AFRL-RX-WP-TP-2009-4128

DISLOCATION DYNAMIC MODELING IN HIGH
TEMPERATURE SINGLE CRYSTAL VISCOPLASTICITY
(PREPRINT)

Brice N. Cassenti and Alexander Staroselsky

Pratt & Whitney

MARCH 2009

Approved for public release; distribution unlimited.

See additional restrictions described on inside pages

STINFO COPY

AIR FORCE RESEARCH LABORATORY
MATERIALS AND MANUFACTURING DIRECTORATE
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750
AIR FORCE MATERIEL COMMAND
UNITED STATES AIR FORCE



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a
collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YY)
March 2009

2. REPORT TYPE
Conference Paper Preprint

3. DATES COVERED (From - To)

4. TITLE AND SUBTITLE

DISLOCATION DYNAMIC MODELING IN HIGH TEMPERATURE SINGLE

CRYSTAL VISCOPLASTICITY (PREPRINT)

5a. CONTRACT NUMBER
FA8650-07-C-5252

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
62102F

6. AUTHOR(S)
Brice N. Cassenti (Rensselaer Polytechnic Institute)
Alexander Staroselsky (Pratt & Whitney)

5d. PROJECT NUMBER
4347

5e. TASK NUMBER
20

5f. WORK UNIT NUMBER
24110202

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Rensselaer Polytechnic Institute
275Windsor Street Mail Stop 165-16, 500 Main Street
Hartford, CT 06120 East Hartford, CT 06102

Pratt & Whitney

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
Air Force Research Laboratory
Materials and Manufacturing Directorate
Wright-Patterson Air Force Base, OH 45433-7750
Air Force Materiel Command

10. SPONSORING/MONITORING
AGENCY ACRONYM(S)

AFRL/RXLMN

11. SPONSORING/MONITORING
AGENCY REPORT NUMBER(S)

AFRL-RX-WP-TP-2009-4128

United States Air Force

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited.

13. SUPPLEMENTARY NOTES
Conference paper submitted to the International Symposium on Plasticity 2009. PAO Case Number: 88 ABW-2008-
0809; Clearance Date: 04 Nov 2008.

14. ABSTRACT
We have developed a crystallographic—based viscoplastic model for nonisothermal high temperature deformation and
coupled it with damage kinetics. Several damage mechanisms, namely the multiplication of mobile dislocations, void
growth and including scale effects, caused by dislocation extrusions/intrusions, have been considered. We applied two
body interaction concepts from chemical Kinetics to include in our constitutive relations the generation and interaction of
pinned and mobile dislocations. The relative importance of each of the damage modes at different temperatures and
stress levels has been deduced by comparing strain-stress and crystallographic texture predictions calibration against test
data and has shown that the dislocation density growth.

15. SUBJECT TERMS
crystallograpic-based viscoplastic, nonisothermal chemical kinetics, calibration

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON (Monitor)

a. REPORT | b. ABSTRACT | c. THIS PAGE OF ABSTRACT: OF PAGES Andrew Rosenberger
Unclassified | Unclassified | Unclassified SAR 10 19b. TELEPHONE NUMBER (Include Area Code)
N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18




DISLOCATION DYNAMIC MODELING IN HIGH TEMPERATURE
SINGLE CRYSTAL VISCOPLASTICITY

Brice N. Cassenti* and Alexander Staroselsky**

*Rensselaer Polytechnic Institute, 275Windsor Street, Hartford , CT 06120
casseb@rpi.edu
**Pratt & Whitney, Mail Stop 165-16, 500 Main Street, East Hartford, CT 06102
alexander.staroselsky@pw.utc.com

ABSTRACT We have developed a crystallographic—based viscoplastic model for non-
isothermal high temperature deformation and coupled it with damage kinetics. Several
damage mechanisms, namely the multiplication of mobile dislocations, void growth and
including scale effects, caused by dislocation extrusions/intrusions, have been considered.
We applied two body interaction concepts from chemical kinetics to include in our
constitutive relations the generation and interaction of pinned and mobile dislocations.
The relative importance of each of the damage modes at different temperatures and stress
levels has been deduced by comparing strain-stress and crystallographic texture
predictions calibration against test data and has shown that the dislocation density growth
may be important in characterizing primary creep.

INTRODUCTION: An understanding of the micromechanics of high temperature creep
and damage accumulation in single crystal nickel base superalloys is important for the
design of turbine blades and vanes in advanced commercial and military gas turbines.
Our models must not only predict the creep response of materials in gas turbines they
must also be able to model virgin material since most experimental data has been
obtained from “as received” materials and “as received” materials have considerably
smaller dislocation densities than pre-strained/pre-exposed materials. This can drastically
change the primary creep response. The Orowan equation, where strain rate is
proportional to the dislocation density, is commonly used to describe the mechanical
response of materials. But clearly if the dislocation density increases then the strain will
also increase and the equations must include an additional term proportional to rate of
growth of dislocation density. We believe that including dislocation density growth rate
in our model may predict the observed experimental differences between “as received”
materials and pre-strained materials.

