Chapter 13
Irradiation Creep and Growth

Creep is the time-dependent deformation of a metal under constant load and at high
temperature (7/7T;, > 0.3). The metal responds by elongating with a strain defined
either as the nominal strain, e, calculated from the original length of the sample:
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(13.1)

or as the true strain, ¢, determined from the instantaneous length of the sample:
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The nominal or engineering strain is related to the nominal or engineering stress
corresponding to the initial cross section of the sample, while the true strain is
related to the true stress corresponding to the instantaneous cross section. The
components of strain are elastic, anelastic, and plastic. Elastic strain is instanta-
neous, time-independent, and reversible upon release of the stress. Anelastic strain
is also reversible but depends on strain rate. Plastic strain is time-dependent and
irreversible and is characterized by a volume conservative change in shape or
distortion of the sample. Creep refers to the time-dependent component of plastic
strain.

In general, creep is a temperature-dependent process, requiring the thermal
formation of vacancies and the motion of vacancies by volume or grain boundary
diffusion, or the climb of dislocations over obstacles and glide along slip planes.
The probability of vacancy formation and of vacancy or dislocation motion is
proportional to exp(—Q/kT), where Q is the activation energy for the rate-limiting
process. Increased temperature provides the thermal energy required to overcome
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736 13 Irradiation Creep and Growth

obstacles and barriers to dislocation motion. Creep is also dependent on the stress,
and the nature of the stress dependence provides information about the mechanism
by which it occurs. Due to the production of excess defects, irradiation can
accelerate creep. Irradiation creep is not strongly dependent on temperature, pri-
marily because the formation of vacancies and self-interstitials is provided by
energetic atomic displacement rather than by thermal processes. Creep is most
important in reactor applications in regions of intermediate temperature, high
neutron/ion flux, and low stress. However, before we attempt to understand the role
of irradiation in creep, we will review the main thermal creep mechanisms, as they
will constitute the foundation for understanding irradiation creep.

13.1 Thermal Creep

In most alloys, thermal creep proceeds through a sequence of stages as shown in
Fig. 13.1. In stage I, the metal undergoes strain hardening leading to a decrease in
strain rate with time. At long times, necking occurs due to localized deformation
resulting in an increase in the strain rate, stage III. Between these two stages is stage
I, during which the creep rate is either constant or a minimum. In this region, strain
hardening is balanced by recovery so that the creep rate is relatively constant. Creep
in this regime is designated as steady-state or secondary creep. This is also the
region of most technological importance and in which the majority of service life is
spent. The variables describing plastic deformation are the shear stress, o, tem-
perature 7, strain rate &, and strain &, or time, f. The key-independent variables
governing creep in metals in practical applications are temperature and stress, and
the deformation mechanisms can be characterized according to these variables. As
discussed in Chap. 12, Sect. 12.3, the Ashby-type deformation mechanism map can
be used to describe the various deformation processes as a function of normalized
stress and homologous temperature. In that chapter, we focused on the regions
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described by plastic collapse and dislocation glide. Here, we will focus on the
regions that exhibit rate-dependent plasticity, or creep.

Figure 13.2 shows a deformation mechanism map of pure nickel, for which we
can develop the equations for the strain rate. The strain rate in the region of
dislocation glide is given by the Orowan equation, which is a relationship between
the strain rate and dislocation velocity and is determined as follows. When an edge
dislocation moves completely across a slip plane, the upper half of the crystal is
sheared relative to the lower half by an amount equal to one Burgers vector,
b (Figs. 13.3(a)—(b)). If the dislocation moves only part way across the crystal, or a
distance Ax, then the top surface is translated by an amount bAx/x relative to the
bottom surface (Fig. 13.3(c)). So the displacement of the top half of the crystal
relative to the bottom half is in relation to the fraction of the length the crystal has
slipped. If the area of the slip plane is A, then bAA/A is the equivalent expression.
The shear strain, & is the displacement divided by the height, z, of the crystal and is
given by:

_ bAAL

s = . 13.3
&s A z ( )

The term zA is the volume of the crystal, V. For n dislocations of length, /, moving
an average distance, Ax, on the slip plane, the area swept out by the dislocation, AA,
can be written as n/Ax giving:

nblAx
& = v (13.4)
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The term nl/V is the mobile dislocation density, p,,, and if the dislocations move
over the distance in a time interval Az, Eq. (13.4) can be written as a strain rate:

& = ppbod, (13.5)

where v, is the average dislocation velocity. Equation (13.5) can be expressed in
terms of the tensile strain rate, &, as

&= 1/2p,bvyg, (13.6)

where 1/2 is an approximate Schmid orientation factor.

At steady state, py, is a function of stress and temperature only. As given in
Eq. (7.32b), the shear stress o5 = ub/R, where p is the shear modulus and R is half the
distance to the next dislocation. Since R is proportional to p~ "2, then Eq. (7.32b)
becomes:

Os

A )
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where a is a constant of order unity. The form of Eq. (13.7) depends on the process
limiting plasticity at low temperature, discrete obstacles, lattice resistance, or
phonon/electron drag [1].

High-temperature plasticity is described by the following:

b= c(%) (13.8)

where n varies between 3 and 10 and is termed power law creep. Power law creep
can occur by glide, climb-enabled glide, or Harper—Dorn creep, each process
characterized by a different dependence on the stress. At very high stresses (above
1071), the strain rate is higher than predicted by power law creep and this regime is
termed power law breakdown where the creep rate is given in the following form:

: -0
=B A — 13.9
= Bexplan)exp (7). (139)
where the activation energy, O, often exceeds the values for self-diffusion.

