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Abstract: A novel creep model was proposed to accurately and conveniently predict the steady-state creep rate of
precipitation-strengthening nickel-base superalloys. Based on the space distribution of precipitates, the synergetic mode
of Orowan bypassing and dislocation climbing mechanisms in dislocation—precipitate interaction was coupled into the
new creep model according to probability—correlative method. The results show that the new model can accurately
describe the steady-state creep rate compared with the experimental data, which is far better than the classical model.
Moreover, the present model no longer relies on the adjustable parameters. The quantitative relationship between
threshold stress and temperature is also determined. This work sheds new light on the dislocation—precipitate interaction
during creep deformation, and provides an effective model for designing precipitation-strengthening alloys with

improved creep properties.
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1 Introduction

Ni-based superalloys for their application in
aero engines and other modern turbine engines have
been developed over the last several decades, owing
to their excellent resistance to high-temperature
creep, great tensile strength, and prominent fatigue
properties [1—4]. The exceptional properties of
Ni-based superalloys derive from the distinctive
microstructures, which comprise the fine LI,
precipitates of Ni3(AlTi), and the face-centred-
cubic (fcc) matrix [5—7]. With the increasing
demand for extending the service life of superalloys
at high temperatures, the traditional methods
calculating the creep rate fail to meet the present
need. Hence, it is critical to understand the

relationship between microstructure and the
steady-state creep rate in depth and establish a new
physics-based model, to improve the experimental
scheme and design the Ni-based superalloys with
long service life.

In recent years, to better understand the creep
mechanism of metals and alloys, many methods
have been developed to reveal physically
meaningful behaviors on a macroscopic scale and
explicate the wunclear experiments [8,9]. For
instance, a model based creep equation for the creep
deformation behavior of dispersion strengthened
superalloys is developed to describe the strong
impact of temperature and stress on the creep rate,
which considers the thermal activation of the
dislocation detachment from attractive oxide
particles [10]. According to the empirical creep
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model, the steady-state creep rate (minimum creep
rate or secondary creep rate) is a function of
temperature and stress, which is determined by
fitting experimental creep data [11]. However, to
get insight into the relation between microstructural
factors and the minimum creep rate, the influence
of the stacking fault energy [12], the grain size [13]
and the morphology of precipitates [14] on
minimum creep rate has been discovered. Besides, a
modified creep model considering the effect of
bimodal precipitate-distributions is established, and
the predictions are compared with the experimental
results in multimodal nickel-base superalloys [15].
The above methods are practically suitable for the
prediction of experimental creep rate, but some
parameter values can only be decided by fitting
experimental data. However, the development of
new alloys is limited if the experimental data are
not obtainable for those new alloys.

As is known to all, general approaches to
increase the plastic deformation resistance of metals
and alloys include solid solution strengthening,
precipitation strengthening and cold working
process. Moreover, the precipitation hardening is
considered as the most effective way to enhance
the creep property of high temperature metallic
materials [16]. To analyze the effect of precipitates
strengthening on creep strength, the constant
threshold stress is frequently introduced into the
creep rate equation [17]. Although the Orowan
mechanism is used to evaluate the influence of
precipitates on the threshold stress, it generally
makes for an overmeasure of the contribution of
precipitates, due to dislocations could climb across
the precipitations at elevated temperatures [18].
Furthermore, according to the theory of lattice
self-diffusion commanding the dislocation climb
process, the dislocation climb creep model is
developed to quantitatively estimate the influences
of temperature, interface effect and nanoparticle
size on the activation energy and threshold stress.
This method arrives at the ratio of threshold stress
to Orowan stress ranging from 0.4 to 0.5, and the
activation energies from 260 to 300 kJ/mol [19]. On
the other hand, the threshold stress as low as
0.02-0.06 of the Orowan stress is eventually
predicted based on the local climb assumption
presented by ARZT and ASHBY [20]. However, the
threshold stress calculated by the above methods
heavily depends on the fitting parameters, which is

inconvenient to be popularized to the other system
alloys.

