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ABST RACT

Three kin ds of hig h Co-0Ji seco nda ry hardening st eels wi th diffe re nt Ni contents wer e st udied. T he
nanoscale a usten it e layers fo rmed at t he in terf ace of rna tcnsitc la t hs were observed. Both o b ser vatio n

and diffus ion ki neti c sim ulation resu lt s sho wed that bo th 0Ji and Co did no t ob tain enough t im e to get
t he equi lib ri um content in t his system. T he 0Ji content in aust enit e layers dec reased significant ly, and
Co conte nt increased sligh tly wit h t he de crea se of Ni cont ent in overa ll com position. The auste nite
stabili ty was estimated by Olson-Co he n model, in whic h bot h chemical and mec hanical drivi ng fo rce
could be calc ulated by equili br ium t hermodynamic and Mohr' s circle me t hods, respectively. Simula­
t ion and me cha nical test resu lt s sho wed that t he de crease of Ni content in auste nite layer s would
cause t he change of aus tenite stability and decre ase t he fract ure to ughness of t he steels. When t he Ni
content in t he overa ll com posit ion was lower than 7 w t. %, t he 0Ji conte nt in y ph ase would be lower

t ha n 20 w t . %. A nd t he simula tion value of M ~ (st ress-i nd uced critical mar tensi te t ra nsformation

temperat ure) wo uld be up to 80 °C , which was about 60 °C high er t han room temperat ure. Based on
t he ana lysis , t he 0Ji content in t he overa ll composition of high Co-Ni secondary harden ing steels
should be high er t han 8 w t. % in or der to obta in a goo d frac ture toughness.

1. Introduction

With the development of st ructure materials , there
has been extensive in teres t in imp roving the m e­
chan ica l properti es of steels in the pas t decad es[1-3].

Recently, severa l hi gh Co-Ni secondary hardening
s tee ls , w hic h had ult ra-h igh st re ngt h and re la ti ve ly
high tou ghness, w ere developed '<' ". In these steels ,
nanoscal e ca r bides formed in the m at r ix, which led
to high s trength of the s tee l based on di sper sion
s t reng t heni ngI?", A lso , much a t t en tion was pai d to
the nanoscal e a us teni t e layers fo r m ed a t the bounda­
ry of m artensit e laths[lo.ll ] . T hes e aus te n ite layers

w ould pro ba bly m ake significan t con t r ib utio n to the
to ug hness of the steel b y transfor mation in du ced
pl as ti ci ty (TRIP) effect [12].

As a long-s tanding to pic, T RIP effect was studied
b y many researchers for m ore than fif ty years and
m any crit ica l res ults were obtained in TRIP
steels [13-15] . I t is we ll- k nown that the stab ility of
aus teni te is the key fact or of T RIP effe ct [16. 17] . M~
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te m perature is co m monly used to ex press the aus ­
tenite stab ility. When the act ua l te m pe rat ure is low­
er than M~ , the transformation kine ti c of Y--- a is
dominated by s tress-assist ed nucleat ion. Otherwise ,
it is dominated by strain-induc ed nucleat ion. Thus ,
Y-~ a t rans fo rmat ion has the hig hes t ra te just a t o r
near M~ ternperature' I' ". For trad itional st r uctural

s tee ls , the M~ temperature of Y sho u ld be desi gned
nea r roo m temperature (25 - 50 0 C ) to get a good
T RIP effe ct , w hic h wi ll lead to good tou ghness fo r
the s te el. In or der to est im a te M~ temperature of 't ,
Olson-Cohen m odel was es tablis he d and wi dely used
in TRIP s teels[19.20] . Altho ugh many researches about

TRIP effect we re re ported in TRIP steels , few st ud­
ies focused on the austenite stability design in hi gh
Co- Ni seconda ry hard en ing steels . In orde r to figure
out the m ain facto r of aus te ni te s tabi li ty in h igh Co ­
Ni secondary hardeni n g steels , three exper imental
steels were fab ri ca ted in this work. The m orphology
and elem en t distribut ion of aus teni t e layers were o b­
served , and the aus te nit e s tabi li ty was analyz ed by
Olson-Cohen m od el.
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2. Material and Methods

