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Creep of PE-10 nickel-base superalloy at 973 K 
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Creep data, at 973 K and stresses between 355 and 512 MPa, in flat specimens of PE-IO 
nickel-base superalloy are reported. The data have been interpreted in terms of a constitutive 
equation based on a creep model involving dislocation climb and cross-slip over the 
strengthening phase. Strain-rate sensitivity and apparent activation energy have also been 
measured and analysed in the frame of the proposed model. 

1. Introduction 
In recent years, efforts have been made to explain the 
mechanisms that govern the plastic deformation in 
precipitation hardened alloys. One of the most impor- 
tant aspects of selecting a high-temperature and high- 
stress material is its creep resistance. Superalloys have 
been used typically as rotating blades of gas turbines, 
and creep deformation has been one of the most crit- 
ical material properties to be considered [1]. 

The creep strengthening in superalloys has been 
explained by assuming that the dispersed second- 
phase particles act as obstacles to dislocation move- 
ment. 

Several mechanisms have been proposed to explain 
the creep rate in these materials. Ansell and Weert- 
man's paper [2] was the first to develop a theory 
about creep mechanisms in multiphase alloys. They 
suggest that the rate-controlling process is dislocation 
climb over the second-phase particles. At low stresses, 
they propose dislocation climb over particles with 
no pile-up or bowing of dislocations at the particles. 
In this case, the resolved steady state creep rate, ~, 
changes linearly with the resolved shear stress, x, fol- 
lowing the law 

") = rc'cb3D/2kTh 2 (1) 

where h is the characteristic particle size, b the Burgers 
vector, D the self-diffusion coefficient, k the Boltz- 
mann's constant and T the absolute temperature. At 
high stresses, greater than the Orowan stress, a dislo- 
cation will move past the particles by bowing out and 
pinching off loops around the particles. Now, the 
creep rate will be controlled by the rate at which 
the dislocation loop nearest to the particle climb to the 
top of the particle and is annihilated. Then, another 
loop will be moved inwards and it is possible to form 
a new loop by bowing and pinching off an arrested 
dislocation. The expression for this process is 

") = 2 ~ z g F 2 D / h G 3 k T  (2) 
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where F is the average distance between particles and 
G the shear modulus of the matrix. 

At very high stresses, Ansell and Weertman propose 
an exponential relationship (without demonstration in 
their paper) 

jl = "c 2 (rcFD/2Gzb2h)exp(2"c2Fb2/GkT)  (3) 

with the condition that the second-phase particles are 
strong enough to withstand the stresses exerted by 
dislocations piled up against them. 

Rowe and Freeman [3] studied deformation creep 
in M-252 and Inconel 700 superalloy. They found 
a dependence between the strain rate and the applied 
stress similar to Equation 2. 

Wilcox and Clauer [4], assuming that the density of 
mobile edge dislocations depends on applied stress, or, 
and utilizing Ansell and Weertman's model, obtain 

= Act" (4) 

where ~ is the unresolved strain rate and n = 5. 
In general, A includes the Arrhenius coefficient, 
exp( - Q/kT) ,  where Q is the activation energy of the 
principal process. A similar equation was used by 
Carey et al. [5] to build a deformation mechanism 
map for IN738LC superalloy. 

Lagneborg [6] considers that Equations 1 and 2 
do not agree with experimental data where the stress 
exponent is greater than 4. He introduces a back stress 
which the precipitated particles exert on a dislocation 
to solve the problem. 