The purpose of the current research is to
develop a new creep model that considers
microstructures and does not need further to
experimentally measure the creep properties of the
alloys. Moreover, our creep model takes into
account the effect of the precipitation strengthening
on the steady-state creep rate and calculates
the threshold stress. Simultaneously, the radius
distribution and the relative position between the
dislocation bypasses plane and precipitation center
are considered in the calculation of the contribution
from precipitations to the creep threshold stress.
Hence, considering coexistence of climb and
Orowan mechanisms, the present physics-based
model can provide insights for accurate and
effective design of long-service life alloys under
complex conditions.

2 Theory and model

2.1 Steady-state creep rate modelling
Dislocations work as the effective barrier to
the motion of other dislocations. Due to the
non-negligible effect of dislocation on the creep
rate, it is necessary to understand the evolution of
the dislocation density. The dislocation source will
generate new dislocations during the work
hardening process, while at the same time
dislocations with opposite sign will be eliminated
due to recovery process. The generated dislocations
will strengthen the material, and also the recovery
process will soften the material. According to the
classical recovery model for creep, work hardening
and recovery can be expressed as the following
equation [21,22]:
DM MT.o)p (1)
de L TV
where p is the dislocation density, ¢ is the plastic
strain, m is the Tayor factor and L is the spurt
distance when the dislocation is released during
deformation. b is the magnitude of Burger’s vector,
t(=Gb*2) is the dislocation line tension, G is the
shear modulus, M(T, o) is the dislocation mobility
function, 7 the temperature, o the stress and & the
strain rate. The two terms on the right-hand side of
the equation take the Orowan’s expression for the
work hardening and the static recovery term into
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account. The dislocation density increases rapidly
in the initial stage of creep test in Ni-based
superalloys, indicating that the work hardening term
is the dominant deformation mechanism in this
stage. However, the dislocation density reaches the
equilibrium with increasing the strain because of
the dislocation annihilating during the recovery
process. For equilibrium conditions where dp/de=0,
the steady-state creep rate (&£, ) can be written

sec

as [22,23]
3
27, bK _
‘é‘sec = TLbz M(Tv o-disl) & (2)
arm armGb

where K is a constant, and ar is the work hardening
constant. The Taylor’s equation is given by

_ 12 _
0 4iss=0xmGbp O appl — 0 3)

where o451 is the stress on forest dislocations,
and oapp 1S the applied stress. o; is the threshold
stress, which i1s derived from the solid solution
strengthening and the precipitation strengthening.
In this work, only the precipitation strengthening
is considered because the contribution of solid
solution strengthening is relatively low [24,25].
The dislocation mobility can be expressed as

3
M(T,o0)= io—“;exp(%j .

B B
0 A
exps ——4 | 1—| — / 4
p RT ( R j ol (4)
where Dgsa 1s the pre-exponential factor for
self-diffusion, kg is the Boltzmann’s constant, Osq is
the activation energy for self-diffusion, R, is the
molar gas constant, and Rn, is the tensile strength at
room temperature. fs a constant that takes the
influence of elements in solid solution into account.
Jfoo=exp[Osol/(RgT)], where Qsor is the increase of
activation energy due to element in solid solution.

2.2 Contribution from precipitation

In general, precipitation strengthening plays
an important role in reducing the steady-state
creep rate. The contribution from precipitation
strengthening to the threshold stress is evaluated
based on the Orowan bypass mechanism. The
classical Orowan stress (oo) is expressed as

2t m

0,=0.8 %)

)

where A is the interparticle spacing. A=r(2m/3f)"?
where 7 is the precipitation radius and f is the
precipitation volume fraction. oo is dependent on
the temperature through shear modulus.

Many researches [22—25] have been conducted
to calculate the threshold stress demanded by
dislocation climb across the precipitation. The
dislocation is attached to the precipitation when
local climb happens. The threshold stress for the
local climb is about half the Orowan stress [26]. In
addition, when the dislocation is in connect with the
precipitation at single points (general climb), the
threshold stress is extremely small [27]. In fact, the
latter case is more commonly accepted, even
though it denotes that the dislocation freely climbs
across the precipitation.

