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ABSTRACT

A model has been presented for describing primary and second
stage creep. General equations were derived for the amount and
time of primary creep. It was shown how the model can be used to
extrapolate creep data. Applicability of the model was demonstrated
for Waspaloy with gamma prime particle sizes from 75 - 1000 A,
creep tested in the temperature range 1000 - 1400`F (538 - 7600C).
Equations were developed showing the dependence of creep parameters
on dislocation mechanism , gamma prime volume fraction and size.
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PRECEDING PAGE BLANK NOT FILMED

v



a

or

Figure

8	 Iso-creep strain curves at 1200°F (649°C) for two heat treatments
of Waspaloy. A longer time was required for 0. 1 and 0. 2
percent creep for the material aged at 1400 °F (760°C)
(dislocation mechanism of shearing), thdn for that aged at
1700°F (927°C) (dislocation mechanism of by-passing).

9 The dependence of the rate coefficient K I on y' particle size
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NOMENCLATURE

e = primary creep rate (Greek eta)

e i = initial creep rate (Greek eta)

r m = steady state creep rate (Greek eta)

^ c = steady state creep rate compensated for temperature and particle
size (Greek eta)

K 1 = rate coefficient

Ki = rate coefficient compensated for temperature and particle size

T = absolute temperature

R = Gas constant

k q Boltzman's constant

b = Burgers vector

v = mean dislocation velocity

vm = min ; mum dislocation velocity

c= creep deformation (Greek eta)

1 = shear modulus (Greek mu)

X = mean planar particle separation (Greek lamda)

d = average particle diameter

V f = precipitate volume fraction

D = self-diffusion coefficient

v = applied stress (Greel- sigma)

ED = activation energy

t = time

n = numerical stress exponent

f l , f 2 , f j , f4 = functions of temperature and stress
I

A„ A, B, B', C, E = constants
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INTRODUC'T`ION

Engineers are increasingly aware that primary and second stage

tree ) characteristics must be considered in design for many high

temperature applications. The importance of the early stages of creep

was highlighted by research carried out at The University of Michigan

under sponsorship of The National Aeronautics and Space Administration,

Washington, D. C. Studies of Waspaloy ( 1] 1,`and Inconel 718 [ 2] sheet

demonstrated that severe time-dependent edge-notch sensitivity occurred

when notched specimens were loaded below the yield strength and whin

smooth specimen tests showed that 0. 1 or 0. 2 percent creep consumed

large rupture life fractions. Thus, the notch sensitive behavior was

dependent on the creep characteristics, particularly those at small

strains.

A correlation also has been established between time -dependent

notch sensitivity and the dislocation motion mechanism ( 2, 3]. Precipitate

particles, y' - Ni 3(Al, Ti) in Waspaloy and y' and y" - Ni 3 Cb(bct) in

Inconel 718, smaller than a critical size were sheared by dislocations.

Under these conditions, the deformation was localized and time-dependent

notch sensitivity occurred. Particles larger than the critical size were

by-passed by dislocations, the deformation was homogeneous and no time-

dependent notch sensitivity was observed.

The presently reported study was directed at developing an under-

standing of the factors controlling primary and second stage creep be-

havior. Emphasis was on y' strengthened nickel-base superalloys for

conditions where dislocations sheared and by-passed the precipitate

particles. The approach, however, can be applied to other systems in

which different dislocation motion mechanisms may occur.

' Numbers in brackets designate References at end of paper.
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EXPERIMENTAL DATA

The creep data used in the study were from the previous reported

creep-rupture testing program of Waspaloy at '000° - 140V (538 - 760ac),

The heat treatments evaluated were:

(a)	 1/2 hr. at 1975 0 F (1080 0 C) 4 10 hrs. at 1700 a F (927aC)

(b)	 1/2 hr. at 1975 a F (1080 a C) * 24 hrs. at 1550 O F (8430C)

(c)	 1/2 hr. at 1975 O F (1080 0 C) + 16 hrs.
m

at 1400 0 E (7600C)

Aging 24 hours at 1550 a F (8 4 3'C)and 10 hours at 1700 a F (9270C)
n

resulted in y' about 600A and 1000A in diameter respectively. These are

larger than the critical size, and thus, the dislocations by-passed the y'

particles under all test conditions [3]. After aging 16 hours at 1400aF

(760 a C) the y' was about 75A which was smaller than the critical size.