Depending on the kind of superalloy and the ap- 
plied stress, n can vary between 4 and 16 and Q from 
400-700 kJ tool-1. This problem can be solved using 
an expression such as [6-17] 

= B(o - ~ o ) " e x p ( -  Q o / k T )  (5) 

where the value of n over the whole range of stresses 
and temperatures lies between 3.5 and 4. In this case, 
Qo corresponds to the self-diffusion energy. Cro, the 
friction stress, depends on stress, temperature and 
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structure [1]. Lagneborg and Bergman [11] propose 
a dependence between the effective stress (o - or0) and 
the total dislocation density, qb, as 

0 - -  0 o = A 1 G b ~  1/2 (6) 

w h e r e  A 1 is a constant. 
The study of the activation parameters, Q and the 

strain-rate sensitivity, m, provides information about 
the kind of microscopic mechanisms that govern the 
deformation of the alloy. 

Apparent activation energy is calculated as 

Q = alnU~(1/kT)lo,  s 

A lnUA(1 /kT) I , , , s  (7) 

and it, is measured by abrupt and small changes in 
temperature, in the steady-state creep region, at con- 
stant stress and structure, S. 

Sensitivity, m, is defined as 

m = ~ln~/~lncYlr, s 

A ln~/A lncrl r, s (8) 

and is measured at constant temperature and struc- 
ture by abrupt changes of stress. 

Mulford [18] studied the strengthening mechanism 
in different Inconel superalloy analysing the variation 
of m with stress. He evaluated the activation area 
associated with the deformation process, A*, by means 
of the relationship 

A* = mkT /bo  (9) 

At low temperatures (300 K), A* increases with the 7' 
precipitate size for Inconel X750. As the average size of 
the precipitates increases, they begin to behave as 
relatively athermal obstacles. At high temperatures 
(950 K), the activation area decreases, and 7' precip- 
itates may also be considered as athermal obstacles. 

This paper presents creep data, at 973 K, of PE-10 
nickel-base superalloy for various applied stresses. 
The results are interpreted in terms of a constitutive 
equation based on a creep model involving climb 
and cross-slip of dislocations. Activation energy and 
strain-rate sensitivity have been measured and ana- 
lysed in the frame of the model. 

2. Theory 
There are several research works in the literature 
related to creep in superalloys which show an increase 
in the slope of the steady-state log or-log k curves at 
high stresses [1-4]. This behaviour could be analysed 
using, for example, Equation 5. However, it could be 
thought that there was more than one deformation 
mechanism acting on the material. 

When we consider superalloy creep, dislocation 
climb over 7' and 7" is mentioned as an important 
mechanism controlling strain rate. Weertman [2, 
19-22] has proposed several creep models in which 
the creep strain is produced by glide of edge disloca- 
tions but the rate is controlled by the climb of such 
dislocations in order to surmount some types of bar- 
rier. In the case of superalloys, these barriers would be 
the dispersed second-phase particles [2]. 

In the range of high stresses, the climb velocity can 
be expressed as 

v = [2r tD/b ln (R /b ) ]exp (NzbA* /kT)  (10) 

where N is the number of piled-up dislocations over 
the obstacle. Following Baltuffi and Seidman [23], 
each dislocation dominates a cylindrical region of 
outer radius R given by R = (nqb)-1/2. The self-diffu- 
sion coefficient is expressed as D = Do exp ( - U/kT) ,  
where U is the self-diffusion energy and Do the pre- 
exponential term. The total number of dislocations in 
the pile-up is [24], therefore 

N = - n)r / b (11)  

where q is Poisson's ratio of the material. Then, from 
Equation 10 

v = [2rcD/b ln(R/b)] 

x exp Ire(1 - rl)FA*z2/GkT] (12) 

Following Ansell and Weertman [2], the strain rate 
could be expressed as 

9 = 1.5(b/hd)v (13) 

where d is the distance a pinched-off loop must climb 
before another loop can be pinched off. This para- 
meter is of the order 

d = Gb/n'c (14) 

By combining Equations 11, 12, 13 and 14 we obtain 
for the creep rate 

37z 2 (1 - rl)FD ,2 
") = ln(R/b) hb 2 G2 "t 

xexp[Tt(1 - q)FA*'c2/GkT] (t5) 

If unresolved strain rates, ~c, and stresses are used, 
Equation 15 can be written as 

