Al g5 e Al Lo ) L S
2 ol s A By S S 5 LS5
31 Oy i )yt ol Ly ol aS 53l
Sl o 5505 e bl GlaaS pl s S
oy Coloe o S, 5, carea) Varea s s 5 oSzl
AL Kk a5 (sl S5 50 508 o o
A= Pl s fe s AL e el el
Up 1 oSl olgi dobas by Sos
5] 5505 Ol ey

__1.41(Hy+120) 0

Owd (Varea)l/6
slgiy #LS1 50 Lw g S (V) 5 (V) &V¥sles
Sl ldie o i 5 Saest d Sl (Gled sdous ol
Gl aslad Gl &S Jlaie o ,2aS B s Oy anked
el gy 0SS e sl ) il el
AU ey LoV Sas a G )50 Gl
CSE sl Jale Dl 5 el
Gl 0 3,18 5K e 3l eslinad L Koo
ol s el sl s GEL K 5 1S s
S () I b 51 5 LT 6] L8 1S aey
L;lj_iu_b.,\_};;a:u;_.ﬂl;:...;lbu;ﬁuiﬁé\ﬁ
534S Al Sl gindr U s Varea 5SSl
S e sl lag sy Cole gl 556 cole
ol O S s | e (s 5 5 sl
seslow s by Coul el s aw Alis ol s
Slosli ol U St a6l 335 L
5 67 Al SU e s LS e
Sla i b oSl s a5 b 235 ) s 515
- Sl sV o c S ol ble (58
e Sl ol (25 025 1y (nl by el
oo 53 eslial Gl b Sl ey o5l
il e G ol Gl 5l Ss S sl

PRV

i Sl by (3T slasY 3 el
Sl & Olluankas 5 O3LsY B gla 1SS 1 (550
DS g3lwnVss aul s e sl ol g e
Gl g 5 (eS| LS 5 (sl Lol ST 5 el
S 5 e A Y o Sedes 51 LSSk e
Seelss Sl 850 (5 me 53 &S mis ilakad
olod Lo, e oSyl ol (Koot il 3
Sl o 51 S 5 25 il Ko sbacnss
Lide a5 La a1l o 55 55 a0 glls
r&x_.ﬂl‘_;bj_g‘.x;:_.@c;\_x]aé);ui;_?}_i)a}
o okt Jolge il (St b e
oslizal U Kot i, bl 5 Lpd e 3 Kot
OV VI R GOSN I SN RO CH P VA T
S A o e Sl e 25 S 03
Sl SYsb 5L S da LIl s> 53 ()
aS SN v .Cul o35y i disis pewdige (6l 2
e s ol IS slaw 5 Jlesl (55w bLS |
laesls aw gy o QLA T 355 0 G S
B PP CHN I PR U RV NN A P
s 3525 b plaslosed fpor ey S o6 Sl
W35 0k 5 S8 e w el Wik o ke Sl
ol e u‘i‘“‘—‘“" Aol (g3 gde 3 LS Cxs
w3le Sl ades 31 ilises sla el )b 30 o
@l o3Il (o ) sl iiS 5 (o) (..JW.J s
S5 e s s s s sla Al
w8 sdle 53 [1-6] 5,8 o 513 g esle 5w
sl oS plSomial Ol (ol (o2 sLabLS )
gd@&\ﬁg&‘@”)%ﬁl&bl{@xﬂl{‘)
s ole Bl s gl Sl 95 L1 5
Sz Sl e S s gl 5500
o O Dl as Slas ol 03 S Sty
Jalas L 01y oo 1) (St dm ldie ST cditen
Hy<400) 5, s ter 5l S e gl (V)
[1] 5505 2650

Cwm = 1.6Hy QD)

1190 (< UL«JV,LLA_;WJLA

e 5 iy lle pwligo



Yo

e Ll = T

A3 edd Gl Dlles Gladised $9) e
el sk 218 0T Jaw e lde 45 A5 plnil 65,8
I R e R s
e Sl s eSS bl R
G e el oSS (S8
S50 SEM) sy 558 s S o s

S A e

axllas S50 6u3‘yy@'m}v.?)b;— C,vl:.l.a.; J.\__,'Tj_e\d"_,\;.

J S(°C)azizad glos
sY 48 e sles
—05S 50 s ) H,) ==
(DIN) * T O s (oo
(a2ds)azczwl Ol
1.1186 S 55 - V40
1.1302 AAEREIPYS - Yav
1.7218 /\o~-_p§ S5 fas Yqy
\
L7176 | Ave-—p S 25, AR ooy
00

G B, 9 3l ge
(St Sl bl Cr Gl
ol Y £ 5 ler 5l (Saes 3 kil (glassyl
L slee DIN 1.1186 ¢1.1302 ¢1.7176 <1.7218
oskie a4 S¥ s s 4 DIN 50113 5l
I Koo e gla e 4 plhcws
ol O Jsdr 53 .28 3 15 ol Sl Sldes
St 50 sl 0l 03551 4N Oy s 4 s IS
(ol Olles 5 da cilse sla IS 51 Jol
St SO ol 5 oty s o
ks Oltlay, edalie ¢l S 3
i Jslize GlacaSS 5 eslinad Ul 3l 3 Jlie
Sy S by oltlag; Claalis 5 esbl
Dbleny oo el e WS S (lqd‘ Sos
A3 S s (Clemex) g 5IUT 1580 05 o 5
3 Kot a3l o&aes 5 eslizad b Saest a3
033 OAe) F oA AV O B L e A2 65
sl s glos 3 R= =) 25 o 5 (adds
VL sl e &S Sl B baghbesl s S

O30 & J3las .l aslsl (XS Jass |y 25 IS

1.7176(s 1'7218(61'1302(*‘ LI186(l slas¥ s sltlu sy g5y S pslas V(K2

lgo 5 iy lie wligo 4

qud;;ﬁ_ajw:mm” I Cow J/.w



bl sy 5 2l e Llése T e

¥

S sydin e ol 5 ek il Sl
Lad gai pioman LS o Cor Saaw 4 CCT ls 50
5 B S o) 3l Ol D 3l A oS
Pl L a8 Ll 18l o O 5 pes S )
N sl Job bl LS Sl Slles
S 53 il sl el o35k SIS 17176
17218 ¥ 35 14 s ls (30 am Lltles 17218 5Y 5

313 S S pdy s 17176 Y 56 4y o

Slislosl 51 ol SN s gas (F) K5 SN /s gat
ens e DL 1) s 3550 Sl g pled S
Sl D Ly S Y Wil el 0T 58S
534S 558 e edoel (0) Saes = (Ll oo
il al SOV e S bl s pa
oLl (St A e a8 cl ol Jol>
Sl St Opa3l Slaal o Sage 5l Sl e
GOV [ WP ] IVCHUU ICOESR CRUPS SV
Cosb L dies Sous 15 Cov oS Slaks oS
Ly S S Sl JS e 2 S sl b
PR CHRN PN W S B C U PR VR U (R P
17176 51.7218 1.1302 <1.1186 sL_»sY 4

AL e Y5 8) e XY YE MPa L ol s S

— & 11186
—= @ 17218

W r s
h S i
S =1 -3

Stress Amplitude (MPa)

w
S
S

~
th
S

Y
S
S

Number of Cycles to Failure (Np)

asdllas 5550 (5N 3 S-N I pai ¥ S

C.:qj@\:i

s S sl bt b, oldalis
el 0l 03551 (1) K5 55 ilesT 5 5e slasN
i 515 S bed ) e b bl 11186 5Y 5
S oadh oy o b Ao b s as, Gble
Jyjﬁ R C,.:jﬁ )b LS}L" "'\":'L’Lfd ej._; A}jah.d
able b cdys bl - 3 Slle U 11302
oy oS Gble a5 oo b 50 Ao Y gl s,
gﬁ) e_):s )lﬁ Loy vy ‘&:»J_Jﬁ gi}) oI )lﬁ Aoy
ol o b o edd el ool 4 5 S
el 0 ad a3k SLlS 17176 5Y 4 kel
b bl s 8 11302 5 11186 Y48
P PEESTRCIN pr 38 Al s Qs Ll ls
ar s b5 (V) JKS 17218 5V 35 CCT ls 50d 45 4 55
J))L;d )Ua_“u‘ 4&)) BE QJ‘)S Sy L;YL “:"';’f" L"
Uu;t:.dla::;:whgu;lﬁjew};cﬁjé;u‘_;)b
Lﬁ«‘ DL 4.(:3)}..9 DL .a\.:rl;dd AVo°C (1.7218 JY)ﬁ
Ao+ °C) 51hkal axizal glos 25 plos 53 Guios
Sph e el pl Sl ¢l>.u'\ SN o5 S |
ju\.uLu L;;L)LID-L«J)J eM&Q)M@[AJﬁ;)‘S

1200 I T | |
1100 T i
1000 i
900 = ] ' 1 11
== = == =5 ]
e “‘-_\““-.H e N I~ ‘T | Le
™ .
R NGRS ST o i
o] 14 ! RN
HE - . Y
2lcoo R m AN i
g \ |
B SN
AN ANAAwa L \L T
300 = .‘
o, AN \
AL |
Ly | \] i I ]
0 € ]| & e || an |¢ B
16’ 10° 10" 10° [ w® ' 10° 10°
Seconds | S = T —t
Time Minutes 4. Days &
Hours

17218 N3 CCT o5 ¥ S

!T“M“,Q AJQ.;‘/,LZAJWJLA

e 5 iy lle wlige o



Yv

e Lile = e L

Sl (Np) 558 0 G a4 e &S plaast
o33 OLES (8) K L3 ek Lilesl sladisei ann
N Kimax u,%a:ls L PLY JJS odalie o‘);LSA RGI P W
(¥ J g0 ) Kimax el Jgo 3 Gollae b o 20590
S » QJLQ.G‘ U’:"'J 9 J\le?b o)'\JJ‘ “ JTM.: R W
el Slilesl s Gb 50l 51l (Saw O
AU Gl sladisad 55 (Guimd ol 5 el
ol S e S el sdalie (S
b 2l Caadge | el o350 by LIl
5l e 4 Gl (S 50S S Lo 4 al g4 S
o bl gl &S S S sl L2l
O LS\_J" ‘U'.'JJ"L" .JJ)‘.) )‘J:O 75 Vodon Y ff)f
(SN ghlj..o 51 eslaal gu.<2.w>' .b.b) B €M\
)}k“‘)mj)‘pﬁjl"b ")")""j:“)b.))ﬁdsdz“"
Mo e O SN et bbb Olpes
[5] b o baslne o Salazel

IS e g Lo e 0L ui.lLaﬂs)_},a clasy g
for sgd- B o Aol L Q.<w,> d- (0)
S LHV>400 6> gd>ws 4> Ju\.;da u,l.ﬁls L;’im
Loy ool apdpe Smm SnSE 4 e
Sy blae jn &S Saadl a4 Ol e
Bl S YL ¢l§.>=:,.~\t{6u$§)_é PSS

Dl e 31V S 17218 SV 5 aS ol L
A S el il oad Shlasl 3, se 3Y55 5 0
o=l e Lol sl olans ;f@l)u.("wé
S edid el ooyl sl L 17176 5N 4
L i Soast A ol |y ew lde o 2i
Sl L 11186 5Y 45 .15 11302 adle 3 sY 43
5 S e 3L Cp e SR 5 ) (A R A

2503 55 1 (St A0S (e 50S

o Al b Kot s g e g DL/
3 eslizal b Kina) (55 Sl o b o s (550

I5] 2 5de O 25 e b

Kimax = C, 0/mv/area )
ojlul Varea 5 Jlel 25 o el opl s

Al G w5 il (ke O allsl
5 s Gl AL gl e O lis 5 el
~area Dae et (gl LSl 0 /N0 5 /0 ban
GRS g3 2 edd 4SSk gel des
S s B S IE s 25 sy S
o3l Of slal (caSs als AL Gus i
wcla“)agajuud@,f\.ap&éﬁi
3ol e el Jgap 5 LIL SGsp el &
s Gl pan Al Sl AL an 4 S
oS DS e LIS s ss e eslanal CE“ 5 5does
shws 5 5l e Rl bu g odd A 5 Kimax)

6
+1.1186
SH1Aa ®1.7218
T 4 |Re 11302
'-g A1.7176
e 3
= o e A
<, ‘_.‘0’ A A
E * *
g *T e * -
=1 A E A
0+
0 500000 1000000 1500000 2000000 2500000 3000000

Number of Cycles to Failure

RN U NV S I | P i I H s IR WSR-SV Y P B L
oelasl 35 5e lad sed Lo 5 (Np) el foos

Mg o 55, s bige “‘f/*:“

140 4&,(_3 AJL«JV,.Z‘.iAJWJLA



bl sy 5 2l e Llése T e

YA

450

6,=1102
P %El=12

350

300 6,=640
%EI=26

Fatigue Limit{MPa)

250

200

—— Experimental

100 150 200 250 300

350 400 450 500 550 600

Vickers Hardness(Kgf/mm?)