Consequently, at the lower test temperatures, the dislccations sheared

the precipitate particles. The by-pass mechanism became operative at

the higher temperatures and longer times due to y' growth.

2
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DATA ANALYSIS

Theories for primary and second stage creep were applied to the

data. Evaluation of the nature of tertiary creep was beyond the scope

of the study and therefore was not considered,

Based on dislocation multiplication, motion and immobilization,

Li [4] derived the following relationship for primary c°seep rate:

where ^^y is the steady state creep rate, fil the initial creep rate,

t the time and the rate coefficient K 1 represents the following function [5]:

eyp— (f/ RT)	 ,	 (2)

where b is the Burgers vector, v is the mean dislocation velocity, T is

the absolute temperature, R is the Gas constant, A. and E are constants.

Integrating equation (1) allows expression of primary creep de-

formation as:

l	 m	 1

Equations (1) and (3) require that plots of ln(1 - Em F ) versus t to

be linear with slnpe K l . In all cases, the creep data were consistent with

this relationship for a wide range of values of ^M E (fig. 1). The values

of the rate coefficient K 1 are presented in Table 1.

In order to make most effective use of the above equations, relation-

ships must be established to describe the dislocation velocity and the steady

state creep rate. These are dependent on the dislocation motion mechanism.

Dislocation By-Pa ssing of y'

For the materials aged 10 hours at 1700°F (927°C) and 24 hours at

1550°F (843°C), and creep-rupture tested, dislocations were observed bowing

between y' particles leaving pinched off dislocation loops [3]. Ansell and

3
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Weertman [6] proposed a theory icdicating that ?,his mechanism occurs for
ii

stresses above pb / X where p is the shear modulus and X is the mean

planar separation.	 X can be calculated from the

average particle diameter d and the volume fraction Vf (about 0. 22 in

this case - [ 7] ) using the relationship [8] :

4Aa = d (^r^ 4VI ) _ d	 (4)
The experimental observations were consistent with the theory in that

all of the test stresses were greater than pb /X. Under these conditions,

the dislocation. velocity and the steady state creep rate are given by [61:

v = 2b Del Q,z	 _ 2 17D A
a
U, 4
	( >

	

and	
5
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li
where 17 is the self-diffusion coefficient and k is Boltzman's constant.

Thus, K1 varies with w2 [equations (2) and (5)] while e m depends on v4,i
For test stresses below the approximate yield strength (figs. 2, 3), the

creep data conformed very well to these relationships. However, at
!i

higher stresses, larger exponents occurred, This was not unexpected
i

since at high stresses v and e 	 reportedly depend exponentially on stressM
[6].

^i
A useful representation of the data can be obtained if it is compensated

for variations in temperature and particle size. From equations (2), (4)

and (5), compensated K 1 coefficients can be obtained as follows:

c

j	
d	

Tc	 (6)1T` T/ 

Using values taken at constant stress for the material aged at 1700°F (927®C),

the constant B was determined to be 3. 3x10 4 and Z. 2x104 above and below

the yield strength, respectively. Using these values, L„e K 1 values were

compensated to 1200°F (649°C) and a particle size of 1009)A. For the

material aged at 1550°F (843°C) compensation was made for both temperature

4
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and particles size. No allowance was anade for y' growth during test

exposures (for the times and temperatures involved the y' growth was

negligible.) The results (Table 1, fig. 4) show little scatter and therefore

are well represented by the master curve.

Minimum creep rates can be compensated in a similar manner.

Using equations (4), (5) and the relationship D = exp - (E D / RT), where

ED is the activation energy (for diffusion), the following equation is obtained.