At high temperatures and low stress (lower right portion of the map in Fig. 13.2),
diffusional flow can drive creep. For creep controlled by lattice diffusion, the creep
rate is described by:

. AGSQDVOI

TR (13.10)

where D, is the volume diffusion coefficient and d is the grain size. When grain
boundary diffusion dominates, then the creep rate varies as d °:

. Aﬂégb (O Qng
E=——F""

Tt (13.11)

where Dy, is the grain boundary diffusivity and Jyy, is the effective thickness of the
grain boundary. Equations (13.10) and (13.11) can be combined into a single
equation describing creep as:

. A QDest

13.12
kTa? ’ ( )
where the effective diffusion coefficient, D.g is given by:
o b D b
Deft = Dyo |1+ —2 22| 13.13
fi 1 { +— DVOJ ( )

A more complete discussion of diffusional creep will be given in Sect. 13.1.2. We
will focus first on dislocation creep as this is the mechanism of primary relevance to
irradiation creep.
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13.1.1 Dislocation Creep

Climb and Glide

In the climb and glide model, creep is controlled by the time required for a dis-
location and blocked by an obstacle, such as a void or loop, to climb to a slip plane
that does not intersect the obstacle so it is free to glide. The obstacle blocking the
slip of a dislocation on its glide plane causes additional dislocations generated by a
nearby source to pile up behind it, as shown in Fig. 13.4. The stress fields of the
dislocations overlap and create an increasing stress on the dislocation at the head of
the pileup. For a solid with a mobile dislocation density, p.,, each dislocation,
driven by a stress o, travels a mean distance, /, by glide, resulting in a strain:

&= pybl. (13.14)
The strain rate is as follows:

. d - dp
= b— (ppl) = bpy— + bI—E2

13.15
5 (13.15)

dl d
where v = @ is the mean glide velocity, and % is the generation rate of dislo-

. . d . . .
cations. We will assume that p,v > l%, so that creep is controlled by dislocation

velocity and not dislocation generation and then the creep rate is the same as that
given in Eq. (13.5), é = p,,bv. However, if the moving dislocation encounters
obstacles along its path, which it must overcome, then the velocity must account for
the time that the dislocation is held up by the obstacle and not just its motion on the
glide plane. The effective velocity can be written as:

1 l
b=-= : (13.16)
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Fig. 13.4 Schematic showing the pileup of dislocations behind an obstacle on the glide plane of
the dislocations
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where 1, is the time spent in glide, 7. is the time spent pinned at the obstacle, and / is
the distance between obstacles. As will be discussed in the next section, the dis-
location overcomes the obstacle by climbing to a slip plane that bypasses the
obstacle. The time required for climb is much greater than that for glide, so that
Eq. (13.16) reduces to:

| ~

(13.17)

~

c

For an obstacle of height A, the time that the dislocation spends climbing to a slip
plane that bypasses the obstacle can be written as:

fe=—, (13.18)

h
V¢
where v, is the climb velocity. Substituting Eqs. (13.17) and (13.18) into Eq. (13.5)
gives:

b= pmbl%. (13.19)

Equation (13.19) shows that determination of the creep rate amounts to determining
the obstacle height and the climb velocity of the dislocation. The obstacle height is
determined in the next section.

Obstacle Height

Obstacles to dislocations are often other dislocations. Equation (7.50) described the
force on a moving edge dislocation due to a stationary edge dislocation. That force
has two components, one in the x-direction (along the glide plane) and one in the
y-direction (perpendicular to the glide plane). From Eq. (7.50), those forces are as
follows:

F,= b (cos 6 cos 20) (13.20a)
Y 2n(1 —v)r '

F, = LA 0(2 + cos20) (13.20b)
Y 2n(1 =) ’ '

where we have dropped the individual designations on the Burgers vectors.
Substituting for r using y = r cos 6 gives:

F,= gsin 6 cosfcos26 = ggx(H) (13.21a)
y y

F, =~ Sin? 02+ cos20) = — S,(0). (13.21b)
y y
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ub?

2n(l —v)
The force on the moving dislocation due to the applied shear stress is F'= o,,b This force is
balanced by that due to the repulsion from the stationary dislocation, Eq. (13.21a) giving:

where G = and g, () are functions of & in Eqgs. (13.21a) and (13.21b).

ooyb=F,= ggx(e). (13.22)

The blocked dislocation is also subjected to a climb force provided by Fy in
Eq. (13.21b). Under this force, the dislocation will climb in a direction perpendicular
to its slip plane until it reaches the point where the glide plane no longer intersects the
obstacle. During its climb, the angle between the two dislocations increases starting
from a value near = 0. Referring back to the variation in force between the two
dislocations as a function of angle and separation distance, r, shown in Fig. 7.32, we
replot the angular dependence of the forces in Fig. 13.5 over the range 0 <@ <z fora
separation given by y, where the angular dependence is given by g, (6) in Egs. (13.
21a) and (13.21b) and y = rsin 6. Note that the restraining force between the two
dislocations increases with @ initially. Once the angle reaches #/8, the restraining
force is at a maximum. If the force due to the applied stress has remained in balance
with the restraining force, then for values of 6 above #/8, the applied stress will
exceed the restraining force and the dislocation will be free to move beyond the
obstacle. Setting g,(6) to its maximum value in Eq. (13.22) and designating the value
of y at this point as the height of the obstacle, /4, that must be overcome for the
dislocation to be able to continue to glide yield an expression for A:

G
 4a,b

ub ub
87(1 — v)oyy ~ 160,y

h=y
(13.23)

for v~1/3.

When there are n dislocations in a pileup against the obstacle, the stress in
Eq. (13.23) is multiplied by n.
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Climb Velocity

An edge dislocation of Burgers vector, b, subjected to a normal stress, o, perpen-
dicular to the extra plane of atoms climbs in the direction normal to the slip plane.
Climb occurs by absorption or emission of vacancies at the dislocation core. We
will assume that this process occurs along the entire length of the dislocation line.
When the solid is under an applied stress, o (tensile is positive), the vacancy
concentration in equilibrium with the dislocation is given by:

C(R) = Cexp (%) , (13.24)

where @ is the atomic volume and Cg is the equilibrium vacancy concentration in
the solid, a distance R away, where R is the distance between dislocations in the
solid and is given by R =1 / /TPy, Where pq is the dislocation density such that
7R’pgq = 1 (area per dislocation x dislocations per unity area = 1). The distance
R also defines the unit cell that reproduces, on average, the collection of py dis-
locations in the solid.

