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ABSTRACT

Three kinds of high Co-Ni secondary hardening steels with different Ni contents were studied. The
nanoscale austenite layers formed at the interface of matensite laths were observed. Both observation
and diffusion kinetic simulation results showed that both Ni and Co did not obtain enough time to get
the equilibrium content in this system. The Ni content in austenite layers decreased significantly, and
Co content increased slightly with the decrease of Ni content in overall composition. The austenite
stability was estimated by Olson-Cohen model, in which both chemical and mechanical driving force
could be calculated by equilibrium thermodynamic and Mohr's circle methods, respectively. Simula-
tion and mechanical test results showed that the decrease of Ni content in austenite layers would
cause the change of austenite stability and decrease the fracture toughness of the steels. When the Ni
content in the overall composition was lower than 7 wt. %, the Ni content in ¥ phase would be lower
than 20 wt. %. And the simulation value of M¢ (stress-induced critical martensite transformation
temperature) would be up to 80 °C, which was about 60 °C higher than room temperature. Based on
the analysis, the Ni content in the overall composition of high Co-Ni secondary hardening steels

should be higher than 8 wt. % in order to obtain a good fracture toughness.

1. Introduction

With the development of structure materials, there
has been extensive interest in improving the me-
chanical properties of steels in the past decades'™ .
Recently, several high Co-Ni secondary hardening
steels, which had ultra-high strength and relatively
high toughness, were developed " . In these steels,
nanoscale carbides formed in the matrix, which led
to high strength of the steel based on dispersion
strengthening'™®'. Also, much attention was paid to

the nanoscale austenite layers formed at the bounda-
10,11

ry of martensite laths
would probably make significant contribution to the
toughness of the steel by transformation induced
plasticity (TRIP) effect!™*".

As a long-standing topic, TRIP effect was studied
by many researchers for more than fifty years and
many critical results were obtained in TRIP
steels!™ ™ | Tt is well-known that the stability of
austenite is the key factor of TRIP effect!®'"!, M?

!, These austenite layers

* Corresponding author. Assoc. Prof., Ph.D.
E-mail address: chizhang @tsinghua.edu.cn (C. Zhang).

temperature is commonly used to express the aus-
tenite stability. When the actual temperature is low-
er than M?, the transformation kinetic of y—>a is
dominated by stress-assisted nucleation. Otherwise,
it is dominated by strain-induced nucleation. Thus,
Y—>a transformation has the highest rate just at or
near M° temperature'’®. For traditional structural
steels, the M? temperature of ¥ should be designed
near room temperature (25 —50 °C) to get a good
TRIP effect, which will lead to good toughness for
the steel. In order to estimate M temperature of 7,
Olson-Cohen model was established and widely used
in TRIP steels'*?'. Although many researches about
TRIP effect were reported in TRIP steels, few stud-
ies focused on the austenite stability design in high
Co-Ni secondary hardening steels. In order to figure
out the main factor of austenite stability in high Co-
Ni secondary hardening steels, three experimental
steels were fabricated in this work. The morphology
and element distribution of austenite layers were ob-
served, and the austenite stability was analyzed by

Olson-Cohen model.
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2. Material and Methods

Three experimental steels with different Ni con-
tents were fabricated and named A12Ni, A8Ni and
A5Ni, respectively. The samples studied in this
work were taken from the 20 kg ingot, which was
fabricated by using an induction melting furnace,
without rolling. The samples were taken from the
center of the ingots. The main composition of the
steels is listed in Table 1, based on the composition
of AerMetl00 (a commercial high Co-Ni secondary
hardening steel)?'!. All the three steels were nor-
malized at 890 °C for 1 h and quenched in oil to
room temperature, then immediately transferred to
a cryogenic bath, held at —73 °C for 2 h, and final-
ly aged at 482 °C for 5 h, based on the optimum
heat treatment process of AerMetl100 steel-? .

Table 1
Main composition of experimental steels used in this

work (wt. %)

Steel C Ni Co Mo Cr Fe

AerMet100 0.23 11.50 13.50 1.40 3.20 Balance
A12Ni 0.23 11.79 13.24 1.40 3.25 Balance
A8Ni 0.23 8.02 13.64 1.42 3.22 Balance
AS5Ni 0.23 4. 87 13.50 1.40 3.26 Balance

