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1- Introduction

Today, a significant portion of the country's electrical
energy is produced by gas turbines. In the last two decades,
with the production of Siemens V94.2 (SGT5-2000E)
class E gas turbines, the use of gas turbines has
accelerated. Estimating the remaining life of critical
components is very important in order to reduce
maintenance costs and operational risks. Among the most
sensitive components with special operating conditions are
the blades in gas turbines. Destructive mechanisms such as
creep, fatigue, erosion, hot corrosion, and oxidation can
severely affect the life of these components. To investigate
the creep life of alloys, various relationships and
mechanisms have been proposed that can be used to
predict the service life of components using the results of
the stress-rupture test. One of the most important
relationships for estimating creep life is the use of the
Larson-Miller relationship. The purpose of this study is to
estimate the remaining life of the first-row blade of the
Siemens V94.2 gas turbine made of IN738LC superalloy
using the Larson-Miller parameter (computational
method) and the results of non-destructive tests of visual
inspection and liquid penetrant, microstructural studies,
and mechanical properties tests (destructive methods) in
order to reduce maintenance costs and reduce operational
risk.

2- Materials and methods

In order to estimate the remaining life of the first-row
blade made of IN738LC in a Siemens V94.2 class E gas
turbine, non-destructive tests including visual inspection
and liquid penetrant using MAGNAFLUX brand spray
were carried out according to ASTM E1417 standard.
Micro-etching of different areas of the tested blade
samples of low carbon nickel-based superalloy Inconel
738 was performed by electro-etching in an electrolytic
solution containing 12 ml of H3PO4, 40 ml of HNO3; and
48 ml of H,SOy at a voltage of 5 V, current density of 0.12
- 0.15 A/em? for 5 s. Microstructural studies were carried
out using a field emission scanning electron microscope

(MIRA3) equipped with energy dispersive X-ray
spectroscopy  analysis. Mechanical tests including
hardness testing according to ASTM E92 standard using a
hardness tester (SUH-200B), ambient temperature tensile
strength (according to ASTM ES8 standard) using a
KASON device at a rate of 5 MPa/s, high temperature
tensile strength according to ASTM E21 standard using a
KASON device at 650°C with a rate of 5 MPa/s, impact
according to ASTM E23 standard, and stress-rupture
according to ASTM E139 standard were performed on the
blade.

3- Results and discussion

In the visual inspection of the first-row blade, no extensive
surface degradation effects were observed due to the
operation of the part in service conditions. The results of
the penetrant liquid inspection indicated the absence of
surface defects, cracks, or porosity throughout the outer
surface of the tested blade. Figs. 1 (a and b) shows the
FESEM image of the blade root and the leading-edge area
of the tested specimen, respectively. Figs. 1 (¢ and d)
shows the needle phases of TCP and the microstructure of
the trailing edge area, respectively. As can be seen, the
microstructure of the tested blade root area includes y
dendrites, a significant volume fraction of primary 7'
strengthening precipitates of approximately cubic shape,
secondary y' strengthening precipitates of micro spherical
shape, and blocky primary carbides with a stoichiometric
composition of MC. No effects of extensive
microstructural destruction, such as changes in the
morphology of the initial y' precipitates, the formation of
an interconnected carbide network at the grain boundaries,
and the formation of grain boundary creep cavities in the
root region of the tested blade were observed.

*Manuscript received 2024 December 18, Revised 2025 June 1, Accepted 2025 July 19.
1 M.Sc. Student, Department of Metallurgy and Materials, Faculty of Engineering, Ferdowsi University of Mashhad.
2 Corresponding author: Assistant Professor Department of Metallurgy and Materials, Faculty of Engineering, Ferdowsi University of

Mashhad. Email: sayyedan@um.ac.ir
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Fig. 1: (a) FESEM images of the microstructure of the
root region of the tested blade; (b) Primary and
secondary gamma prime deposits in a transverse
sample taken from the leading edge at the airfoil tip of
the tested blade; (c¢) TCP phases; (d) gamma prime
particles from the trailing edge at the airfoil tip of the
tested blade.

The Vickers hardness test results revealed that the

hardness at the root and leading-edge regions of the blade
airfoil tip is in full compliance with the standard hardness
range of heat-treated IN738LC nickel-base superalloy
(354-412 Vickers). However, the hardness at the trailing
edge of the blade airfoil tip is significantly (291 Vickers)
lower than that of the standard hardness range, which is in
a good agreement with the microscopic observations
presented in the previous sections.
Based on the results obtained from the ambient and high
temperature tensile tests, given that the percentage of
elongation, yield strength, and maximum tensile strength
in the airfoil and root are higher than those of the minimum
properties allowed for service, if a proper reconstruction
and structural rejuvenation process is performed, the parts
will be able to be reused.

The impact test results indicated that the resistance of
the two tested areas of the blade to crack growth is almost
similar, and no brittle fracture was observed in the airfoil
area of the blade relative to its root.

According to the Larson-Miller relationship, at a
temperature of 920°C (1193 K) and a stress of 220 MPa,
the standard time to failure of a sample made of IN738LC
was calculated to be 1.62 h. The results indicate a
significant decrease in the stress-rupture properties of the
two areas of the blade compared to the minimum
serviceable properties and the standard properties of the
IN738LC. Considering a 20% safety factor due to the
effect of other degradation mechanisms such as
thermomechanical fatigue and hot corrosion, the
remaining life of the airfoil area of the blade is predicted
to be ~10,032 h. This calculated remaining life is
significantly different from the future overhaul interval of
the blade (~33,000 h). Therefore, further use of the tested
blade until the next overhaul (in the next 33,000 h until the
service life of 99,000 h) is not recommended without

carefully performing the microstructural regeneration and
rejuvenation process and restoring mechanical properties.

4- Conclusions:

Considering the extensive microstructural changes in the
blade airfoil area, especially the trailing edge of the blade
airfoil tip, as well as the significant reduction in the
hardness value in this area of the blade, it can be stated that
the reuse of the tested blade in service conditions is not
allowed until the microstructural reconstruction and
rejuvenation process is accurately implemented using heat
treatment. It can also be stated that if the blade is properly
operated according to the turbine manufacturer's
instructions, the blade can be used for a maximum of
10032 h after the reconstruction process, while
maintaining all conservative measures.
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Creep Life Assessment of the IN738L.C Superalloy in V94.2 Gas Turbine First Stage Blade

Alireza Toosi Fatemehsadat Sayyedan

Abstract The aim of this research was to calculate and estimate the creep life of the V94.2 gas turbine first stage blade
made of low carbon Inconel 738 superalloy using non-destructive, destructive, and computational methods. The
evaluations performed include metallographic and microstructural examinations using field emission scanning electron
microscopy (FESEM) and mechanical properties tests. An initial inspection was performed on the blade using non-
destructive tests including visual inspection and liquid penetrant followed by comparing the microstructure of the root,
leading edge, and trailing edge. The mechanical properties of the blade, including ambient temperature tensile test, high
temperature tensile test, hardness, and stress-rupture of the middle part of the blade and the root, were compared with
the minimum properties allowed for service. The blade life was assessed using the Larson-Miller parameter and the creep
residual life fraction relationship. The results revealed that the blade root has maintained its initial structure compared
to the leading and trailing edges due to the low operating temperature at this part. Considering the yield strength and
ultimate tensile strength of the airfoil and blade higher than those of the minimum properties allowed for service, the first
stage blade of the turbine will be reusable in case of restoration and rejuvenation of the microstructure. The blade life
was estimated to be 10032 h, which was much less than the required period for overhaul, i.e. 33000 h. So, structural
modification and rejuvenation of the blades are essential and its subsequent use will be unimpeded for 10032 h.

Key words Creep life, Turbine blade, Ni-based Superalloy.
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Design parameter Value
Nominal output power (Iso condition®) 162 MW
Frequncy 50 Hz
Rotatioal speed 3000 rpm
Efficiency (Simple cycle) 345 %
Heat rate 9890 Kj/Kw.h
Exhaust gas flow 391.6 Kg/s
Pressure ratio 1:12
Number of compressor stages (stationary & rotary) 16
Number of turbine stages (stationary & rotary) 4
Turbine inlet temperature (TTT) 1060 °C
Turbine exhaust temperature (TET) 540 °C
Noyemission at full load with natural gas 25 ppm

* Pressure = 1 atm, Temperature = 15 °C, Relative moisture = 60%
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Type of inspection

Interval! (EOH)

Inspection

4,000-8,000°

Hot gas path inspection®

Major inspection®

1) EOH=equivalent operating hours
2) The inspection interval can be extended to 8,000 EOH for machines in continious operation.
3) Inspection scope is included in the hot gas path inspection.
The scope of the hot gas path inspection is an integral part of the major inspection.
4) Dependent on whether replacement parts are used.
Item Repair/Refurbishing interval* Replacement interval
Compressor blades 3 HGPI -
Combustion chamber end plate 1 HGPI 3 HGPI
Combustion chamber tiles - Based on inspection findings
Mixing casing 1 HGPI 4 HGPI
Inner casing 1 HGPI 4 HGPI
Stage 1 moving blades 1 HGPI
Stage 2 moving blades 1 HGPI
Stage 3 moving blades 1 HGPI 3 HGPI
Stage 4 moving blades - 3 HGPI
Stage 1 stationary blades 1 HGPI 3 HGPI
Stage 2 stationary blades 1 HGPI 3 HGPI
Stage 3 stationary blades - 3 HGPI
Stage 4 stationary blades - 3 HGPI