T h ree exp erim en ta l s t eels wi th differen t Ni con ­
ten t s w ere fa brica te d and named A I2Ni , A8Ni and
A5Ni , res pect ivel y. The samples st udi ed in t his
work were taken fro m the 20 kg ingo t , w hich was
fabrica ted by usin g an induc tion m eltin g furnace ,
wi t hout rollin g. T he samples were taken fro m the
center of the in gots . The m ain co mposi tion of the
s teels is listed in T able 1, ba sed on the co m posi tion
of AerMet l 00 (a com mercia l hi gh Co-Ni seconda ry
ha rd eni ng steel ) [21J. All the three steels were nor­
m ali zed at 890 ° C for 1 h and qu ench ed in oil to
room temperature , then im m edia tely t ransferred to
a cryogenic bath, held a t - 73 °C fo r 2 h, and fina l­
ly aged a t 482 °C for 5 h , based on the optim um
heat trea t m en t process of A erMet l00 s tee l[22J.

Table 1
M ain co m pos it io n of ex pe r im en ta l stee ls us ed in this
work (wt, %)

Steel C Ni Co Mo Cr Fe

Ae rMe t l 00 0. 23 11. 50 13. 50 1. 40 3. 20 Balance

A12 Ni O. 23 11. 79 13.24 1. 40 3. 25 Balan ce

A8Ni O. 23 8. 02 13.64 1. 42 3. 22 Balance

A5Ni 0. 23 4.87 13. 50 1. 40 3. 26 Balance

Samp les of th e steels we re mounted, polished, etched
with 5 vol. % nitric aci d in et hanol. Si x sa mples were
taken fro m ev ery kind of s teel to obs erve the m icro ­
s t r uct ure. A ll the m icrostructure obs erva tion w as
carried out by JEOL jEM2011 (j ap an El ect ron O p­
t ics Ltd., T okyo) a t 200 k V . F ract ure toughness
was measured b y standard 25 . 4 mrn- thi ck compact
tension ( CT) speci m ens and eve ry va lue was t ested

b y five sa mples.

3. Microstructure Observation and Analysis

F ig. 1 shows the m orphology and elem en t dist r i­
but ion of aus teni te lay ers in the s teels. According to
Fi g. 1 ( a - c ), nanoscal e a us t eni te layers wi t h the
w idth of 3 - 20 nm formed a t the boundary of m ar ­
tensite la th s in all the three experimental steels.
T he morpholo gies of aus ten ite layers in a ll the steels
were similar , bu t the element distrib utions had m uch
difference. Becau se the sizes of the austenite layers
were too small , the ex pe r imenta l res ul ts of element
di s tribu tions we re unstab le and it was difficul t to
obtain an acc ura te value of the m ean elemen t con­
tent in aus t en ite. H owever, the cha nge trend of el e­
m ent dis trib utio ns in a us te ni te co uld be obtained by
ex pe r iment. Based on Fig. 1 ( d), the aus ten ite layer
for m ed in A 12Ni had much higher N i co n ten t ( 30 ­
40 w t, %) than th ose in other steels , whi ch was similar
wi th th e pr evio us results r epor ted in A erM etlOO [6J.
W ith the decrease of Ni co n ten t in the ov era ll co m ­
position, the Ni con t en t in a usteni te layers would
a lso decrease significan tl y. When the Ni content in th e
overall compositio n decreased from 12 to 5 w t, %, th e
Ni content in aus tenite layers decreased by nearl y 20
wt. % (from about 30 to 10 wt. %). A lso , with the
decrease of Ni content in the overa ll composit ion ,
the Co con ten t in aus ten ite laye rs incr eased slig h tly.