.°	 d	 T

dTC	 R t	 f
The apparant activation energies (for creep) were determined to be

83 and 92 K cal/ mole for stresses above and below the yield strength

respectively. These values are close to the value for diffusion

(ED P 65 lc cal/mole). Plotted against stress, the creep rates compensated

to 1"200°F ( 649'C) and s, particle size of 1000A deviated only slightly

from the single master curve.

Dislocation Shearing of y'

During primary and second stage creep of the material aged 16 hours

at 1400°F (760'C) the dislocations sheared the y' particles in tests at

I^
1000° - 1300-F (538 - 704°C). Rapid y' growth occurred in tests at

1400*F (760°C) so that, even at relatively short times, the looping

jj	 mechanism became operative. Analysis was carried out only for the

lower temperature test data.

Detailed theories for the shearing mechanism were not found in the

literature. However, the dependence of dislocation velocity on variables

of interest can be formulated. The velocity of a dislocation varies according

to its position. The minimum value V  which controls the deformation

rate, occurs when the dislocation is adjacent to y' particles [9]. Gleiter

derived the following relationship between this velocity and temperature [9]:

yrn	 oc T 9w r _ ED R Tl	 (8)

5
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The mean velocity v of a dislocation must be dependent on the amount of
^i

time that it moves at v m and, therefore, on the number of dislocation-

particle interactions. Hence:

oC	 d'11'	
V	

Vm	 (9)	 ,.

f
The stress dependence of the velocity was derived from the experimental

l

data. For constant temperature (assuming V f and d also constant) K 1 varied

according to cn where n = 11 and 5 for stresses above and below the yield

strength respectively (fig. 5). Thus, the dislocation velocity for the

shearing mechanism can be expresses as follows:

V d V Ta " Ox ID _ (ED / RT^	 (lo)
4

Using equations (2) and (10) an equation can be derived to compensate K1

values for temperature and particle size:

K4 ` = Ki d Tc Qt^r _ a `T^ - ^^^	 c11>
do T

Constant B' values of Z. 6xl0 4 and 5. 1x10 4 were derived for stress above

and below the yield strength respectively (for constant d). K 1 values

compensated to 1200°F (649°C) are presented in Table 1. Again, no

allowance was made for the relatively small amount of y' growth that

occurred during the test exposures.

No well-defined equation was available describing the dependence

of minimurn creep rate on stress and temperature. Consequently, the

following general expression was utilized:

^M = A c n Q""e P— \ ED /R Tl 	(12)

The stress exponent n was 20 and 6 for stresses above and below the

yield strength respectively. The data were compensated for temperature

by:

6
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Evn	
Iz	 ^D ( ) o	 l	 (13)

1 r̂ 	 T 1
The apparent activation enemies (for creep) were about 73 and 105 K cal/mole

above and below the yield strength respectively. The data compensated to

1200°F (649°C) using these val:ws are presented in Table 1.

Time for Primary Creep.
The primary L-eep rate decreases with time until it equals the minimum

	

creep rate. Thus, e = Ce	 ( C> 1) during primary creep. Substituting inm
equation (1), one obtains:

	

L 
	 (^ — '11C 1]	 (14)

LKq	 EA- t 	 `	 /f

From the experimental data, a >> e m • Thud, equation (14) reduces to:

	

L = __	 k 1 4 VC)	 (15)

	

K,	 `	 /

From a practical point of view, primary creep can be considered complete

when C is less than about 2.5. Based on this value, the times for primary

creep were taken from the ln ( 1 - em / e ) versus time plots for each set

of creep data evaluated. These results ( fig. 6) show eAcellent agreement

with the curve calculated using equation ( 15). Therefore, the equation is

a good representation of the time for primary creep. Note especially that

the correlation is independent of the dislocation motion mechanism.

Amount of Primary Creep

From equations ( 3) and ( 14), the amount of primary creep is given

by:

_  (16)

	

Km	
I -E4	

^m	 ^^^ (I	 ^,„	 c

7
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7Cn utilize rc!atiouship, the ratio e 1 / cm must be known. Examina^-

tion of the plots of In(I	 e^m / e) versus time at t 0 showed that IO

is a good average value for e i / em . Hence:

	

E = _ Em	 9	 (17)l

	

Kj	 C - 1 1
Using the times for primary creep, values for primary creep deformation

were read from the creep curves. These were plotted as a function of

e m / I{ I along with the curve derived from equation (17) (fig, 7), Some

of the data scatter probably reflects experimental difficulty in determining

creep deformation in the very early stages, Again, the correlation is

independent of the dislocation mechanism.