Driven by the difference in vacancy concentration between the dislocation core
and the radius of the cylinder of the unit cell, defined by R, the vacancy flux to the
dislocation is as follows:

dc,

J = 2Dy —
. dr

(13.25)

where C, is the vacancy concentration in the region r, < r < R, (7, is the dislocation
core radius), and is described by the diffusion equation in cylindrical coordinates:

1d ( dCV) _o, (13.26)

-
rdr dr

with boundary conditions:

Cu(R) = CYexp (Z?) (13.27)

Cy(re) = Ce.

The solution to Eq. (13.26) subject to boundary conditions in Eq. (13.27) is as
follows:

Q\| InR/r
=0 — 01 —exp( 22 . 13.28
“=6 CV[ FPAkT ) | R/ (13.28)
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Q
For Z—T small, we can approximate the exponent by ¢* ~ x + 1, and Eq. (13.28)

becomes:

aQ\ InR/r
C,=C1+= ) 13.29
V( + kT) InR/r ( )

Evaluating the gradient of the concentration profile at r = r. gives:

acy, 00 1 1

=C,— — 13.30
dr VKT InR/rere’ ( )
and the flux, as in Eq. (13.25), becomes:
27D, C0%Q
=— 13.31
Y kTInR/r. ( )

The flow of vacancies to the dislocation per unit length is JQ, or Jb>, where
Q ~ b’. The sheet of atoms has a thickness of b so dividing by b gives the flow of
volume per unit length per unit thickness, or the flow per unit distance perpen-
dicular to the glide plane, which is just the climb velocity:

B ZHDVC(V)(Isz
YT T TR 1
_ 27Dy 0b%
- kTInR/r.’

(13.32)

for DVCgﬂ = Dyq1.
We now have all the elements required to derive the creep rate due to dislocation
climb and glide over obstacles. Recall that the creep rate is given by Eq. (13.19) as

. ) . . .
&= pnbl f For the case where the dislocations are being created by Frank—Read

sources, the creep rate can be expressed as the product of the Frank—Read source
density, pggr, the area swept out by the source times the Burgers vector, Ab, and the
inverse of the waiting time, v./h or:

b= pFRAb%. (13.33)
Substituting in for & from Eq. (13.23) and v, from Eq. (13.32) gives:

. 1672 pprAb Dygia(1 — v)nay,
&= )
ubkTInR/r.

(13.34)
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The number of dislocations, n, in a pileup is given by [2]:

(1l —v)loy,
= Y 13.35

where [ is the length of the pileup, and the stress ¢ = no,, [2]. Substituting into
Eq. (13.34) gives:

3
i 1672 pprADyo (1 — V) lzaiy
WkTInR/r.

(13.36)

Weertman [3, 4] suggests that the quantity pprAl* is proportional to a;y', yielding:

Cr’Dyg (1 — v 363,
; = all —v)'oy, , (13.37)
WkTInR/r,

where C is a constant. According to Eq. (13.37), the creep rate due to climb and
glide is proportional to the self-diffusion coefficient and the stress to the power 3.

Climb and Annihilation

Climbing dislocations can also encounter other dislocations of opposite sign, cre-
ating an attractive force between them that drives the climb and results in mutual
annihilation of the dislocations [5]. Figure 13.6 shows dislocation loops spaced
apart from each other and on different slip planes. Dislocations of opposite sign will
experience an attractive force that will cause them to climb toward each other and to
annihilate. This is an important mechanism in that it provides a means for limiting
the dislocation density in the solid. The creep rate is determined using the same

Fig. 13.6 Dislocations
climbing toward each other to
mutual annihilation
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equation as for climb over obstacles and is caused by glide of dislocations, and
piled up behind the lead dislocation, once annihilation has occurred (Fig. 13.7).
That is,

Ab
é:pFRAb%:p%, (13.38)
C

where 7. is the waiting time defined by v./h. The climb velocity is the same as
determined in Eq. (13.32), but the height is now the distance between two dislo-
cations that are climbing toward each other. Referring back to the climb force
caused by a normal stress, Eq. (13.22) showed that:

F, G

Do 13.39

1%

o=

The rate of approach of the two dislocations of opposite sign is 2 v, and combining
Eq. (13.32) for v, and Eq. (13.39) for o gives

(13.40)

21bDyy G
dy/dt:2z)c:—2( MO vol )

kTInR/r.y
and integrating Eq. (13.40) between the limits y=h at =0 and y = 0 at t = 7, gives:

_ kTInR/rch?

e =———""+. 13.41
8nbDyo G ( )

For n dislocations produced by each Frank—Read source, the waiting time per
dislocation is #./n, where n is approximated by I/h [3]. Substituting Eq. (13.41) into
Eq. (13.38) gives:

. pRADL*8TID,G
= 13.42
kTInR/r.h3 ( )

In Eq. (13.42), A is the area swept out by the dislocation and can be approximated

by 7l%, where the distance  between sources on a slip plane is given as (h prr) 2,

Fig. 13.7 Arrangement of a network of Frank—Read sources that produce dislocations that climb
to annihilation (after [5])
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where pgr is the source density and # is the separation between sources normal to
their slip planes. Substituting the expressions for A and [/ in Eq. (13.42) gives:

8120’ Dy0iG
PR el (13.43)
KT pYR InR/rch*>
Substituting for i Eq. (13.23), and G (line below Eq. (13.21b)) gives:
Cro3(l—v 3'SD\,O a*3
,_ C (1= ) " Dhady (13.44)

kTR0 i3S InR/r.

where C is a constant that contains the numerical terms. Note that the stress is raised
to the power 4.5 rather than 3.0 in the climb to glide mode. In both climb models,
the creep rate is proportional to Dy or exp(—EyoykT).