1) Itcan be anticipated that inspection findings will require replacement of individual items.

ol e e ol SSSG ol (sla0 g
«(SUH-200B) T s oK L s ASTMEO2 5l
Loy (ASTM E8 s ikl bl ) lass glos 2iS
Vi Loy (228 sl JISWLKe 0 & 5 L (KASON) ol
55 (KASON) 6w Laww 5 ASTM E21 5,15kl il
18 b SIS0 2 5L 5ol 8 ol a2 700 sl
ol SeenS i s ASTM E23 5 likul olid
A el oy (555 2 ASTM EL39 51k

Cou gl
AL s,
S ol Sl iyl sy S e o Sl g AL sl
258 oo odalin (F) IS5 53 0kl BL jes (pndS 5 ) 2
3 b 63 28 o 5 T 3y e abisSle oS 5b Oles
52 B0 38 b sdalie s o Ll s sl 3 SIS
L5 ! (Suction side) e o (Trailing edge) 3 «J
salie (S0, 585 5 (Sajds JUT psitly (S5 3 o
23S S a5 3,50 (3Ll Al B s Sl s oS 355 e

)l JJ\ 3 ;va.:a 02 e.,l.:LAu_SLJo& w@')‘ﬁja.ﬂ “
V4.2 iy S E S 658 s s 53 INT38LC i
30 AL Sl Jold e b a0 pe5T ¢
3heslazal L oJsL gl S w ol wslsl s (oieer
ASTM > luilesl ulal o MAGNAFLUX W 5 b (s el
&b S oy 50 E1417

Gk bl sy 0, il >y e
53 gl A Gy S oS VIA 555 S aly ST 5o
Ll Spied ) e VY S5 L A Jsls
S e YA 5 (HNO3) el G s 2 o Fv ((H3POy)
A5 plsl 4B 0 Oloy Do 5 e e Bl ol VY —
[10]

AN s S S8 ol gls e 2
Field Emission Scanning Electron ) Jlis |5 i)
b LT 4 5eme (MIRA3) (Microscope (FESEM)
Energy Dispersive X-ray ) .Gl axil 550 Sasl,
W ft;r_zl (Spectroscopy (EDS)

Ve F ler ylas o i o

Ao s 5ol oin



AR

Obos sl aabols = sb L5, Lo

SIS @Ky S b ol Gl o) 2
Srae 76Ty iy,

il gLl e Sl 3 s ol sy Sk s
s g 48 S5 TCP s glasle gy g 516 5 45
Syl Oy e e 5 &l Slaje 5o )8
ST ol Chale (6 8ol S 4 s)lS a4 o S
Olaabl LB (olixla sy slaslns Ol s 4 5ol ~15 5o
53 Slasd oo slgdn s S0 p Candy b5l Gl
(Sl (S S S Omes Gl axdad Ll
opb sdalin g asl D3 5 LUl g L3,
2 S Sy go anbad (555 o e S LLl Sl (65,8
el el Glagg )l i s Cmdgn gl (A) JS2

L obtlo s Oldlas Cogar losl 5550 00 Josh ol 4l
PS5 s Sen sl (zmomdl -4) S s s e 0L
) IS8 53 5o oy a5l Sl S s G,
Uiabosl 3550 €500 (Leading edge) ale> aJ axb 53 (s -
3 TCP s lasl (V0) ISo 55 roman ol ol &1
5T El asde sdalie 513 o) Cand s skl
S s (=8 K8) pss 5 dsl (15 SIEDS (e
335 o Mo S b Oler ol sl a3yl (V)
Sl Jals bl syse 0y alyy 4l ltlag,
Sl O ars B e S dY) LB s
Sy (JS S b5 adsl (V) e
5 UKassS s asl 0 bl i sl
sl MC (g 058 gl S 5 L IS0 S5l adsl lad )8
e i gl 00 58 ) L (T 68 e
L g o2 & S bl ad | =z Ll by 545050
shF Sl S prmmen 5 ladiby e 03 g8
s, edalie tlesl 3y5e 0 n aly; el s lails)
M6 il 5l Sl Ul el oSaas (5 e RIUT 4
INT3BLC S5 ol SWT s o) bt S5 b U
L oliie slasislsios b bdes MC oyl lade)lS sl
i3S edalie (s ks o (B 53 JSA S5k 5 el
Sl 45 o O 51 (Sl o33 b 6 e RIUT s
S S5k 6558550 Lawa ND NI Ta obe 51 25 a5l
Slasie Sl3 ol o das o OLES LIS etsBL 5 oL

53 INT3BLC i 51 Jsl cipsy S peie o 5l 68l slar £ IS
V94.2 (SGT5-2000E) ,wws; e E oS (38 ooy 55

K C_Lo Ry
on s 2 WU gl Osnsl e S s sk
sdalie (V) K3 53 Of a5 A plowil Ul sy S e
A QL3 & sad 55, (Penetrant) 358 (g el lanl 55 S
DS joad (S el s & 503 e 4235 10 SIS S ey
oMW Ous S 3l e 5 5w (Cleaner/Remover)
=l s S 0Ll aslsd (5, (Developer) 5Ll (s ol
R N S N S
Sk @) b3l 3550 0 (sl e ol 3 JidsS

Jy(w.@?: L;ﬂ))'k{)beu\.\ie)u\%

w},ju,!q{;)sﬁﬂﬁﬁ”ﬂm@uoﬂi@u v e
V94.2 s JWE S 58 o) 55 INT38LC

slye 5 5yl g ot

VEeF Gler iyl o it 5 e Sl



INT38LC uim 51V94.2 (S s sl o) Spmie 60 i ok oty VY

o i (530S ol o 4 TCP IS5 555 (sla 51 (glala>Sle
JSE) p s 4 53 EDS T il 0 a5 b ool 5 i
4 IS e oS Liea 0y S sate 51 28 Lagl Gl (- )
Sgdome polis a5 L 5 0305 Gl (0) e o 50 50
Gl opl glasd oS 5 53 ND s Ta W 1S s jobe Sl
Lalp boos Wl ul S ss Skl Olg e o5
S5 bl Oads ol Slles S w40y 3Ll
plosil 3, 5m ol 53 duly Il JolS 5b @ kel 3 s g
(Differential thermal analysis (DTA)) 3l 51 5, >~ 5JUT
JolS ISl (sles 3335 el 40 il 5 o anla3 514Ul s
es3 slos b los opl sl 5 TCP IS8 3w (slasls
S8 (osle sl (slos 0 0335 Sl (ple2) 03le x50
Il slos Oles olin Glos G 35 5 o) g 45 LS
L Ol o o3le mdgn glos 5 TCP JS0s 55 sla3 LolS
b mbe leller ol lles K S 33 ¢~
35 b adlaS sy lodaal o 5l axU opl (ol b sy gL
53 Sl g0 ol Dl 5o el LSS glae i

4 3deme (S5l e 51 e GRalesT 305m e (3Lesl Al B
Ggai 53 onl el 0,8 S8 GLs)l s 0y s
Gl SUT oy bsh ol S s sl ad 5l edd anils, Jsb
S385050 i 5 4l WLl Sl ez S LS
L S35 4 S sl LS Db s e 28
Gl oo 5 2555 (o0 iy 0y 4y 53 o3be adsl Hlla

B P R PP RSV | Wy AR T P I

Al (85 )l paiged
on oinl Sy dles

636 Wil b 5 4525 058 e 5 Llos S Lai 1) 5 52 4l
o T RO PR WOl 53 s ol
(oS il 4z 52000 51 2a8) o iy b 0l Dl sl
Lo 0303 S g Ll 55 aakad 5 S
Sl o3Il L sze S5 SN S s Son slal 4 a5
20 2b3) b 5 (S S 558550 L) sl l LS
Sl B sVer Lo e bl s, se 0 atyy abi(s S
A 6 Sl

2 I Sy e SaS s bl a2
on Jbal S ale o Sledd wadlsp b0 Wsed )
S8 sl ALl S oS sl 0l (s - 4 K
Ay o S el a1 2 5 S5 sla ad S L ISS S
05 el o3l s JIVL (658 R Ly G anked Dl
15t el s 4y 55 40 56 ol 4LlS S oS i o
P s s sb a0 alds ) 4 e Wil A iy
(G320) 425l g8 Sl ooy ol 3 s ol il
oo 5o gl 4 Vb sles ) andad Dledidy 5 S o
ol ks S5 SUT ole 358 b e DMl U
2 0T sdome gy e wie 3 dalr S 53 Slgy
23S S el s adsl ol LS O3 g
el Sl W gl 53 e ilS b
Ll g (6555000 i Sl 5 edd Sds sl ol HLE
LS

ol azils 5 (b & ged (ol sy ) 50 ol 4S5
JB e JS5 (0 JS0) oy isb ) S50 Ll e

w255 9 o S pdiges
b nl S 3 % ad )l

bl s Gla s g Sralesl si5m 0 gd a3l edd planil (glacs sls el gad Cndge 51 peas A JSE