3re 2 (1 -- q)FDo2 
421/2 ln(R/b) hbZG 2 

xexp[~(1 - rl)FA*o2/4GkT.] (16) 

In their investigations on thoriated nickel. Wilcox 
and Clauer [4] found cross-slip of dislocations around 
ThO2 particles at 450~ and they proposed this 
mechanism as responsible for plastic deformation at 
temperatures below 0.5 Tin. By-pass of particles by 
cross-slip is quite rare in superalloys because of the 
low stacking fault energy, f of the matrix [1]. How- 
ever, values between 90 and 450 erg cm- 2 are reported 
in literature for nickel [4, 22, 25-27] at room tem- 
perature and lower values were found at elevated 
temperatures [43 which could explain the activation of 
cross-slip mechanisms. 

As Nichols points out in his paper about activation 
area for creep [28], in the most important theories of 
steady-state creep of metals, glide of both edge and 
screw dislocations is completely ignored. 

Poirer [29] developed a steady-state creep model 
considering that dislocation climb and cross-slip are 
the mechanisms that control the plastic deformation 
at intermediate temperatures. The two mechanisms 
work in a simultaneous way and the steady-state 
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strain rate can be expressed as 

= ~cs + ~c (17) 

where ~:os is the contribution due to dislocation cross- 
slip. 

We could consider the same two processes acting 
when the dislocation loop is not blocked by the stress 
field produced by the interaction with another one, 
but by the interaction with the second-phase particle. 
Both dislocation climb and cross-slip over the par- 
ticles are accepted mechanisms that could control the 
deformation processes in dispersion-hardened alloys 
[30]. 

Poirer [29] considers that cross-sli p is controlled 
by the thermally activated constriction of the stacking 
fault and recombination of the partial dislocations. 
He obtains 

j,~ = A('~/G)Zexp( -- Q~s(T,,f)/kT) (18) 

where A is a constant and Q~s is the activation energy 
of cross-slip, a function of the stress and the stacking 
fault energy. Escaig [31] has calculated an expression, 
at first order in z, for Q~s as 

Qcs = (G2bg/Cf) [ ln(Gb/Ct f )]  1/2 

x [1 - ( 3 b z / f ) ]  (19) 

where C = 1859.82 and Ct = 14.51. 
Then, using Equations 18 and 19 we obtain 

"~  = A(z/G) zexp (  - 6/kT)  

x e xp (3bzS / f kT )  (20) 

with 

5 = (G2b4 /C f ) [ ln (Gb /C l f ) ]  1/2 (21) 

Equation 20 can be rewritten as 

?cs = ~:o'cZexp([ 3"c) (22) 

with 

~o = (A/Gz)exp(  - 6/kT)  (23) 

= 3b6 / f kT  (24) 

and if unresolved strain rates and stresses are used 

ko 
kcs - 4 ~/2 c~: exp (13cr/2) (25) 

If we consider that dislocation climb can be ex- 
pressed using Equation 16, we will write the steady- 
state creep rate, Equation 17, as 

/; = (1/421/2)cy 2 [~oexp(13o/2) 

+ gl exp(0~cy2/4)] (26) 

where 

gl = 3~2( 1 -- q)FD/ln(R/b)  G2b2h (27) 

= ~(1 - n ) F A * / G k T  (28) 

On differentiating Equation 26 it is easy to show 
that the parameter m, defined by Equation 8, is given 
by 

m = 2 + 1/2(~c//;)o~cy 2 + 1/2(~cs/~)13~ (29) 
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This Equation shows that m depends on the applied 
stress, on the strain rate and parameters of the model. 

3. Experimental procedure 
3.1. Mater ia l  
The specimens were obtained from a PE-10 superalloy 
air cast by the investment casting process in the Solidi- 
fication Laboratory,  IFIMAT,  UNCPBA (Tandil, 
Argentina) [-32, 33]. The composition of the alloy is 
given in Table I. This material is based on the EPE-10 
alloy, mentioned in Haynes'  work [34]. 