In or der to analyze the element distribution in austen­
ite layers, equilibriu m thermodynamic simulat ion was
ma de by Thermo-Calc so ftware, using T CFE6 da ta­
base. F ig . 2 shows the simulat ion res ults of the ele ­
m en t di s trib ution in austenite layers. Accordi ng to
Fi g. 2 , the decrease of Ni content in the ove ra ll compo­
sition would not aff ect the equ ilibrium content of N i
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Fig . 1. M or pholog ies and elem ent dis t r ibutions of austen it e layers in t he steels.
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Fig. 3. a- Y-a diffu sion kin etic model.
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Fig. 2. Equilibrium th ermodynamic simulation results of th e
element distribution in aus tenite layers.

in austenite signific antly. When the N i content in the
overall composition decreased from 12 to 5 wt . %, the
equilibr iu m content of N i in a us ten ite would only de­
crease from 39. 0 to 37. 5 w t . %. Also, the equilibr i­
um content of Co in aust enite lay ers would not
ch ange significantl y. This simula tion resul t se em ed
inconsis te nt wi th expe r im ental res ults. How ev er,
the elemen t diffusion in aus tenite was a kin etic, in­
stead of an equilib rium process. Becau se all the
steels had rel a t ivel y higher conten ts of Ni and Co,
the sys te m neede d a long ti me to reach an equi libri ­
um s ta te. It was probable that Ni and Co did no t ob­
tain enoug h t ime to get the equilib rium cont ent in
this sy stem.

In order to sim ulate the diffusion process of Ni and Co
in thi s sys tem , instead of just obtaining a simulation re­
sult in equilibr ium state, DICTRA soft ware was us ed
to estab lish a " o-v- o" model, as shown in F ig . 3. The
width of a and Y was se t as 150 and 5 nm, r espec ­
tively. The in it ia l Ni con ten t in both a and Y w as set
as 5 , 8 and 12 wt, % and th e initi al Co content is 13
wt. %. The boundary condit ion wa s se t as the equilib-
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ri um conten t of every ele ment . All the pa rameters
used in this model were ob tained from thermo dat a­
base T CFE6 and dynamic dat abase MOB2 in mc­
TRA s oftwar e. The s im ula t io n r esults s h ow ed the
ideal distribution of Ni and Co in a and Y aft er ag ing
a t 482 ° C for 5 h in Fi g s. 4 - 6.

Fig. 4 sho ws the si m ula t ion r esults of el em en t dis­
tribution for the m od el with the ini t ia l co m posi tion
of 12 wt. % Ni and 13 wt . % Co (model 1). The ide­
a l con ten t of N i nea r the alY in terface was simila r to
the equi libri um va lue, whi ch was much higher than
ini ti al on e. During the diffusion process, the N i and
Co contents qui ckl y reache d equi lib r ium va lue near
the interface , the n the Ni and Co a tom s diffused to
the cente r of Y grad uall y. Afte r holding a t 482° C for
5 h, the content of Co nearly reach ed the equ ilibri ­
um state , but the Ni content a t the cente r of Y was
s ti ll lower than equilibr iu m value, which m eant that
it did not reach the equilibr ium s tate.

Fig. 5 shows the si m ulat ion resul ts of element dis­
tr ibut ion for the model wi th the init ia l com pos iti on
of 8 wt, % Ni and 13 wt. % Co ( model 2 ). Compared
with m od el 1, m od el 2 , which had lower ini t ia l con­
tent of Ni , had low er diffusion rat e for both Ni and
Co in y. Thus, the Ni content at the center of Y was
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Fig. 4. Simu latio n resu lts of element distri bution for model 1 (12 wt, % Ni and 13 w t , % Co) .
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Simulation results of elem ent distribution for model 2 (8 wt, % Ni and 13 wt, % Co).

0.5 (a)
0.20 r-----------------,

(h)

0,4 0.16

z c
'0 o ~

o.a ... 0.12

~
c

"
.§

~ 0.2
ti

0.08E
:§

...