13.1.2 Diffusional Creep

In the high-temperature low-stress regime of the deformation mechanism map, if we
ignore the role of dislocations, then atom diffusion by way of vacancies controls
creep. Consider the case of an idealized, cuboidal grain of edge length d on which a
stress is applied as shown in Fig. 13.8(a). The faces will act as the sources and sinks
for vacancies. Under the applied stress, vacancies will follow the paths described by
the dashed lines and atoms will move in the opposite direction (solid lines). Note
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a more realistic picture of (a)
vacancy and atom flow
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that the vacancy flow is from the faces acted on by the tensile stress to those acted
on by the compressive stress. The atom flow is in the opposite direction, from the
faces acted on by a compressive stress to those acted on by a tensile stress. A more
realistic picture of the process is shown in Fig. 13.8(b). The creation of a vacancy
on the face acted on by a compressive stress, o, due to thermal activation requires
that the free energy of vacancy creation be increased by, o€, the work expended on
transferring a volume Q. A vacancy created on the face acted on by the tensile
stress, g, means that the free energy will be lowered by the same amount, c€.
Therefore, at equilibrium, the vacancy concentration at the respective faces is as

follows:
19
CL = Cg exp (_kT)

—a{2
Cct =Y —
v VeXp( kT )

where o is the magnitude of the stress, and the superscripts ¢ and c refer to tensile
and compressive, respectively. The vacancy flow rate, A across the area d° acted on
by the stress is as follows:

(13.45)

A=J,d. (13.46)
The magnitude of the vacancy flux, J,, is given by Fick’s law:
(13.47)

Ct — ¢
R‘JKD\,ivd A

where D, is the vacancy diffusion coefficient, and x is a coefficient of propor-

tionality between the mean vacancy diffusion path and the cube edge d. Substituting
Egs. (13.45) and (13.47) into Eq. (13.46) gives:

Q —aQ
A =D,Cd {exp(%) - exp( k(; )] (13.48)

Recognizing that Dy, = DyC%Q and that the difference in exponentials can be
written using the hyperbolic sine function, Eq. (13.48) becomes:

2xdDeg
A = Sl

sinh(cQ/kT). (13.49)
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The strain is just the atom volume, O, transferred to the compressive faces per unit
area (dz) divided by the dimension, d:

Q1

Since the flow rate of vacancies to the boundary is A, then the strain rate becomes:

Q N ZKDVO1

E=ATT 2

sinh(aQ/kT), (13.51)

and for gQ/kT small (~ 1), the sinh term can be approximated by its argument,
yielding:

D vol afd

é:Bvolmv

(13.52)
where B, is the constant 2x. Note that the creep rate is controlled by stress to the
power n = 1 and is inversely proportional to the square of the grain diameter. The
temperature dependence is governed by the volume diffusion coefficient D, exp
(—Eyo/kT) and is identical to that due to dislocation creep described in the last
section. Extension of this mechanism to polycrystals [6] results in the exact same
expression. Diffusional creep due to volume or lattice diffusion of atoms by way of
vacancies is termed Nabarro—Herring (N-H) creep after the individuals who first
derived the creep expression [7, 8].

At temperatures below the range where Nabarro—Herring creep occurs, grain
boundary diffusion dominates mass transport. Coble [9] first derived an expression
for grain boundary-dominated diffusion assuming spherical grains, yielding the
following expression:

ng 5gb oQ

-
&= P AT

(13.53)
In this expression, Dy, is the grain boundary diffusion coefficient, dgy, is the grain
boundary width, and the constant By, ~ 148 [6]. Note that while the stress
dependence is the same as for N-H creep, the grain size dependence is d > rather
than d 2. Due to the nature of grain boundary diffusion versus volume diffusion,
Coble creep will dominate at lower temperatures and N-H creep will dominate at
higher temperatures, and both will contribute in the intermediate temperature range.
The diffusional creep rate can therefore be described by a common equation:

9

-l
6= PPk

Deg, (13.54)
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and as was shown earlier, D.g is the effective diffusion coefficient given by:

7t Do 0
Dest = Dvol(l + 5—5)" lgb) (13.55)

and the constant B = 14 [6]. It follows then that grain boundary diffusion will
contribute to the creep rate at larger values of D,,/D,; and for smaller grain sizes d.

13.2 Irradiation Creep

Irradiation significantly increases the creep rate over that due to thermal creep or
induces creep in temperature regimes where thermal creep is negligible. Both
stainless steels and zirconium alloys exhibit irradiation creep rates that are signif-
icantly larger than thermal creep rates at the same temperature. In fact, at light water
reactor core temperatures, thermal creep is negligible, but the irradiation creep rate
can exceed 107® s™!. Irradiation increases the numbers of interstitials and vacancies
in the solid, but the effect of this increase is not merely to accelerate thermal
creep. In fact, as will be shown, irradiation does not accelerate diffusional creep
rates. Rather, irradiation creep needs to be understood in the context of enhanced
defect production, the application of a stress, and the developing irradiation
microstructure. The formation and growth of loops and voids play important roles
in the creep process. As will be shown, the stress-induced nucleation of dislocation
loops and the bowing of dislocation lines by stress-assisted preferential absorption
of interstitials can account for the transient portion of the creep behavior, but climb
and glide are required to explain steady-state creep. The following sections present
the mechanisms responsible for creep in metals under irradiation and their depen-
dencies on the independent variables of dose rate, temperature, and stress as well as
the developing microstructure.

13.2.1 Stress-Induced Preferential Nucleation of Loops
(SIPN)

The application of an external stress can enhance the probability of interstitial loops
nucleating on planes with a preferred orientation. Interstitial loops will be more
likely to nucleate on planes perpendicular to an applied tensile stress than parallel to
the stress. Vacancy loops will be less likely to nucleate on planes perpendicular
(non-aligned) to the tensile stress and more likely to nucleate on planes parallel
(aligned) to the stress. In either case, such preferential loop nucleation will cause the
solid to increase in length in the direction of the applied tensile stress (Fig. 13.9).
This process is termed the stress-induced preferential nucleation, SIPN mechanism
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of irradiation creep [10]. If f is the excess fraction of aligned interstitial loops, then
the concentration of aligned loops, Nar, [11] is as follows:

NaL = 1/3(1 —f)NL ~+ fNL, (1356)
and the concentration of non-aligned loops, Ny, is as follows:
NnL =2/3(1 = f)NL, (13.57)

where Ny is the total loop concentration. The excess fraction of aligned interstitial
loops is determined as follows.