Samples of the steels were mounted, polished, etched
with 5 vol. % nitric acid in ethanol. Six samples were
taken from every kind of steel to observe the micro-
structure. All the microstructure observation was
carried out by JEOL JEM2011 (Japan Electron Op-
tics Ltd., Tokyo) at 200 kV. Fracture toughness
was measured by standard 25.4 mm-thick compact
tension (CT) specimens and every value was tested

o

~ Austenite layer

by five samples.
3. Microstructure Observation and Analysis

Fig. 1 shows the morphology and element distri-
bution of austenite layers in the steels. According to
Fig. 1(a— c), nanoscale austenite layers with the
width of 3—20 nm formed at the boundary of mar-
tensite laths in all the three experimental steels.
The morphologies of austenite layers in all the steels
were similar, but the element distributions had much
difference. Because the sizes of the austenite layers
were too small, the experimental results of element
distributions were unstable and it was difficult to
obtain an accurate value of the mean element con-
tent in austenite. However, the change trend of ele-
ment distributions in austenite could be obtained by
experiment. Based on Fig. 1(d), the austenite layer
formed in A12Ni had much higher Ni content (30—
40 wt. %) than those in other steels, which was similar
with the previous results reported in AerMet100-%,
With the decrease of Ni content in the overall com-
position, the Ni content in austenite layers would
also decrease significantly. When the Ni content in the
overall composition decreased from 12 to 5 wt. %, the
Ni content in austenite layers decreased by nearly 20
wt. % (from about 30 to 10 wt. %5). Also, with the
decrease of Ni content in the overall composition,
the Co content in austenite layers increased slightly.

In order to analyze the element distribution in austen-
ite layers, equilibrium thermodynamic simulation was
made by Thermo-Calc software, using TCFE6 data-
base. Fig. 2 shows the simulation results of the ele-
ment distribution in austenite layers. According to
Fig. 2, the decrease of Ni content in the overall compo-
sition would not affect the equilibrium content of Ni
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Fig. 2.
element distribution in austenite layers.

Equilibrium thermodynamic simulation results of the

in austenite significantly. When the Ni content in the
overall composition decreased from 12 to 5 wt. %, the
equilibrium content of Ni in austenite would only de-
crease from 39.0 to 37.5 wt. %. Also, the equilibri-
um content of Co in austenite layers would not
change significantly. This simulation result seemed
inconsistent with experimental results. However,
the element diffusion in austenite was a kinetic, in-
stead of an equilibrium process. Because all the
steels had relatively higher contents of Ni and Co,
the system needed a long time to reach an equilibri-
um state. It was probable that Ni and Co did not ob-
tain enough time to get the equilibrium content in
this system.

In order to simulate the diffusion process of Ni and Co
in this system, instead of just obtaining a simulation re-
sult in equilibrium state, DICTRA software was used
to establish a “a-y-a” model, as shown in Fig. 3. The
width of a and ¥ was set as 150 and 5 nm, respec-
tively. The initial Ni content in both a and ¥ was set
as 5, 8 and 12 wt. % and the initial Co content is 13
wt. ¥%. The boundary condition was set as the equilib-
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Fig. 3. o 7-a diffusion kinetic model.

rium content of every element. All the parameters
used in this model were obtained from thermo data-
base TCFE6 and dynamic database MOB2 in DIC-
TRA software. The simulation results showed the
ideal distribution of Ni and Co in a and 7Y after aging
at 482 °C for 5 h in Figs. 4—6.

Fig. 4 shows the simulation results of element dis-
tribution for the model with the initial composition
of 12 wt. % Niand 13 wt. % Co (model 1). The ide-
al content of Ni near the a/7 interface was similar to
the equilibrium value, which was much higher than
initial one. During the diffusion process, the Ni and
Co contents quickly reached equilibrium value near
the interface, then the Ni and Co atoms diffused to
the center of ¥ gradually. After holding at 482 °C for
5 h, the content of Co nearly reached the equilibri-
um state, but the Ni content at the center of ¥ was
still lower than equilibrium value, which meant that
it did not reach the equilibrium state.

Fig. 5 shows the simulation results of element dis-
tribution for the model with the initial composition
of 8 wt. % Ni and 13 wt. % Co (model 2). Compared
with model 1, model 2, which had lower initial con-
tent of Ni, had lower diffusion rate for both Ni and
Co in . Thus, the Ni content at the center of ¥ was
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Fig. 6.  Simulation results of element distribution for model 3 (5 wt. % Ni and 13 wt. % Co).

much lower than equilibrium value. Co also did not
get enough time to reach the equilibrium state in 7.

Fig. 6 shows the simulation results of element dis-
tribution for the model with the initial composition
of 5 wt. % Ni and 13 wt. % Co (model 3). In all the
three models, model 3 had the lowest initial content
of Ni; thus, it had the lowest diffusion rate for both
Ni and Co in 7v. Diffusion of Ni and Co could hardly
be observed in Y. The contents of Ni and Co re-
mained initial values at the center of ¥ in the simula-
tion results of model 3. According to the simulation
results, the mean content of Ni and Co in ¥ was esti-
mated by Eq. (1).