.g,
~ 0.1

.~

0.04:::
r-- - --- - --J '----' L- -j

o 0 '--_ '-----''--_ '-----''--_ '--_ '--_ '--_ '------'
1:30 1:3;; 140 14n 150 155 lGO 165 170 175 130 135 140 145 150 155 lGO 165 170 175

Disl:U1ce!1I111

Fi~. 6.
(a) Ni dis tribution; (b) Co dis tribution.

Simulation results of elem ent distribution for model 3 ( 5 wt, % Ni and 13 wt, % Co).

X f - X o

whe re, ui , (x) is the weight fr act ion of element i at
x: position (i is Ni or Co); X o and X f are the in itial
and final posit ion of 't , wit h the value of 150 nm and
155 nm, respec tively.

T he simulation and expe r im en tal res ults of t he
m ean content of Ni and Co in yare listed in Table 2.
Co mpared with equilibr ium t hermodynamic si mula ­
t ion , t he results of diff usion kinet ic simula tion were
much closer to experime n tal results. Simulation flow cha rt of Olson-Cohen mod el.Fi~. 7.

Experiment Sim ulation
Element

12Ni 8Ni 5N i 12Ni 8Ni 5Ni

Ni 25- 10 15- 30 10- 20 30.8 22. 6 13. 1

Co 1 - 6 3-8 8 - 11 3. 7 5. 2 10. 0

O lson-Cohen model was used to simu late the aus­
te nite stabi lity. The simulation flow chart is shown
in F ig. 7. Based on O lson-Cohen model, M~ temper-

Table 2
Simulation and experimental res ults of th e mea n content of
Ni and Co in austenite layer

4. Austenite Stability Simulation

(1)W i =

much lower t han equilibrium va lue. Co also did not
get eno ugh t im e to reach the equilibr ium sta t e in Y.

Fig. 6 shows the simulation resul ts of element dis­
t r ibut ion for t he model wi t h t he ini tial composition
of 5 w t , % Ni and 13 w t. % Co (model 3). In all t he
three mo de ls, mode l 3 ha d the lowes t in itial content
of Ni ; thus, it ha d the lowes t diffusion ra te for both
Ni and Co in v, Diffus ion of Ni and Co cou ld hard ly
be obs erved in Y; The contents of Ni and Co re­
mained ini tia l va lu es a t the cent er of Y in the si mula ­
t ion results of mod el 3. According to the si m ulation
resul t s, the mean content of Ni and Co in Y was esti­
m ated by Eo, (1) .

J~~ W i ( x ) dx
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(9)
were expressed

Ta ble 3
Paramet ers used in s im ula tion

Parameters us ed in O lson-Cohen model is lis ted in
Table 3. Based on the parameters and the simulation
results from Thermo-Calc and DICTRA, the M~

t emperature was es t ima te d. Fig. 8 shows the simula­
tion results of M~ temperature. For the high Co-Ni
secondary hardening st eel with 12 wt, % Ni, the simu­
lation result of M~ temperature was about 63 °C,
which was relatively closer to the room t emperature.
When the Ni content in the ov erall composition de­
creased from 12 to 8 wt. %, the decrease of Ni con­
tent in Y phase led to a significant in crease of M~

temperature. When the Ni content in the overa ll
composition was lower than 7 wt. %, the Ni content

ature was calculated by Eq. (2).
/:::,.C CIIEM( T ) + /:::,.C MECII = - g n - W f ( T ) (2)

where, /:::,.C cm:M and /:::,.C MECII are chemical and me­

chanical driving force of Y :'>« transformation ; g n is
nuclear potential; and W r is friction work of in ter­
face motion. Both /:::,.C cm:M and W f depended on tem­
perature. Thus, crit ical temperature, which was equal
to M~, could be obtained by solving Eq. (2).

4.1. Chemical driving force

The chemical driving force of Y-~a transformation
could be expressed by Eq. ( 3) .

/:::"CC IIEM=CflCC _C FCC ( 3)

where C BCC and C FCC are the Gibbs free ene rgy of a
and Y. C flCC and C FCC, which dep ended on Y phase
composition and t emperature, could be calculated by
Thermo-Calc, using SSOL2 database. As analyz ed
in Part 3, N i and Co contents could be estimated by
diffusion kinetic simulation. For other elements, equilib­
rium content calculated by Thermo-Calc was us ed.