VFeF Ole Sl ot 5 o L

e s iy slle wlige i



Obos sl aabols = sb L5, Lo

'YW

)l u_:}‘):ﬁl ?}Qﬂj&ﬂ}@‘(b)‘ﬂlﬂ)“ﬁ)}ﬂeﬁ A,..:g_)k:?-b

B by Slasein

il e

aJsl

ol axdls 5 Lo e Wges > 4l

3

o kBl S os e )

TJ}}&

o=l

VFeF Oler Soladd it 5 o Lo

Sl s 5 sMlon ki & 25



INT3SLC im 51 V942 (IS s 57 sl oy Spmin sy i e pasid VY

ad 31 el gblS 3 () 5 TCP (sla 5 (5 o w ccdll) Toad 42ls S5 5508 (65l lgy s lasintin Sl 3 i 55y S slas Ve S

el sysm e Lishol S5l

!f')‘vlﬁ-@/mﬁ‘w‘“ﬁjwdu ;L.nj&jjjlmww@ﬁ



\0 Obos sl aabols = sb L5, Lo

Clement Waeight 26 Atoanic e

51
lwc 145 0Ca 0000keV  Det Eemert-C26 Det

.l Hf Flement Welght *a Atoimie *a

136 153
Lsec: 145 OCms 0000 ke Det Elament-C28 Dt

Flemsent \Weight o Atamibe o

171K
152K
133K
118K
Q95K!
076K,
Qs7K
038K,

Q19K

Q00K
0o 17 34 51 (4] 85 102

Lsec 145 0Cats 0000keV  Det Bement-C26 Det

£ (C) 32 (u) WJsl () oy e Jg.i).\ e.,\.Lua:e..;.Af\y)‘EDS J:jlj AR Jg..;-

366 HV30

Vet axdls o0 gl () cady () tlesT 350 0 il ol i B b VY JSCE
oﬂJi}}ﬁ\gSy)J)bbAJ)]oMM‘Jfé}kew(c)}oﬁ&ﬁﬁ\df‘)awu

Spo s iy sllin pokige & VFeF Oler Soladd it 5 o Lo



INT3SLC i G1V94.2 (515 s o sl Ciosy Smin sy i e ol Vs

YU s [2iS O el
S50 0 3l edd eslal wsad 53 VL Los (228 (el b
oS o 1 4 a0 S 5 ks 4B 51 4 ped SO) il
.k;.w‘cv\'jd4.!“)‘(O)J}&)J(&&W}beﬁ&ﬁﬁ‘gp
Ll ST s et s YU slas 228 ol Jilas
sl S sl s Sl 31 ekd L) INT38LC IS
SAS el 0l 03,51 0) sl s 5w (8 es s
o e (5L Glos 5 lames slos 22S ol s
S s b ol il 6l G2bel s e
Ul Gl s Slns Ll g5 ad [2ES Oga3l 45 el O
aglie 5 shie g B o 5 A3l 2lesT 5550 65 0ile 3L yas
3Ll Aoy O3 VL @ a5 bl sl 5518 ol
I I
23 s 4 Slme ol Bl a Cand s s s8]
S3lelr 5 b 3Ll Aol B alnil ) so 5o YL sles
Lal g sdoes 615 e ,e 5 eslinad Ol lakad (kL

.w\)

L oaslis 5 Siolosl 5550 00 YU (glos 28 ol E= 0 Jsix

S
Y uTsS El.in | Temp.
(MPa) | (MPa) | 4D (%) | (°C)
SOV VY4 AY ) o Al 4 yas
Jesnl fas 4 g
V¥4 AAD \e S0+
ragﬂ:- w" )J GJ._J:
oo ol Jil
OAF AN [ [ D
oI s

4,5 0305
S et ol 4 ga 53 5ld a8 el s (B) Jsr 3
S s atys 4l ) e SO bl sy 0y
ol L) (S S 3 0 bisbpl Sl p e Cad
Sila3l 3550 a4l 53 Caaslin oS ol O 51 Sb s .o
S5 o 5 ol wlin LB S5 sy il s ke oy
gy Sl oy b pl el 5o sl 5 (635 1
s 4 a8 il el S S ) S350 8 Led edalie OF
0051 310kl & s b Ol ¢ SialosT 5550 0 ddin
o5t pl a=b 3l ASTM E23 5 kil U llas o ls w0

sl Jﬁj&ilﬁj]))}ﬁcﬁ:

3500 ikt 18 i e S Sk (1Y) ST
23 e S ol O 5l (Sl il das e 0L 1 ST
L&S@beﬂ&yﬁ\ﬁyjbwu_}w)f\y
Slles IN738LC IS5 aul 5UIT s s 3516kl secs 03 5doms
4.?5 DL dbr.w U‘J::.A Ld‘ ..3)‘.) (.))g'lj VOY—\CNY) I 4 L;-)(J?-
()J’g-} Y‘\\) JP-js &L‘é d‘ﬁ" 4”°j:’. (}f.)‘eﬁ.‘ 6).’ DL )‘Jﬁ
bé}j&&@%é@‘b}\&bl&wb)}@)‘fé
d‘)b.))\byéuﬁjbaudjb\&)b/\wjéﬁg:)\.lﬁuw
erJ.NM)‘Jsu).)f"md‘ﬂoﬁﬁyﬂwbbww
DU P L G R 0 (VR S AR N Vi C3v I R Ve
J‘.\i\‘;ﬁjbwa&ﬁﬁ\&y).}bﬂ)bﬁu))‘;m.}&

35S 3 a8 )5 3lasl

Lo glos JiS O30

35500 3l ol o3lal &gl 53 Lo (slos 1S 05e5T
Sl o3 Sl gad S atyy Ul e S SRl
el ods L1 (F) Jgdr 53 2K Can 53 0, Jish
ST s @ Slome Jams Glos 225 ol Jilas
sl S 5 Sl Sl ek als3l INT3BLC IS il
Sl S5l s ea 5l (F) s S5 5 8 e
Ol ¢ ialasl 5550 0 ddin 4 4> 5 L a5 ol Csanl 55l
3 b S lasasl plasil Sl i (515 18 sl
Loos oalp A8 G 53 0 Jisbnl Sl p oG Cad
3 b ol sk sbajl Aoy Oap VL 4 s
G Do 4l 5 e nl 3 S SIS el imen
Coge 53 e Glod 5o g 4 e ol JElU
Slakad (gl (3Ll 5 el 3Ll Al el

il Ll g sdees (651 e g 5 eslizd OISl

banslio 5 a3l 3500 0 Jamme slos (228 ol il ¥ s

slxe
Y uTS El.in | Temp.
(MPa) | (MPa) 4D (%) (°C)
641 714 75 25 0y At 4 g0
Jibnl Loy 450
734 881 9 25
p,i_{a Cawn )3 37}
Slme ol Bl
690 790 4 25

(BB ]

Ve F ler ylas o i o

Ao s 5ol oin



VWV

b sl aaols = pos b L5, Lo

lasl 3y g0 0 5l cilise >l 53 Jame glos ool 4 Dl s 7 Jsdx

Notch | Dimension Impact Temp.
Type (mm) Energy (J) (°C)
\% 5x5x55 5 25 o A 4 ges
\V] 5x5x55 5 25 DS Coer 53 0y skl oy 4 5al

Shoae b aslio 5 Jialesl 5 50 o 3 il ol SeselS i ol e V dsds

Stress (MPa) Tim(z:'%llfrz?ture Larson-Miller Parameter | Temp. (°C)
220 24,8 TOOYY 920 o A e
220 105 YO+ VA 920 ORSe eas 3 0 Jush pl Jas 4 gad
220 55 YOAY? 920 s 4 e ol 2 Bl
Y. £Y/ Yo QY. IN738LC 5kl ol g

(sl Jb/wblf,a YYo i sl S sl a5 AT gles o
eJ}LALS.;lJ. s trem 9 (C,&«Lw) 0y I Cod ‘;’L").texp
o bype ol 86 Lol (cels) b
J)jﬂafJ;ﬁjﬁﬁ‘?bdﬁ@&lﬁjbﬁ}gdﬁ\)duﬁbb_

W MW&SQ)}.&QL}@L‘)’T
t +texp_trem

. =1
t. min texp

10.5 N 66000 — trem
55 66000

trem = 12540

A aauls 4 ;s Yo Oliabl oo 8 8 b s
5 S - Gl St Gl e il
5 oy b nl el odile BL oo fls (S350 pomen
okile 3L jas Olpe ol 358 o s Cela VoYY
b ol 4l gl LB Cdt] el avslee
ol by s el ¥ s (0m) 0 ST bl Ol e
1) G ol Dl b Gl 5 0 5 ey eslind
Q0 g S 55,5 Ol B el sl T v v (5
Gl 5 sl Al 53 el O (Cela
23,8 i o5 G ol bl s ol

S 0loy o 1y Jlasl 55 Ol o 30 (OVF) IS
s AV glos 3 ke = OgenY el UBlame 5 4 g
SaenS 55 0] 4l a5 L das e 0l ol S sl
YY) i S o s hlsl sy o hishal 5 el g
s by S el 55 eS8 S alel (UK
A2 4 lis INT3BLC IS5 by ST 5 g 5 5liled