To find a way out of the dilemma, a new
method will be applied in the present work. The
following assumptions is made [28,29]:

(1) Because the threshold stress of climb
mechanism is quite small compared to that of
Orowan mechanism, it is the time for the
dislocation climbing across the precipitations that
decides whether a precipitation will be climbed or
not.

(2) The maximum precipitation radius where
there is sufficient time for dislocation to climb
across precipitation is defined as the critical radius
(7erit). Therefore, when precipitation radius is larger
than rei, the dislocation bypasses precipitation
through Orowan bowing, which would produce the
effective contribution to the creep threshold stress.
Instead, there remains sufficient for dislocations to
climb precipitation, which would not contribute to
the creep threshold stress.

(3) The shear mechanism is not considered,
because the dislocation is deemed to freely climb
across small precipitation.

These assumptions have been used to predict
the steady-state creep rate of the copper—cobalt
alloys and the austenitic stainless steels. The
predicted results are in good agreement with the
experimental data [22,23,25].

The time for a dislocation to climb across a
particle (fcimp) must be at least the glide time
between the particles (¢giac). Hence, “fclimb=tgli¢.” can
be used to evaluate the critical radius.

The climb time is given by the critical radius
divided by the climb velocity (veims) of the
dislocations, and the climb velocity is dependent on
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the climb mobility [25]:
2. 25
tchmb — rCrlt — rCI‘lt (6)
climb M (T ’ O-appl )baappl

The glide time can be computed as the
interparticle spacing divided by the glide velocity
(Vglide) [23,30]2

A bp

tglide =——=1-
glide EecM

(7)

By combing Egs. (6) and (7), an expression of
the critical radius can be given:

—2M(T,0)b2or—L— (8)

sec

Perit

The steady-state creep rate, &, on the right-
hand side of Eq. (8) changes as a function of the
displacement of climbing, which controls the value
of reit. Hence, there is not a simple analytic solution
for the critical radius.

2.3 Orowan synergetic bypassing and climbing
mechanism
It was assumed that the interaction between
dislocation and precipitate always occurs at the
central plane of precipitate [30—32]. However,

Particle

(a)

(b)
Climbing

Bypassing

this assumption is not physically realistic. The
experimental observation has demonstrated that the
central plane of the precipitation is not always
the interaction plane between the dislocation and
the precipitation [33—35]. Therefore, the current
study considers that the operative precipitation
strengthening mechanism strongly relies on the
relative location between the glide plane of
dislocation and the precipitation center. A
conclusion is drawn that not all precipitates larger
than 7t would contribute to the threshold stress.

As shown in Fig. 1, the Orowan mechanism
works in Region OA (r>reit), which can produce
effective contributions to the threshold stress, but
in Region AB (r<rui), there is enough time for
dislocations to climb precipitate, which would not
contribute to the threshold stress. It is necessary to
explain that the present work regarded the cuboidal
precipitate as a circular shape in Ni-based
superalloys for the simplification, due to the
classical precipitate strengthening model assuming
that all precipitates are circular in form [36,37].
Hence, a novel Orowan bypassing synergetic
climbing mechanism is presented in nickel-based
superalloys with the precipitate radius larger than
rerit based on the probabilistic statistical theory.

Slip plane

Fig. 1 Uncertainty of interaction patterns between dislocations and precipitates (a); Position relationship between
dislocation bypass plane and precipitation center (b); Contributed strength from individual parts based on calculus

method (c¢)
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In Region OA4, the occurrence probability of
the occurrence of Orowan mechanism can be
expressed as

/ 2
p="0t= 1—(ﬁ] ©)

r r

where /o4 is the distance of the interaction plane OA,
and r is the radius of the precipitate.