&Lﬂj]})}ﬂébi}ﬂ)}Wjju)ﬁ)éiwjk;:w}bw@boﬁ

470

420

370

320 L]

270

Fatigue Limit(MPa)

220

R*=10.8527

170

0.5 0.7 0.9 1.1
K, (MPaVm)

L3 1.5 17 19

Sielesl 3y se ladsed 3 Ky aileal i a5 (Kot d g alayl )1 IS

U5 a5l e s dliS Oly A5 ol s il
w3 5 O 50 53 AL a5 @sed 4 Jlos!
Kim) JY):’ Cf 2 6l Kimax Jle UJ"J;QS ]
2 bl Ceglis Sl Sl o5 58 e sl
a8 G palae oS 5 il (ot CnSS
Sbrle sy e sl dises 3 A sl
L I7] b ceslio OF plp 53 B sy dalys 36
e S LIS Kip 558 Dlees 5 (pl & a5
(V) I8 L3 il St d sy50 0 sl milin
55 Sl e enls LS Ky 5 Kot A o LS
0w K S LS e e IS5
mosls 3l angr bt K OWLIS Ll anly il
LosSB ss ul o BN OIS 0 (V) IS0 sla
Sysl Cewds £ slae 3l

oy = (158.46 Kyy,) +125.51 %)

boanslie 55 SYL e LSV g 5 cams 5o

S5 oS B il adls sy Jlle 5 g5k
i wler oAU ) 5 4 bl S
Al LSl gl Cese Lol S s
e v.<w..>- r&?r.:.w‘ Sy O o e Sl pls
5SSt A e B (0) Sl s
slaesls w4 am g bodas o Ol 1 55, sk
OIS e sl dsb sbssl as s L;:.\.:.S(&DLLA\
rm‘ﬁw\w‘(o)‘}&;)bw BE) LLL
A Gl Gl el Dl ol 4 BL AlS
5,108 J.JSU L;:M}.\;-ng)ﬁd}b sLssl sy
odle YU Saet - nils (gl sV b S Las opls
W 5t Segr Gl ol (Sl

1190 (S "Ju‘/r:—\i‘aj%d[»w



¥4

e Lile = e L

S del Jes ol e gl (S
[8-13] o5 cpiizes by oS Sawt (glaiolojl
ploil (V) Jge b 5l Jool (6555 p3lin 5 ool oy
el 03 03,51 (V) Ui 3 anglis oyl i els
ol s ol syse glasY s &S el S5 oobls
Sy b 5 adls s Osk 5 ) ke GRS
Wls e dd i gy e 45 a3V sl soleiy
S Jeol s Sl 8 ilen ol ol an Lot L
solie e ey Cnd jaskin (V) Jods
L@-’J‘xjdﬂﬂteﬂj—:’ﬁ;%}v\?dwjdjﬂ
Syl Jo3 LB sl oS ASL 0 70
Inclusion  Critical /2w 20 o)/ et
AL Sl oIl 03,0 cwts ¢l . Size
Sdd 2 e g S6S oS K 5556 51 015 e
T S S b Sl S eslial il e
et Ss le bl Sl o3l
V] 5503 eslazal Ol 55 o0

2
11 Ky
\/areac= | 0.656,, V)

L

Kih 50w o aaly (V) S s geld 4 a5 L
Syse sV g e s K e BLISIASL o o
S 5 5b0kes .l sl esls 0Lz (V) K 3 lesl
S d= b gl by 50 Ky o5 e edalive
0w Kin SRl L () S8 @ s Lol
Hy b GLSS dsy 53 8 o8 bl 5l il e il 38!
Sl el Dlre Kl o K 5556 cpl by 50l
sddoes 534S (0) Whlee il S o> pess
s i w36 bl el et H<400
1S o Hy b oK) sl 25 ous 580
Kin = (0.0046 H,) — 0.010 (0)
Dslas (8) Wslas 3 (0) Wsban oKl L
e Hy ol plyop &5 555 0 Jol gl
LS e
6y = (0.73 H,) +123.8 )
Slailesl bl Oy St dm n Sl
Gladse 5l Olp e panse 5 Sods S
S b Sl o b gVl oolenty
LUl s 2 55b a4 S (V) Jse b3S eslinal
A e (Gl Ll S e AS e yeslie Hy L oy
Sl 33,5 eslial SV e il b (S

BE Sy olgin slaakl, LI

=
-]

—o—[Estimated

K, (MPaVm)
-~ B 5 5

=
@

150 200 250 300 350

400 450 500 550 600

Vickers Hardness(Kgf/mm2)

&Laﬂ:)yéudj&}wjjb)ﬁjV;.SeM}KthJ\}Uj\JJUUZSQM%J@&:{AJ@\)VJSJ

Mg o 55, s bige “‘f/*:“

190 u,<~z AJ/,«,V«”"/,.:‘iAJWJLA



bl sy 5 2l e Llése T e

6)ﬁjﬁ\j@bwwuﬁ Yd}.).;-

cb.qulri ] Sldde .h.»:}; [N qu’:ﬁ Ow g0 W
& (1) b dm s . 8l Oy . Y
NP | V Jge,8)
(Hy)
A sy 5, AN /44 Yoo YO/« A\ \
4 NEREAN Y4/0 YrV/£4 atr ¥v/0) Yrv Y
' 2 0/ WV ¥ve Yoy You v
AR YY/v \Vo/4aY 0to Y4/ A v ¢
\Y [R5 J:.:Jﬁ q YA/L £Yo YA VA . 0
\Y \7an Yo/t0 You YYg/00 Yvo hY
VE/AL VAL A A YANS YYY vv
\Y YY/VA ARRARA Ve vy YYve A
ol U’:‘:‘jﬁ
Y4/AN VoA oY VY i q
YV/0) ANZVARN 0 Y14/A) YV \o
17
8.5
- 16 ® |+ Estimated
8
25 b * 15 . A |4 Experimental
_ X 14
3 e *Gla, = i
= 7 ™ 'y é 13
s .
X e, Zn A
Z 65 A # L} .}A 2 *
Bh L P &) 11
E A K 1133 gL .pt‘ v 0
5.5 | W1302 ¢ 2 0
AT218
51e7176 8 A
4.5 7
0 01 02 03 04 05 06 07 08 100 200 300 400 500 600

IOg(KImu,ll

s 8 log(Ny/+area) o 2 10g(Kimay) 13 5e3 4 K3

g_}""i)Lé AJ:Luij LSL‘“;:")Q Q:)"I

L sV s 350 5 bl LY ol
S LY ol Gl LAl Sl el
Ll J S S

Poa ] ”6\14 .JQJ'QM .A.wj.!“ r(-«-"' .j«-‘ ‘peou =

S5 dsb Ol i e anlsd S Soer as
s S SO e Al S Gl
[14] SLKes 5 BLE vy o B 4 ()52
Aslas 53 55 em 50 gla el )l oS s S slgly

Vickers Hardness(Kgf/mm?)

5 AELLT B, s b e L2lll ojluil anslie A S

ol Jgop s o 5,503

LA Sl o3l e BLE (W) K2 s

Bl L s e edalie 50y e e
ST R N L
ol Bl Lsd 0 CaSS 4 e &S ol Ll
S sbaallil S el e Ol ol e
Lal g Skl 53 a4 306 G FSHn o e
0 el Bl 5 g by e U el 3 ol 55,
Sl b 5Ky frr 5 SV sl s
S b gl el 5 Bl Jals oY s b
Sl o g i Vel L slasY 8

1190 (S U/AJ(M_}WJL«



T\

ke Lile = e L

..Lﬂda Cewds 30 € bl log(2/(m-2)c o le s
dilee 53 Kb s m oo gla bl e L
18 s s L [adN-AK Sl gl Ol e sl
35 sdalie |y Sux S5 g8 il
St d [5] Al al ab L (00 S
s S bl g Sl 25 3V S 6l
ok syt b S 5 2 xS gl wliad i SL
LT O UG R PGP PP P PR ¢
e bl il S5 L o3l 8 Al S S
2> Sl gl Sl 5 Olpe 4 ) S
S all 5 Ol 4wl Sk 385
2 sl Sl edigy e 2 S S S
alg 3 sl g 6 0T B aS s sk
SESTICWR R TN RO PR RS PR P
3V Kot d= Ol o (V0) Slssed 5 ol Ak
Lol alie 5 (1) losed Gb 28 it 55 1
SNt A S (Gl ged 4S el yasiia (F) 1 5as
L1186 3Y35 .55 ¢ 5V Ak w15 53 )5 (5 iy

N 5 St A= 0SBk S b
sl 1y (Saest a0 Ak o rie L7218
S0 S5 S e bl w ks Gb
b bl (d sl 3 g ane) 5 Sl
a4y Koled e Jes S5 S 5eS S1e Olse
bl @l i S e 5l L S el
OF aslal Corpe 5 0l Jime S5 4 5 S e
Np 00 Sloged Gboplply [17] 225
S5 Ay e opim 05y Lls L 17176
el ol By lsgad S SV s (S
o b loyed 45wl e 11186 5¥ 5 O 5l dm
wlil gl Co e b S5 il Al ok
33 A3l e aYss a5l eS 55 OF Ak 5 b e
S sy ce o LLE 11302 5 17218 5

3l e e o 2 17218 5Y 55 Ak s s

23S xS S-NIs gad (slaesls v..ﬁ..maﬂ.c REPPW
= = cak™ )

Sopa Olg o L AL Gl A s
V10T Sy
Ak = C; o/ mVarea )
oL ) el s (@) daly IS U
Deols b axils S35 K LAt 4l

da _ 3 1/2ym
o = (G om al/?) QED)

1 o3l 53 (V) dsles Sl (6,8 IS L

Ne U ao 31 5 (a) S5 ole o3Il U (a) L)L

IS 4 i o Sy (Saes e g dal,
[14-15] LT o comets (1)) lail

N _ 2K

m
(Kimax) Jarea;  (m-2)c AP

QA))

1

=i

3 S s ol S5 el &Sl o8 L
(\\) 4.]44\)} ol &'.’.J"\)"k c.\.&:b& Lf'ajl;-\" o)Uu\

k=1-

[1,14,16] Jyj: ~° BB -

m Nfe _ 2
(Klmax) \/m - (m-2)c ")

aen Nyarea b Kinax <l (1) Jﬁ.ﬂ

SN s laosls 31 a5 23l 3,50 slad sa
S boles sz e Ol 1l okl s
log- Jls ged 3 o ot Bl G 555 00 o dalie
oy 035 e &L sl 55 el sl Lol log
Jol- (Ve L glas s dslee ()
Shopse s m Ol w bl al b 45 s pd e
m Kl bl log2/(m-2)e b g5l OF T