SFeS 5 0 ge
o ol 4 gl 53 (SomenS 5 Osa3] s (V) Jpdr o
Shased S ey a4l Sl ased S lesl sy 0 )
s Sl i oo 53 o bl Sl pae S a3
O N i Py L LSO
03l G g 5 Sl Sl el lisdl INT3BLC JSG wb,
by bl bl sl (V) o 3 38 638 e
o 02551 3 5o Bodes 45 () daly) o - O )Y el
DAL YV 2 g sl S ol a5 A les 5 (o
aly ST g o Sl 4 g0l 35kl G 4 ie Ol
drole 2ol #Y/) (INT3BLC) o2 S oS VPA L5yl IS
);M&;uﬁ\j}-ﬁwwamgu@u.u
4 Sbme ol Pl a Cond bl 3550 0 5l 4l
IN738LC S b 3UT s spllial olss 5 s e
NG
LMP=T(C+Logtg)
LMP = 1193x(20+Logtg) = 26000 — tg = 62.1

e (V) aasly o555 o libe U es S dlaly a5 L

s o3 Do @ sl b 555 ekl BL ee

t texp—trem
iy o ten _ ™
tr min texp

SosenS 5 ol Bl temin adaly ol s aS
YY. ui..'..?ja\;d:jb a5 AV gles o3 g 4 Sl
il p gl CSE w4 e Ol b (Cell) JKLLK

sl plonil (SesenS (15 Oge3l booy Jushpl 4U 5l et

slye 5 5yl g ot

VP F Olem Sl o it s o L



INT3SLC i G1V94.2 (515 s o sl Ciosy Smin sy i e ol A

BB e Jal 3 b3l 5y 5m 0, 51 sioee ealizl

SaS @ ol 5 el 5 bl aml p ads 2l by
il bl 15 e s il sl = Sllee \\
Gilae 5 o5l o Sl be ol pee Do 3 S Za N
S BlE e sSde o (o ekl e el s ;W \‘\im:“om
b allSahslne s)lse pled i Lo losl Al p gzl om0 l\\Jx\j'mM“
oy ol 3 3 eslinad 5, 5e ol 10032 slas ”‘"; M’:"’z:'::") #\\m
o il aye e b alie Ll i blaey oled 35 5 0 ‘s 0w w o om o2 om I
N g XS O okl Ll 5 slesl ks )
on hsnl b s SO ol s Jllen) gl S5l S e e o 1T
o 3okl i 3ssm 0n sl Salp 4 Lopan e PW&J ol INTSELE
10032 jSlis b wlSalisbus 55050 ol baim L Sike s
] c‘b‘;’p Cele
S S 4o
Sl on Jsnl 4l oltlag, o mnS Ol 4 g L

Sladsasl el ol gy oKiayn Sl Sl 5 S L JB Al pmen 5o n Jishnl S LS ) 4l Lo pas
Sl ol S by Hlbl Ol oo 5l axU ) )5 e sde ala>De
&l

[1] T. J. Carter, “Common failures in gas turbine blades,” Engineering Failure Analysis, vol. 12, no. 2, pp. 237-247,
2005. https://doi.org/10.1016/j.engfailanal.2004.07.004

[2] ASM International, ASM Metals Handbook, vol. 1, pp. 1478—1571, ASM International, USA, 2005.

[3] T. M. Pollock, “Nickel-based superalloys for advanced turbine engines: Chemistry, microstructure, and properties,”
Journal of Propulsion and Power, vol. 22, no. 2, pp. 361-374, 2006. https://doi.org/10.2514/1.18239

[4] S. A. Sajjadi, Nickel-Based Superalloys, Ferdowsi University of Mashhad Press, 2013.

[5] M. Kamaraj, “Rafting in single crystal nickel-base superalloys—An overview,” Sadhana, vol. 28, pp. 115-128, 2003.
https://doi.org/10.1007/BF02717129

[6] M. O. Dedekind, “Implementation of creep-fatigue model into finite element code to assess cooled turbine blade,”
International Journal of Pressure Vessels and Piping, vol. 59, no. 1-3, pp. 13—19, 1994. https://doi.org/10.1016/0308-
0161(94)90137-6

[7] G. Marahleh, A. R. I. Kheder, and H. F. Hamad, “Creep life prediction of service exposed turbine blades,” Materials
Science and Engineering A, vol. 42, pp. 476-481, 2006. https://doi.org/10.1007/s11003-006-0103-8

[8] S. A. Sajjadi, S. Nategh, and I. L. Roderick, “Guthrie study of microstructure and mechanical properties of high
performance Ni-base superalloy GTD-111,” Materials Science and Engineering A, vol. 325, no. 1-2, pp. 484—489,
2002. https://doi.org/10.1016/S0921-5093(01)01709-9

[9]1 EPRI, Siemens V94.2 Gas Turbine Repair Guidelines, Electric Power Research Institute, 2007.

[10] L. O. Osoba and H. Amuda, “Tracking heat-affected zone cracking susceptibility in standard and modified heat
treated IN 738 superalloy welds,” High Performance and Optimum Design of Structures and Materials, vol. 137, pp.
3747, 2014.

VFeF Oler Soladt it s o L o s iy ollin pokige &


https://doi.org/10.1016/j.engfailanal.2004.07.004
https://doi.org/10.1016/j.engfailanal.2004.07.004
https://doi.org/10.1016/j.engfailanal.2004.07.004
https://download.s21i.faiusr.com/11753481/0/2/ABUIABA9GAAg0PSHlwYo1Zr-yQQ.pdf?f=1%E3%80%81ASM%20Metals%20Handbook%2C%20Vol%2001.pdf&v=1658976849
https://doi.org/10.2514/1.18239
https://doi.org/10.2514/1.18239
https://doi.org/10.2514/1.18239
https://www.researchgate.net/publication/269104032_Ni-Based_Superalloys
https://doi.org/10.1007/BF02717129
https://doi.org/10.1007/BF02717129
https://doi.org/10.1016/0308-0161(94)90137-6
https://doi.org/10.1016/0308-0161(94)90137-6
https://doi.org/10.1016/0308-0161(94)90137-6
https://doi.org/10.1016/0308-0161(94)90137-6
https://doi.org/10.1007/s11003-006-0103-8
https://doi.org/10.1007/s11003-006-0103-8
https://doi.org/10.1007/s11003-006-0103-8
https://doi.org/10.1016/S0921-5093(01)01709-9
https://doi.org/10.1016/S0921-5093(01)01709-9
https://doi.org/10.1016/S0921-5093(01)01709-9
https://doi.org/10.1016/S0921-5093(01)01709-9
https://www.epri.com/#/pages/product/1014276/
https://books.google.com/books?hl=en&lr=&id=0qZvAwAAQBAJ&oi=fnd&pg=PA37&dq=L.+O.+Osoba+and+H.+Amuda,+%E2%80%9CTracking+heat-affected+zone+cracking+susceptibility+in+standard+and+modified+heat+treated+IN+738+superalloy+welds,%E2%80%9D+*High+Performance+and+Optimum+Design+of+Structures+and+Materials*,+vol.+137,+pp.+37%E2%80%9347,+2014.&ots=XTqvnK1CEy&sig=nQ1SAV_fkShMW9ec9krNmeM23rg
https://books.google.com/books?hl=en&lr=&id=0qZvAwAAQBAJ&oi=fnd&pg=PA37&dq=L.+O.+Osoba+and+H.+Amuda,+%E2%80%9CTracking+heat-affected+zone+cracking+susceptibility+in+standard+and+modified+heat+treated+IN+738+superalloy+welds,%E2%80%9D+*High+Performance+and+Optimum+Design+of+Structures+and+Materials*,+vol.+137,+pp.+37%E2%80%9347,+2014.&ots=XTqvnK1CEy&sig=nQ1SAV_fkShMW9ec9krNmeM23rg
https://books.google.com/books?hl=en&lr=&id=0qZvAwAAQBAJ&oi=fnd&pg=PA37&dq=L.+O.+Osoba+and+H.+Amuda,+%E2%80%9CTracking+heat-affected+zone+cracking+susceptibility+in+standard+and+modified+heat+treated+IN+738+superalloy+welds,%E2%80%9D+*High+Performance+and+Optimum+Design+of+Structures+and+Materials*,+vol.+137,+pp.+37%E2%80%9347,+2014.&ots=XTqvnK1CEy&sig=nQ1SAV_fkShMW9ec9krNmeM23rg

Journal of Metallurgical and Materials Engineering, 36, 4. 2025. (19-32)

| )
LT

Ferdowsi University
of Mashhad

Journal of Metallurgical and Materials
Engineering

https://jmme.um.ac.ir

$

Iron&Steel
Society of Iran

Investigation of Microstructural, Mechanical, Electrochemical and Wear Properties of

CuNi/Al203 Nanocomposite Coating
Research Article

Erfan Bigdeloyevatan! “="; Mehdi Salimi?
DOI: 10.22067/jmme.2025.92920.1202

1- Introduction

Recent advances in coating technologies have enabled
multifunctional coatings with improved mechanical and
tribological properties. Electroplating is favored for its
simplicity, cost-effectiveness, and precise control, making
it suitable for metal-ceramic composites. Incorporating
alumina nanoparticles into the metallic matrix enhances
hardness, strength, and corrosion resistance by acting as
barriers to dislocation movement. This study examines
how alumina addition affects the microstructure,
mechanical properties, and wear behavior of pulse
electrodeposited CuNi coatings, aiming to improve
corrosion resistance and tribological performance.

