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High work-hardening rate and deformation twinning of
Co—Ni-based superalloy at elevated temperatures

A. CHiBa, X. G. L1

Department of Materials Science and Technology, Iwate University,
Morioka 020-0066, Japan

and M. S. Kim

Department of Metallurgical-Engineering, Inha University, Inchon 402-751,
Seuth Korea

fReceived 28 February 1998 and accepted in revised form 29 August 1998)

ABSTRACT

In order to investigate changes in the work-hardening rate for a fcc-type
Co-Ni-based superalloy with temperature, tensile tests have been conducted in
the temperature range from room temperature to 1123 K. A serrated flow on the
stress—strain curve, caused by dynamic strain ageing (DSA), appears in the
temperature range from approximately 673 to 1073 K. A linear work-hardening
behaviour is observed, followed by fracture without appreciable dynamic
recovery over a temperature range from room temperature to 943K (7},) where
the DSA exhibits a peak, indicating that stage III work hardening does not occur
below T,. Transmission electron microscopy observations and phase stability
considerations leads us to conclude that, in the temperature range where the
DSA operates, the so-called Suzuki segregation into stacking faults bounded by
the Shockley partials can occur so that dislocation dissociation is extended,
thereby causing suppression of the cross-slip event. Since it is difficult for the
stress relief mechanism due to the cross-slip event to occur in the temperature
range where DSA operates, deformation twinning begins as an alternative
mechanism to reduce the internal stress which is increased by plastic
deformation. In the Co-Ni-based alloy, DSA is responsible for the higher
work-hardening rate and the occurrence of the deformation twinning at
elevated temperatures.
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Suzuki Segregation and Dislocation Locking in Supersaturated
Co-Ni-Based Alloy

Akihiko Chiba! and Mok Soon Kim?

! Department of Welfare Engineering, Iwate University, Morioka 020-8551, Japan
*School of Materials Science and Engineering, Inha University, Inchon 402-751, Korea

The stress relaxation experiment has been performed at temperatures ranging from room temperature to 1073 K to study changes in
motion and structure of the dislocations induced into the Co-Ni-based alloy. The resultant zero rate of stress relaxation at room temperature
can be assumed to be due to the immobilization of the induced dislocations originating from an elastic interaction between dislocation cores
and solute atoms. At elevated temperatures where the dynamic strain aging (DSA) occurs, the zero rate of the stress relaxation at an initial stage
can be attributed to the dislocation locking effect caused by the Suzuki segregation. The stress relaxation at the DSA temperature range occurs
by the sole movement of leading partial dislocations, resulting in wide dislocation dissociations. At exceeding the DSA temperature range, the
dislocation locking effect caused by the Suzuki segregation fades away and the two partial dislocations simultaneously glide by viscous motion,
resulting in the lack of the observed wide dislocation dissociation. The phase diagram calculation and microstructure observations reveal that
the present alloy SPRON 510 is a supersaturated solid solution and that the occurrence of the Suzuki segregation is strongly associated with
the degree of the supersaturation of the solid solution.

(Received June 26, 2001; Accepted August 30, 2001)

Keywords: cobait nickel alloy, cobalt-nickel-based alloy, superalloy, supersaturated alloy, chemical interaction, Suzuki effect, Suzuki
segregation, dislocation, dislocation locking, dislocation pinning, dynamic strain aging, elastic interaction, Conrell effect,
Portevin-Le Chatelier effect, stacking fault, stress relaxation

1. Introduction dislocations with edge character.* In such a DSA mecha-
nism, elastic interaction between solute atoms and dislocation
Co-based alloys are generally used in applications which  cores of edge dislocations are responsible for the jerky motion



SPRONS500 alloy: Co-Ni-Cr-Mo-Mo-Fe-Ti alloys: High entropy alloy?
(1) The total mixing entropy of the present Co-Ni-Cr-Mo alloy:

rnaszs %

composition Co Ni Cr Mo Nb Fe Ti

Co-Ni-Cr-Mo (CNCM) Bal. 323 19.97 098 1.0 1.8  0.49

ASix =~ 1.38R < 1.5RE

The present Co-Ni-Cr-Mo (CNCM) alloy is a high entropy alloy?