Mg o 55, s bige “‘f/*:“

1490 4&,(_3 AJ/A.‘J'V,.&.iAJWJLA



bl sy 5 2l e Llése T e

Yy

1.00E-04
----- 1302(297Hv)
= + 1186(196Hv)
1.00E-05 — 7218(392HV)
----- 7176(553Hv)
1.00E-06
z
-
=
1.O0E-07
1.00E-08
1.00E-09
0 1 2

oelesl 2yse lasY g (sl (AK) 5 s o b e s (da/dN) S5 jLil s e s pai Ve IS

Sl bl sl o U i gad T
o i 2y il (S s S8 2 ) sk
2y dalp pdbotarl S5 AL, pod Joe 5o
53 0 35y S0 Sl o gy 53 el [YY]
- ol ) 11 A stalie S5 Ak s e
S ladly,e =Y Al el ClSd Crge Al
b Al bl sy Op (Keal s Jol Lele
Sled a slse opl 53 55 S 5 (56 SO b S
Sl e 50 3l e slaie T L e
b (3L o adkie > (30 bl bl 5 Sl ~
@by A b IS8 sl Gl b
Sl b 36 o sla e 53 S SeS abml
Sla ol pl sl &8 Ll U ossd e (S
sl s s sladlel (sleu'l r@qéﬁuu
S oyl 5B sbml s 4 s 038l
Sl S e e 5 3B e slade o bl
o ol Yl ltle s el 3 g5 40 Llew
Sl b plasse SIS a e el
Syhe NP Gl Sl Jib s et
5oy Sl gy cnslie 15 e Sl 035 il
R R
Ot Slaie O3p ol Zle 4 oS 58 bl
Cooslio 2alS L L7176 5V Jlsle 5, s o3b

SN Sy S Slialin € caki
S das s OGS sk 5 Lol )
S S5l L sl sl
I RPN S WO Ry VLI VS [ et T
B e P E R
o303 OLis (V) UK 53 s 3550 laslitle
wle fooys 17218 5V onsls o ol o
o Ol &S clns s )y slac i Wl
JS0) Al el Lao iy Koo Ay 5 (Ko
53 el 3 gy 4 S8 b eess ool ()Y
sl 2 Sl 5 LIS s T
o I il gl s b olyd pl Sl J s
S S R B JCTLN I e e
5 Ay e 3 S5 G50l e 5 sdkel 3z
b bl 338 o feus S w0 SOL ulg o
Sl Olpe o Wl 5 A5 S0 Gble
17176 5Y 35 [VA] AiS e ae i 5 Seo 340l 5
Eo Slmio & Gly Slo Slmio il s o
ol My S 5 oo il fl (S
S ol el fole o @ OIS e 1) SV 0 sk
Glad=T [19,20] ool laag,ls =) ol wwle
SRR RCHPLIPY 1A | IUCPRNW PR SR P Y
Al S8 &S S se 53 [19-YY] (ks alS

1190 (S U/AJ(M_}WJL«



A

Slamio ) da gl by 22U Cké JRAY
Sl i sl el gl sl bd momd 5 03
AL M\)} JJ'; )l.l.é) E) LASJSJ.;_J oslus @f& agfjj'..:
o3Il 1.1302 5Y g5 4 Cond 17218 5N 45 s [23]
S s Ll ola 5 1S b frass fpw alols 5 Lo e
Vg o by S Gl fhy gl
9 LGJ.:»{) a‘)‘u\.:‘ QJ‘}: J:§>_-j5 u\.-;vb Lj-’f 1.7218
S Ll e 17218 Y55 55 ol sliw 035 j2ée

AL e Solg e s S 5 Al
JY?&‘deﬁ%dM‘)ﬁ&rK}ﬁu‘obﬁ
B R B R T e

AL

S R I I S SR SRS
(C ) IS Gb nlply aps oals SV s
Ohles e 4 (7176 N olg S e
Fo g5 3l patie o &l b Olo sl 0ul
N cSs mhe (7 V) S ol S,
5 e Sl deos Sl oS 5 8 Aas e 0L |5 11302
ol 35 Tl S il e 35 S ) Sl
AS o a5 L Ol aly (St plSoual Gl
Vg aSs mhe S ab sy Jll ol
s 5 S p o 25 Sleio 5l S5 1186
To g SRMe ()N L ) wlsype 55
Sl b GBI s S 555 WS cle & (S5
Al Y Olese IS5 i Sl (U g5k 0

_;,,uuj;)fdmv,s@d@W@M;\&;{,)wﬂn Sy Son i V) IS
11186 (> 1.1302(; 1.7176 (- 1.7218 ()

Mg o 55, s bige L

yrqd{&dju{[’;‘iéj%du



bl s 5 2l e Llise T e

Y

(B boagd e osbul g3 8 sls Ll
Sldss a4 aS by QLS Lg)lfi S Sldaline (8)
3 Fomes i Sl oS5 G s Lens
Sl YL 5 u‘<;““" <=l§>r:wu| Al S S
U’;JJ “ L?’\JPU Jﬂ.‘b-l.o a)".l..a‘ O C)_gu.? (0)
ool b Ol Bl i Lo el
Bl b sV o (5l 8 la Bl
s O e i YU

S omi

5 GRSl 3 el el (Saest slaosasl bl

A5 S ol s mb bl Sl

L1I86 il Vg o5 Ll So a= (1)
ciliies gla gz L 17176 517218 (1.1302
e et lie 53 5 RIS b b
b el

0 SN Gy S Sl Jeol slas (Y)
Lie b 8 o alsl o aas e 0L
ok bl Gk 3 S S5 Lol
AL e

Loy ol 5 cas 6 bl (%)

&l

1. Shimatani Y., Shiozawa K., Nakada T., Yoshimoto T., "Effect of surface residual stress and inclusion

size on fatigue failure mode of matrix HSS in very high cycle regime", Procedia Engineering, Vol. 2,

pp. 873-882, (2010).

[\

. Zhang J. M., Li S.X., Yang Z.G., Li G.Y., Hui W.J., Weng Y.Q., "Influence of inclusion size on fatigue

behavior of high strength steels in the giga cycle fatigue regime", International Journal of Fatigue,

Vol. 29, pp. 765-771, (2007).

3. Itoga H., Tokaji H., Nakajima M., Ko H.N., "Effect of surface roughness on step-wise S-N

characteristics in high strength steel", International Journal of Fatigue, Vol. 25, pp. 379-385, (2003).

4. Di Schino A., Kenny J.M., "Grain size dependence of the fatigue behavior of ultrafine-grained AISI

304 stainless steel", Mater. Letters, Vol. 57, pp. 3182-3185, (2003).

5. Murakami Y., "Metal Fatigue: Effects of Small Defects and Non-Metallic Inclusions", Elsevier, First

Edition, Oxford, pp. 11-104, (2002).

6. Casagrande A., Cammarota G.P., Micele L., "Relationship between fatigue limit and Vickers hardness

in steels", Material Science and Engineering A, Vol. 528, pp. 3468-3473, (2011).

7. Saberifar S., Mashreghi A.R., "A Novel Method for the Prediction of Critical Inclusion Size Leading

to Fatigue Failure", Metallurgical and Materials Transactions B, Vol. 43, pp. 603-608, (2012).

8. Kang M., Aono Y., Noguchi H., "Effect of prestrain on and prediction of fatigue limit in carbon steel",

International Journal of Fatigue, Vol. 29, pp. 1855-1862, (2007).

9. Zhao A., Xie J., Sun Ch., Lei Zh., Hong Y., " Effects of strength level and loading frequency on very-

1190 (< UL«JV,LLA_;WJLA

e 5 iy lle pwligo



Yo e Lo ple = a5 e e

high-cycle fatigue behavior for a bearing steel", International Journal of Fatigue, Vol. 38, pp. 4656,

(2012).
il gla 2 5330 MSVO3UT 5 Soe 5V 55 (6K " cp Pl 03 e (S e o s b sl )
AOYA0) Olal (68 s amaler 5 (550 i ol S e Joles ety (St

11. Soleimani S.M.Y, Mashreghi A.R., Ghasemi S.S., Moshrefifar M., "The effect of plasma nitriding on
the fatigue behavior of DIN 1.2210 cold work tool steel", Materials and Design, Vol. 35, pp. 87-92,
(2012).

12. Chapetti M.D., Tagawa T., Miyata T., "Ultra-long cycle fatigue of high-strength carbon steels part
IT:estimation of fatigue limit for failure from internal inclusions”, Materials Science and Engineering
A, Vol. 356, pp. 236-244, (2003).
by il slajlitlany J )" cp @35 us 2Dhas o r Sl el g Bhe e Glrosb Olass Y
el S nte Ghles cpetis s Ll hles sy UDIN 12210085 o Sl 55 0o 3l 5 2iS

AOYAY) Olnl 65 i)y ode a5 01l (55 M oo

14 .Tanaka K., Akinawa Y., "Fatigue crack propagation behavior derived from S—N data in very high
cycle regime", Fatigue Fract. Eng. Mater. Sruc., Vol. 25, pp. 775-784, (2002).

15. Yoshiaki A., Nobuyuki M., Hirotaka T., Keisuke T., "Notch effect on fatigue strength reduction of
bearing steel in the very high cycle regime", International Journal of Fatigue, Vol. 28, pp. 1555-
1565, (2006).

16. Shiozawa K., Murai M., Shimatani Y., Yoshimoto T., "Transition of fatigue failure mode of Ni—Cr—
Mo low-alloy steel in very high cycle regime", International Journal of Fatigue, Vol. 32, pp. 541-550,
(2010).

17. Murakami Y., Endo T., "The effects of small defects on the fatigue strength of hard steels", Materials
experimentation and design in fatigue, Proc. Fatigue, pp. 431-440, (1981).

18. ASM Metals Handbook Fractography, ASM Int., Vol. 12, (1987).

19. Bakhtiari R., Ekrami A., "The effect of bainite morphology on the mechanical properties of a high
bainite dual phase (HBDP) steel”, Materials Science and Engineering A, Vol. 525, pp. 159-165,
(2009).

20. Echeverry A., Rodriguez-Ibabe J.M., "The Role of Grain Size in Brittle Particle Induced Fracture of
Steels", Materials Science and Engineering A, Vol. 346, pp. 149-158, (2003).

21. Rosenfield A., Shetty D.K., "Upper Ductile-Brittle Transition Region", Eng. Frac. Mech., Vol. 17, pp
461-470, (1983).

—Co b bl s edd esly C2S5L Cu gl Sl ), SO ol alis’ e ol e ol el dlie o SRS XY

OYAD) X6 jlas (SOl — e wdige 5 b s " 42CTMO45Y 55 55 o 555l — i

J&A}&jjﬂwww%ﬁ ’rvqo4u<~/by/,«nﬁ'¢/,.&i£bj%;]ﬂ»



bl s 5 2l e Llise T e !

23. Hertzberg R.W., "Deformation and Fracture Mechanics of Engineering Materials", J. Willy & Sons.

Inc., United States of America, (1996).