2- Experimental

CuNi/Al,O;  composite  coatings  were  pulse
electrodeposited on carbon steel using an electrolyte
containing nickel and copper sulfates, alumina

nanoparticles, boric acid, and sodium dodecyl sulfate.
Alumina nanoparticles were ultrasonically dispersed for
one hour before use. Electrodeposition was conducted at 6
A/dmz2, pH 4, 25°C, for 18 minutes. The coatings were
analyzed for surface  morphology, roughness,
microhardness, and corrosion resistance using SEM,
AFM, microhardness testing, and potentiodynamic
polarization in 5% NaCl solution.

3- Results and discussion

Figures la and 1b show SEM images of CuNi and
CuNi/Al,O5 coating thicknesses, while Figure 1c presents
EDX analysis of the CuNi/Al,O3 cross-section,
confirming nickel, copper, and alumina presence. SEM
reveals uniform deposition with thicknesses of ~33 um for
CuNi and ~21 pum for CuNi/Al,O3. The reduced thickness
in the composite is due to alumina nanoparticles acting as
grain growth inhibitors, leading to a denser coating and
lower deposition rate.

Figure 2 shows potentiodynamic polarization curves of
CuNi and CuNi/Al,O; coatings after 1-hour immersion in
3.5% NaCl at room temperature. The composite coating
exhibited higher corrosion resistance due to alumina
nanoparticles, which act as inert physical barriers that
reduce corrosion by blocking corrosive solution
penetration.
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Figure 1: (@) SEM image of the CuNi coating, (b)
composite CuNi/Al,O3 coating, and (c) EDS analysis
of the surface of the composite coating shown in image

(b).
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Figure 2: Potentiodynamic polarization of CuNi and
CuNi/Al;O3 coatings at room temperature.

Figure 3 illustrates the friction coefficient curves of CuNi
and CuNi/Al,O3; samples under a 4 N load and a sliding
distance of 100 m at room temperature against an H13 steel
abrasive. The average friction coefficients for CuNi and
CuNi/Al,O; were 0.638 and 0.254, respectively,
indicating a significant reduction due to the addition of
alumina nanoparticles. The nanoparticles reduce direct
contact between the pin and the coating surface, thereby
decreasing adhesive wear. However, after 55 m of sliding,
detachment of alumina nanoparticles may increase
vibrations and cause surface scratches on the softer metal.
Additionally, the enhanced hardness of the composite
coating, attributed to alumina nanoparticles, contributes to
improved wear resistance.
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Figure 3: Friction coefficient curves of CuNi (a) and
CuNi/Al,O3 (b) coatings.

4- Conclusions

The addition of alumina nanoparticles to CuNi coatings
resulted in a denser and thinner composite structure due to
grain growth inhibition. This composite showed improved
corrosion resistance as alumina particles acted as physical
barriers against corrosive media. Moreover, the
nanoparticles significantly lowered the friction coefficient
and enhanced wear resistance by reducing direct contact
and adhesive wear. However, after extended sliding,
nanoparticle detachment caused increased vibrations and
surface scratches. These findings demonstrate that alumina
nanoparticles effectively enhance both mechanical and
corrosion properties of CuNi coatings for protective
applications.
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Investigation of Microstructural, Mechanical, Electrochemical and Wear Properties of
CuNi/Al203 Nanocomposite Coating

Erfan Bigdeloyevatan Mehdi Salimi

Abstract In this study, a CuNi/(2g/L)AI203 composite coating was prepared by pulse electroplating and the effect of
the presence of alumina nanoparticles on the microstructural, electrochemical and wear properties of the coating was
investigated. The inclusion of alumina nanoparticles in the coating reduced the thickness from 33 to 21 um and increased
its compactness. Microhardness studies indicated that the introduction of alumina nanoparticles through the mechanism
of dispersed hardness increased the microhardness of the composite coating by 26% compared to the alloy coating. The
results of the polarization test showed that the presence of nanoparticles, by reducing the active metal surface and
minimizing the penetration of corrosive liquid due to the filling of pores, reduced the corrosion current density from
1.85%105t0 1.48x10° A/lcm2, and consequently increased the corrosion resistance. In addition, abrasion studies showed
that the wear resistance of the composite coating increased due to a reduction in the friction coefficient from 0.638 to
0.254 and the wear depth from 12 to 8 um.

Keywords Electroplating, Composite, Corrosion, Wear, Microhardness.
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1- Introduction

Precipitation in Ni based superalloys can be changed by
the strain induced by deformation at elevated temperatures
for different duration times while affected the mechanical
properties of the final product . So, the investigation of the
effect of deformation on the precipitation kinetics of y'
(Nisz(Al, Ti)) phase and microstructure evolutions such as
DRV and DRX by the stress relaxation tests can be vital.
The aim of this project is to examine the effect of
deformation on the precipitation of the y 'phase at
temperatures below the vy 'dissolution temperature (1079
°C) in the new nickel-based superalloy AD730 based on
slope variation of the stress relaxation curves, drawing
the precipitation-time-temperature (PTT) diagrams and
microstructure evolutions.

2- Experimental Procedure

For the stress relaxation tests, the cylindrical specimens
were machined of as cast AD730 billet. Then, the
specimens were subjected to homogenization heat
treatment (1200 °C/100 min) and quenched rapidly in
water. To investigate the effect of strain on the 'y
precipitation Kinetics, the relaxation tests were performed
at 950 °C, 975 °C, 1000 °C, 1025 °C and 1050 °C, strain rate
of 0.1 s%, strain of 0.05 for different time durations (up to
2 h).

3- Results and discussion

Fig. 1(a) shows the stress-relaxation curves of AD730
alloy after in the temperature range of 950-1050 °C. The
results show that the applied stress decreases with the
increase of the relaxation time (stress relaxation) as a result
of work softening. Also, PTT diagram (Fig. 1(b)) shows a
typical C shape which indicates the precipitation kinetics
in AD730 alloy is controlled by the diffusion of the
precipitation elements such as Al, Ti and Cr . In the PTT
diagram, the shortest start time of precipitation is related

to 1000 °C. At temperatures lower than 1000 °C, the low
diffusion of the elements and at temperatures higher than
that, lower supersaturation result in lower nucleation rate
of the precipitates.
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Fig. 1. (a) The stress relaxation curve and (b) PTT diagram
in the start (blue curve) and the end (red curve) of the slope
variation at 950-1050 °C.

SEM images of the deformed samples at 950 °C in the
start and final times of PTT diagram indicate the formation
of the fine precipitates when solute elements such as Ti and
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Al lead to nucleation of the y” precipitation. At 950 °C, with
increasing time duration at a constant strain, the average
size of y' precipitates has increased. In other words, at
times of 90 s and 990 s, the size of precipitates has
increased from 18 nm to 35 nm from the start to the end of
the process. Coarsening of precipitates occurs by two
mechanisms of agglomeration and competitive growth.

950 °C -90 s

950 °C-990 s

Fig. 2. SEM images of the deformed samples at 950 °C in the
times of (a) start and (b) end of the slope variation of PTT
diagram.

4-Conclusions

In the present study, the precipitation behavior of the 'y

phase of AD730 alloy under the influence of a constant

strain of 0.05 and in the temperature range of 950-1050 °C
was investigated. The following important results were
obtained:

1) The stress relaxation curves showed the applied stress
decreases with the increase of the relaxation time (stress
relaxation) as a result of work softening.

2) In the PTT diagram, the shortest start time of
precipitation was indicated at 1000 °C. At temperatures
lower than 1000 °C, the low diffusion of the
precipitation elements and at temperatures higher than
that, lower supersaturation resulted in lower nucleation
rate of the precipitates.

3) The microstructural results showed by increasing the
test temperature and/or time duration, the size of y'
precipitates was increased by two mechanisms of
agglomeration and competitive growth.
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Investigation of Strain Induced Precipitation of y' Phase of AD730 Ni base Superalloy Using Stress
Relaxation Technique

Zahra Mirzaie Gholamreza Ebrahimi Hamid Reza Ezatpour

Abstract In the present study, the effect of deformation on the precipitation of the y '-phase in the as cast nickel-based
superalloy of AD730 with a coarse initial size is investigated in the temperature range of 950-1050 °C and strain rate of
0.1 s, using the stress relaxation technique. It is indicated that y” precipitation leads to a slope change in the stress
relaxation curves as a result of retardation of the stress relaxation in AD730. The precipitation-time-temperature (PTT)
diagram shows that with increasing the test temperature from 950 °Cto 1000 °C, the start time of precipitation decreases
and then increases until the temperature of 1050 °C, which confirms the effect of temperature on the precipitation kinetics
of y 'phase. Microstructural studies illustrate that by increasing test temperature and duration time at constant strain, the
size of y 'precipitates increases with two mechanisms of agglomeration and competitive growth. The slope change at the
end of the relaxation curves indicates that these precipitations play no role in strengthening as a result of the increase of
softening work.