Jﬁf,wi(x)dx
W=

pepp—— (1)

where, w; (z) is the weight fraction of element ¢ at
x position (¢ is Ni or Co); x, and x; are the initial
and final position of ¥, with the value of 150 nm and
155 nm, respectively.

The simulation and experimental results of the
mean content of Ni and Co in ¥ are listed in Table 2.
Compared with equilibrium thermodynamic simula-
tion, the results of diffusion kinetic simulation were
much closer to experimental results.

Table 2
Simulation and experimental results of the mean content of
Ni and Co in austenite layer

Experiment Simulation
Element
12Ni 8Ni 5Ni 12Ni 8Ni 5Ni
Ni 25—40 15—30 10—20 30. 8 22.6 13.4
Co 41—6 3—8 8—11 3.7 5.2 10.0

4. Austenite Stability Simulation

Olson-Cohen model was used to simulate the aus-
tenite stability. The simulation flow chart is shown
in Fig. 7. Based on Olson-Cohen model, M? temper-

| Overall composition |
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| Y phase composition |
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Fig. 7.  Simulation {low chart of Olson-Cohen model.
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ature was calculated by Eq. (2).

AGETM(TY FAGYET = — o —W,(T) (2)
where, AG™ and AGM*" are chemical and me-
chanical driving force of Y=« transformation; g, is
nuclear potential; and W; is friction work of inter-
face motion. Both AG“™ and W, depended on tem-
perature. Thus, critical temperature, which was equal
to M?, could be obtained by solving Eq. (2).

4. 1. Chemical driving force

The chemical driving force of Yo transformation
could be expressed by Eq. (3).

AGCHEM:GBCC*GFCC (3)
where G®° and GF© are the Gibbs free energy of «
and Y. G*° and G, which depended on ¥ phase
composition and temperature, could be calculated by
Thermo-Calc, using SSOL2 database. As analyzed
in Part 3, Ni and Co contents could be estimated by
diffusion kinetic simulation. For other elements, equilib-
rium content calculated by Thermo-Calc was used.

4. 2. Mechanical driving force

The mechanical work per unit volume done by an
applied stress, which assisted the transformation,
could be expressed by Eq. (4)"%,

W=r1y, to.& (4)
where, ¥, and €, are the resolved shear and normal
strains, respectively; and r and ¢, are the resolved
shear and normal stresses on the planes in the direc-
tions of ¥, and €, , respectively.

After derived by Mohr's circle’®?* | Eq. (4) could
be expressed as Eq. (5) for tensile uniform ductility.

W:vma[L vi“] (5)

where, V,, is the molar volume of ¥ phase; ¢ is the
mean stress; and & is the dilatation of Y« transfor-
mation.
The dilatation could be expressed by the change of
lattice constant, based on Egs. (6) —(8).
apce (nm)=0. 287x 5 1+ 0. 283x ¢, +0. 288x¢ 1+

0. 278‘IN3+O. BOZ‘TFE.\TM (6)
arce (nm)=0. 360x . +0. 3542, 0. 3522+
0.357zc, (7)
3
azz(““) —1 (8)
arce

where x; is the mole fraction of element i.
4. 3. Friction work of interface motion

Friction work of interface motion could be divided
into two parts: thermal and athermal contributions,
as shown in Eq. (9).

W=W sermat T W inerma (9)

Thermal and athermal contributions were expressed
by Egs. (10) —(12)1e20-

— 2 2
Wathermal 7W+ - k/‘v)'x)' +
i J

/E}z i,kxk +lz,l,cm/ X co (10}
T b g
W iterma =W [1 (T_,j } (11)
Wo =W+, [Ski o +, [2kT 0, +
kkg,llez +kO,Co‘VxC0 (12>

. and &, ; are thermal and athermal coeffi-
cient for element ¢; T is absolute temperature; T

where, %
“
is the critical temperature, which depended on inter-
facial rate; p and g are exponent parameters; Wy, is
the thermal contribution of Fe; i represents the ele-
ment C; j represents the element Cr and Mo; and &
represents the element Ni.

5. Results and Discussion

Parameters used in Olson-Cohen model is listed in
Table 3. Based on the parameters and the simulation
results from Thermo-Calc and DICTRA, the M?
temperature was estimated. Fig. 8 shows the simula-
tion results of M? temperature. For the high Co-Ni
secondary hardening steel with 12 wt. % Ni, the simu-
lation result of M? temperature was about 63 °C,
which was relatively closer to the room temperature.
When the Ni content in the overall composition de-
creased from 12 to 8 wt. %, the decrease of Ni con-
tent in ¥ phase led to a significant increase of M?
temperature. When the Ni content in the overall
composition was lower than 7 wt. %, the Ni content