The differential quadrature method is used to
calculate the contribution of Orowan bypassing
mechanism to the creep strength in the present
research. As shown in Fig. 1(b), the O4 region can
be bisected into finite parts, denoted by n. With the
consideration of probability effect, the contribution
of Orowan bypassing mechanism to the creep
strength (oprc) can be given by

Jpre:%zao (hi)’ Ferit < hi (10)
i=1

where h1=rei, h,, = \/ P2 =[(* = k)" —dhT*, and

dh = lod/n.

In the AB region, the contribution of
precipitation to threshold stress is ineffective, owing
to the dislocation can climb across the precipitation
rather than bypass it through Orowan looping.

Hence, when the radius of given precipitation
is larger than rui, considering the probability—
correlative Orowan synergetic bypassing and
climbing mechanism, the stress contributed by the
precipitation (¢”_) can be given by

pre
O-}I:re = po_pre (11)

Many experiments show that the precipitate
radius approximately meets the law of the
lognormal distribution [25]. As shown in Fig. 2(b),
the region of the precipitate-radius distribution
consists of two regions, including the climbing
region (r<reiy) where the climbing mechanism
occurs and the looping region (r«i<r) where the
Orowan bypassing synergetic climbing mechanism
occurs. The exponential form can be expressed by

Ny =Ny exp(—hr,) (12)

where N, is the number of precipitates larger than
the precipitate radius r.. k£ is a constant, which is
relevant to the average precipitation radius: k=1/r.
And, Nao is the number of precipitates per unit area
N, Aozl//lz.

Therefore, the average interparticle spacing

crit
Climbing Orowan syNergetic bypassing and
climbing mechanism

Probability density function

Precipitate size

Fig. 2 Illustration of y’ precipitate in IN 738LC (a) [38];
Probability density function vs precipitate size (b)

(Aerit) between particles is larger than e, which can
be expressed as

//i’crit = Y} NAO eXp(chm /2) (1 3)

As the radius of precipitation follows an
exponential distribution, and the average precipitate
radius is larger than the critical radius, the radius of
some precipitates may be smaller than the critical
radius. This trend results in the fact that only a part
of the precipitates can contribute to the threshold
stress by Orowan looping. However, the other part
of the precipitates less than the critical radius only
makes an ineffective contribution, owing to the
enough time for dislocation to climb across the
precipitates. Moreover, the average precipitate
spacing is a statistical constant in the previous
theory, while it varies significantly with critical
precipitate radius in the probability—correlative
model. The probability—correlative =~ Orowan
mechanism is more effective and accurate than
the classical Orowan mechanism, explaining the
of precipitate radius probability

Hence, the probability—correlative
Orowan mechanism is necessary to more accurately
assess the effect of particles on threshold stress,
compared to the classic model.

influence
distribution.
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As emphasized above, only the radius of
precipitates greater than ruit can contribute the
threshold stress by Orowan mechanism. The new
Orowan stress can be formulated as
/2) (14)

new __
0" =0, exp(—kr,

pre Tt

Here, the steady-state creep rate is calculated
based on the iterative method. Under a certain
applied stress, we first calculate the initial value of
the threshold stress based on Eq.(5) with the
parameters (b, m and G). Then, the initial steady
creep rate is obtained by Eqgs. (2)—(4). Subsequently,
the initial steady state creep rate is brought into
Eq. (8) to obtain initial critical radius of precipitate.
By combining Eq. (5) and Egs. (9)—(14), the new
threshold stress is obtained and brought into Eq. (3)
to calculate the final steady state creep rate. Finally,
updating the applied stress with this cycle is need to
calculate the new creep rate.

3 Comparison of model results with
experiments

3.1 Validity of model

To verify the accuracy and rationality of the
new creep model, the calculated results of the steady-
state creep rate mentioned above are compared with
the experimental results and calculated results from
the Dyson creep theory [39—41]. Table 1 gives the
chemical composition of the current nickel-base
superalloys. According to the previous experimental
results, the related parameters for calculating the
steady-state creep rate are obtained from Table 2.