If n interstitials are required before the interstitial aggregate is able to form an
interstitial loop, then the probability that such an aggregate will form, p, in response
to a normal stress is as follows:

onf2
i =exp kT

o
ajng2
exp , (13.58)

where the subscript i refers to the ith orientation of n, possible loop orientations,
and the number of loops in the ith orientation is as follows:

Ni =piNL. (13.59)

Defining f; as the excess fraction of interstitial loops in the ith orientation, then:

no

1 i
p,-NL:—<1 —Zﬁ)NL+f,~NL, i=1...n, (13.60)
j=1

giving:

onQ 10 oinQ
P = ! —1 Ay 13.61
fi (exp T ) ;exp T (13.61)
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We can simplify the description by reducing the nq possible orientations to the three

orthogonal directions. Then, for a uniaxial tensile stress orthogonal to the i = 1
orientation, the other two orthogonal orientations (i = 2, 3) will have p, = p3 = 0,

and:
B o1nQ o1nQ
fi= <exp T 1)/(exp T +2), (13.62)
and /p =f;=0.

Using the result from Eq. (13.62), the creep strain due to the asymmetry in the
loop population is as follows:

e =2/3[nrfbNaL — 1/2mr{ bN]. (13.63)
Substituting for Nap and Ny, from Egs. (13.56) and (13.57) gives:
&= 2/3fnribNy, (13.64)

where b is the Burgers vector, and ry is the average loop radius. The creep rate is
obtained by taking the time derivative of the creep strain given in Eq. (13.64),
yielding:

&= 4/3fbanNLi’L7 (1365)
and defining p; = 2z Ny, as the loop line length per unit volume gives:
&=2/3fbpLivL. (13.66)

If the argument of the exponential term in the expression for fin Eq. (13.62) is
small compared to 1, then the exponent can be replaced by exp(x) ~ x + 1,
yielding:

onQ

=— 13.67
r=2, (13.67
where the subscript on the stress is dropped, and Eq. (13.66) becomes:
2 onbQ2
§ = ————pLiL. 13.
E=g T PLL (13.68)

Note that the creep rate is proportional to stress and the loop growth rate, 7.
Brailsford and Bullough [10] have shown that the creep rate can be related to
swelling if the irradiated microstructure consists of only loops and voids as sinks
and the absorption rate of vacancies by voids equals the absorption rate of inter-
stitials by loops. In Eq. (13.65), the product of 2zr b (edge area of loop of thickness
b) and 77, is the interstitial volume added to the loop. Multiplying by Ny loop/unit
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volume gives the volume fraction increase of the loop due to the net absorption of
interstitials. If this is balanced by a corresponding and equal net absorption of
vacancies to voids to produce a fractional swelling rate, S, then Eq. (13.65) becomes:

£=2/3f8S. (13.69)
Substituting for f using Eq. (13.67) for the case where n is small yields:

20nbQ .
f=———w 13.70
“ToTkr (13.70)
and generalizing for the case where the total dislocation density is p = pp. + pn
gives:

. 20nQp; .
=_———=—=8. 13.71
¢ 9 kT p ( )

A more general treatment [12] of strain due to an anisotropic distribution of
loops describes the strain in a volume due to a continuous distribution of dislocation
loops [13] using the strain tensor:

M pkAlefbjk

13.72
sy (13.72)

Sij =
k=1

The equation describes the strain ¢ caused by M groups of loops in a volume AV,
where the k™ group of loops all have the same Burgers vector b, area A, normal
vector n, and number density p. The subscript i denotes x-, y-, z-directions of the
loop normal vector, and subscript j denotes the contribution of loop Burgers vectors
to the x-, y-, z-directions. M represents individual grains within a polycrystal. For a
single grain:

(M@ ity

where N¥ is the total number of the ™ loop in the volume AV, and d is the measured
loop diameter. Solution of Eq. (13.73) requires an expression for N*. Taking as an
example, irradiation of T91 at 500 °C to 1 dpa during application of a tensile stress
of 180 MPa, the a {100) loop distribution is shown in Fig. 13.10(a) and plotted in
Fig. 13.10(b). Note that loops form preferentially with their normal in the direction
of the tensile stress according to the following equation:

NK/N = o — poF, (13.74)

where the constants o and f are fitting constants, and 0 is defined as the angle
between the loop normal and the tensile axis as shown in Fig. 13.11. Substituting
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Fig. 13.10 (a) TEM image of a {100) edge-on loops with g = (110} on the (100) zone axis and
(b) loop anisotropy plot of the loop density and size following irradiation at 500 °C with a tensile
stress of 180 MPa (after [12])

Fig. 13.11 Schematic of the z = tensile axis
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of dislocation loops, where
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the expression for N* in Eq. (13.74) into Eq. (13.73) and simplifying [12] yields the
strain in direction i

n/2 /2
o ] mla= pojaga0
¢=0 0=0
& = prC<2> 22 72 _§8VO]. (1375)
S J (a—pO)dedo

¢=0 0=0
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The last term in Eq. (13.75) ensures volume conservation of creep by subtracting
one-third of the volumetric expansion caused by dislocation loops from the strain of
the three primary directions.

In the example provided, the creep strain due to anisotropy of the dislocation
loops observed in the samples was found to account for only about 4.4 % of the
total strain measured in the sample. This observation was consistent with previous
works that claimed that strain due to anisotropy in the dislocation loops was much
lower than the total measured strain [14], suggesting that another deformation
mechanism must be driving the irradiation creep behavior.

Whether SIPN can accurately account for the observed creep strains is a matter
of considerable debate. Matthews and Finnis [14] reviewed the arguments for and
against SIPN and noted that while observations have supported an increase in
preferred loop orientation with tensile stress, the magnitude of the measured creep
strain is higher than can be accounted for by preferred orientation by a factor of
2-4, even if n is assumed to be large (10-30). The greatest limitation of the model is
that once a loop is nucleated, the strain rate is determined by the irradiation dose,
but is independent of stress. Thus, creep should continue if the stress is removed
once nucleation has been completed. Also, if nucleation occurs before the stress is
applied, then creep should not occur. Clearly, SIPN cannot account for all of the
observed creep, but it may be a viable mechanism for a portion of the observed
creep strain rate. A compliment to loop nucleation is preferential absorption of
defects by loops caused by the applied stress, discussed in the next section.