Table 3
Parameters used in simulation
Parameter Value Parameter Value
kuc 3807 J/mol Fo.cr 3923 J/mol
ky.co —352 J/mol ko Mo 2918 J/mol
ki 172 J/mol W g 836 J/mol
koo 1868 J/mol gn 6000 J/mol
E oo 1418 J/mol %o 0.13
ko.c 21216 J/mol T, 510 K
ko.co —724 J/mol b 0.8
kO,Ni 345 ]/mol q 1.4
85
an
-
L ]
80 b \
-
G
o
S
< 7l
65
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Ni content in overall composition/wt.%
Fig. 8.  Simulation results of MJ temperature.
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in ¥ phase would be lower than 20 wt. %5. And the
simulation value of M? temperature would be up to
80 °C, which was about 60 °C higher than room
temperature. Higher M? temperature meant lower
austenite stability, which was similar with the com-
mon conclusion that lower Ni content could lead to
the lower austenite stability. Keeping the austenite
stability as a suitable value was the key factor of
TRIP effect. When the austenite stability was too
high, the y—>a transformation was based on strain-
which would not obtain the
highest nucleation rate. Also, when the austenite

induced nucleation,

stability was too low, the Y—>a transformation was

which also
“19,20]

based on stress-assisted nucleation,
would not obtain the highest nucleation rate
Many different studies reported that a near-room-
temperature M value represented the suitable value
of austenite stability, which was best for obtaining
the highest nucleation rate of Y—>a transformation
and getting the highest toughness of traditional
19201 - On the contrary, a far-from-
room-temperature M value would probably lead to
an inefficient TRIP effect, which was disadvanta-
geous for the toughness of steels. In high Co-Ni sec-
ondary hardening steels, the TRIP effect was the
main factor of the toughness. Also, other factors,
such as the solid-solution in austenite, would affect
the toughness. However, their effect was much
smaller than TRIP effect, because the content of
austenite was too small (less than 5% ) in high Co-
Ni secondary hardening steels.

The K ¢ value of all three steels studied in this pa-
per was tested to estimate the fracture toughness.
The test results are shown in Table 4. It was clear
that with the decrease of Ni content, the fracture
toughness of the steels decreased significantly. For
the steel A12Ni, which had the relatively highest
fracture toughness (102 MPa + m'/?), the Ni content in
v phase was about 30 wt. % and M? temperature
was about 63 °C. For the steel A8Ni, which had the
fracture toughness of 87 MPa » m'/?, the Ni content
in Y phase was about 20 wt. % and M’ temperature
was about 77 °C. For the steel A5Ni, which had the
relatively lowest fracture toughness (32 MPa + m'/?),
the Ni content in ¥ phase was about 10 wt. % and
M? temperature was about 83 °C. According to the
comparison of simulation and mechanical testing re-
sults, a basic conclusion could be made that the de-

structure steels!

crease of Ni content in overall composition was dis-
advantageous for the fracture toughness of high Co-
Ni secondary hardening steels. The diffusion rate of
Ni from « to ¥ was relatively lower in the steels with
lower Ni content in the overall composition. Thus,
with the same aging temperature and time, the
steels with lower Ni content would form the austen-
ite layers with lower Ni content. Low Ni content in

v would lead to the change of austenite stability and
finally cause the decrease of fracture toughness.

Table 4
Experimental results of fracture toughness (K )
Steels A12Ni A8Ni AS5Ni
Kic/ (MPa - m1/2) 102 87 32

For the newly developed commercial high Co-Ni
secondary hardening steels, it was also found that
steels with higher Ni content usually had higher
fracture toughness (as M54 and AerMet100) ¢
and low Ni content led to low toughness (as S53)[%/,
Thus, for the design of high Co-Ni secondary hard-
ening steels in the near future, the Ni content
should be paid much attention. Based on the analysis
in this paper, the Ni content in the overall composi-
tion of a high Co-Ni secondary hardening steels
would not be lower than 8 wt. %, in order to obtain
a good fracture toughness.

6. Conclusions

(1) Austenite layers with the width of 3—20 nm
were observed in three kinds of high Co-Ni seconda-
ry hardening steels. The observation results showed
that the Ni content decreased significantly and Co
content increased slightly in austenite layers with
the decrease of Ni content in the overall composition.

(2) Both equilibrium thermodynamic and diffusion
kinetic simulations were used to simulate the ele-
ment distribution in austenite layer. The simulation
results showed that both Ni and Co did not get enough
time to reach the equilibrium state in ¥ after holding
for 5 h at 482 °C. The mean content of Ni in ¥ de-
creased with the decrease of Ni content in the overall
composition.

(3) The decrease of Ni content in overall composi-
tion was disadvantageous for the fracture toughness of
high Co-Ni secondary hardening steels. Low Ni content
in ¥ would lead to the change of austenite stability
and finally cause the decrease of fracture toughness.
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