(2) The total mixing entropy of the present Co-35Ni alloy:

rmaszs %

composition Co Ni Cr Mo Nb Fe Ti

Co-35Ni Bal. 35

~ 3
ASmix ~ 0.65R Sl-SR[ ] [3] Y. Zhang. Sci. Chi. Mater. 61 (2018) 2-22.
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Suzuki segregation in Co—Ni-based superalloy at 973 K:
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Abstract

Suzuki segregation in Co—Ni-based superalloys is of longstanding interest. In this study, the development of widely extended stacking
fault (SF) ribbons was confirmed in a Co-Ni-based superalloy aged at 973 K after deformation at room temperature, which supports the
decrease in stacking fault energy (SFE) due to Suzuki segregation. In addition, the plastic deformation behaviors of Co—Ni-based super-
alloys with various Nb contents up to 3 wt.% were investigated focusing on the effect of Nb addition on dynamic strain-aging by Suzuki
segregation. The negative strain-rate dependence of flow stress due to dynamic strain-aging became more significant with increasing Nb
content; however, attempts to detect segregating elements by scanning transmission electron microscopy and energy-dispersive spectros-
copy analysis were not successful. A phase-field simulation of Suzuki segregation suggested strong Ni depletion with segregation of Cr
and Mo atoms at the SF, and the SFE can become negative as a consequence of the segregation. This agrees with the experimentally
observed formation of wide SFs by the aging at 973 K after cold deformation. It is also suggested that Nb atoms are strongly depleted
at SFs, and a small amount of Nb addition dramatically enhances Cr segregation, resulting in further decreases in the SFE, which is
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Chemical composition of the present Co-Ni-Cr-Mo alloys

Co Ni Cr Mo Nb Al Ti Fe C
wt% 31.6.00 35.00 17.50 8.00 3.00 2.00 0.80 1.60 0.05
at% 31.69 34.75 19.61 4.86 1.88 4.32 0.97 1.67 0.24

AS,i 1.59R

(1) The total mixing entropy of the present Co-Ni-Cr-Mo alloy:
ASmix = 1.59R = 1.5RE

(2) There are more than 5 principal element in this alloy
Co, Ni, Cr, Mo, Al

The present Co-Ni-Cr-Mo alloy is a high entropy alloy

[3] Y. Zhang. Sci. Chi. Mater. 61 (2018) 2-22.
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Regulating the coarsening of the y’ phase
in superalloys

Huakang Bian', Xiandong Xu', Yunping Li*?, Yuichiro Koizumi®, Zhongchang Wang®, Mingwei Chen®,
Kenta Yamanaka® and Akihiko Chiba®

The properties of superalloys are typically deteriorated by the coarsening of the nano-sized ¢’ phase, which is the primary
strengthening component at high temperatures. Stabilizing the y' phase represents one of the key challenges in developing
next-generation superalloys. Herein, we fabricate a cobalt-nickel-based superalloy with a nanoscale coherent ¥’ phase, (Ni,Co)s
(AL, Ti,Nb), which is isolated by stacking-fault ribbons in the alloy matrix as a result of the Suzuki segregation of alloying atoms.
Additionally, we demonstrate that this new nanostructure can slow down the coarsening of the y' phase at high temperatures.
As a result, the cobalt-nickel-based superalloy displays considerably high tensile yield points, exceeding 1650 MPa at room
temperature and 1250 MPa at 973 K, which are markedly higher than those of the commonly used nickel- and cobalt-based
superalloys. This study thereby paves a new path for developing superalloys with exceptional mechanical performance and
thermal stability.

NPG Asia Materials (2015) 7, e212; doi:10.1038/am.2015.96; published online 28 August 2015



Comparison with traditional alloys
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» The strength of S66-Aging alloy is higher than some traditional
alloys such as In718 alloy, TMW-4 alloy, U720L.i alloy.