H“M“&UL«J‘M}W‘J@ J‘/}A_;L;j_/v‘}/ﬁzfu%%/mb



”"’0;‘-(;:)“‘/’2-3&_;%41“ J(}JJJJJ_}]&:MW@JJJ

2104915 ladond BB 30 03 pid Wiyl B 331+ pouuwng T S Lu 3 5 O g (S Hlwdals
g0 bey 3l ool b

<)L5§>L.a.le5l.3 ()O.:_X:..AMJ:M ()h;..“.]aﬁ\l..‘l)_kw OlgfmUan).,dm

o I (5L sblie (SDI> s nl ool o 55 ladonn (SISUE 5 000l ool Sxadly K pol (slacki 5 oy pimgn G 52

SUT i Loy T TN g ien JI ST oty ol oo (Lo UL 33 03,025 i o s o ol 3 o] ok s S0,
Lo ploa 5l abadon i (GloJUIS 1> 03025 1 oy 0l il e el sy s ol el A pad 43 S s 5 (Sl
L S ns o DL ba il urlts 0,5 i iy ol il 0 JI] i gio 5 (il aclis 330 i Lo 3 L1 Cige s
S oy 2l Sl o Ladils o 5LUT Kol Sl sl oo (LU 33 0t 03 125 dgad bave 1> S mijiol  iSKaall 251

bl o 381 ST Sl s il 3 1T Lo gio (I S a5 551 L pimat o ] i ]
s 3L IS g 3 gdomn szl ol abadens (SLoULS 5 03025 )5 M;f,,ﬂ SUT el slae iy

Simulation of the Microstructural Evolution of AA6061 in Equal Channel Angular
Pressing Using Monte Carlo Method

M. Taheri M. R. Aboutalbei  S. H. Seyedein B. M. Sadeghi

Abstract

Equal channel angular pressing (ECAP) is one the most important severe plastic deformation techniques
with many privileges such as extensive grain refinement. In the present study, the ECAP process of
AAB061 is simulated using ABAQUS software and the strain distribution is evaluated. The microstructure
of the pressed sample after annealing is predicted and the average grain size is calculated using Monte
Carlo algorithm with the aid of MATLAB software. The results indicate that as the strain inhomogeneity
increases, the grain structure uniformity after annealing treatment reduces. Moreover, as the channel
intersection angle increases, the average grain size is enhanced.

Keywords AAG061; ECAP; Monte Carlo; Grain size; FEA.
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The Study of Micro-segregation in Al-Cu Alloys Using Thermal
Analysisand Numerical Modeling

M.H. Avazkonandeh-Gharavol M. Haddad Sabzevar

Abstract

The micro-segregation in binary Al-Cu alloys containing 2.2, 3.7, and 4.8 wt.% copper was investigated
by differential thermal analysis (DTA) and numerical modeling. For this purpose, the alloys were melted
using a DTA furnace with the capability of quenching samples during solidification. The melted samples
were cooled at 0.008 and 0.083 K/s and subsequently quenched from predetermined temperatures during
cooling. The evolution of the microstructure and micro-segregation was modeled with and without
considering excess vacancies formed during solidification. It was found that the experimental and
modeling results show a better correlation when excess vacancies are considered.

Keywords Al-Cu Binary Alloys; Micro-Segregation; Thermal Analysis, Excess Vacancy.
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Optimum Brazing Conditionsfor Joining Commercially Pure Titanium to 304L
Stainless Steel using BAg-8 Silver Filler Metal

P. Saremi M. Kasiri

Abstract

Joining of titanium alloys to other materials especially stedls has attracted much attention in recent years
due to the exceptional properties of titanium such as excellent corrosion resistance and mechanical
properties and its increasing application in various industries. According to the Fe-Ti binary phase
diagram, these two elements do not have complete solubility. This leads to difficulties during fusion
welding of these two alloy. One of the best methods for joining dissimilar alloys is brazing. In this
research, the metallurgical and mechanical properties of brazing lap joints of steel to commercially pure
titanium using a commercial filler metal (BAg-8) made under different time and temperature conditions
were investigated. The study of the microstructure interface shows the formation of a chemical layer close
to the titanium side of the joint, while no chemical compounds were created on the steel side. A coarse
structure is formed at the interface between the steel and silver solder alloy. The observed coarse grain
structure is related to the grain growth along with recrystallization in the sted substrate at high
temperatures. Analysis of the joints was carried out by optical microscopy, scanning el ectron microscopy,
X-ray diffraction and hardness measurements. The results show that with increasing temperature, as well
as brazing time, the average shear strength decreases due to the increased thickness of the intermediate
layer.

Keywords Commercially Pure Titanium; Stainless Steel 304L; Brazing, Microstructure; Mechanical
Properties.
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Fabrication and Study of Wear Properties of AA8090 Composite Reinfor ced with
SiC Particles after Precipitation Hardening with Directional Quenching

A. Kebriyaei H. Saghafian S. Sh. Mirdamadi

Abstract

AA8090 is an extra light and deformable group of lithium containing aluminum alloys which have
recently replaced some aerospace aluminum alloys, such as 2000 and 7000 series, due to their higher
elastic modulus and lower specific weight. In this study, AAB090 matrix composites containing 3, 6 and 9
vol.% SC were cast using a modified stir casting method. The casting billets were deformed though a hot
extrusion operation, followed by a precipitation hardening treatment (T6) with directional quenching and
aging at 190 °C. Wear tests were conducted before and after the precipitation hardening (at the peak
hardness aging time) using the pin-on-disc method at loads of 10, 20 and 30 N. All samples exhibited a
mild wear at 10 and 20 N wear loads, which turned into a sever wear at 30 N. It was shown that
increasing the SC content in the composite samples reduces the wear rate. Also, the wear results after
precipitation hardening indicated a decrease in the wear rate only at the wear loads of 10 and 20 N. At
the wear load of 30 N, the wear rate increased after precipitation hardening. This behavior was
attributed to a transition in the wear mechanism from abrasive to adhesive by increasing the load.

Keywords AA8090; Composite; Age Hardening; directional Quenching; Wear.
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Investigation of Continuous Cooling Transfor mationsand Microstructuresin a Low
Carbon Ti-Nb Bearing Microallyed Steel by M eans of Dilatometry and M etallography

A.S.Moosavi S.S.Ghasemi M.Kalantar

Abstract

In this investigation, continuous cooling transformations and microstructures have been studied in detail
in a low carbon Ti-Nb bearing microalloyed steel by means of dilatometry, metallography and hardness
measurements. The results indicate that when the cooling rate is greater than 1°C/s, the dilatation curve
is associated with a major dilatation at relatively low transformation temperatures, which is consistent
with the martensitic phase transformation. For a cooling rate between 0.2-0.8°C/s, the dilatation curveis
also characterized with a uniform single transformation over the martensitic and bainitic phase
transformation temperature range. However, as the cooling rate is reduced to less than 0.2°C/s, the
dilation curve is characterized with a quite variable double stage transformation which is associated with
the ferrite and bainite transformation products. These results suggest that the bainitic and martensitic
phase transformations are developed with a similar displacive mechanism, while ferrite is formed by a
diffusional mechanism.

Keywords Low Carbon Low Alloy Steel; Continuous Cooling; Dilatometry; Metallography; Ferrite;
Bainite; Martensite.
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Effective Parametersin Synthesis and Properties of Monolithic Oxynitride Glasses
Prepared by Sol-gel Method

S. Ahmadi B. Eftekhari Yekta H. Sarpoolaky A. Aghaei

Abstract

The monolithic oxynitride glasses in SO,-Al,05-B,0; system were synthesized using sol-gel method. The
porous, dried gels were heated in flowing ammonia for different times and varying temperatures. The
nitrogen content of the oxynitride glasses was determined using an oxygen-nitrogen analyzer. The
chemical bonding state and properties of glasses were investigated by means of Fourier transform
infrared spectroscopy, dilatometry, and Vickers hardness methods. The crystallization behavior of glasses
was studied with X-ray diffraction. Spectroscopic evidence indicated that nitrogen was chemically
dissolved in the glass network. The results showed that the chemical composition of the glass has an
effect on the nitridation processes. The nitrogen content of the glasses was increased to 3.8% wt. by
increasing the soaking time of nitridation from 2 to 15h. The dilatometric softening point temperature of
the glasses was increased approximately 25°C, the micro-hardness value reached 10.89 GPa and thermal
expansion coefficient was decreased from 3.88x 10° to 3.39x 10°® after the nitridation process at optimal
composition. The X-ray diffraction pattern of the glasses confirmed that nitrogen does not enter the
crystalline phase.

Keywor ds Sol-Gel; Ammonia Atmosphere; Nitridation of Gel; Oxynitride Glass.
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were increased to 3.8% wt. by increasing
soaking time of nitridation from 2h to 15h. The
FTIR spectra indicated that nitrogen was
chemically dissolved in the network of glass. As
it can be seen in Fig. 1, a decrease in the B-O
stretching band at 1405 cm ™', a broadening of
the Si-O stretching mode at 1088 cm ™' to 1500
cm ', coupled with a 5 cm™' shift to a lower
energy, and decrease in the intensities of O—Si—
O and Si—O-Si bending mode at 800 and 460
cm’', respectively, are the important changes
that have occurred in the nitridated sample.

0O-H

15 h-NH,

Air heated

Relative Transmitance

4000 3500 2000 1500 1000 500

Wavenumber(em™)

Fig. 1 IR transmittance of samples as a function of wave
number after heating at 750°C in flowing NHz and air

Table 2 Nitrogen content of oxynitride glasses after
heat treatment

Glass Nitridation time Sinterin time Nitrogen
composition &temperature &temperature content
Gl - 750°C-2h 0
Gl 600°C-2h 750°C-2h 0.18
Gl 750°C-2h 0.05
Gl 750°C-5h 0.67
Gl 750°C-15h - 2.08
Gl 750°C-15h 950°C-2h 1.00
Gll 600°C-2h 750°C-2h 0.28
Gll 750°C-2h - 0.02
Gl 450°C-2h 750°C-2h 0.50
Gl 600°C-2h 750°C-2h 2.90
GllI 750°C-2h - 0.11
GllI 600°C-15h 750°C-2h 3.80
GllI 600°C-15h 950°C-6h 2.64
The microharness depends on sintering

process on density of glass. So it can be said that
the low micro-hardness of glass GIII at 750°C,
is due to the incomplete sintering and its porous
structure. Fig. 2 shows the bulk density variation
of glasses. The microharness of this glass
increases significantly with sintering
temperature.

Althogh the GI glass was amorphous until
950°C, mullite was crystallized as predominant
crystalline phase in GIII glass. However, the X-
ray diffraction pattern of GIII glass confirmed

that nitrogen had not entered the crystalline
phase.

—Gl
— i

Density (g/Cm’)

1.2 il

1.0 T v T T T T T -
S50 GO0 650 TOO TS0 800 BS0  e00 950 1000

Temperature(C)

Fig. 2 Bulk density of glasses asa function of
Temperature
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Fig. 3 XRD pattern of Gl glass after heat treatment at

950°C-2h
M M 950°C-6h-air
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| ! i M
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Fig. 4 XRD pattern of Gl glass after heat treatment at
950°C.M: mullite
4- Conclusions

The monolithic oxynitride glasses in SiO,-
Al,03-B,0; system were synthesized with sol-
gel method. The chemical composition of glass
effects the nitridation processes and the nitrogen
content of the glasses were increased to 3.8
wt.% by increasing soaking time of nitridation
from 2h to 15h. The dilatometric softening point

temperature of glasses was  increased
approximately 25°C, their micro-hardness
reached 9.76GPa and thermal expansion

coefficient was decreased from 3.88x10° to
3.39x10° after nitridation process of optimal
composition. The X-ray diffraction pattern of
glasses confirmed that nitrogen does not enter
the crystalline phase
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Effective Parametersin Synthesisand
Properties of Monolithic Oxynitride
Glasses Prepared by Sol-gel method

S. Ahmadi'®  B. Eftekhari Yekta® H. Sarpoolaky’
A. Aghaei

1- Introduction

Oxynitride glasses can be formed as a result of
oxygen partial replacement by nitrogen atoms in
silicate or alumino-silicate glass network.
According to the literature, effect of the above
replacement in oxynitride glasses has been
explained through the incorporation of nitrogen
which results in the increment of glass transition
temperature (T,), viscosity, hardness, Young's
and shear modules, refractive index, dielectric
constant and decreases in thermal expansion
coefficient. These results have usually been
attributed to the substitution of nitrogen for
oxygen atoms. The melting process of mixed
oxide and nitride powders under highly reducing
conditions is the commonly used method of O—N
glass preparation. However, this method suffers
from extremely high temperatures for melting
(often exceeding 1700°C) and homogenizing the
glass.