13.2.2 Stress-Induced Preferential Absorption (SIPA)

At steady state, there are several distinct processes that may result in creep of a solid
under irradiation and stress. They are (1) the transfer of atoms from planes parallel
to the applied stress to those perpendicular to the applied stress, (2) the glide of
dislocations on planes inclined to the stress direction, and (3) the climb and glide of
dislocations due to the interstitial bias of the dislocation. The first is termed stress-
induced preferential absorption (SIPA), and the second process is termed preferred
absorption glide (PAG) [15]. PAG results from preferred absorption (SIPA) but is
an additional component to the creep strain since it describes the glide contribution
to the creep strain, whereas SIPA describes only the climb contribution to creep
strain. The third mechanism is creep strain from the climb and glide process due to
the net absorption of interstitials on dislocations of all orientations (i.e., unassisted
by stress) and is essentially the same process as the climb and glide model described
in Sect. 13.1 but for the case where the defect source is the excess interstitials. Note
that this process is tied to swelling as the corresponding net excess of vacancies
accumulates at cavities causing swelling.

The origin of the preferred absorption is the interaction between the dislocation
and defects. In conventional SIPA, the origin is the elastic interaction between the
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long-range stress field of the dislocation and that of the defect. Other origins for
SIPA are anisotropic diffusion and elastodiffusion. While differing in the details of
the origin of the interaction, all of these mechanisms result in a preferred absorption
of interstitials by dislocations.

The flux of excess interstitials absorbed by dislocations with orientation
described by j and density p; is as follows:

5= 0 2(DiC — 29D,C, + D, Y, (13.76)

where z are the capture efficiencies of dislocations of orientation, j, D;, are the
d1ffus10n coefficients, and C;, are the bulk concentrations of interstitials and
vacancies. The variable, C¥, is the vacancy concentration in equilibrium with a

dislocation of orientation j. For a uniaxial tensile stress where j = 1:

Q
Cc = Clexp <iT) (13.77)
C?=cP=¢" (13.78)

The interstitial flux, J; can also be related to the climb velocity as follows:
Jj = bpv;, (13.79)

where p; is the density of dislocations with their planes perpendicular to j. Substituting
for J; from Eq. (13.79) into Eq. (13.76) and solving for v; gives:

y =5 (&'DiCi = 29D,Cy + DY), (13.80)
Substituting Eq. (13.80) into Eq. (13.5) gives the total creep rate as:
& = Q(z;‘fDici - 2UD.C, + szDvC‘V‘f)p,-. (13.81)

But Eq. (13.81) also includes contributions due to void swelling. That component
of the strain is just one-third of the volumetric swelling, or ¢ = 1/3(g| + &, + €3), and
the swelling strain rate, &g, is as follows:

Q 3
¢ :52: (Z"DiC; — "Dy Cy + 2"D,C") p,,. (13.82)
n=1
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The creep by climb due to preferential absorption of interstitials at dislocations is
then:

b = (DG — 9D,C,+ HD.CYp,
03 (13.83)
-3 > (@"DiCi - Z"DyCy + 20D C) p,.

n=1

For dislocations distributed isotropically among the three orthogonal directions:

pL=py=p3=p/3. (13.84)

Substituting Eqs. (13.77) and (13.78) for the equilibrium vacancy concentration and
Eq. (13.84) for the dislocation density into Eq. (13.83) for the stress direction
j =1=A (aligned dislocations) gives:

. 2 aQ
betim = 5 2p [AZ'D;C; — AZD,C,] + D,C? [ZSA exp <ﬁ> — ng} , (13.85)

SIPA
PE

where Az =z — 23N and z!2 denotes the capture efficiency of aligned dislo-
cations, and z!\ denotes the capture efficiency of non-aligned dislocations (j = 2).
The first term in square brackets is the dislocation climb creep rate due to prefer-

ential absorption of interstitials, or SIPA:
2
bsiea = 5 2p [AZ'D;C; — AZiD,C,]. (13.86)

The second term in square brackets is the dislocation climb creep rate due to
preferred emission, PE [15], of vacancies:

. 2 af
- §QpDVC(V) [Z‘jA exp (ﬁ> - ZSN} : (13.87)

If the differences in capture efficiencies (preference) of the dislocations in different
orientations were removed, i.e., Azid = Aze = 0, then the first term disappears and
the creep rate is then due solely to thermal processes.
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13.2.3 Climb and Glide Due to Preferential Absorption
Glide (PAG)

While SIPA provides a mechanism for creep by dislocation climb, dislocations can
also contribute to creep by glide if they are able to overcome obstacles in their slip
plane by the climb process [15]. Under an applied stress, pinned dislocations will
glide until they reach a configuration where the restoring force due to line tension is
balanced by the applied stress. Since dislocations are pinned, creep is limited to the
elastic stress given by & = o/E. Climb enables the dislocation to overcome the initial
pinning points. The released segments bow out between new pinning points until,
again, the line tension balances the applied stress. Figure 13.12 shows the process
by which dislocation segments bow out between pinning points, are released from
the pinning points, and are then pinned again. Each cycle of climb and glide to
pinning results in an elastic deflection in addition to the strain due to climb, which
together, account for the total creep strain in the solid, all the while, the dislocation
network maintains its configuration. This mechanism has also been referred to as
“transient creep” because of its occurrence at low dose. However, since the dis-
location lines can continue to bow out after climbing over pinning points, it can also
account for steady-state creep.
Similar to Eq. (13.19), the creep rate due to climb and glide can be written as:
. Ve
&cg = 87, (1388)
where ¢ is the strain due to elastic deflection, v, is the climb velocity, and [ is the
distance between pinning points. When pinning is caused by the network dislo-
cation density, [ is given by I = 1/,/mpy, and pq is the dislocation density. Equation
(13.88) then becomes:

ica = e(npg)' o (13.89)

Fig. 13.12 Schematic of glide by dislocation bowing and the pinning and unpinning of
dislocation segments
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The climb velocity can be determined from Eq. (13.80) by adding and subtracting
the velocity component due to volumetric swelling:

VT l:(Z?JDiCi —2Y/D.C, +2VD VC?)