4. 2. Mechanical driving force

The m echanical work per unit volume done by an
applied stress, which assisted the transformation,
could be expre sse d by Eq. (4) [lsJ.

W =rYo+ O" n € O (4)
w here, Yo and € o are the resolv ed shear and normal
strains, respectively; and rand o ; are the resolved
shear and normal stresses on the p lanes in the direc­
tions of Yo and € o, respectively.

After derived by Mohr 's circle[23.24J , Eq, (4) could

be expressed as Eq. (5) for tensile uniform ductility.

W= -VmO"(0'+J~2 +Y6) ( 5)

where, V m is the molar volume of Y phase; 0" is the
mean stress ; and 0' is the di lat ation of Y-a transfor­
m ation.

The dilatation could be expressed by the change of
la t t ice constant, based on Eqs. (6) -(8).

aBCC(nm) =O. 287x Fe+0. 283xco+0. 288xc, +
O. 278x Ni+0. 302x FeX Ni (6)

am:(rim ) = 0. 360X Fe+ 0. 354x co+ 0. 352x ;-':i +
0. 357xc, (7)

1l=2(aBcc)3- 1 (8)
aFCC

where x i is the mole fr action 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 f = W athermal +W the rmal

T hermal and athermal contributions
by Eqs. (10) _(12) [19,20J.

W " hecm, i = J'fk ;',iX i +Jfk ;',jX j +

J~k ;' , kXk + kl" coJ x co

w.. .; = W o[1-(frJ

5. Results and Discussion

Par am et er Valu e Param et er Valu e

k /t.c 38 07 J/ m o! k o.cr 3 923 J/ mo!

k I1•CO - 352 Jlmol k o.":vIo 2 918 Jlmol

k /1. :\,i 172J / m ol W Fe 836 Jl m ol

k /1.cr 1 868 Jlmol g-n 6 000 Jlmol

k /1 • Mo 1118 J/ m o! Yo 0. 13

k o.c 2121 6 Jl m ol T I, 510 K

k o.co - 721 J/ m o! p O. 8

k O•Ni 315 Jl m ol q 1. 1

85
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80 . '\
•

75
[,)
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::i 70
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Fig. 8. Simulation result s of M~ temperature.

(10)

(11 )



182 c. C. Wan!r et al . I lot/ma l oj [ron and S leet R esearch , l nt ernat ional Zd (201 7) 177 -1 83

References

Acknowledgment

Table 4
E x perim ental results of fr acture to ug hness ( K Ie)
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6. Conclusions

(1) Austeni te layers wit h t he wid t h of 3 - 20 n m
w ere obse rve d in th ree ki nds of high Co- Ni seconda­
ry hardening steels. The observa t io n results showed
that the N i content decreased s ign ifica n tl y and Co
co n te n t increased sligh tl y in aus te ni te lay ers with
the decrease of Ni content in th e overa ll composition .

(2) Bot h equilibrium thermody nami c and diffusion
k ine t ic s imu lations w ere us ed to s im ulat e t he el e­
m en t distribution in a ustenit e layer. T he simula tio n
res ul ts showed that both Ni and Co did not get enough
time to reach the equilibrium s tat e in Y after ho lding
for 5 h a t 48 2° C. The mean co nt ent of Ni in y de­
creased wit h the decrease of N i co n ten t in the overall

cornpos ition.
( 3) T he decrease of Ni con tent in overall composi­

tion was disadvantageous for the fractur e to ughness of
high Co-Ni seco ndary hardenin g st eels. Low N i content
in Y wo uld lead to the change of a us te nite st abi lity
and fin a lly ca use the decr ease of fracture to ughnes s.

For the new ly developed commercia l high Co -Ni
secondary hardening steels, it was a lso found that
steels with hig her N i co nt ent usually had hi gher
fract ure toughness (as M 54 and A erMet1 00 ) [6,25] ,
and low Ni content led to low toughn ess ( as S53 )[25].