» A novel Co-Ni-Cr-Mo high entropy superalloy with excellent
mechanical properties was developed.
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flow combustion system using dual-fuel nozzle and slot-cooled combustion liner.
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Co—Cr alloys first patented by Elwood Haynes 1907
Haynes® alloy 6B 1913
Stellite® alloy 21(HS21, Vitallium® supercharger bucket) 1936-1943
Stellite® alloy 31 (X—40)buckets 1941-1943
S816 alloy (HS25) wrought buckets 1946-1953
Haynes® ) alloy 25 after burner components 1948-1955
MAR-M® 302vanes 1958
Airesista vanes 1964
Haynes alloy 188 combustor, after burner components 1966-1968
S F (L EEAHELTLEBIEEA TS
MP35N® alloy IRfE (X Carpentertt (K E) HiE & 19704 —
SPRON ®510alloy  Sl[EZA/aA—a4VRAVIL) HBEERSE 19804 X —

COBARION RI4q7(EFE£R) NAERE 2012—
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Temperature dependence of stacking fault energy (SFE) for the Co—29Cr—-6Mo
alloy obtained by thermodynamic calculations. The data for TWIP steel (Fe—
28Mn-1.6Al-0.28Si-0.08C) is also shown for comparison.
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Co—29Cr—6Mo-0.2N (wit. %) alloy
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Kenta Yamanaka, Manami Mori, Shingo Kurosu, Hiroaki
Matsumoto, and Akihiko Chiba

Metall.Mater. Trans. A, Vol. 40A, 2009, 1980-1994. 39
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employed in this study
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F | g « Temperature dependence of stacking fault energy (SFE) for the Co—00Cr-0OMo alloy

obtained by thermodynamic calculations. The data for TWIP steel (Fe—28Mn—-1.6Al—
0.28Si—-0.08C) is also shown for comparison.
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TEM microstructure of CCM alloy deformed at 1423K by
20%

Deformation Temp.: 1423 K
Strain rate: 1 0st! HDDW: H|gh Dense Dlslocatlon Wall

\ };‘ .' ' A
i austenitic steel deformed
el at room temperature

= SFs, deformation twins, secondary slip = Lomar-CottreII locking — Formaton of HDDW

= Deformation microstructure similar to = HDDWSs prevent the dislocation motion and
that of austenitic stainless steels accelerate the inhomogeneous strain distribution.
deformed at “room temperature”.
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Ultrafine-grained microstructure formed by DRX

Bright field image Dark field image Magnified bright field image

Temperature: 1323 K

= average grain size: 0.6 um Suain rg(t)e}o(.lsg o
: 60% (= 0.
= strain contrast © DRX Initial grain size = 40 um

Formation of ultrafine-grained microstructures

Page 43 without severe plastic deformation
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i #4 Co-29Cr-6Mo-0.14N & #4

[mass%]
Co Cr Mo N Ni Mn Si Fe C @)
Bal. 29.05 6.01 0.137 <0.001 0.58 0.39 0.035 0.005 0.010
FEELE  : PERIE: 12.5mm FH AR ER B - AR BY R 1 D BT
A 0.2~O.7+mm/pass(Ehﬂ?&?amin/lpass) SR

X 147 FREESRE 92.8% = XRD

= ® FESEM/EBSD

g : 300s

= ———— = TEM

= : ;

g CNETODZE??) :

= VR EEE CIE BT ™ Vickers hardness

2 MIHHEERT. W 5|sRE\ER

N

Time, t/s

2 Chiba et al., Mater. Sci. Forum 475-479 (2005) 2317-2322

PEAV T AEE: 1.45 X 1074 57

44

3 Yamanaka et al., Metall. Mater. Trans. A40 (2009) 1980-1994.
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Fig. 8



Tensile properties of hot-forged alloys

S0 7171

1 " 1 7
Yamanaka et al. (2013)
Mori et al. (2012) 7
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Yamanaka et al. (2011)
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Okazaki (2008) T
Mani et al. (2011)
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Fig. 1. Fatigue strength at 107 cycles of biomedical stainless steel, Co alloys, titanium and it’s alloys, and bone. Data
without designation of rotating bending are those obtained from uniaxial fatigue tests.
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Stress-Strain Curves for as-cast Co-Cr-Mo alloys
containing N
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Dies for net-shape hot-forging of stem
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Top die
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Porous Surface
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Scanning electron micrograph (SEM) SEM of a sintered bead porous
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SEM of a fibre metal porous
surface
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Porous Structure (Co-Cr alloy)