Before performing the creep test, as-cast samples 
were heat treated in an argon atmosphere with, solu- 
tion treatment for 10 h at 1373 K, water quenched, 
and a precipitation treatment for 16 h at 1023 K, 
water quenched. Metallographic observations of the 
specimens were made by transmission electron 
microscopy (TEM), using the experimental procedure 
given elsewhere [35]. The microstructure observed 

TABLE I Composition of the superalloy PE-10 (wt %) 

C 0.02 
Mn 0.28 
Si 0.34 
Cr 10.90 
Ni Bal. 
Mo 5.90 
W 2.35 
Co < 0.10 
Fe 2.55 
Nb/Ta 6.73 
A1 0.17 
Cu < 0.20 
P < 0.03 
S < 0.005 

Figure 1 Transmission electron micrograph of PE-10 showing 7* 
plates. 



showed an austemtic matrix containing 7* (Ni3Nb) 
type precipitates into the grain and over grain bound- 
aries (Fig. 1). It has been shown that austenitic 
N i - F e - C r - N b  alloys containing more than about 
30 wt % Ni may be age hardened, with a Ni3Nb phase 
as the major hardening precipitate [35, 36]. 

On the other hand, the carbide fraction volume was 
disregarded owing to the low carbon content in this 
alloy. The average grain size was 85 ~tm. 

3.2. C re e p  tes t s  
The creep tests were performed at the Laboratory 
of Mechanical Properties of Metals, IFIMAT, 
UNCPBA (Tandil, Argentina). They were carried out 
on planar samples with an average cross-section of 
3.65 _+ 0.16mm 2 and 18.25 mm gauge length. They 
were performed in air with a loading beam capable of 
maintaining a constant stress, within 1% of the initial 
stress, up to strains of the order of 10% [37, 38]. 

The experiments were performed at 973 K. The 
temperature was regulated by a proportional deriv- 
ative controller. Thermocouples were attached to the 
grips and the fluctuations were kept below _+ 1 K 
during the whole experiment. 

The elongation of the specimen was measured by 
attaching fused silica rods, which extended out of the 
furnace, to the upper and lower grip. Because the 
lower grip was fixed, measurement of the relative 
displacement of the fused silica rods, using LVDT, 
gives the true elongation of the specimen, eliminating 
any influence of the loading train. Experimental de- 
tails are given elsewhere [38]. 

4. Results 
Fig. 2 shows the creep strain as function of time for 
stresses between 355 and 512 MPa at 973 K. These 
results suggest the usual separation between transient 
or primary and secondary or steady-state creep, 

because the strain rate decreases to a constant value at 
all the stresses. 

When the data are plotted as log ~ versus log ~ for 
the steady-state creep, we obtain the graph of Fig. 3. In 
this plot, ~ has been obtained by calculating the deriv- 
atives of the curves of Fig. 2 in the steady-state region, 
and plotting them as function of the corresponding 
stress. 

Fig. 3 shows typical behaviour observed in many 
superalloys in which the slope of the log cy versus log 
curve increases at high values of stress [1]. In our 
graph, there are two regions with different slopes (ap- 
proximately 3.7 and 8.9). These values agree with the 
behaviour of other nickel-base superalloys in creep 
[1] and, in this frame, it could imply that more than 
one mechanism controls the creep deformation de- 
pending on the stress level. 

It was possible to measure the sensitivity, m, at 
different stress levels by making a small change in the 
applied stress (A cy ~ _+ 0.1 ~) and using Equation 8, 
evaluating the strain rate before and after the change. 
Once the equilibrium value was obtained for the new 
stress level, we returned to the original stress, and 
therefore the value of m could be obtained by increas- 
ing or decreasing the stress. The values obtained are 
given in Table II where the stresses measured before 
the small change are also indicated. All the measure- 
ments were performed in the steady-state region of the 
strain versus time curve. 