Thus, fo r the design of h igh Co -Ni seco ndary hard­
en ing s te els in the near future, the N i co n tent
sho uld be pa id much a t te n tion. Based on the analys is
in th is pape r , the Ni con tent in the ove ra ll com po si­
tio n of a high Co-Ni second ary hardening steels
wo uld not be low er than 8 wt. %, in orde r to ob tain
a good fracture tou ghness.

in y phas e wo uld be low er than 20 wt. %. A nd the
simula t io n va lu e of M~ t em perat ure would be up to
80 °C , w h ich was about 60 ° C h ig her t han room
tem pera ture. H igher M~ tem pera t ur e m eant lower
au s tenite stability , which was simi lar w it h the com­
mon co ncl us ion that lower N i cont ent co uld lead to
t he low er aus te nite stabi lity. K eeping the aus te n ite
s ta bilit y as a suitable value was the key facto r of
TRIP effect . When t he aus tenite s ta bilit y was too
h igh , the Y a t ra nsfo rmation was bas ed on s train­
in d uced nuclea tion, w h ich would not obt ain the
hi ghes t n ucl eation ra te. A lso , w hen the a us tenite
stability was too low , the Y-a t ransformat ion was
based on stress-assisted n ucl eation, w hic h als o
wo uld not obtain the highes t n ucl eation rate[19,20] .

Many di ff erent s t udies rep or ted that a near-room­
te m pe rature M~ value represented t he suitable value
of austen it e stabilit y , w h ich wa s bes t for obtain ing
the hi ghes t nucleation rate of Y -~ a trans fo rmation
and gett ing the h ig hest tough ness of traditional
struc t ure steels[19,2o] . On the cont rary, a far-from­

roo m-t emperature M~ value would probably lead to
an in efficient TRIP effect, which was disadvanta ­
geou s for the to ughness of steels. In high Co-Ni sec­
ond ary hardening st eels , the T RIP effe ct was the
m ain fact or of the toughness. Also, other factors,
s uc h as the solid-solut ion in a us te n ite , would aff ec t
the toughnes s. However, their effe ct was much
smalle r than T RIP effe ct , because the conte n t of
aus t enite was too small (less t han 5 %) in h igh Co ­
Ni secondary har den in g steels.

T he K rc valu e o f a ll three steels studied in t his pa­
per w as test ed to est im a te t he fr act ure to ughness.
The t est results are sho w n in Tabl e 4. I t was clea r
that w it h the decr ease of Ni content , the fr acture
tou ghness of the s teels decreased s igni fica n tly. For
the steel A 12Ni , which had the relatively highest
fract ur e toughness ( 102 MPa . m I / 2

) , th e Ni content in
Y phase was abo ut 30 w t . % and M~ t emperatur e
was abou t 63 °C. For the steel A 8Ni , which had the
fracture toughness of 87 MPa . m 1/ 2

, t he N i content
in Y phase was about 20 wt, % and M~ temperature
was abou t 77 ° C. For the stee l A 5Ni, which had the
relatively lowest fracture toughness ( 32 MPa . m I / 2

) ,

the N i con te n t in Y phase w as abo u t 10 w t. % and
M~ te mpera t ure was abou t 83 ° C. A ccording to the
com pa r iso n of simulation and m echanica l testing re­
suits, a bas ic co ncl us ion could be m ad e t hat t he de­
creas e o f N i con te n t in ov era ll composition was dis­
adva n ta geous for t he frac t ure toughness of h igh Co ­
N i seconda ry harden ing s teels. T he diffus ion rat e of
Ni fro m a to Y was re la tively low er in the s teels wi t h
low er N i content in t he ov erall composit ion . Thus,
wi t h the same agi ng t empera t ure and t im e , the
s teels with lower Ni co ntent would form the aus t en ­
ite lay er s with lower N i con t ent. Low N i conten t in
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