Figure 3(a) shows the steady-state creep rate of
the nickel-base superalloys computed by the Dyson
creep model, our creep model, and the experimental
results in a broader range of applied stresses,
respectively. At the temperatures of 850 and 950 °C,
the predicted results of our model and Dyson model
are in good agreement with experimental results.
When the temperature reaches 750 °C, the steady-
state creep rate predicted by the Dyson creep model
is better than that of the present model. The Dyson

Table 1 Chemical composition of IN 738LC (wt.%)

Ni Cr Co Mo \\% Ta
Bal. 16 8.5 2 2.6 1.8
Nb Al Ti B Zr C

0.9 3.5 3.5 0.01 0.05 0.11
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Table 2 Parameters used in model

Parameter Value
Precipitate radius, »/nm 161
Volume.: fractlon of 045
precipitates, f°
Magnitude of Burger’s 2 5%10-10
vector, b/m
Taylor factor, m 3.06
Boltzmann’s constant, kg/(J-K™") 1.381x107%
Work hardening constant, o 0.19

Shear modulus, G/MPa

Pre-exponential factor for

78—(0.036(7-273))x10°
(T-Temperature/°C)

o 1.9x10™
self-diffusion, Dosa/(m?-s™")
Ac.tivat.ion energy for L 2 84x10°
self-diffusion, Qs¢/(J-mol™)
Molar gas constant
’ 314
Ry/(J-mol K ) 8.3
10—3 _(a)_ ? ) 750 ZC, EX];;)H mode :, . :'
-—- ;%8 :S: gi’lt‘ modeld ! / ./ '/
? o Eg(% :g: E);Eon lgolde] / / /
~ — =850 °C, ;r model ) / ‘.
10 o f - 328 °g: I%yz;)n model, * ,o'/ /
= = 950 °C, Our model - . / ‘
_ L7 e/
jc/} P . 4 . w
5 107 F o A
¢ - A
-2 e ¥
1079 .- .7 - o/ ’
e
10*11 1 ! 1 1 I
200 300 400 500 600 700
Oyppi/MPa
0 g
(b) /
2t e e )
_.- gg(g) :((é: éu]?‘model / :/
— - 850 °C. Our model s/ /'
~ —4r * 950 °C, Exp. AR
[ == = 950 °C, Our model . " /
\é _ 7 ‘/ R
'%3,0 -6 - ) '/
—- x .~ ‘/‘ / 0
w— -~ .
-8t _o -~ N 7 O
. 7
o -
_10 -

22 23 24 25 26 27 28

lg(o,,,/MPa)

Fig. 3 Variation of steady-state creep rate (&,.) with

applied stress (gapp) from our model, Dyson creep model

and previous experimental data at different temperatures

(a); Comparison of 1gé

sec

as function of 1g gapp between

our model prediction and experimental data (b) [39—41]
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model predicts creep properties in functional forms
of not only stress and temperature but also
microstructural factors (such as dislocation density,
precipitate radius, inter-particle spacing of
precipitates and volume fraction of precipitates).
Although the Dyson model is practically suitable
for analyses of experimental creep properties, some
model parameter values should be determined by
fitting the experimental creep data. The application
to new alloys is limited if experimental information
is not available. However, it is important to
emphasize that our model proposed in this work
does not involve any fitting parameters. Besides,
the slope of the curve increases with the increase of
applied stress, indicating the stronger effect on the
steady-state creep rate with increasing the applied
stress. This is because of an increasing difference
between the threshold stress (the new Orowan
stress) and the applied stress. Moreover, the stress
exponent can be measured from the slope of plot
in Fig. 3(b), which is a key parameter in previous
theory. The stress exponents at low temperature/
high stress are larger than those at high temperature/
low stress, which is consistent with the previous
conclusion [42].