Knee joint

Hip joint

3D porous structure by lost-wax casting
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Chemical composition of CCM:
Low carbon (LC) CoCrMo alloy (wt. %)

Ingots Co Cr Mo C Si Mn N Fe
LC Bal. 27.7 5.5 0.05 0.52 0.55 0.13 0.02

LC: Low carbon; Fulfills the criteria of 1ISO 5832-12 [1] 68
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Institute for Materials Research, Tohoku University
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Yufan Zhao, Kenta Aoyagi, Yohei Daino, Kenta Yamanaka, Akihiko Chiba
Significance of powder feedstock characteristics in defect suppression of additively
manufactured Inconel 718,

Additive Manufacturing, 34 (2020) 101277.
doi:10.1016/j.addma.2020.101277
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MERROEE Inconel 718 (IN718) alloy powders

PREP-plasma rotate electrode process GA-gas atomized

30 — 1.00
s OB PSD
] 0.95
320 2
< =0.90
©15 F E
E I 085 [
510 F O :
>k %) 3
5 F 080 F »GA
F F ° PREP Spher|C|ty
ot ol 075 L -
30 50 70 90 110 130 40 60 80 100 120
Particle diameter (um) Particle diameter (um)

Both types of Inconel 718 powders that with nearly consistent PSDs are proper for
investigate the effect of powder shape while eliminating interference from PSD
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Materials & Design 221 (2022) 110927

R =V cos@ Yufan Zhao , Kenta Aoyagi , Kenta Yamanaka,
Akihiko Chiba
V, Gmin _ e

ottt VBRI, VIEELWEET

Resolidified (~8000 m/s) e ND Z &1

____________________ hotier metal) AEETH D7D, RELEICH

R ) zo G . Tﬁﬂé *‘L%)o

min =2 =max Unmelted cooler solid base X LAl HEBICLBRE, VAE2E

IZEMLTH., ROEMIZEF
L7=@8 Y (Z3EI0 L 74Uy,

| —
o
~d

<© P =500W, V=500 mm/s
< P = 1000 W, V = 1000 mm/s
1

1074 1072 1

< P =1000 W, V = 1000 mm/s

< P =2000 W, V = 2000 mm/s .
1074 1072 1
Solidification rate R (m/s) Solidification rate R (m/s)

103 103

Temperature gradient G (K/m)
Temperature gradient G (K/m)

V: 500 mm/s — 1000 mm/s —™ mm/s 89
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Additive Manufacturing, 34 (2020) 101277.
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Electrical Resistivity

DC resistivity of Inconel 718 alloy

Insulator or semiconductor in electrical nature

Re=02MAT DR EREU : 4 IR IV TABE SR EN

1 x 106
1 x 10% s - Virgin
=== - Ball milled for 10 min

2
1x10 — for 30 min
1% 100 — for 60 min
1x 1072
1x10%
1% 10~ e

0 100 200 300 400 500 600 700 800

Temperature (°C)

Chiba, A.; Daino, Y.; Aoyagi, K.; Yamanaka, K.: Materials 2021, 14, 4662
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Role of operating and environmental conditions in determining the molten pool instability during electron
beam melting and selective laser melting, Yufan Zhao , Kenta Aoyagi , Kenta Yamanaka , and Akihiko Chiba,
Additive Manufacturing, 36 (2020) 101559.
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(D Marangoni flow

(2) Vapor recoil pressure

A Cool Hot Cool
G
5 2R YR
3
§ \ u
5
< Molten pool
Temperature T
dy
Y(T)=vym+ ﬁ(’r — Tn)

Atmosphere gas (p,)
Evaporated P.ecoi
metal \\ X / /
Melt
AHyy (T — Ty)
Precoil (T) = Apgexp l RTTy