In the past years, increasing interest has
focused on preparing multicomponent glass by
sol-gel method, due to its lower temperature and
high homogeneity. The sol-gel method is based
on the hydrolysis and subsequent condensation
of the metal alkoxides. Drying the obtained gel,
removes the residual solvents, i.e. water and
alcohols, leading to a porous dried gel.
Nitridation of this porous glass precursor gel
with ammonia can be utilized as an alternative
method to produce homogeneous oxynitride
glass without melting at lower temperature
(often <1000°C).

The present work was aimed to obtain
monolithic oxynitride glasses in the system
(R,O/R0O)-Si0,-A1,05-B,0;  through  sol-gel
method.
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2- Experimental Procedure

Borosilicate glasses with composition given in
Table 1, were prepared from the reagent grade
chemical materials including tetraethyl
orthosilicate (TEOS), aluminum-sec-butoxide,
trimethyl borate barium, and potassium acetate
and zinc oxide.

Tablel. Composition of synthesized glasses

Glass
compositi [SiO, |Al,O;|B,05 |k,O |BaO |ZnO
on
Gl 66 7 18 6 3 0
Gll 66 15/ 10| 6 3 o
Glll 48 30 10 2 0| 10
Stoichiometric amount of TEOS was

dissolved in ethanol (1:4 molar ratios) and
hydrolyzed by adding 1M HCI solution as a
catalyst. After 2h, trimethyl borate was added
and then aqueous solution of potassium or
barrium and zinc nitrate were added to
alkoxidessolution. To prepare zinc nitrate, zinc
oxide was dissolved in diluted nitric acid.
Organic citric acid was used as a chelating agent
to form a stable complex with aluminum ions to
improve the homogeneity of the sol. A dilute
solution of Al-sec-butoxide and isopropanol (1:4
molar ratios) was added slowly to the aqueous
solution of citric acid. After 24h the alkoxide
and nitrate solution was mixed with chelated
aluminum solution. Gelation occurred within
24h at room temperature. The gels were then
dried slowly at room temperature. The porous
gels were heated in flowing ammonia for
different times and temperatures. The heating
rate was 1°C/min.

Investigation of chemical bonding states of
sintered gels was performed using ourier
transform infrared spectroscopy. Micro-hardness
was measured using the Vicker's micro-hardness
testing method with the load of 100g for 15s.
The dilatometric softening point and thermal
expansion coefficient of oxide and oxynitride
glasses were determined using a dilatometer.
The nitrogen content of glasses was determined
with oxygen nitrogen analyzer (Leco TCH-600).

3- Results and Discussion

Table 2 showes the nitrogen content of
oxynitride glasses after heat treatment for
various times and tempratures. The chemical
composition of the glass effects the nitridation
processes and the nitrogen content of glasses
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for the low carbon microalloyed steel. y: austenite;
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Fig. 3 a) light; and b) electron micrographs taken
from 0.1°C/s continuous cooled heat treated
samples. a: Ferrite; B: Bainite; M:martensite

4- Conclusions

The continuous cooling transformation (CCT)
diagram for the low carbon microalloyed steel was
constructed by a combination of dilatometry and
metallographic methods. The CCT diagram exhibited
a dgnificant region for low temperature
transformation products which involved curves for
the evolution of banite and martensite. Full
martensitic  microstructures  were formed at
continuous cooling rate greater than 0.8°C/s, while a
mixture of bainite and martensite microstructure was
developed at moderate cooling rates of 0.2-0.8°C/s.
The multiphase microstructures involving ferrite,
bainite and martensite were formed during slow
cooling rate of 0.1°C/s. The microstructural
components including ferrite, bainite and martensite
were distinguishable colorful from each other as
brilliant white, brown and blue colors by double
etching technique based on the 2% nital and LePera
reagents.
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Investigation of Continuous Cooling
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Carbon Ti-Nb Bearing Microallyed Steel by
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1- Introduction

Hot rolled high strength microallyed steels have been
improved by addition of strong carbo-nitride alloying
elements of Nb, Ti, and V in relation with thermo-
mechanical control processing in recent years. As a
result, the low carbon content of these microalloyed
steels can be associated to the development of
multiphase microstructures and complex phase
transformations on  continuous cooling  heat
treatments. In contrast to the ferrite-pearlite
microstructures of conventional hot rolled plain
carbon steels, the structures formed by continuous
decomposition of austenite in such low carbon
thermo-mechanical control processed steels often
assume non-classical morphologies.

The purpose of thiswork isto investigate in detail
the characterization of continuous cooling
transformations and microstructures in a low carbon
microalloyed steel.

2- Materials and Experimental Procedure

The steel used in the present study was a low carbon
microaloyed steel with the chemical composition
given in Table 1. The thickness of the plate was
10mm and the microstructure was a mixture of
bainite and tempered martensite. To study the
continuous cooling transformations and
microstructures, a series of samples were cooled to
room temperature at various cooling rates using a
high-speed Theta dilatometer. Hollow cylindrical
specimens (L = 13mm, O.D. = 4.9mm, 1.D. = 3mm)
were cut transversely from the as received stedl plate.
The samples were austenitized at 1000°C for 5min in
a vacuum of about 10 torr and subsequently
continuously cooled at various cooling rates from 0.1-
400°C/s to room temperature.  Multiphase
microstructural characterization was carried out after
polishing and color etching specimens using 2% nital
and LePera etching reagents. Hardness measurements
were made with a 10kg load and are reported as
Vickers hardness numbers (VHNS). In order to
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confirm the results of color metallography, the
microhardness measurements of various microphases
were carried out using a Vickers testing machine
model FUTHER-TECH FM700 with a load of 10g.
The metallographic observations were carried out
using a OLYMPUS PMG3 light microscope and
scanning electron microscopy (SEM)  model
TESCAN-VEGA-III.

Table 1 Chemical composition (in wt.%) of the
investigated low carbon microalloyed steel

C Si Mn S P Cr
02 | 01 1.5 | 0.003 | 0.012 | 1.98
Ni | Cu Nb Ti Al Fe

0.25|0.34 | 0.017 | 0.013 | 0.02 | Bal.

3- Results and Discussion

In order to determine various continuous cooling
phase transformations and microstructures of the
investigated low alloy microalloyed steel, the cooling
rates of dilatometry samples were varied from 0.1 to
400°C/s. Fig. 1 shows typical temperature-expansion
(a) and temperature-time (a') curves of continuous
cooled samples from 1000°C to room temperature.
When the cooling rate was dower than 0.2°C/s, the
temperature-expansion curve exhibited a two-stage
expansional change as shown in Fig. 1((a), (a)). For
example, the specimens were cooled at a rate of
0.1°Cl/s, before interrupted quenching a various
temperatures during the transformation. Based on the
microstructural observations, polygonal and/or quasi-
polygonal ferrite was found to form firstly at about
493°C (F¢) which is consistent with the temperature
of the first-stage expansional change. The formation
of bainitic products started at about 430°C (B,) and a
mixture of bainite and martensitic microstructures
formed at about 292°C(Bi/My), respectively. Fig. 2
shows the continuous cooling transformation (CCT)
diagram for the investigated low carbon microalloyed
steel.

Fig. 3 shows examples of typical color etching
and the associated scanning electron micrographs
taken from 0.1 continuous cooling heat treated
samples. The microstructure is characterized by a
mixture of ferrite, banite and martensite
microphases. It can be observed that a good
contrasting resolution can be observed between
ferrite, bainite and martensite as brilliant white,
brown and blue regions in the colored etching light
micrograph of Fig. 3a, respectively.
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All samples exhibited a mild wear at 10 and
20N wear loads, which turned into a sever wear
at 30N. It was shown that increasing the SIC
content in the composite samples reduces the
wear rate (Fig. 3). Also, the wear results after
precipitation hardening indicated a decrease in
the wear rate only at the wear loads of 10 and
20N. This is indicative of improvement of wear
resistance caused by the formation of
strengthening  precipitates and  increased
hardness in the matrix. At the wear load of 30N,
the wear rate increased after precipitation
hardening (Fig. 4). This behaviour was
attributed to a transition in the wear mechanism
from abrasive to adhesive by increasing the load

(Fig. 5).

4.8 - As
4.1 extruded

B Aged after
directional
quenching

Wear rate (x106g/m)

Al-Li/3%SiC  Al-Li/6%SiC  Al-Li/9%SiC

Fig. 3Wear results of AI8090 composites reinforced
with different volume fraction of SIC after heat
treatment at 10N load

10
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©
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R directional
0)4 T quenching
®
5
20 -

Al-Li/3%SIC Al-Li/6%SIC Al-Li/9%SiC

Fig. 4 Wear results of AI8090 composites reinforced
with different volume fraction of SIC after heat
treatment at 30N load

SR WO 2 mm
View Tl 8334 4 Dol 52 e

Fig. 5Worn surface of AI8090/9% SiC, compositein
peak aged at a)10N; b) 20N; c) 30N load

4- Conclusions

The wear rate decreases at all testing conditions
with increasing the content of reinforcing SIC
particles from 3 to 6 and then 9 vol.%. Also, at
wear loads of 10 and 20N, all composite
samples exhibited a lower wear rate after
performing the  precipitation  hardening
treatment. However, the effect of precipitation
hardening was reversed at the wear load of 30N.
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1- Introduction

Lithium is the lightest meta element, the
addition of 1wt% of this element to these alloys
causes the density to decrease by 3% and the
elastic modulus to increase by 6%.

Al-matrix composites, owing to their high
specific strength and good wear resistance, have
attracted great attentions in the last three
decades. Most Al-Li matrix composites like
SiIC./Al-Li or SICy/Al-Li are produced with melt
stirring, powder metallurgy, sgueeze casting or
spray deposition methods. The melt stirring
method or in other words stir casting is currently
one of the simplest and most economical
methods of  manufacturing  dispersion-
strengthened materials.

2- Experimental Procedure

Fig.1 shows the equipment used for the
production of the cast AI8090 composite. To
produce AI8090 composite, pure auminum
billets were used aong with AlzZr, pre-cast
Al50%Cu and Al50%Mg, and pure lithium.
Having prepared the molten AI8090 with
stoichiometric copper and magnesium contents
and preformed the slag remova process, the
graphite agitator was inserted into the melt such
that 30% of the molten volume lies beneath it.
Then, the SIC particles with the mesh size of
380, which were previously subjected to an
inactive oxidation treatment at 900°C for 2
hours, were fed into the melt during agitating
operation through the powder injection system.
At this point, the automated agitating operation
was carried out a 600 rpm for 15 min.
Immediately after the agitating operation, the
stopper was raised and the melt was cast into the
mold.

To improve the microstructure of the castings,

! Corresponding Author, M.Sc. Student, Centre of Excellence for
High Strengh Alloys Technology, Iran University of Science and
Technology, Tehran, Iran.

Email: amirkebriyaei @gmail.com

2 pAssociate Professor, Iran University of Science and Technology,
Tehran, Iran.

3 Professor, Iran University of Science and Technology, Tehran,
Iran.

small samples of 3cm diameter and height, were
cut out of the final cast composites and extruded
at 500°C with a reduction ratio of 12:1. Wear
pins of sguare cross-section (5x5x15mm) were
prepared from the final extruded samples. For
each composite material, three samples were
precipitation  hardened  after  directiona
guenching. The wear test was then performed on
heat trested and non-hesat treated samples using
pin-on-disk method at 10, 20 and 30N loads.
Each sample was rinsed with acetone prior to a
wear test of 1000m distance at a linear velocity
of 0.25m/s. The weight of samples was
accurately measured before and after the test
using a digital scale of 0.0001g accuracy.
Scanning electron microscopy (SEM) was used
to study the microstructure and distribution of
SiC particles in the extruded samples and also to
observe the surface of the samples after the wear
test.