3

3 (5" DiCi — "Dy Cy +Z‘V‘"DVC‘3”)pn] (13.90)
J n=1

3
+ %p_ > @F"DiCi - 2'DyCy + 2D, CT) .
J n=1
The physical meanings of the terms in Eq. (13.90) are as follows. The first term in
square brackets is the climb velocity due to all processes contributing to vacancy
and interstitial absorption and vacancy emission. The second term in the square
brackets is the climb due to net point defect absorption and emission at dislocations
attributable only to swelling. Subtracting this term from the first term yields the net
result, enclosed in square brackets, being the climb velocity due only to the
volume-conserving processes of stress-induced preferential absorption and to pre-
ferred vacancy emission. The last term in Eq. (13.90) is the dislocation climb
velocity due to isotropic swelling. It is the terms in square brackets that are
responsible for the climb and glide process in the absence of swelling. Using
Eq. (13.84) and the average velocity of the dislocations given by:

Il vl + o

13.91
2t (13.91)

equation (13.90) becomes:

L= % { |ZidlDiCi - ZSIDVCV +ZSIDVC31 | + 2|ZidzDiCi - ZSZDVCV +Z€2DVC32‘ }
(13.92)

When preferential absorption and preferential emission occur without swelling, the
number of interstitials absorbed must be balanced by the number of vacancies
absorbed, so:

(#'DiC — 2'DyCy + 28" Dy ) = 2(£2DC; — 2Dy €, + 2D, CP), (13.93)
and Eq. (13.92) becomes:

20

V=33 (&'DiC; - 2D Cy + 24Dy C). (13.94)
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Substituting the climb velocity given in Eq. (13.94) into the creep equation for
climb and glide, Eq. (13.89) gives:

. 2¢
bce = ggQ(npd)l/z(zleiCi —p,c, + 4D, ct). (13.95)

After some manipulation of Eq. (13.95), Mansur [15] showed that the climb and
glide creep rate can be written as:

. 4¢eQ
fc6 = 579(”%)1/21)1@&?7 (13.96)

where Az}i is defined after Eq. (13.85). Note that in both Egs. (13.86) and (13.96),
the term Az® appears, which represents the difference in capture efficiencies
between aligned and non-aligned dislocations, and is therefore dependent on stress.
Mansur writes Az;l = Azle (where A7 is independent of stress) so that ésipa o< € and
éca o €%, and since € = o/E ,we have égpa o ¢ and écg o o2. Also, as shown in
Sect. 5.1.3, the term C; is proportional to the defect production rate, K, for

sink-dominated cases and to Ké/ ? for recombination-dominated cases. It should also
be noted that since there is no need for a net preferential absorption of interstitials at
all edge dislocations, creep can proceed in the absence of swelling.

13.2.4 Climb and Glide Driven by Dislocation Bias

The preceding analysis describes creep that is driven by stress-induced preferential
absorption of interstitials at dislocations. The creep rate has both climb and glide
components, and the creep process is governed by dislocation segment bowing fol-
lowing climb to free the segment from the pinning points. Here, we consider creep that
is driven by the dislocation bias rather than preferential absorption. Clearly in order for
there to be a net absorption of interstitials by dislocations requires that there is an
equivalent net absorption of vacancies by other sinks in the solid. These sinks are
assumed to be voids. Creep due to the excess absorption of interstitials at dislocations
is equivalent to the thermal creep climb and glide mechanisms discussed in Sect. 13.2,
but with interstitial absorption replacing vacancy absorption. For this case, we return
to Eq. (13.19), which expresses the creep rate in terms of the climb velocity, v., and
the obstacle height, h. Equation (13.79) gives the climb velocity in terms of the
absorption flux of interstitials at dislocations. For climb due solely to dislocation
bias, Eq. (13.76) for the interstitial flux becomes:

J = pnQ[£DiC; — 2D, Y], (13.97)
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and substituting the expression for J in Eq. (13.97) into Eq. (13.79) and solving for
Ve gives:

Q
7 [2'DiC; — 2D, CY). (13.98)

Ve =

Equation (13.98) also can be obtained directly from Eq. (13.90) by neglecting
thermal emission, Cffj ~ 0, and requiring that the zs for dislocations do not have an
orientation dependence, so that z9 = z¢ and z?j = 7. The obstacle height is given in
Eq. (13.23), and in the case of a dislocation pileup against an obstacle, the stress o,
is replaced by no,, where n is the number of dislocations in the pileup and is given
by Eq. (13.35). Substituting Eq. (13.98) for v., Eq. (13.23) for A, and Eq. (13.35) for
n into Eq. (13.19) gives:

Q872 (1 — v)* 62
i? ( ;)2 S oy [2'DiC; — 24D, C]. (13.99)
L

When creep is driven by swelling, the absorption rate of interstitials at dislocations
is balanced by the same absorption rate of vacancies by voids:

1AV
P (=T =AY —AY “av (13.100)
Substituting Eq. (13.100) into Eq. (13.99) gives:
822 (1 — v)2 62 AV
j bn 87— V)0, AV (13.101)

Pa (ub)? v’

where the term p,,/pq is the fraction of the dislocation density that is mobile and can
contribute to creep. It should also be noted that irradiated metals often do not
exhibit pileups at obstacles. In this case, the number of dislocations in a pileup, n, is
set equal to 1 and the creep rate is proportional to the stress. Wolfer et al. [16]
showed that when Frank loops are the obstacles, the creep rate is proportional to
stress to the power n = 1.