(3 Laser multiple reflection

Keyhole surface

Fresnel Reflection: R = I + 2(—7- ﬁ)ﬁ

R—l 14+ (1 —ecosp)? &% —2ecos¢p+2cos’¢
T2\ 1+(1+ecosg)®  €2+2ecos¢ +2cos? ¢

)
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OEffect of Vapor Recoil Pressure on melt

temperature and vectors max= 1.09E+01

-000 T

-025 1

008 0105 0121 0137 0453  0.169

P

temperature and vectors max= 2.03E+02 (cm/s) recoil —

5000 (K)

298 1474 2649 3825
B T W [

0145 ¢

SLM: P, =

-.0039 +

-0223

(em) 2420 2567 3155

2714 2861  .3008

EBM: vacuum (P, =
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pool shape
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elongated spatter

& B I

a

melt pool protuberance

2 _
pLu > R
.

a :FREEN
PL: ZAERDEEZFE

o R RO E
< p 3250.  pu 1:-03
3200. 8.e-04
3133. - 6.e-04

P=200W.u=1.5m/s

Sonny Ly1, et.al., Scientific Reports | 7: 4085 | DOI:10.1038/s41598-017-04237-z , Lawrence Livermore National Laboratory
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0.02 0.05 0.57
HE: =i
Arcam A2X « OM/SEM
Concept laser M2 «  F24K B TE
&L (PBF-L) o XH#RCT

Computational thermal-fluid dynamics (CtFD)

B F (CIFD) 252 —2>3>

™ .

0
/6_’? +V-(pV) =
o 1 Conservation of .
—+(V-V)V =—=Vp+[1— BT — Tyy)]g + 9V?V mass/ .
ot p momentum/ .
0 ener
(ap ) +V(pHV) = V - (kVT) + V(pAHV) v .
p — material density - enthalpy _ *
V — fluid velocity P - hydrodynamic pressure .
9 — viscosity k - thermal conductivity .
W- latent heat S - volumetric thermal expansion coefficient/

Y97 Flow 3D®11.2

0.05 .

ELB/ /

4

MIEBETIL:

Moving heat source
Heat transfer

Viscous flow

Density evaluation
Surface tension
Evaporation (pressure)
Multi-reflection (laser)
Solidification
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Electron beam | Laser beam
(Arcam ®) Ei.=8J/mm (Concept laser ®)

Pre T: 850 °C Pre T: 25 °C

P=800W, V=100 mm/s P=240W, V=30mm/s
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Electron beam Laser beam

(Arcam ®) _ (Concept laser ®)

Pre T: 850 °C

P=1000W, V=100 mm/s P=300W, V=30mm/s



ERER it
TéHOKU R;gl:h
"""""""" =

Electron beam Laser beam
(Arcam ®) (Concept laser ®)

Pre T: 850 °C E..=12J)/mm Pre T: 25 °C

P=1200W, V=100 mm/s P=360W, V=30mm/s

Compared with EBM, under high energy conditions, the SLM molten pool in Keyhole
mode has a significant tendency to form internal defects. 108
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Fluid flow

P

Temperature (K)
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L—H—Z E K4 (Laser multiple reflection):
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Keyhole surface

— —

Fresnel Reflection: R = [ +2(—1 - N)N,
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Kenta Aoyagi, Hao Wang, Hideki Sudo, Akihiko Chiba,
Additive Manufacturing, 27 (2019) 353-362.
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After melting After raking After melting
powders * not net-shaped
RERA- * defects

High

energy - lack of fusion
- key-hole
‘ q (in the case
of laser)

Optimum

- . energ ct-.,‘ V468 » »
energy

* net-shaped
 defect-free

» defects
- lack of fusion
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Yunwei Gui , Kenta Aoyagi b, Huakang Bian, Akihiko Chiba
Additive Manufacturing 54 (2022) 102736

There are three types sample surface qualities, namely even, uneven, and porous.




X-ray CT of the cross section parallel to the building direction for parts built in this study.