PRACTICAL, IIviPMCATIONS

The rnodel presented permitted correlations to be extablished for

primary and second stage croep. Based on these relationships, sever=al

conclusions of practical importance can be drawn. A number of these

are discussed in the following sections.

Extrapolation of Creep Characteristics:

An important factor in high temperature design is the long time creep-

rupture characteristics. It is usually impractical to conduct prolonged

time tests to verify the applicability of a material for service. Consequently,

the characteristics must be determined from shorter time tests. Extrapola-

tion of creep data can be accomplished using equation (3). Relationships

between K l and a and also e m and e must first be established using

relatively short time tests. These can then be extrapolated to the stress

(and tlr ^_`i if interest and the primary and second stage creep characteristics

calculu^e . d. It should be noted that this is a general technique and requires

r. ,a knowle dge of the dislocation motion mechanism. However, if theories

are available describing the stress dependence of K 1 and em , then the

extrapolation can be made with either greater certainty or less data.

In other words, dislocation theories offer a basis for improving the accuracy

of extrapolation of creep data.

Creep data for Waspaloy aged at 1400 ° F (760°C) and at 1700 ° F (927°C)

were extrapolated at 1200°F ( 649 0 C). The results are presented as iso-

creep strain curves ( fig. 8). Curves were determined only for 0. 1 and 0. 2

percent creep since for this particular alloy, tertiary creep begins at relatively

low creep strains. This entailed calculation of the time and deformation

for primary creep [equations ( 15) and (17)]. The amounts of primary

creep calculated were <0. 1 percent. The remainder of creep deformation

was, therefore, assumed to be second stage, i. e. m t . As predicted

by the equations, the iso-strain curves were linear on plots of log v

versus log t (fig. 8). It %s clear that a longer time is necessary to attain

a given creep strain for aging at 1400°F (760°C) (shearing mechanism)

9
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than for aging at 1700°F ( 9Z7°C) ( looping; mechanism).

Two additional factors can, influence creep characteristics, particularly

in the extrapolated range. (a) Many nickel-base superalloys, including;

Waspaloy, exhibit "negative creep " . This feature becomes evident when

test stresses are low enough so that little or n(, "creep deformation"

is expected. Negative creep ( which may be associated with an ordering

reaction) is little understood and presently is being studied at The

University of V-*-higan. It is probable that this phenomenon has little

influence on the results reported, since in this work, the stresses are

high enough so that "negative creep" was small relative to the total

creep deformation. As the analysis, was applied to actual creep data

(""positive" plus "negative" c .ep), the results are applicable vAthin

and probably somewhat beyond the range of test stresses. ( b) No allowance

was made for growth of y' during the test exposures. Little or none

occurs for the test conditions considered. When extrapolating to higher

temperatures and longer times, structural instabilities could become a

significant factor. Allowance for y' growth could be incorporated into the

analysis, but this was beyond the scope of the present investigation.

Creeg: „haractes, istics and y' Morphology

The intinence of variations in size and volume fraction of y" on creep

deformation characteristics can be derived from the equations presented.

When the dislocation motion mechanism is looping:

(	 lKd —, 1T, o•)	 ^V, :	 (18)
"

while for shearing:

K, _ ^, ( T, a) I/ V 	 (19)

In either case, K 1 varies linearly with d. This is shown in Figure 9 using

data for Waspaloy ( Vf = .22) at 1200°F ( 649°C). The figure is drawn with

a mechanism change at about 200A ( reasonable estimate for this

10



critical particle sfee). bear the critical value, both mechanisms presumal,ly

contribute so the curves are smooth.

Using the equations (18), (19) and (15), it is evident that the time for

primary creep for either mechanisms increases with decreasing d or

increasing Vf.