Fig. 1 Schematic diagram of the modified stir casting
equipment used for fabricating the composites

3- Results and Discussion

According to the microhardness results (Fig. 2),
the time to reach the peak hardness is
approximately 6.5-7 hours which is significantly
shorter than the reported period of 12-15 hours
for AI8090/SIC, composites at 190 °C. This
reduction of the aging time for the peak hardness
is attributed to the effect of the directional
guenching.
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%3110 4 ; Al-L i/ﬁ%S?C

Sq0 I—O—AI-L|/9I%SC

= 0 2 4 6 8
Time (h)

Fig. 2 Aging curves of the wear samples aged at 190°C
after directional quenching
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the titanium side in contrast to the steel side,
which showed no reaction layer with the silver-
based braze alloy. A coarse grain structure was
formed at the steel boundary to the silver—brazed
alloy. This structure results from diffusion
growth accompanied by recrystallization of the
steel substrate at high temperature. Fig. la
displays  microstructure  features of the
titanium/steel joint brazed at a temperature of
815°C for 5min.

(b) g. a r" ‘

Fig. 1 a) Microstructure features of the titanium/steel
brazed joint at 815°C for 5 min using Bag-8 filler
metal; b) enlarged view at thetitanium/filler metal
interface; c) SEM microstructure at thetitanium/filler
metal interface

The interfacial region can be divided into
three characteristic zones. Zone I is the titanium
parent metal without evidence of diffusion by
elements of the brazed alloy. Table 2 shows the
chemical compositions of the marked areas in
Fig. lc.

Zone Il is considered to be the interaction
and diffusion zone since a high amount of
titanium was diffused from the titanium side to
the brazed area close to the titanium substrate.
The measured average thickness of zone II is

about 11.2um. Zone III is considered to be the
rest of filler alloy which has not interacted
directly with the parent metals.

Average shear strength observed for the joint
was 102MPa and the fracture path followed
interaction layers at the titanium/silver—braze
alloy since it contains the most harmed structure
in the joint. Fig. 2 shows the fracture path and
fracture morphology for this joint.

Fig. 2 Cross section of the fractured surface of the
titanium/steel joint brazed at 815°C for 5 min using
Bag-8 filler metal

0—B-Ti and Ti—Cu intermetallic are the main
phases formed at the titanium/filler metals
interfacial region. Meanwhile, the FeTi
intermetallic phase is probably the phase formed
at the steel/filler metals interfacial region. The
crack path, after performing shear tests, follows
the location of intermetallic compounds (IMC)
in the majority of joints. It was found that the
fracture path follows the location of the IMC
when it is thick enough to represent the weakest
structure in the joint. Therefore, there is a
critical thickness of the IMC layer for the
maximum shear strength. At the critical IMC
layer thickness, the shearing fracture occurred
inside the braze. As the IMC layer thickness
increases to the critical thickness, the fracture
tends to occur at the substrate/IMC interface.

5- Conclusions

There is a strong relation between the thickness
of IMC formed at the interfacial region, the
values of shear strength of the joints, the
location of the fracture or crack propagation and
the brazing temperature. The smaller the
thickness of the IMC, the higher the shear
strength. The average shear strength of the joint
showed the highest values when brazed with
silver-based BAg—8 at the temperature of 815°C.
An increase in the brazing temperature led to an
increase in IMC thickness.
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Stainless Steel using BAg-8 Silver Filler
Metal
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1- Introduction

Existing literature reveals that diffusion welding
has been used successfully to join titanium to
steel alloys. However, the great care required in
the surface preparation stage and the
impracticality of this method for mass
production has limited the usage of this process.
The difficulty of bonded titanium with other
metals could be relieved by using brazing
techniques. Brazing is beneficial because it
involves the melting of the filler material only,
thus eliminating problems that occur when
fusing dissimilar metals. It has been reported
that pure silver, silver-based alloys, titanium-
based alloys, and copper-based alloys were used
to braze titanium to steel. The melting point of
pure silver is 961°C and can be greatly
decreased by alloying copper into the silver
matrix. Therefore, the Ag—Cu eutectic braze
alloy was selected as a filler metal for vacuum
brazing of titanium to steel.

The objective of this investigation is focused
on brazing of CP titanium to stainless steel using
silver-based alloys at their optimal brazing
temperatures, which were determined in
previous studies, and to compare the results in
order to predict the main controlling factors,
which govern the quality of the joints.
Microstructures as well as mechanical properties
are the main focus of the study.

2- Materialsand Experimental Procedure

CP titanium and stainless steel were received in
the form of plates of 2mm thickness. The
chemical composition of the material, in wt.%,
as indicated in the supplier’s test certificate was
0.07% C, 0.18% Fe, 0.03% N, 0.16% O, 0.014%
H, and balance Ti. On the other hand, the
composition of stainless steel, in wt.%, was
0.03% C, 0.04% P, 0.005% S, 0.81% Mn, 0.4%

" Corresponding Author, M.Sc. Student, Materials engineering
faculty, Islamic Azad University of Najafabad, Iran
Email: pezhman_saremi@yahoo.com

? Assistant Professor, Materials engineering faculty,

Islamic Azad University of Najafabad, Iran

Si, 8.94% Ni, 17.7% Cr and balance Fe.
Specimens were cut into 125x%28x2mm strips for
shear strength testing and 10x10x2mm strips for
microstructure analysis. Prior to brazing, one
face of each specimen was processed in order to
achieve a predetermined degree of roughness
using 1200 mesh grinding paper. The samples
were then degreased in an ultrasonic bath using
acetone. Brazing was carried out using silver-
based alloys. Table 1 shows the composition,
thermal and mechanical properties. The brazing
foils, 100-um thick, were cleaned in acetone
before brazing and then sandwiched between the
overlapped areas of the parent metals.

Table 1 Composition of the investigated brazing filler

Composition Thermal Mechanical
(wt.%) properties properties
%Ag | %Cu | Melting | Flow UTS
Point | Point
72 28 779°C | 779°C | 466 MPa

The width of the titanium to steel overlap
was kept at 6mm since it is recommended to use
a lap width of not more than three times the
thickness of the base metals to achieve high
strength for the joint. The joints were fixed with
stainless steel clamp, and then carefully placed
into a furnace. Initially, the samples were heated
up to a temperature of 50°C below the solidus
temperature of the filler alloy for a dwell time of
Smin. The sample was then heated up to the
brazing temperature. All specimens were
furnace-cooled to room temperature.

After bonding, the brazed samples were cut,
mounted in epoxy, polished, and then etched by
5% HF, 20% HNO;, and 75% glycerol for 60s
for the titanium side and 3% Nital solution for
the steel side. The microstructures were
examined using optical and scanning electron
microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDS). Tensile
shear specimens were machined out from brazed
lap joints in accordance to AWS C3.1-63. The
test was carried out at room temperature and
with displacement rate of 0.5mm/s.

Three samples were used to calculate the
average shear strength of the joint.

3- Results and Discussion
Microstructure examination of the interface
reveals the formation of reaction layers close to
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The caculated concentration profiles in the
primary phase for the aloy containing 4.8 wt.%
copper are presented in Fig. 2 and are compared to
the experimental profiles and the Scheil equation
curve. According to this figure it is obvious that the
modification of the phase diagram alone (NEPD
curves) improves the consistency between the
experimental and modeling results but not to a
satisfactory level. However, modification of diffusion
coefficient (NEPD-DyDi) caused better correlation
between the experimental and modeling results
specialy at 0.083 K/s cooling rate. Furthermore, the
best consistency between the experimental and
modeling results is obtained when the vacancy sink is
considered (NEPD-DyDi Xt).
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Fig. 2 Calculated concentration profilesfor the alloy
containing 4.8 wt.% copper compared with
experimental profile and Scheil equation curve

4- Conclusions

Microsegregation in the AI-Cu binary alloys
containing 2.2, 3.7, and 4.8 wt.% copper was
investigated using thermal analysis and theoretical
modeling. Experimental solidification tests were
performed using a DTA furnace with the possibility
of quenching samples during solidification at slow
cooling rates of 0.008 and 0.083 K/s. The
solidification was modeled with three different input
data including equilibrium thermodynamic and
kinetic data caled EqPD, non-equilibrium
thermodynamic and equilibrium kinetic data called
NEPD (developed by Fjlldestdt and Fredriksson), and
non-equilibrium thermodynamic and kinetic data
called NEPD-DyDiXt (developed in the present
study). The results were compared with the
experiments and it was shown that the developed
NEPD-DyDiXt model shows the best consistency
with the experimental results.
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1- Introduction

One of the most important phenomena occurring
during solidification is microsegregation which is the
non-uniform distribution of aloying elements in the
scale of dendrite arm spacing or grain size. There are
numerous theoretical models which can be used to
predict the microsegregation level and solidification
path with different degrees of sophistication.
Recently Fredriksson and his colleagues proposed a
new model for solidification that considers the effect
of excess vacancies formed during solidification.
According to their model as the solidification rate
changes, the excess vacancy content changes and
several solidification characteristics such as melting
temperature and latent heat of solidification change.

The aim of the current research is to consider the
effect of excess vacancies on the microsegregation in
Al-Cu dloys at low cooling rates. For this purpose,
the thermodynamic (phase diagram) and kinetic
(diffusion coefficient) data were modified to include
the effect of excess vacancies. The kinetic (diffusion
coefficient) data is modified for the first time in the
present paper.

2- Experimental

Al-Cu binary alloys containing 2.2, 3.7, and 4.8 wt.%
copper were used as the experimenta alloys.
Solidification tests were performed using a DTA
furnace with the possibility of quenching samples
during solidification. Samples were heated to 700°C,
kept at this temperature for 10min and then cooled at
0.008 and 0.083 K/s. Samples were quenched from a
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predetermined temperature during solidification. The
microstructure of the samples was evaluated by
conventional metallography methods. The
concentration profile in the primary phase was
measured using SEM/EDS technique according to the
method devel oped by Gungor.

equilibrium content of vacanciesin the solid.

In order to model the microsegregation, Fick’s
second law was solved separately in the solid and
liquid according to the numerical scheme presented
by Tanzilli and Heckel. The diffusion coefficient was
modified according to Eq. 1 to consider the effect of
excess vacancies in the numerical modeling.

DY® = v'DE )
Where D{® and DZ are non-equilibrium and

equilibrium diffusion coefficients in the solid,
respectively.

3- Resaults and Discussions

According to the thermal anaysis results the
solidification sequence for al samples consisted of
nucleation and growth of primary o, This phase

continues to grow until the solidification process is
finished with the eutectic reaction.

According to the thermal analysis results, by
increasing the cooling rates, the undercooling (for
both primary and eutectic solidification) increases
which can be estimated by a semi-empirical function
asshownin Eq. 2.

ar\™
ATk, (Ej @

where k, and n; are free variables which can be
determined based on experimental conditions. In the
present study k , and n;, were calculated for primary
undercooling as k =4.48 and n ,=0.14 and for the
eutectic undercooling k.= 6.62 and n,=0.09 by
least square method. Eq. (2) was used to construct a
semi-empirical phase diagram which is used to
compare with the CALPHAD results. Kinetic phase
diagram was calculated based on the Fjellstedt and
Fredriksson CALPHAD model and presented in Fig.
1
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obtained during annealing process. The final grain
size achieved for dies with an angle of 90° and 120°
are 2.74 and 4.92 pm, respectively. However, the
nucleus density approaches =zero at the final
downward zones in the 120° die due to low strains.
Variations of grain size at different zones along AB
for ECAPed samples through dies with angles of 90°
and 120°are presented in Fig. 4.