Higheme,  B2] PO-dign 05 High-vac:  BEI BG-high  15/kV

_ Internal defects: unmelted
Defects-free Internal defects: spherical pore  yowder and irregular-shaped

o , , o , defects
Yunwei Gui , Kenta Aoyagi b, Huakang Bian, Akihiko Chiba

Additive Manufacturing 54 (2022) 102736

Effective Diamater QB:@

B
5

10000 urm

SO0

atrall

2500

1000

500

150



kv TREETED 5 NEBR KA LT RIHS AT RE

J4— R\ THEIFEIC KD REET ) —

R Biéi il 12

1S AZASAINT

24—\ 7| EHHE RE

22



F & O

1. BEMFEFREARILEETF v/ 2 LTEIC, SO ELME
DHRENZEHTHREBELXZEEFTT 5,

2. RE—7EX vy N2 ELTOEEMARETHEBIEREOEICKY
BETH, HEMNRERICEY T/ Va8 p58K L. RE—Y IXHIE

(#0H) wIREE 155,

3. BFE—L (EBM) TOA) M T—IIEIRETHD, —AL—

H—E—L (SLM) TODAI) FT—ILITFRETHY X/ 2—h
RET S,

4. EBMDAILFT—I)L (MP) [F8TEETHY . REFEELE

(2K LYy SLMOMPIEF—FR—ILE LG Y HF K, REF LR

5. 41— (75w k) GThy7RANVERSIASCEEXTOER
RIaEEL 2RI HODEEFH LTS,




TIHEEHONE S TINE LK



	スライド 1
	スライド 2: 内容
	スライド 3: 内容
	スライド 4
	スライド 6
	スライド 7
	スライド 8
	スライド 9
	スライド 10
	スライド 11
	スライド 12
	スライド 13
	スライド 14
	スライド 15
	スライド 16
	スライド 17
	スライド 18
	スライド 19
	スライド 20
	スライド 21
	スライド 22
	スライド 23
	スライド 24: ２．コバルト合金の一般産業用製品への展開 　②塑性加工性能と高温強度に優れるコバルト合金の開発
	スライド 25: 内容
	スライド 26
	スライド 27
	スライド 28
	スライド 29
	スライド 30
	スライド 31
	スライド 32
	スライド 33
	スライド 34
	スライド 35
	スライド 36: N添加によるγ相中のナノ構造変化
	スライド 37: ○窒素添加CCM（CCMN)合金の塑性変形挙動
	スライド 38: 内容
	スライド 39: Co–29Cr–6Mo-N（CCMN）合金の組織制御
	スライド 40
	スライド 41
	スライド 42: TEM microstructure of CCM alloy deformed at 1423K by 20%
	スライド 43
	スライド 44: 実験方法
	スライド 45: Co−29Cr−6Mo−0.14N合金の熱間圧延性
	スライド 46
	スライド 47
	スライド 48
	スライド 49
	スライド 50
	スライド 51
	スライド 52
	スライド 53
	スライド 54
	スライド 55
	スライド 56
	スライド 57
	スライド 58
	スライド 59
	スライド 60
	スライド 61
	スライド 62
	スライド 63
	スライド 64
	スライド 65
	スライド 66
	スライド 67
	スライド 68
	スライド 69
	スライド 70
	スライド 71
	スライド 72
	スライド 73
	スライド 74
	スライド 75
	スライド 76
	スライド 77
	スライド 78
	スライド 79
	スライド 80
	スライド 81
	スライド 82: 金属積層造形技術
	スライド 83: 金属積層造形技術―マイクロ鋳造工学
	スライド 84: 金属積層造形技術―マイクロ鋳造工学
	スライド 85
	スライド 86
	スライド 87
	スライド 88
	スライド 89
	スライド 90
	スライド 91
	スライド 92
	スライド 93
	スライド 94
	スライド 95
	スライド 96
	スライド 97
	スライド 98
	スライド 99
	スライド 100
	スライド 101
	スライド 102
	スライド 103
	スライド 104
	スライド 105
	スライド 106
	スライド 107
	スライド 108
	スライド 109
	スライド 110
	スライド 111
	スライド 112
	スライド 113
	スライド 114
	スライド 115
	スライド 116
	スライド 117
	スライド 118
	スライド 119
	スライド 120
	スライド 121