The apparent activation energy, Q, was also meas- 
ured by abrupt and small changes in temperature 
(AT = + 20 K) at various stresses in the steady-state 
region. The values obtained are given in Table III 
where the stress levels are also indicated. 

5. Discussion 
The behaviour of steady state creep of this super- 
alloy can be studied using the model proposed in 

f f 

0 5 10 15 20 ~ 25 

t (h~ 

Figure 2 Creep strain as a function of time at 973 K and various stresses for PE-10 nickel-base superalloy. (11) 355.0 MPa, (~)  368.0 MPa, 
(V) 401.9 MPa, (O) 449.0 MPa, ( + ) 493.0 MPa, (0 )  512.0 MPa. 

1727 



03 
0 

t -  

133 
0 

- J  

-6 .5  

-6.7 

-6.9 

-7 . t  

-7.3 

-7.5- 

-7.7 
2.50 

/ i  

z I 

�9 . f ' /  
/ 

.'"3.7. 

2.55 2.80 2.65 2.70 
Log stress (log MPa) 

/ 

I/l 
/ 

// 
/ 

/ 

i! 
// �9 

/ 
n =  8.9 

2.75 

Figure 3 Log o versus log/; for "steady-state creep for PE-10 
nickel-base superalloy at 973 K, obtained from Fig. 2. Two 
regions of different slope are shown, 

T A B L E  II The parameter m given by Equation 8 measured at 
various stresses 

cr(MPa) m 

355.0 9.4 
396.0 5.8 
401.9 3.0 
429.9 7.5 
449.7 8.8 
475.7 5.8 
493.0 10.5 
512.0 19.7 
522.0 12.1 

T A B L E  I I I  Apparent activation energy, (2, for steady-state creep 
of PE-10, obtained by making changes in temperature of _+ 20 K. 
Subscript 1 indicates that the values were obtained on increasing the 
temperature and subscript 2 on decreasing it 

cr (MPa) Qx (kJ mol-  1) Q2(kJ tool-  1) 

355.0 390.0 362.0 
368.0 454.3 - 
373.0 251.0 - 
401.9 469.7 402.7 
449.7 554.3 475.2 
512.0 402.7 - 

- 6 . 5  

~-- -6.8 

0 

% -7.1 
t -  

O -7.4 

-7.7 
2.50 2.~55 2.80 2.65 2.70 2.75 

Log stress (log MPa) 

Figure 4 Comparison of stress versus strain-rate curves of (111) 
experimental data and ( ) the theoretical curve predicted by 
Equation 26 for steady-state creep of PE-10 at 973 K. 

T A B L E  IV Material data for PE-10 superalloy 

Reference 

b(m) 2.49 x 10- lo [-26] 
G [Pa] 7.87 x 10X~ - 3 . 7 1 0 - 4 ( T -  300)} 1-39] 
q 0.31 [40] 
D0(m 2 s -  1) 1.27 x 10 -4 [41] 
U(kJ mo1-1 ) 281.35 [41] 

Section 2. In fact, experimental strain-rate data can 
be fitted, in the range of stresses considered, using 
Equation 26 with gl = 4.0 x 10 . 2 9  s -1  Pa -2, ~ = 17.2 
xl0-17pa -2, go=5.6x10-25s-Xpa -2, 13=4.9x 
10-9 pa-a .  

In Fig. 4 the fitting between the experimental points 
and the theoretical model expressed by Equation 26 is 
very good within experimental error. 

Using the relationship given in Equations 24, 27 
and 28, some parameters related to microstructure of 
the material can be estimated. The material data for 
the matrix of  the alloy are listed in Table IV. 