Keywords AD730 Ni base superalloy, Dynamic precipitation, Stress relaxation test, y'precipitation.
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1- Introduction

Wear in tribological systems causes problems such as
fracture, dimensional inaccuracy, and surface degradation.
Thermal spraying is one of the most effective methods to
enhance wear resistance by depositing suitable materials
onto metallic substrates. These coatings are also used for
oxidation and corrosion protection, and can be produced
from metals, alloys, ceramics, cermet materials, polymers,
and composites. Ceramic thermal spray coatings,
particularly alumina (Al,O3), are widely applied due to
their high hardness, chemical stability, wear resistance,
and excellent dielectric properties. They are used in
components such as bearings, valves, pump seals, engine
parts, nozzles, and railway equipment operating under
severe conditions. A major challenge is stabilizing the
desirable a-Al,O5 phase. Additives such as TiO,, Cr,03,
ZrO,, and Y,0; are commonly used for this purpose.
Yttria, a rare-earth oxide, improves microstructure,
reduces porosity, increases thermal conductivity and
adhesion strength, and enhances a-phase content. Its
distribution at grain boundaries hinders grain movement,
reducing wear and material loss. This study examines the
influence of yttria addition on the microstructure,
adhesion, hardness, and wear properties of plasma-sprayed
alumina coatings.

2- Experimental Study

Carbon steel (St37) substrates were prepared for
microstructural, adhesion, and wear tests in cylindrical
forms of various dimensions. Surfaces were grit-blasted
with alumina (mesh 24, 4 bar) and cleaned with acetone
and compressed air before coating. Micron-sized alumina
(Metco 105NS) and yttria (Metco 6035A) powders (Fig. 1)
were deposited by atmospheric plasma spraying (APS)
using identical parameters (Table 1) for pure Al,O3 (m-A)
and Al,05-20%Y,0; (m-AY) coatings. Characterization
included SEM/EDS, XRD, Vickers microhardness, ASTM
C633 adhesion testing, and ASTM G99 pin-on-disk wear
testsat 2, 10, and 20 N against a tungsten carbide pin. Wear
resistance was evaluated by weight loss and SEM

examination of wear tracks.

Figure 1- SEM image of the thermal spray powder:
(@) Al,03, and (b) Y,0O3 powder.

Table 1: Parameters of plasma spraying.

Al203 and
Spray parameters Al203-

20%Y 203
Current (A) 600
Primary gas, Ar (SLPM¥*) 45
Secondary gas, Hz (SLPM) 12
Carrier gas, Ar (SLPM) 3
Powder feed rate (g/min) 25
Spray distance (mm) 100

*Standard Liter Per Minute

3-Result and discussion

The elemental distribution maps of Y, Al, and O for
plasma-sprayed Al,03;-20%Y ,03 coatings in Fig. 2 show
a well-formed particle composite structure, with a uniform
distribution of 80% Al,O; and 20% Y,0;. Due to its
higher atomic mass, yttria appears as brighter phases
evenly dispersed within the darker alumina matrix, with
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good interfacial bonding and no visible cracks or
delamination. Backscattered electron imaging and EDS
analysis reveal, besides bright yttria and dark alumina
phases, an additional light-gray phase containing oxygen,

aluminum, and yttrium.

Figure 2. Cross-sectional SEM micrograph of the Al;O3—
209%Y ;03 coating, accompanied by the corresponding
elemental distribution maps.

The results showed that the pure alumina coating
exhibited higher hardness (by approximately 110 HV)
compared to the composite coating (Fig. 3). This was
attributed to the inherently higher hardness of a-Al,O;
grains and the absence of a softer secondary phase.
However, the Al,0;-20%Y,0; composite displayed a
significantly higher adhesion strength, exceeding that of
pure alumina by about 4.6 MPa (Fig. 4). This improvement
was linked to enhanced splat cohesion and inter-lamellar
bonding promoted by chemical interactions between
alumina and yttria during plasma spraying.

1000

5

800

n

600 -

400 -

Microhardness (HV)

200

T T
m-A m-AY

Figure 3. Micro-hardness of the alumina (m-A) and
composite (m-AY) coatings.

Although the addition of yttria led to a slight decrease
in hardness, the composite coating demonstrated superior
wear resistance. This was explained by its higher fracture
toughness and a more homogeneous, refined
microstructure, which reduced crack propagation and
material removal during sliding contact.
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Figure 4. Adhesion strength of alumina (m-A) and
composite (m-AY) coatings.

Across all test loads, weight loss data (Fig. 5) confirmed
that the composite coating maintained better wear
resistance than the pure alumina coating. The performance
advantage was most notable at higher loads, where
toughness and microstructural integrity became more
critical than absolute hardness.

0/07 +

0/06

0/05

0/04 -

0/03 |

Weight loss (g)

0/02 -

0/01 +

0/00

20N

Figure 5. Column chart showing the weight loss of m-A
and m-AY coatings after a 1000 m sliding distance under
loads of 2, 10, and 20 N.

Overall, the study concluded that incorporating yttria
into alumina coatings modifies the microstructural and
mechanical balance in a way that enhances adhesion
strength and wear resistance despite a modest reduction in
hardness. These findings indicate that Al,03-Y,0;
composite coatings, produced via APS, offer a promising
route for improving the durability of tribological
components  operating under high-load, abrasive
environments.

4- Conclusion

1. Short particle flight time, non-equilibrium conditions,
and thermal gradients in the plasma jet prevented yttria
particles from fully dissolving in the alumina lattice,
limiting solid solution formation.

2. Due to yttria’s higher melting point and identical spray
parameters for both coatings, more semi-molten and
unmelted particles appeared in the composite.

3. Composite coating (m-AY)) hardness was 110 HV lower
than pure alumina (m-A) due to combined phase and
microstructural effects.

4. Adding 20% yttria slightly improved adhesion strength
through better splat bonding from chemical
interactions.

5. Yttria addition enhanced wear resistance at all loads; at
10-20 N, plastic deformation was the dominant wear
mechanism.
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Evaluation of the Wear Resistance of Al.O3; and Al.O3-Y,03; Composite Coatings Deposited by
Atmospheric Plasma Spraying

Hossein Aghajani Saeid Taghiramezani Zia Valefi Masud Mirjani

Abstract In this study, microni alumina and Al,O3-20%Y,03 composite coatings were applied by atmospheric plasma
spraying. The aim of this work was to investigate the effect of adding a secondary phase of yttria on the microstructure,
hardness and adhesion strength of alumina coatings. The coatings were evaluated using scanning electron microscopy,
X-ray diffraction, microhardness testing and adhesion strength testing. Also, in order to investigate the wear behavior
of the coatings, pin-on-disk wear test was used with forces of 2, 10 and 20 N. The results showed that the hardness of
the alumina coating was 110 Vickers higher than its composite with yttrium oxide, while the adhesion strength of the
Al>,03-20%Y,03 composite coating was 4.6 MPa higher than that of the pure alumina coating, and the reason for this is
the better adhesion of the splats due to the chemical bonding of yttria and alumina in the composite coatings. Also, in
the composite coating, although it had a lower hardness than the single-component alumina coating, its higher
toughness and better microstructure had a dominant effect and led to improved wear resistance performance against
tungsten carbide abrasive. In addition, the weight loss data also showed that the composite coating had a better
performance in wear resistance at all test forces.

Keywords Alumina, Yttria secondary phase, Atmospheric Plasma Spraying, Wear resistance, Micro-hardness,
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1-Introduction

Iron aluminides have found significant presence in
industrial applications such as heat exchangers, construction
pipes, transportation industries, furnace manufacturing, filter
production, automotive, and aerospace due to their properties
such as resistance to oxidation and corrosion, low costs, and
easy production methods.

The oxidation resistance of iron aluminides is due to the
formation of a resistant alumina layer on their surface. In the
Fe-Al system, the oxidation behavior depends on the
aluminum content and the oxidation temperature. Additives
such as yttrium, chromium, zirconium, titanium and silicon
have been used to improve the properties of iron aluminides.
Copper is another element that has been used to enhance the
oxidation resistance of iron aluminides. For example, three
compounds A|65CU20F615, A|78CU7F€‘15, and A|goCU5Fel4Si1
have been synthesized from elemental raw materials and their
corrosion properties have been investigated.

It has been found that AlgCuxFeis has the highest

corrosion resistance. Also, the AlgsCuxFeis compound has
shown higher hardness than AlzsCusFeis and AlgoCusFe14Sis.
This research has shown that the presence of copper can affect
the corrosion behavior of Fe-Al compounds. In the Al-Cu
binary phase diagram, various compounds of copper
aluminides can be produced by the reaction of aluminum and
Copper.
Furthermore, it has been observed that the presence of copper
in the system reduces the amount of aluminum required to
form an Al,O3 layer. The presence of copper is effective in
reducing the required oxygen concentration, facilitating the
diffusion of aluminum outwards, and reducing oxidation at
1000°C.

A review of available research sources showed that
researchers have not conducted a coherent study on the effect
of different amounts of copper on the oxidation behavior of
FeAl. Therefore, the innovation of this research is that it has
been observed that the oxidation resistance of FeAl can be
increased by using the optimal amount of copper. Therefore,

the aim of this research was to investigate the effect of
different copper ratios on the oxidation of iron aluminide at
different temperatures.

2- Experimental Method

Initially, equal molar ratios of iron (10 microns, 99.5%) and
aluminum (325+ mesh, 99.95%) powders were mixed to
produce FeAl.