Fig. 2 Microstructural evolution of pressed sample at 623°C

il

Fig. 3Final grain size achieved with a die angle of
(a) 90°; (b) 120°
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Fig. 4 Grain size distribution within different zones for
ECAPed samples through dieswith angles of 90° and 120°

4- Conclusions

The finite element method and Monte Carlo model

have been used to simulate the annealing of in-

homogeneously ECAPed AA6061 aluminum alloy.

Basedon  the predicted  results, the  following

conclusions can be made:

1. Inhomogeneity of the grain size in the
recrystallized sample is reduced by increasing the
annealing time.

2. The final grain size achieved for dies with an
angle of 90° and 120° are 2.74 and 4.92 pm
respectively.

3. The nucleus density approaches zero at the final
downward zones in the 120° die due to low strain.
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1- Introduction

Recrystallization takes place due to energy storage
from homogeneous deformation. Non-uniform strain
field in a deformed sample due to sample geometry
and inhomogeneous deformation leads to non-
uniform grain size distribution. A great number of
modelling studies have been carried out to simulate
the equal channel angular pressing (ECAP) of
aluminum alloys and annealing process of deformed
alloy samples. However, very few studies in the
literature  have focused on modeling the
microstructure evolution of ECAPed aluminum alloy
sample during annealing. This work has been
undertaken to simulate the annealing kinetics of
ECAPed AA6061 using Mont-Carlo method to
predict the grain size distribution after annealing. It is
noted that the predicted strain distribution in the
ECAPed aluminum alloy sample under various
conditions was used as input data for the annealing
kinetics model.

2- Numerical M odel

The stress-strain distribution in the ECAPed AA6061
sample was predicted by 3D FEM using ABAQUS
software. The output of the FEM model was then
used in the Mont-Carlo model to simulate the
microstructure evolution during annealing of the
ECAPed aluminum alloy. The stored energy in the
cross section of the ECAPed sample was calculated
according to Eq. 1.

2y (1)

H=="
D

where D is the sub-grain size and y the
energy per unit area of the sub-grain boundary which
is assumed to be 0.5 J/m? in this study. The sub-grain
size is estimated based on Eq. 2.
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D(m) = (3.5 + %) x 1077 2

A 2D Mont-Carlo method was adopted to
simulate the annealing kinetics. A domain with
100100 grids was chosen in which a random
number was allocated to each node in the domain
named as S;€<1,48> representing the orientation of
the site in a grain.

Those sites encircled by other sites of the same
orientation were then considered as grain inner area.
The grain boundary is mapped in the neighboring
sites that have different point of reference. The
microstructure evolution in the model is considered
as the re-orientation of each randomly selected site to
the new random orientation of one of its nearest
neighbors that is tracked by investigating the lattice
site energy changes namely the grain boundary
energy and stored energy.

3- Results and Discussion

Strain variations in the ECAped sample pressed in a
die with die angle of 90° in the AB line direction is
shown in Fig. 1. Strain decreases from A to B along
the line AB which is due to flow velocity difference
in the sample cross section which is in agreement
with the work done by Iwahashi. The two pass
strain—displacement graph of ECAP (at both die
angles of 90° and 120°) were introduced as input data
into the Mont-Carlo model to simulate
recrystallization kinetics and the grain refinement
process.

o Flastic Strain

Fauivalo

A B
Fig. 1 Strain distribution in AB direction of ECAPed sample

The microstructural evolution of the sample
ECAPed in the die with 90° die angle and annealed at
623°C is shown in Fig. 2-a to 2-d. The annealed
grains begin to grow separately in the initial stages
and then recrystallized grain coalescence happens in
the intermediate stage of heating. After
recrystallization is complete, grain growth takes
place at a relatively low rate. It should be mentioned
that the deformed grains were surrounded by
recrystallized grains during the annealing process.
This is called entrapment of grains. Fig. 3 illustrates
the final microstructure in the ECAPed samples
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Fig. 1 S-N curve for the studied steels

3-3-Relationship between hardness and fatigue
limit

The effect of inclusion size is expressed by the stress
intensity factor (Kj.x) via the following equation:

Kimax = C, o/ mvarea 3)

Where o is the applied stress, Varea is inclusion
size and C, is a constant related to the location of the
impurities. To determine the amount of Varea, all
broken specimens were examined using a SEM. After
determining the inclusion which caused the failure, its
dimensions are measured and Varea is calculated. The
relationship between stress intensity (Kjn.x) generated
by non-metallic impurities and the number of cycles
that lead to failure (Ny), for all tested samples is
shown in Fig. 2. It can be observed that by reducing
Kimaxs, Np increases. According to Eq. 3, stress
intensity depends on the applied stress and size of
impurities.

[

*1.1186
.1.7218
w1302
ALT176

(JS

Ky (MPaYm)

= = koW koW
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*
>

e

500000 1000000 1500000 2000000 2500000 3000000
Number of Cycles to Failure

Fig. 2 Relationship between KImax and Nf in the studied
samples

The stress intensity factor represents the increased
amount of stress applied to the sample by impurities
in the boundary between it and the matrix. The lowest
Kimax for each type of steel (called Kjy), is the
maximum strength of the matrix in fatigue testing.
When stress values lower than Ky, are applied to the
sample, the microstructure will be able to resist
fatigue fracture. According to this description, Kjy,
factor could be a suitable measure for estimating the
fatigue limit. Fig. 3 shows the relationship between
fatigue limit and Kyy,. In this figure, we can see that
with increase in Ky, oy also increases. Fig. 3 also
shows the relationship between these two factors
obtained using a trendline accordance to Eq. 4.

Gy, = (158.46 Ky) +125.51 @)

The relationship between the hardness of the
examined steels and Ky, is shown in Fig. 4.
According to Fig. 3 with an increase in o, Ky, also
increases. Ky, can be a suitable criterion for
estimating the fatigue limit since both have the same
process as H,. Eq. 5 which is obtained in the range of
H, <400, enables the prediction of the threshold stress
intensity factor (Kyy,) with H,.

Ko = (0.0046 H,) — 0.010 (5)

By replacing Eq. 5 in Eq. 4, a new equation (Eq. 6)
based on H, results which can predict o.

Gy = (0.73 H,) +123.8 (©6)

Eq. 6 can be used to determine the fatigue limit
without any time-consuming and costly fatigue test.
This equation is for steels with hardness values up to
400 HV.

Ré=0.8527

0s o7 09 L1 L3 L5 L7 Ly
Ky (MPavm)

Fig. 3 Relationship between the threshold stress intensity
factor (Kyy,) and fatigue limit for the examined steels

=t—Estimated

Ko MPavm)

150 200 250 300 aso 400 450 500 550 600
Vickers Hardness(Kgfmm2)

Fig. 4 Relationship between the stress intensity factor (Kyy,)
and hardness for the examined steels

4- Conclusions

According to the fatigue tests conducted in this study
and microstructural observations, the following
results were obtained.

1- The fatigue limit of four commercial steels
1.1186, 1.1302, 1.7218 and 1.7176 with various
hardness values, up to 400 Vickers hardness
increases and then decreases at higher Vickers
values.

2- The relationship between threshold stress intensity
factor caused by non-metallic impurities and
hardness is similar to the relationship between
fatigue limit and hardness.

3- Simple equations for predicting o, and Ky, using
Vickers hardness, which is useful for industrial
applications, were presented.
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1- Introduction

Fatigue is one of the main reasons for the destruction
and failure of parts subjected to dynamic loads.
Almost all failures due to fatigue are caused by
cracks originating from stress concentration areas.
Inclusions that are the source of stress concentration
in parts, have a strong effect on fatigue strength.
Constructing a suitable method to predict the fatigue
limit in the presence of inclusions has been a long-
time need for engineers. In the past years, many
empirical relationships between ultimate tensile
strength and hardness with fatigue limit have been
proposed. For example, Murakami has predicted two
equations for estimation of the lowest and highest
fatigue strength. When metals are without defects, the
highest fatigue limit can be obtained from Eq. 1 for
HV<400.

Gwm = 1.6Hy )

When fatigue failure occurs by defects or non-
metallic impurities, the lowest fatigue strength is
achieved. Murakami et al. presented a useful and
simple method based on two fundamental quantities
for predicting o,. These two fundamental quantities
are Vickers hardness, which represents the strength of
the steel and Varea. Area is defined as the biggest
inclusion projected area perpendicular to the axis of
the applied stress. Area is a factor for geometric
expression of defect.

_1.41(Hv+120) )
Owd= (m)l/ﬁ ( )

Eq. 1 and Eq. 2 suggest a range of fatigue limits
from the highest value for a perfect defect-free
specimen to the lowest value for a defected specimen.
A specific procedure (by using only Vickers
hardness) for exact estimation of the fatigue limit in
steels due to the effect of non-metallic impurities as
the main cause of fatigue failure has still not been
reported. Therefore, the aim of this paper is to offer a
simple and relatively accurate new method for
estimating fatigue limit by using the Vickers hardness
due to the effect of non-metallic impurities and
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surface roughness.

2- Experimental

In this study for fatigue tests, fatigue standard
samples of four types of commercial steels (DIN
1.7218¢1.7176¢1.1302¢1.1186) were prepared
following DIN 50113. In order to get different
hardness values, each steel was subjected to a specific
heat treatment cycle. These cycles are summarized in
Table 1. After heat treatment, the microstructure and
fatigue properties of the samples were investigated.
Experiments continued until fracture of specimens or
107 stress cycles were reached. In each group, at least
four hardness measurements on the heat-treated
samples were conducted. The average hardness value
was reported. To know the exact size and place of
inclusions which caused fatigue failure and to better
understand how the fracture occurred, the fracture
surface of failed samples were studied by scanning
electron microscopy (SEM).

Table 1 Heat treatment process and hardness of
studied steels

Quenching media, Temperi | Average
Austenitizing time
Steel . s ng temp. | hardness
(min), Austenitizing ©C) (H,)
temp. (°C) v
1.1186 Hot Rolled - 195
1.1302 Air-1200(°C) - 297
Warm Oil, 30(min),
1.7218 850(°C) 400 392
Warm Oil, 55(min),
1.7176 870(°C) 420 553

3- Resultsand Discussion
3-1- Microstructure Observation

Microstructure observations showed that 1.1186 steel
has a relatively fine ferrite-pearlite microstructure
with 40% ferrite. 1.1302 steel has 30% ferrite and the
rest is perlite with relatively course ferrite-pearlite
structure. 1.7218 steel has 8% ferrite, 32% bainite
and the remaining is tempered martensite. The
microstructure of 1.7176 steel is completely tempered
martensite. Both 1.1186 and 1.1302 steels have
ferrite-pearlite structure; but because of the higher
amount of ferrite in 1.1186 steel, this steel has a
lower hardness value.

3-2- SN curve

Fig. 1 shows S-N curves resulting from fatigue
testing of all studied samples. A plateau in the range
of 10° to 107 cycles can be seen in Fig. 1. This plateau
is considered the fatigue limit. The fatigue limit for
1.1186, 1.1302, 1.7218 and 1.7176 steel is 240, 330,
410 and 320 MPa, respectively
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Fig. 1 Optical microscopy images of the hot rolled specimens;
a) alloy 1 (without Al); b) alloy 2 (with Al)

True Stress (MP3)
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Fig. 2 True stress-strain curves for the studied alloys
(alloy 1: =0% Al and alloy 2: 2.3 wt.% Al)

Fig. 2 shows that 2.3 wt.% aluminum addition
increases al of the tensile properties (yield strength
and elongation). Aluminum addition increases the
required stress for dlippage by solid solution
strengthening mechanism. On the other hand, the
lower strength during plastic deformation and
increased elongation can be related to lowering of
the DSA and increasing the TWIP activity in plastic
deformation that delay the fracture.