If we consider that A* ~ b 2 and this is replaced in 
Equation 28, using the value of ~ presented, we will 
obtain a value of F which is higher than that estimated 
by TEM (Fig. 1). However, Nichols  [28] in his review 
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about activation area in creep deformation, points 
out the magnitude of A* may well be substantially 
larger than b 2 if the process is controlled by diffusion. 
Li [42] and Balusubramanian e t  al.  [43] have cal- 
culated activation areas in several materials, yielding 
values ranging from several thousands of b 2 at low 
stresses and a few tens of b 2 at high stresses. In order 
to estimate the activation area in our material, we can 
consider, from Fig. 1, a mean distance between pre- 
cipitates of the order of 3 x 10 - s  m. Then using the 
value of ~, the data in Table IV and Equation 28 we 
obtain A* ~ 35 b 2, which is consistent with the activa- 
tion area obtained in several metals [28, 42, 43] and 
nickel-base superalloys [18]. 



If the experimental value of ~1 is used in Equation 
27 and considering ln(R/b) ~ 3.12 (considering a typi- 
cal dislocation density of 1012 cm -2 [23]) a value of 
F/h ~ 1.4 will be obtained. This relationship shows 
that the values of the mean distances between precipi- 
tates and the characteristic size of these have similar 
values. This assertion is confirmed by the distribution 
of precipitates observed in Fig. 1, where the sizes of the 
plates are similar to the mean separation between the 
second-phase particles. 

The value of [3 makes it possible to estimate the 
stacking fault energy of the matrix. From Equations 
21 and 24 , fcan  be obtained by solving the relation- 
ship 

f2 = 0.0885 [ln(1.053/f)] ~/2 

The solution of this Equation gives f = 0.313 J m - 2, 
which is a value within the range reported in the 
literature for nickel [4, 21, 25-27] and nickel-base 
superalloys [18, 44]. 

Using the experimental results presented in Table 
III, a mean value of Q = 428.9 kJ mol-  1 is obtained. 
This value agrees with the apparent activation ener- 
gies observed in several superalloys [1]. The value of 
our superalloy is much larger than the self-diffusion 
energy of the matrix given in Table IV. However, if we 
wanted to analyse the meaning of the apparent activa- 
tion energy, we would consider the result in the frame 
of the proposed deformation model in which the con- 
tribution of Qcs would be important. In this context, 
Q will be higher than U [45]. 

We can use the parameters gt, ~, +0 and [3 to evalu- 
ate the sensitivity, m, by means of Equation 29. In 
Fig. 5 the experimental data agreement between the 
measured values and those predicted by the theoret- 
ical model is good if we consider that we are evaluat- 
ing the derivative of the steady-state behaviour. The 
behaviour of the experimental point at 355 MPa is 
doubtful, because in this case the change in c~ used to 
obtain m was not so small ( ~40 MPa). We can con- 
sider that the tendency of the experimental data is that 
of the theoretical model. 

Finally, the results of m given in Table II are in the 
range of the experimental values of other superalloys 

25- 

20- 

15- 

10- o 

5- 

o 

0 0 

0 

350 400 450 500 550 

Stress (MPa) 

Figure 5 Variation of the sensitivity, m, with stress. Comparison 
between (�9 experimental data and ( ) the theoretical relation- 
ship of Equation 29. 

studied at temperatures where diffusion processes are 
important El, 15, 18]. 

6. Conclusions 
The steady-state creep characteristics of PE-10 nickel- 
base superalloy, at 973 K, are presented. They are 
described by a model which considers dislocation 
climb over the second-phase particles and cross-slip. 
Using the experimental data, some parameters of the 
model are evaluated: the ratio of the mean distance of 
precipitates to their characteristic size (F/h) and the 
activation area associated with the climb process. An 
estimation of the stacking fault energy is also made. 
This value agrees with the values presented in the 
literature. 

Experimental data of m show a dependence on 
stress. They are compared with the estimated values 
using the theoretical model. 

Finally, the apparent activation energy is evaluated, 
its value being similar to the results presented in the 
literature for other nickel-base superalloys. 
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