Then 2%, 7% and 12% mol% copper (relative to the
amount of aluminum in the mixture of each sample) were
added. The amount of 2% copper was chosen to achieve a
state where copper could dissolve into aluminum, 7% copper
was chosen to have the sample in the hypoeutectic region and
12% copper was chosen to target the eutectic point (based on
the Al-Cu binary phase diagram).

Sample 1 was kept as a witness sample in which only FeAl
could be produced. The samples were compressed in a
cylindrical mold with a diameter of 1 cm, the pressure of
which was 300 psi. This compression was applied to ensure
sufficient contact between the powders.

Then, the samples obtained from the pressing stage were
synthesized for 5 hours at 950°C in an argon environment.
After this process, the samples were oxidized in air at
temperatures of 600°C, 700°C, and 800°C for periods of 20,
40, 60, 80, and 100 hours.

3- Results and Discussion

To investigate the oxidation behavior of the samples, the
mass changes during the oxidation process were analyzed.
The results showed that at low oxidation temperature
(600°C), the presence of copper led to a significant difference
in mass gain. By increasing the oxidation temperature to
800°C, a decrease in the difference in mass gain between the
sample containing and without copper was observed.
Another difference observed in the results obtained from
the three oxidation temperatures is that during 100 hours of
oxidation at the high oxidation temperature (800 °C), the
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curve has approached the horizontal state, indicating the
development of stable oxidation resistance, but at a
temperature of 600 °C it seems that the thickness of the
protective alumina layer has not yet reached its maximum
value and is growing.

The other result that is evident at all three oxidation
temperatures is that the sample with 12% copper shows a
distinct behavior compared to the samples containing 2% and
7% copper, in such a way that its resistance to oxidation is
even lower than the sample without copper.

Fig. 1. Scanning electron microscope images of samples
subjected to oxidation at 800°C for 100 hours (a. Sample 1, b.
Sample 2, c. Sample 3, d. Sample 4).

Further investigations were carried out using an electron
microscope (Fig.1). It should be noted that the oxidation
study in this study was not conducted by creating a protective
layer to the surface oxidation. Rather, the copper element was
added to the entire sample and the oxidation resistance of the
entire sample was considered. Therefore, the method of
studying the progress of oxidation was not to examine the

thickness of the surface layer.

To investigate the protective alumina formed, the internal
free surfaces were focused on and these locations were
evaluated. In the copper-free sample (Fig. 1a), FeAl is the
dominant phase and alumina is formed due to oxidation at the
free surfaces.

In the sample containing 2% copper (Fig. 1b), in addition
to FeAl, the CuAl; phase was also formed, which, according
to the previously mentioned research, contributes to oxidation
resistance.

In the sample containing 7% copper (Fig. 1c), the
formation of this phase is also visible, while the alumina layer
is also formed on the free surfaces, as in the previous copper
ratio. In the sample containing 12% copper (Fig. 1d), the
presence and formation of oxide compounds (such as Fe;Qs,
and Cu0) is visible. This indicates that this sample could not
show good oxidation resistance.

The compounds in each sample were finally examined
using XRD analysis. As shown in Figure 2, in sample 1 the
only visible phases are FeAl and alumina, which indicates
that an alumina layer has been formed on it due to the
oxidation of FeAl.

In sample 2, where 2% copper was added, the CuAl, phase
was formed. Earlier, research was mentioned that showed that
the presence of this phase has a positive effect on oxidation
resistance. This is probably why the oxidation resistance
increased in the sample containing 2% copper.

The CuAl; phase is also visible in the sample containing
7% copper. Therefore, this sample also shows greater
oxidation resistance compared to the sample without copper.

In the sample with 12% copper, in addition to the previous
phases, the presence of copper and iron oxide compounds is
also evident. A phenomenon that was not observed in the
previous samples. This finding confirms the discussions
presented earlier. That is, this sample does not have resistance
to oxidation, copper and iron oxides were not capable of
being produced. The detection of CuAl; in the XRD results
can be attributed to the formation of this phase during the
synthesis stage.
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Figure 2: XRD results obtained from samples subjected to oxidation at 800°C for 100 hours.
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Alterations in the Oxidation Characteristics and Microstructure of FeAl Resulting from the Addition
of Copper, Along with the Identification of the Optimal Quantity of Copper to Achieve the Maximum
Enhancement in Oxidation Resistance

Razieh Khoshhal Seyed Vahid Alavi Nezhad Khalil Abad

Abstract Multiple elements have been shown to enhance the oxidation resistance of iron aluminides. In this context,
the influence of copper on the FeAl oxidation resistance was investigated. The findings demonstrated that the oxidation
resistance of this kind of iron aluminide is greatly increased when the optimal quantity of copper is used. Samples
containing 2 %, 7 %, and 12 % copper (depending on the amount of aluminum in each sample) were used to assess how
different copper concentrations impact the oxidation behavior of FeAl. Compacted powder samples with equal molar
ratios of iron and aluminum and the above-mentioned amounts of copper in each sample, after synthesis at 950°C, were
oxidized at 600°C, 700°C, and 800°C for 20, 40, 60, 80, and 100 hours. It was observed that at all tested temperatures,
samples with 2 and 7% copper showed less weight gain than the free copper sample. Nevertheless, a higher rate of
oxidation was the outcome of raising the copper content to 12%. It's important to note that the samples with 7% copper
outperformed the samples with 2% copper in terms of oxidation resistance. Furthermore, a detailed analysis of the
resulting compositions and microstructures was conducted.

Keywords Copper, Iron Aluminide, Oxidation, Weight Gain, Micro-Structure.
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1. Introduction

Steels are versatile engineering alloys widely used in
industrial applications due to their adaptable mechanical
properties. The introduction of ceramic reinforcements
like tungsten carbide (WC) viapowder metallurgy
(PM) offers a promising route to enhance steel
performance while avoiding melting-related defects. Prior
studies have explored WC reinforcement in high
concentrations (>10 wt.%), however, the effects of low
WC additions (<4 wt.%) on compressional behavior
remain unclear. This research addresses this gap by
investigating how trace WC additions (0—4 wt.%)
influence density, porosity, microstructure, hardness, and
compressive properties of PM-processed steels. The study
aims to identify the optimal WC concentration that
maximizes mechanical performance while mitigating
agglomeration and porosity challenges.

2. Materials and Method

Iron powder (99.9% purity, 65 um), graphite (0.5 wt.%),
iron phosphide (2 wt.% for liquid-phase sintering), and
WC particles (04 wt.%, 10 pm, 99% purity, Fig.1) were
used as raw materials. Powders were mixed at 250 rpm for
30 min, compacted via a hydraulic pressing (30 tons), and
sintered in an ammonia-based atmosphere (90% H,, 10%
N,) at 1120°C for 60 min.

Density and porosity of steel specimens were measured.
The microstructure analyzed using optical microscopy
(OM) and scanning electron microscopy (SEM; LEO
1450VP) after nital etching. In addition, Vickers hardness
(20 kg load, 5 indents/specimen) and universal
compressive test (Zwick 2250, 2 mm/min strain rate) were
used to investigate the mechanical behavior of composite
steels.

3. Results and Discussion
The density of sintered steel specimens ranged
from 6927.9 to 7101.1 kg/m3, with porosity levels

between 17.21% and 19.41%. Increasing WC content to 2
wt.% reduced density and increased porosity due
to hindered particle compaction during pressing (Fig. 2).
At 4 wt.% WC, however, density increased despite higher
porosity attributed to WC’s intrinsic high density (15,800
kg/m3) compared to the steel matrix (7850 kg/m3).

2um Signal A= SE1

EHT =20.00 kv WD= 8mm

Fig 1- SEM micrograph of WC particles.
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Fig 2- a) density and b) porosity of sintered specimens.

Microstructural studies confirmed polygonal
ferrite and pearlite phases in all specimens. While WC
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particles were uniformly distributed at <2 wt.%,
severe agglomeration occurred at 4 wt.%, observable in
SEM micrographs (Fig. 3). These clusters exhibited
interfacial pores at particle-matrix boundaries, indicating
weak bonding and potential stress-concentration sites.
Mechanically, Vickers hardness increased by up to
30% (peak: 442 HV at 2 wt.% WC), attributable to WC
particles obstructing dislocation motion and plastic
deformation. At 4 wt.% WC, hardness enhancement
dropped to 17% above unreinforced steel (Fig. 4).
Compressive stress-strain curves revealed concurrent
increases in the elastic modulus, yield strength, and
compressive strength up to 2 wt.% WC, followed by
reductions at 4 wt.% (Fig. 5). This decline correlated with
particle clustering, non-uniform distribution, and
interfacial porosity, which promoted stress concentration
and crack initiation. Fracture strain and energy absorption
decreased progressively  with wC content,
reflecting reduced ductility and toughness. This contrasts
with cast WC/steel composites where liquid-phase wetting
improves interfacial cohesion and simultaneous strength-
toughness enhancement.

Fig 3- Agglomeration of WC particles.
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Fig 4- Vickers hardness of sintered specimens.

In  conclusion,2 wt.% WC delivered optimal
mechanical performance: 30% hardness increases and
25% compressive strength gains without agglomeration
defects. Higher concentrations (e.g., 4 wt.%) degraded
properties due to microstructural heterogeneity, suggesting

that advanced processing (e.g., spark plasma sintering) is
essential for effective high-load WC reinforcement in
powder metallurgy steels.
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Fig 5- Stress-strain curves of composite specimens.