The correlation between the threshold stress
and applied stress based on Eq. (14) is illustrated in
Fig. 4. The new Orowan stress increases in less
speed with the applied stress increasing, which
leads to the increase of the difference between the
new Orowan stress and the applied stress. It is
noted that the critical radius reit plays an important
role in calculating the new Orowan stress. Because
the critical radius decreases with
applied stress, the number of precipitates that can

increasing

80

~J
S
T

55 L . . .
200 300 400 500 600 700

Capp/MP2

Fig. 4 Relationship between new Orowan stress (a5, )

and applied stress at different temperatures

effectively contribute to threshold stress rises with
the increase of applied stress. On the other hand, for
the single precipitate whose radius is larger than the
critical precipitate radius, the effective part of
precipitation on threshold stress is positively
correlated with the applied stress. Thus, the present
theory is more convenient and accurate to be
capable of capturing the main features of the
variation in the steady-state creep rate increment
with the increase of the applied stress.

3.2 Volume fraction dependence of steady-state

creep rate

Figure 5(a) shows the relationships of the
steady-state creep rate and the applied stress for
the present nickel-base superalloys at different
precipitate volume fractions (f). Apparently, the
precipitation volume fraction governs the steady-
state creep rate, and the steady-state creep rate
deviations between the situation of f=0.2 and
/=0.4 increases with increasing the applied stress.

1072

(a)

SECCR
SO OO
o0 o

10710 L 1 | !
200 300 400 500 600
Gypp/MP2
8r o(b)
7 -
6 -
w5t
=l
w% 3 L
2 -
1 0\0\
—
02 03 04 05 0.6 0.7 0.8
f

Fig. 5 Relationship between steady-state creep rate and
applied stress at different precipitate volume fractions (a)
and steady-state creep rate as function of precipitate
volume fraction at gapp1= 350 MPa (b)
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In addition, when the applied stress is equal to
350 MPa, there is a negative correlation between
the steady-state creep rate and the precipitate
volume fraction, as shown in Fig. 5(b). The gross
area of the precipitation and matrix interfaces
increases with increasing the precipitate fraction,
and consequently, the threshold stress increases.
When volume fraction of precipitate is smaller than
0.4, the steady-state creep rate decreases rapidly
with precipitate volume fraction increasing even at
a high stress. However, the decreasing tendency of
steady-state creep rate reduces drastically when
volume fraction of precipitate is larger than 0.4. The
above situations about the decreasing trend of the
steady-state creep rate with increasing the
precipitate volume fraction are in good agreement
with the previous conclusions [43,44]. As the
volume fraction of the precipitates increases, the
creep resistance of the material enhances, but the
ductility decreases [45,46]. Therefore, there might
be an optimal precipitate volume fraction coupling
the creep resistance and the ductility to obtain
higher performance of materials by the heat
treatment in precipitation-strengthening alloys.

As shown in Fig. 6, the critical precipitate
radius and the new Orowan stress as a function of
the applied stress are calculated by our model in a
larger range of volume fractions. A slight reduction
of the precipitate volume fraction causes a large
change for the critical radius in low precipitate
volume fraction, but a small change in high
precipitate volume fraction. Moreover, Fig. 6(a)
illustrates the asymptotic behavior in the critical
precipitate radius which approaches a constant at
high-applied stress with increasing the applied
stress. Similarly, the new Orowan stress also
exhibits asymptotic behavior, as shown in Fig. 6(b),
owing to the significant effect of the critical
precipitate radius on the new Orowan stress based
on Eq. (14).

3.3 Applicability of model over wide temperature
range

To investigate the effect of temperature on the
steady-state creep rate, Fig. 7(a) shows the steady-
state creep rate with temperature ranging from 700
to 1000 °C. It is found that the change of steady-
state creep rate is negligible at medium or low
temperature, but it drastically increases at high
temperature. The precipitation is relatively stable

l

(a)

75 —&— =0.2
—— =04
70 f=0.6
—v— /=0.8

£

£

2 60
55t
50

45 L s . -
200 300 400 500 600 700
Oypp/MP2

140
(b)

120 |

100 -

new
Opre

/MPa
o]
()

60 -
—-— =02
40 + —o— /=04
7=0.6
20k v /=08
H__._H_.._H-.-I—I-I—I-‘.'.‘"‘.'.""_
0 L L L L L
200 300 400 500 600 700