PROCEDURES, RESULTS, AND DISCUSSION: We have used a standard
viscoplastic power law creep with a back stress to represent the response of the material.
The constitutive law for the inelastic strain rate, 7;° along slip plane i is proportional to

the mobile dislocation density, p,, and is written as (Staroslesky et al, 2006)
7ip=y’0(pm/p0)‘(ri—a;,)/sf‘"sgn((ri—w,)/si*), where 7, is a time constant, z, is the slip
plane resolved shear stress, si*is the isotropic yield stress, . is the slip plane back stress,
and(")is the rate of change with respect to time. Both s; and @ have evolution



equations of their own. We obtain relations for mobile and pinned dislocations along each
slip system as:

a a
T T
-w? 2 ss a

c + oSS = a_gz a 2 - ss _ a
pg =MLy | E P TP~ P p"‘—CvA](l—v), pp=T1| 1=y | 22 =P )
S Po Po

S

where M and IT represents specific time constants, different for the octahedral and cube

slip systems, py, is the saturated mobile dislocation density, oy, is the saturated pinned

dislocation density, and &? is a positive constant, vis the pore volume fraction and has an
evolution equation associated with it. Please see Staroselsky, et al (2006) for a more
complete discussion of the model. The Orowan (1940) equation is commonly used to
describe the mechanical response of materials and is referenced widely [e.g. see
Thompson, 2006].

The Orowan equation is generally written for edge dislocations with a dislocation
density, p, as y = pbv, where y is the shear strain, v is the dislocation velocity, b is
the Burgers’ vector, and (")=a( )/ét. However if the dislocation density increases then
the strain will also increase and the equation should include a p. For example, we could

write 7 = pbL + pbL . The quantity L is some characteristic dimension which will make
the strain rate the total derivative of a function. An equation containing o is not a new

idea, and has been proposed independently by others [e.g., see Gupta, et al, 1974]. The
characteristic distance L is the key parameter that must be developed. Our proposal is to
assign to L the distance between pinned dislocations similar to Thompson (2006) where
the author has proposed using the average dislocation displacement.

For example consider the singular components of the strain for edge and screw
dislocations describe the state of strain in a material. For an edge dislocation in the x-y
plane (i.e., the dislocation line is parallel to the z-axis), and the discontinuous slip along
the x-axis, the singular part of the displacements in cylindrical coordinates (Nabarro,

1987) are, T=h/2z{6,In(r/b),0}, where the vector components are along the
r,0,z are the directions respectively. For a screw dislocation in the x-y plane the singular
part of the cylindrical displacements (Nabarro, 1987) are U = b/27z{0,0,6?} . For the edge

dislocation the small strain components can be evaluated, and then the maximum shear
strain can be readily shown to be &,,, =b/2zr in cylindrical coordinates. Similarly for

a screw dislocation the maximum shear strain is ¢, =b/4zr. Recall that the maximum
engineering shear strain, ¥max = 2&max »



For dislocations that are distributed throughout an area with density, o, the strain tensor

becomes for both edge and screw dislocations can be written as &j; = prfij (F— ﬁ)dS :

S
where S is the area over which the dislocations are distributed, and we have assumed
that the rate of change of the integrand over time, t, is slow enough for a steady state in
the strains to exist. The dislocation density can include both edge, p,, and screw

. . - 1 :
dislocation densities, ps, where p= p, +§Ps- The strain rate can be found by

differentiating with respect to time, then ¢&; :j{pbfij—pbﬁoﬁfij }dS, where
5
()=a( ), f= f(F—ﬁ), and T is the vector (x,y,0) while R is the vector

(X,Y,0). The integration is performed over the coordinates (x,y,0). If o, p, and R
are constant throughout the area S then §&; :pbf fide—pri’o[[jfijﬁdC where the
S C

contour C surrounds the area S, and use has been made of the divergence theorem.

We can find an approximate value for the second integral by considering the case of a
circular contour of radius a surrounding the area S, and all of the dislocations moving
with velocity v. Then the maximum engineering strain rate for edge dislocations with
p =0 isgiven by 7. = PebV, which exactly matches the Orowan equation. We now

need an estimate for the term proportional to 0. Consider again the case of a circular
area of radius a. An integration yields 7.« = 20.ba+ p.bv. Our proposal is to make
the term 2a in the o term proportional to the average distance between pinned
dislocations.  That is, if the pinned dislocation density is p, then the distance is

proportional to 1/, /pp :
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