The dependence of the amount of primary creep on d and Vf can
be derived for the looping mechanism. Using equations (4) and (5):

G	 r^ (T, 
^) ^/ V	 (20)

Substituting equations (20) and (18) into (17) the following relationship for

the amount of primary creep is obtained:

	

E = ^y ( T, w) Vf 
^^Z	

(21)

As a decreases with increasing Vf, alloys with nigh y" volume fractions

will exhibit very little deformation in primary creep. For constant volume

fraction , the amount of primary creep can be expected to be independent

of particle size.

11
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CONCLUSIONS

1. Primary and second stage creep can be described analytically in terms

of two important parameters, a rate coefficient K l anci the minimum

creep rate em . These can be determined from experimental data.

Extrapolation as a function of stress permits determination of creep

characteristics at prolonged times.

2. —lie time for primary creep depends only on Kl while the amount of

primary creep varies according to e / 1{
rrc	 1.

3. Knowledge of the dislocation motion mechanism permits theoretical

determination of the manner in which K 1 and em (hence the creep

characteristics) vary with test stress, 7recipitate morphology, etc.

Dislocation theories can, therefore, be used to improve extrapolations

of creep characteristics or to indicate the influence of varying

precipitate size, volume fraction, etc.

4. Creep data for Waspaloy at 1000° - 1400°F (536 - 760°C) for test

stresses below the yield strength were in good agreement with models

derived for dislocations either shearing and by-passing y' particles.

The creep characteristics depended on the dislocation mechanism.

K 1 and ^m were shown to vary with the y' particle size for both

mechanisms. They depended inversely on the y' volume fraction to

various powers.
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PRINWtY ANO SF:COYOA1tY STAGE CR22P CHARAC`I'Et/159'FCS O9•' `MILE 14EA L r 'r9tEA`rh9tiN'8'S

OF WA51'ALOY AT IUUU° - 1400 °F (538 • 760°C)

Cullyounated Compehailted
T.lulperature SmBB (YRBIlluiYl C'reah Coefficient Itl h1hi1Ptgnt Creep C^eltd L'Ieat R4

VC) °F h1N/Ia Y Itute but 5'11, (1 /hr.) Rate F.,(°F/hr.) 0 /hr.)

V/2 Iv. ut 1975°F" (W80°C) plus	 7U lira. at 1700°F (927 °C)

760 1.100 983 26.6 7.7. W" 5 1.3. 70'2 5.0. 70' 7 1,0. 1.0.3
262 38.0 8.2. IU- 4 219. VU'2 5..3. 70°6 2.3. 10"3

704 l3UU 165 30.5 B.S. 10" 5 7.9 . 10°
3

5.8 10'6 2.2 . 10'3

4W 60.0 B. 9. 10 `4 2.4. l0° 2 6.0., 10 -5 6.8. 10"3

6 119 1200 551 80.0 La , I(I A 1.6	 . 10° 2 1.8 , lo .4
640 100.0 6o') IU"2 2.2. 10° 1 b.9 . IU -2 2.2. 10'1

593 7IU0 690 100.0 2.8. 10- 3 9.0. 10' 3 5.U. 10° 2 8.4. 10`2
862 125.0 5.2. 10° 2 4.1	 . w- 2 9.3. IU -I 3.4	 . 10-1

538 1000 758 110.0 3.5. 10°4 3.7. 10 -3 1.7. 10` 1 4.6. 90°l
802 125.0 2.7 10° 3 6 0 10 -3 13.0. l0" 1 7.5 . 10°i

172 hr. at 19-;'F OuSU°C) Llua 24 hre. at 1550 °F (811

760 7900 262 38.0 S.2. 70-`1 P.O. iu- 4 8.4. 70'6 2.6. 10-3
310 45.0 303. 90' 3 2.3. VO .2 3.4. 00- 5 2.8. 10-3

649 1200 655 95.0 V.3. 10- 3 V.8. 10 . 1 2.1	 . 10'3 2.9 . wl

593 1900 827 120.0 5.9 . 10" 3 3.2. lo, 2 1.7	 a 10 .1 5,4	 . w-)