Oppp/MP2

Fig. 6 Variation of critical precipitate radius (7crit) (a) and
new Orowan stress (b) with applied stress at different
precipitate volume fractions

when the temperature is lower than 875 °C.
Furthermore, the precipitation with a smaller radius
will gradually dissolve when the temperature is
higher than 875 °C. In addition, the rafting of the
precipitates with a larger radius occurs rapidly at
the temperature higher than 875 °C. The rafting of
the precipitates with a larger radius occurs rapidly
at the temperature higher than 875 °C. The stress
exponent increases with temperature decreasing,
which is in reasonable agreement with the previous
conclusion, as shown in Fig.3(b) [20]. The
dislocation mobility in Eq.(4) increases with
temperature decreasing, which attributes to the
strain-induced increase in vacancy concentration
at higher temperatures. The results indicate that
temperature is the key factor governing creep rate,
especially at high applied stress. In Fig. 7(b), the
ratio between the new Orowan stress in Eq. (14) to
the classical Orowan stress in Eq. (5), is given
as a function of the temperature. The ratio varies
between 0.27 and 0.32 at app=400 MPa. It is
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evident that the classical Orowan stress strongly
overestimates the threshold stress. The classical
Orowan stress includes the contribution of all
precipitates, but in fact only a part of precipitates
produces threshold stress. Moreover, as the
temperature rises, the influence of applied stress on
the ratio gradually decreases.

L5 (@) Gy =400 MPa 7

o

o
%

o

/

o o

0.5 s e
700 74 780 820
Temperature/ °C

£, /1070 57!

o
=

6. /10757

C

e

0/0

0Ff @—o—o—o—0o—0

700 750 800 850 900 950 1000
Temperature/°C

0.34
033

—8— 0,,,=350 MPa
—o— 0,,,=400 MPa
—A— 0,,,=450 MPa

0321
031F

/0'0

030
0.29 |

new
Opre

0.28
027

0.26

760 7I50 860 850 9I00 9I50 10I00
Temperature/°C
Fig. 7 Steady-state creep rate as function of temperature
(a) and ratio of new Orowan stress to classical Orowan
stress (0o) vs temperature (b)

Figure 8 indicates the linear decrease of the
new Orowan stress and the critical precipitate
radius with increasing temperature when the
applied stress is equal to 400 MPa. Interestingly,
this phenomenon is inconsistent with the situation
of the opposite trend of critical precipitate radius
and new Orowan stress, as shown in Fig. 6. This is
because the shear modulus decreases as the
temperature increases, which will reduce new
Orowan stress. Moreover, the reduction in the
radius of the precipitation causes the enhancement
of new Orowan strengthening. But the critical
precipitate radius changes only from 62.5 to
60.5nm in a temperature range of 700—1000 °C,
indicating that temperature only slightly affects the

critical precipitate radius, as shown in Fig. 8. In
addition, compared with the critical precipitate
radius, the shear modulus exhibits a greater
influence on Orowan stress in a wide range of
temperatures. One key advantage of the present
model is that it can be used to explain that the

threshold stress decreases with temperature
increasing.
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Fig. 8 New Orowan stress and critical precipitate radius
as function of temperature at g,,p=400 MPa

4 Conclusions

(1) The new creep model is established based
on the synergetic modes of Orowan bypassing
and climbing mechanisms for the dislocation—
precipitate interaction in precipitation-strengthening
alloys. Based on the new model, the contribution
of precipitation to steady-state creep rate can be
precisely predicted, and the results agree well with
experimental data in a wide range of the applied
stress.

(2) The present model also obtains the
quantitative relationship between threshold stress
and temperature, challenging the conventional view
that the threshold stress is only related to the
microstructures. Moreover, this enables all
parameters of the present model to be obtained
directly from experiments, with no need for
empirical fitting. This addresses an important flaw
in existing creep models.

(3) It is found that a slight reduction of the
precipitate volume fraction causes a large change
for the critical radius in low precipitate volume
fraction, but a small change in high precipitate
volume fraction. Meanwhile, the change of steady-
state creep rate is negligible at medium or low
temperature, but it drastically increases at high
temperature.
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