Fig. 3 and Fig. 4 present the optical microscopy
and SEM images of the tensile specimen for alloy 1
and alloy 2, respectively (in the vicinity of the
fractured surface). It can be observed that twinning
is the main plastic deformation mechanism for both
aloys but there are some differences between them.
The twinning marks and voids can be observed in all
of the deformed grains in aloy 1; this is related to
the interaction between micro-twins and Mn-C
dipoles. Thisfeature islowered in aloy 2.

nning

Mechani winning
e , %

Grain Boundary, G.B |

T

(@ (b)
Fig.3 a) Optical microscopy image; b) SEM image of tensile
specimen of alloy 1 (near the fractured surface)

Mechanical twins can be observed as micro-twins

in the deformed grains. Interactions between the
micro-twins and interaction of the micro-twins with
Mn-C dipoles (DSA sources) can form micro-voids.
These micro-voids can be observed more frequently
and appear coarser in aloy 1 as compared to aloy 2.

@
Fig. 4 a) Optical microscopy image; b) SEM image of tensile
specimen of alloy 2 (near the fractured surface)

@)
Fig. 5 SEM images of the fractured tensile specimens;
a) alloy 1 (without aluminum); b) alloy 2; (with aluminum)

Fig. 5 shows the SEM images of the fractured
tensile specimens. The ductile fracture of the alloys
can be observed due to more dimples on the
fractured surfaces. These dimples are two types:
initial dimples and secondary dimples. The initial
dimples are larger than the secondary dimples
(named micro-dimples which are between the initial
dimples). The source of the initia dimples are
nonmetallic inclusions or undissolved carbides but
the source of micro-dimples are Mn-C dipoles
formed by DSA and micro-twins interaction. The
occurrence of these micro-dimples confirms that the
space between the initial dimples did not fracture by
shearing mechanism.

On the one hand, the removal or attenuation of
dynamic strain aging phenomenon in alloy 2 reduces
strength and by reducing barriersto dlip dislocations,
the total plastic strain has increased.

4- Conclusions

1. The hot rolled microstructure shows that 2.3wt.%
auminum addition to Fe-17Mn-0.6C increases
the austenite grain size from 97 to 148 pm.

2. Aluminum addition increases the tensile properties
(yield strength from 366 to 405MPa and
elongation from 0.52 to 0.54) but decreases the
strength at any plastic strain. The UTS remains
unchanged.

3. Aluminum addition decreases serration flow and
attenuates dynamic strain aging mechanism.

4. Fractography and microscopic images show that
micro-twins and DSA interactions can form
micro-dimples between initial dimples which
improves the ductile fracture of the aloy.



Journal of Metallurgical and Materials Engineering, Vol.28, No.1, 2017.

Effect of Aluminum Addition on the
Microstructure and Mechanical

Properties of High Manganese Austenitic
Steel Fe-18Mn-0.6C

Shahram K heirandish?
Majid Abbas®

Saeed Mgjidit

1- Introduction

Alloying of austenitic manganese steel by adding
aduminum is a new research topic in the
development of Fe-Mn-Al-C system. High
manganese austenitic steels have a good work
hardening ability and strength with very high
toughness. As a result, these steels are used as
automotive steel sheets to improve safety.

The unique mechanical property of these steels is
due to the interaction between different mechanisms
of plastic deformation and work hardening such as
transformation induced plasticity (TRIP), twinning
induced plasticity (TWIP), dynamic strain aging
(DSA), stacking fault energy (SFE).

Low SFE values in these steels has caused TWIP
and TRIP plastic deformation mechanisms to have a
more proactive effects on the slip and the interaction
of dislocations.

The amount of SFE depends on the chemical
composition and temperature. For example,
auminum addition increases the SFE. On the other
hand, increasing the SFE aters the TRIP deformation
mechanism to TWIP and TWIP to dlippage of
dislocations.

In this study, the effect of aluminum addition on
the microstructure and tensile properties of medium
carbon austenitic manganese steel was studied.

2- Experimental

The melting and alloying operations were carried out
in a 100kg induction melting furnace under argon
atmosphere. After steelmaking, the alloy was poured
into an investment casting mold
(24mmx6mmx3mm) preheated to 1100°C.

The chemical composition of the investigated
dloys (Fe-18Mn-0.6C and Fe-18Mn-0.6C-2.5Al)
were determined using inductively coupled plasma-
atomic emission spectrometry and XRF, and the
results are presented in Table 1. In addition, the SFE
values measured by equation 1 are presented in
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Table 1.

Table 1 Chemical composition and measured SFE
for the investigated alloys

Alloy wit.%* SFE2
Mn C Al Fer | mJm
1: without Al | 18.12 0.62 0.01 bal. 21.7
2: Al alloyed | 18.04 0.64 2.32 bal. 34.3

* §=0. sum of other elements=0.1 wt. %

of Metalurgy and Materias
Engineering, Iran University of Science and Technology,

Ysre = 20 — 259X g, + 21Xy, — 2459X; +
297Xy — 90X o5y — 466 LT MR 4 9550 ZreTC 4
F

Yo x X §F?+XMn XretXc
3323 ~Fetal 4 07 SEessh 6}
XretXal

XFet+Xsi

where Xpo, Xymn: Xa1, Xc @and Xg; are mole fractions
of the alloying elements.

The homogenizing heat treatment was conducted
at 1100°C for 2hr followed by a 5 step hot rolling
process to reduce the thickness of the specimens
from 30mm to 4mm. Then, for heat treating, the as
rolled specimens were heated and held at 1100°C for
10min and then cooled in water to obtain full
austenitic microstructure.

Tensile test was caried out a ambient
temperature.  Microstructural  investigation and
fractography on the two steels were conducted using
optical microscopy and scanning  electron
microscopy (SEM).

3- Results and Discussion

Fig. 1 shows the optica microscopy images of the
hot rolled specimens before tensile testing. It is
observed that the microstructures contain
homogenous austenite grains that have thermal
twinning marks in some grains. These twinning
marks are due to low SFE values of the aloys. In
addition, the aluminum alloyed specimen has some
nonmetallic inclusions which might be aluminum
oxide or auminum nitride. Image analysis
determined that 2.3 wt.% auminum addition
increases the grain size from 97 to 148um. This
increase is related to the increased SFE. The
increased SFE due to auminum addition has
decreased the twinning during and after hot rolling
and also decreased the nuclestion sites for dynamic
recrystallization and as a result, increased the final
austenite grains size.

Fig. 2 shows the true stress-strain curves for both
dloys (aloy 1: without aluminum and alloy 2: 2.3
wt.% aluminum). It is observed that for alloy 1, the
serrated flow started at strain 0.27 and it is continued
until the specimen has fractured. This serrated flow
is related to the interaction between dynamic strain
aging (DSA) and dipping mechanisms. On the other
hand, for aloy 2, the serrated flow is lowered due to
decreased activity of carbon in the aloy with
auminum addition.




A. Rahimi, Sh. Mirdamadi, SH. Razavi, SM. Abbasi

Fig. 1 SEM micrograph of a) as cast; b) after heat
treatment number 3 from Table 2 showing primary y’

Fig. 1.b shows the SEM micrograph of primary y' in
the sample subjected to heat treatment cycle 3 (Table
2). The primary y' size in this sample is within the
range of 470+10nm occupying 45+3vol% of the
microstructure. Comparing the microstructure of the
heat-treated alloy with the as-cast one (Fig. 1.a and
Fig. 1.b), shows an 80% increase in the volume
fraction and 50nm in the size of the primary y' in the
heat treated condition. The shape of the primary y' is
changed to ordered cubic structure compared to the
as-cast structure. This morphology is most desired for
high temperature mechanical properties of this alloy.
The appearance of perfect cubic and increased volume
fraction of primary y' compared to other samples can
be related to the heat treatment cycles with full
solution which decrease the segregation caused during
casting and also the partial solution implemented
afterwards which set the conditions for the formation
of primary y' with the desired morphology and high
volume fraction during aging.

4- Conclusions

1. The optimum heat treatment cycle to create
the best microstructure for IN100 superalloy
includes full solution at 1210°C for 2h and
partial solution at 1080°C for 4h followed by
aging at 900°C for 10h. The volume fraction
and average size of primary y' increase about
80% and 12% respectively compared to the
as-cast condition.

2. Full solution with partial solution before
aging treatment will cause the formation of
ordered cubic primary ¢y in the
microstructure. It can be deduced that, by
two stage solution, the decomposition of
some MC carbides leads to change in the

morphology of these carbides from blocky to
spherical. In addition, some of the MC
carbides during this cycle transformed to
M,3Cq and MgC within the grains and at the
grain boundaries.
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1-Introduction
IN100 nickel-based superalloy is one of high
temperature strength superalloys used for producing
nozzles, blades, air jet turbine blades and forged
molds at high temperatures. This superalloy is
produced in the shape of castings and has the ability
to be aged.

The microstructure of this superalloy consists of

several phases including: austenitic matrix y, coherent
and regular deposits of primary y' [(Nis(Ti, Al)]
(~450nm), secondaryy’ (~15-30nm) and tertiary y’
(<15nm) and various carbides. Carbides include:
primary MC carbides which contain Ti and Mo, MC
carbides rich in Ni, Co, Mo and Cr and MjyCg
carbides rich in Cr. The microstructure of this alloy is
highly dependent on the history of casting and heat
treatment. Therefore, by selecting an optimum casting
procedure and heat treatment cycles the desired
microstructure and mechanical properties can be
achieved. One of the most important heat treatment
cycles that has attracted a lot of attention is full
solution treatment (before partial solution and aging
treatments). Therefore, studying the microstructural
changes during the heat treatment cycles which
includes complete solution, partial solution and aging
can control the microstructure and mechanical
properties of the final product. So far, some effort has
been spent on modifying the microstructure of
superalloys which will lead to performance
improvements. Despite the history and widespread
use of IN100 superalloy, limited research about the
effects of heat treatment on the microstructure has
been reported. The main reason is that this superalloy
is used more often in the as-cast state. Thus, in the
present work, microstructural changes of the alloy
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including morphology, size and volume fraction of
different phases has been evaluated after various
solution treatment cycles.

2- Materialsand Experimental procedure

The chemical composition of IN100 superalloy used
in this study, measured by Spark Emission
Spectrometer is shown in Table 1.

Table 1 Chemical composition of IN100

Ni | Al Ti Cr Co Mo C v S

Bal |[5.23 |4.41 |9.32 |15.07 (3.01 |0.18 | 1.02 | 0.008

Samples with dimensions of 20x20x20mm were
selected and subjected to heat treatment cycles
according to Table 2. The microstructure of the as-
cast sample was also evaluated to compare and
understand the effects of heat treatment.

Table 2 Heat Treatment cycles

Hear Treatment

eycle Full Solution(hr/°C)

Partial Solution(hr/"C) Aging(hr/°C)

1 Partial Solution - 4/1080 10/900

2 Full Solution 21210 - 10/900

Partial Solurion+

Full Solution 271210 4/1080 10/900

4 Full Solution 2/1160
H Full Solution 2/118%
6 Full Solution 2/1210
7 Full Solution 21235

The samples were cooled in air after each heat
treatment and then the next stage of heat treatment
was implemented. Metallographic samples were
prepared using standard polishing procedures
according to ASTM E3-01 with dimensions of
15x15x15mm. The microstructure was revealed using
10g Cu,S+50ml HCI+50ml H,O solution. A XMU
TESCAN scanning electron microscope (SEM) with
an energy dispersive spectroscopy (EDS) analyzer
operating at 15kV and Olampya optical microscope
(OM) were used to analyze the morphology and
distribution of the phases. EDS analysis was also used
to detect phases.

3- Resultsand Discussions

Fig. 1.a shows the SEM micrograph of the as-cast
IN100 alloy. Unregulated cubic primary y’
precipitates aligned randomly with an average size of
4204+20nm and a volume fraction of 25+3%. As a
result of non-equilibrium solidification, the primary y’
with suitable morphology and desired volume fraction
did not form. Primary y’ formed during solidification.
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