538 1000 931 135.0 3.6 . 10" 3 6.0 . 10" 3 28.0 , 10' 1 12.4 . 10-1

9/2 hr. at 1975°F t1080 °C) plea V6 hrs. at 1400 °F (760 °C)

704 ,	 1300 241 35.0 3.5. 90`5 1.5. IU" 3 I.S, wl, 7.5. 10-5
379 55.0 1	 2. t0°'I 1.5. V0° 2

1	 8. IU'5 7.5. IU-'I
448 65.0 y .e . 70"1 3.9 . 70' 2 4.9	 , 90"5 2.0. IS-3
552 80.0 3.4. l0" 3 1.7. 10 .V 1,.•1	 . 1u"1 8.5. 10'3

649 1200 552 80.0 1.2. 10-4 V.O. 10° 2 1.2. 10 -4 1.0. to-4
629 90.0 1.3. 10-'I P.U. 10" 2 1.3. 10°' 1 2.0. 10°2
758 110.0 1,0 , 10- 3 3.6 . 10' 2 1..0	 . 10° 3 3.6 . 10-
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o.
m x

G_ Y

V Y
v	 ^+

p
ur	 u^
^ v y
u.	 m
1	 f0	 4

L

4 .4.

r.e

y

E;°
o

w
v W .4 y	 w

4W G5

Q
e	

Y"

^ G	 L
W '°

N h O
°C
U 4	 4

N yr

GDC N b r
S

U^ y 4]

O	 z F	 o, ®n
W e

GC O O

a `o
v H ^

W ^ d
0 4 ro

v o.°.u _

v U'W
G O	 N

v	 G
mm^r

El

0
v
4

N



O

STRESS, 100 MN/m2
to a	 Q	 N

0 ^ n
O a m

M nV N

0

h
Z
W
:E

m
V

o

p
^,

~
Q

OC

L

n

O
O

h

^ O O

Z ^ H

^ ^
N

O

® 0

•

•

wt
0
Cp
^tl ^

O ^ L
r9 b H
CL m

^ ^ H
^ ^ vH O VI
W O ,+

°^ L Y6 CO ,^
O C ^O hl .^

H ^

v r
O	 N rd y

Aj

•^ ^ to

1 ^ C yL	 a ^

H

Y	 u

Zy Hy

LL,y .r b H

QM r
U	 4

^ c ^
O O 'T .:
W N ^ «
h
N r0 ^ y
z v^ a^ W	 h 5

q

Q Cb
0 4 m
u — =

x r
V

uimU

rt

C v o
iY "H L

;;; o a
w h
dp r m

n

w
0
H

_	 7

S	 p O O	 O	 p 0
N	 O 4 ^O	 t{	 N

l ed o00'1 ' 553815

h
-	 r



STRESS, 100 MN/m2

O co ^o	 v	 N
r

n
a
a
N

M
O Lu
O p
r O

O

O
O
O
O
•-

n

u
r

em C7M n Z
w

n
eLL r

V
O O
O O ^

w_

n

P
h

H

v
O
O

1

H

M

O 41 C

IN

Qe

^;^.
N

1. O
^^.

H r M	 J
"°

_
C

O	 µ^
y

© tCL

y u A	 i!

w C

w n ^^

b ^
C

^V1

^^. v	 b °l7

N v p^

C b varo

r

Z C". N u
w

W
d	 chu	 C

O ._
LL

^ O ¢n
C A

u. U r_ zt

w

u
d)x^'a

M
O C

U	 r fl

'c1 C	 ^	 +n
C W A

IU ^	 n 3

N	 N	 G7

b +	 n C
^J	 O

Gl
H

O
W

1

!I

p

i

I}
I

O
O
N

O	 O 000 ^	 OVO	 O
C14

i > d oaoi' SS3HiS



u	 U u
h	 M O

H N	 O p
Z P	 ro n

F LL	 LL LL

H a	 • 0

W O	 N S O
^ n	 rp.r Ŷ
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