4- Conclusion

1- WC additions <2 wt.% enhance hardness (442 HV) and
compressive strength via dislocation obstruction and
load transfer.

2- At 4 wt.%, agglomeration and interfacial
porosity degrade mechanical properties despite WC’s
high density.

3- Compaction and liquid-phase sintering mitigate but
cannot eliminate porosity at high WC loads.
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Investigation on Compressional Properties and Hardness of WC Reinforced Steels
Hadi Nasiri Hamid Sazegaran ~ Ali Mohammad Naserian-Nik

Abstract In this work, using the powder metallurgy method, tungsten carbide particles (0, 0.5, 1, 2, and 4 wt.%) were
added as reinforcement to the steel containing 0.5 wt.% of carbon. It is worth noting that 2 wt.% of iron phosphide was
added to the prepared powder mixture in order to create a liquid phase sintering mechanism. Density, porosity content,
compressive properties, and hardness of reinforced specimens were experimentally examined. In addition, the
microstructure of sintered steels was studied using optical and scanning electron microscopes. The obtained results
indicate the density is between 6927.9 to 7101.1 kg/m® and the porosity is between 17.21 to 19.41%. The microstructure
of the steel specimens contains ferrite and pearlite. In the specimen containing 4 wt.% of tungsten carbide, the
agglomeration of reinforcing particles in the steel matrix was observed in the SEM micrographs. Also, it can be seen, the
hardness, elasticity coefficient, yield strength and compressive strength of reinforced steels increased by adding the
amount of tungsten carbide up to 2 wt.%. After that the mentioned properties showed a decreasing trend, which is due to
changes in the percentage of porosity and occurrence of agglomeration phenomenon. Another reason for such effect is
the prevention of reinforcement particles from condensing during the compression process for specimen with 4 wt.% of
tungsten carbide.

Keywords Powder metallurgy, WC particles, Compressional properties, Hardness, Microstructure.
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1- Introduction

In response to global efforts to mitigate greenhouse gas
emissions and combat climate change, countries are
increasingly adopting renewable energy technologies such
as solar and wind power, along with electric vehicles that
rely on energy storage systems. This has led to a significant
rise in demand for rechargeable batteries, with current
research focused on reducing battery size, extending cycle
life, ensuring safety, and lowering costs. Lithium-ion
batteries are widely used due to their high energy density
and chemical stability, but issues related to cost, resource
limitations, and safety concerns have prompted the
exploration of alternative options.

Among these, multivalent ion-based batteries,
particularly zinc-ion batteries, have garnered attention due
to the abundance and low cost of zinc, along with
environmentally friendly and inexpensive electrolytes.
The performance of zinc-ion batteries is heavily
influenced by the electrolyte type, which can be aqueous
or non-aqueous, each with its advantages and limitations.
Recent innovations include “saltwater” electrolytes,
hybrid electrolytes, and the use of various solvents like
ethylene glycol and acetonitrile, aiming to improve
electrochemical stability, ionic conductivity, and safety.
Additionally, additives and electrode modifications are
being explored to optimize zinc deposition, prevent
unwanted reactions, and enhance overall battery
performance

2- Experimental
The Zn(NO3)2-4H20/H20/ACN mixtures are not fully
soluble at all ratios, and increasing the ACN content above
20 wt% causes the solution to become cloudy or biphasic.
Therefore, in this study, six aqueous/organic electrolytes
were prepared by dissolving 12 M Zn(NO3)2-4H20 at
different ACN wt% (0, 3, 7, 10, 14, 17, and 20). All
solutions were stirred for 5 hours to ensure homogeneity.
For the synthesis of the CuHCF electrode, a co-
precipitation method was used. First, 0.65 g of copper
nitrate (Cu(NO3)2) was dissolved in 27 mL of water, and

separately, 0.45 g of potassium hexacyanoferrate
(K3Fe(CN)6) was also dissolved in 27 mL of water. After
stirring both solutions at room temperature, they were
simultaneously added to 100 mL of deionized water at a
rate of 1.0 mL/min. The resulting brown precipitate was
filtered, washed with water, and dried at room temperature
for 48 hours.

100 3.0
(1-x) 12 M Zn(NO,),.4H,0-xACN

80 4

60 -

404

Conductivity (mS/cm)
Viscosity (mm?*/s)

204

/

] F1.0

T T T (V)

T T T T T
000 002 004 006 008 010 012 0.14
X

Fig. 1. Changes in viscosity and electrical conductivity as a
function of acetonitrile weight percentage.

3- Results and Discussion

Given the crucial role of acetonitrile concentration in
determining the electrical conductivity of the hybrid
electrolyte, conductivity tests were performed on
nonflammable samples, as shown in Fig. 1. Results
showed that adding acetonitrile increased conductivity,
reaching maximum 6.93 mS/cm at 10 wt%. Beyond this
concentration, conductivity declined, likely due to phase
paration or a reduced number of effective ions, as will be
further discussed based on Raman spectroscopy results.
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Fig. 3. (a) Rate capability plot and (b) corresponding charge—discharge profiles for the CaHCF cathode in the 0.9 12 M
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Fig. 2. Cyclic voltammetry (CV) curve of the copper hexacyanoferrate (CuHCF) cathode
in the 0.9 12 M Zn(NOg3),-4H,0-0.1ACN hybrid electrolyte.

Figure 2 displays the cyclic voltammetry (CV) curves for
the CuHCF cathode in the 0.9 12 M Zn(NOs),-4H,0-
0.1ACN hybrid electrolyte for the first, third, and fifth
cycles. The tests, performed between 0.2 V and 1.2 V (vs.
Ag/AgCl) at a scan rate of 1 mV/s, showed highly
consistent cycle profiles and peak positions, indicating
excellent cycling stability. The CV also reveals symmetric
redox peaks at approximately 0.85 V (cathodic) and 0.89
V (anodic), confirming good electrochemical stability and
reversibility for the CuHCF electrode in this electrolyte.
To evaluate rate capability, charge/discharge tests were
conducted for the CuHCEF electrode in the same electrolyte
at current rates from 0.1 to 2 A/g, with results shown in
Figure 3. The battery’s capacity decreased from 91 mAh/g
to 48 mAh/g as the charge rate increased twentyfold, but
recovered to 73 mAh/g when the rate returned to 0.1 A/g,
maintaining about 80% of its original capacity. This
demonstrates excellent rate performance and capacity
retention, as illustrated in the corresponding charge—
discharge profiles.

4-Conclusion

In this study, the hybrid aqueous/non-aqueous electrolyte
(1-x) 12 M Zn(NO3),4H,0—xACN was investigated for
zinc-ion batteries. Electrolytes with various acetonitrile

concentrations ranging from 3 wt% to 18 wt% were
prepared. Flammability tests revealed that increasing the
acetonitrile content above 14 wt% significantly increased
electrolyte flammability. Characterization tests identified
the optimal, nonflammable electrolyte as the one
containing 10 wt% acetonitrile, which exhibited an
electrical conductivity of 6.93 mS/cm, a viscosity of 0.98
mm?%s, and an improved solvation structure. The
electrochemical performance of this electrolyte was then
evaluated using a CuHCEF electrode. The results for the 0.9
12 M Zn(NO3),4H,0-0.1ACN electrolyte showed
outstanding rate capability, desirable charge—discharge
performance with more than 80% capacity retention, high
cycling stability with an initial capacity of 91 mAh/g, and
enhanced reaction kinetics. Furthermore, electrochemical
impedance spectroscopy (EIS) measurements indicated
that the zinc ion (Zn?*) diffusion coefficient in the hybrid
electrolyte was nearly 20 times higher than in the aqueous
electrolyte.
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Investigation of the Hybrid Electrolyte 12 M Zn(NO3),-4H,O-ACN for Use in Zinc-lon Batteries

Farzad Soleymani

Abstract "Water-in-salt" electrolytes, with their wide electrochemical stability window, are a significant advancement
in aqueous batteries and supercapacitors. However, their efficiency is often hindered by the slow diffusion kinetics of
metal ions like lithium or zinc. To overcome this limitation, a hybrid aqueous/non-aqueous electrolyte can be formed by
introducing an organic co-solvent into the aqueous solution. This approach accelerates the diffusion of metal ions and
resolves kinetic challenges. In this study, the physicochemical characteristics of the hybrid electrolyte system (1-x) 12 M
Zn(NO3),-4H,0-xACN were examined. The addition of 10 wt% acetonitrile to the aqueous 12 M Zn(NO3),4H,0
improved the solvation structure, restricted O-H bonding, reduced the number of free O-H bonds, and strongly hydrated
Zn27 ions, leading to enhanced electrical conductivity. Electrochemical tests with CuHCF electrodes showed high
reversibility, an initial capacity of 91 mAh/g, and over 90% capacity retention after 100 cycles. Rate capability analysis
revealed significant kinetic improvements, with 80% capacity retention even after a 20-fold charge rate increase in the
presence of 10 wt% acetonitrile. Furthermore, electrochemical impedance spectroscopy (EIS) confirmed a 20-fold
increase in the Zn2 *ion diffusion coefficient compared to the aqueous electrolyte.

Keywords Zinc-lon Battery, Hybrid Electrolyte, Solvation Structure, Electrochemical Reaction Kineti.
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