13.2.5 Transient Creep

Creep can occur prior to the achievement of steady state by the vacancy and
interstitial concentrations. Such creep is referred to as transient creep. Three
transient creep processes are of greatest importance: glide-induced transient
absorption, start-up-induced transient absorption, and cascade creep.
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Glide-Induced Transient Absorption

In climb and glide creep, the climb process is the limiting step as glide occurs
extremely rapidly. In fact, the glide process is so rapid that steady-state concen-
trations of point defects cannot be maintained at the dislocation. As a result, the
dislocation absorbs both vacancies and interstitials rapidly in an effort to
re-establish the steady-state point defect diffusion profiles at its new location [17].
However, vacancies and interstitials are not absorbed in equal numbers, and the
imbalance in absorption rate gives rise to a form of transient creep termed
glide-induced transient absorption. Figure 5.3 in Chap. 5 shows that at steady state,
the bulk vacancy concentration exceeds the interstitial concentration by orders of
magnitude. Consequently, the flow of vacancies to the dislocation causes an
increment of positive climb, releasing the dislocation from an obstacle and pro-
ducing creep by glide. Figure 13.13 shows the increment of climb caused by excess
vacancy absorption prior to achievement of steady-state diffusion profiles. The
initial climb shown in the positive direction is the transient vacancy climb, and the
negative climb at longer times (D = 10® nm?) is the bias-driven interstitial climb. If
the transient positive climb is large enough to escape the barrier, the dislocation
glides to the next barrier. If the transient climb is inadequate, the steady-state climb
eventually reverses the dislocation motion, and escape occurs in the negative
direction. Once steady state has been achieved, then climb is controlled by the small
net excess of interstitials due to stress-induced preferential absorption described in
the preceding section. This form of transient climb can cause high creep rates at low
temperatures, where the steady-state vacancy concentration is high, as long as the
temperature is not too low so that vacancy diffusion is limiting.

5000
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Fig. 13.13 Dislocation climb for a unit length of dislocation in units normalized to the steady-state
vacancy concentration divided by 10'®. The diffusion coefficients are in units of nm*s, and a
steady-state climb rate corresponding to 1 % of the total interstitial flux is assumed (after [17])
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Start-Up-Induced Transient Absorption

Significant creep can also occur at low temperatures coincident with the start of the
irradiation. This creep process, referred to as start-up-induced transient absorption,
occurs by the absorption of interstitials prior to steady state when interstitials are
mobile, but vacancy diffusion is too slow for them to interact with the dislocations
[18]. Referring again to Fig. 5.3, at the start of irradiation at low temperature, the
concentrations of both vacancies and interstitials increase linearly with time until
interstitials begin to be absorbed at sinks. At this point in time, defined by the time
constant 7, the interstitial concentration reaches a quasi-steady state, while the
vacancy concentration continues to climb. The continued buildup of vacancies
causes recombination to occur, resulting in a decrease in the interstitial concen-
tration and a slower rate of vacancy buildup with time. With additional increase in
the vacancy concentration, recombination dominates the loss process (at t = 74)
causing a steeper decline in the interstitial loss rate and a smaller rate of vacancy
buildup. Eventually, steady state is reached when the vacancy concentration is high
enough that vacancies interact with sinks.

The contribution of interstitials to creep during this start-up transient can be
estimated by determining the number of excess interstitials, N;, that are absorbed by
the dislocations in each time interval in Fig. 5.3. For example, in the time interval
74—15, the number of interstitials produced is Ky (74—7), and the number remaining
is Ko/K;sCs, so the number absorbed by the dislocation is as follows:

Ni = K()(‘C4 - ‘62) - K()/Kiscs. (13102)

Using the same analysis, estimates can be made for the number of interstitials
absorbed during the time interval 73—74, or until steady state is reached, at which
point the transient ends. Interstitial absorption results in climb-enabled glide as
described by Eq. (13.96), with N; substituted for C;. Figure 13.14 shows that the
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total creep strain in austenitic stainless steels can be dominated by start-up-induced
transient absorption at temperatures into the 300 °C range and near the 200 °C
range for ferritic alloys. As such, it is an important mechanism of creep at low
temperature and during the start-up phase of an irradiation.

Cascade Creep

One of the simplest transient creep models is based on the effect of stress on the
displacement spike volume. As described by Brinkman and Wiedersich [19], if a
load is applied to a solid during the occurrence of a displacement spike, then elastic
strain in the spike region is relaxed locally and frozen in. The strain rate from this
process is given by:

cas = SchasO(NO'sd)a (13103)

where the elastic strain ¢, = o/E, V., is the volume of the cascade, o is the number
of spikes per neutron scattering event, N is the atom number density in the solid, o
is the neutron scattering cross section, and ¢ is the fast neutron flux. Matthews and
Finnis [14] noted that this creep rate underestimates the observed irradiation creep
in neutron-irradiated structural materials. However, since defect generation does not
occur continuously over space and time, and not all defects escape the damage
region, strain caused by cascade effects may be important to consider. A dislocation
segment will make climb excursions in response to fluctuations in the local vacancy
concentration caused by a nearby cascade. During an excursion, there is a proba-
bility that the segment will be unpinned. Mansur [20] accounted for cascade effects
in the climb-enabled glide model by replacing v./h in Eq. (13.19) by the release
frequency of pinned dislocation segments, w:

& = pblw, (13.104)
where:
h
w =Y RiF;, (13.105)
-1

and F; is the frequency with which a dislocation segment climbs to a height of at
least h:

o0
F;= 4nNo-Sg’>/ sz,-dr, (13.106)
0

and P; is the probability of climb of j or greater. The term, R; is the probability of
finding a dislocation a distance jb from the unpinning point and is given by:

R = p;/p. (13.107)
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The release frequencies and hence the creep rates determined using this model are
comparable to those from preferred absorption-driven climb or swelling-driven
climb [20].

13.2.6 Loop Unfaulting

Another possible interaction between an applied stress and interstitial loops that
could produce creep strain is loop unfaulting. As discussed in Chap. 7, dislocation
loops grow in size and eventually become unstable and unfault to become part of
the dislocation network. This process is equivalent to the production of mobile
dislocations which may then participate in the creep process by SIPA, PAG, or
climb and glide driven by interstitial bias. The maximum radius to which a loop can
grow, Riax, 18 governed by the loop density and is given by:

4 3

3 AR =1 (13.108)

When loops interact, they coalesce and contribute to the network dislocation
density. Interaction between individual dislocations and loops results in loop
unfaulting that also contributes to the network (see Chap. 12, Sect. 12.3). As the
dislocation density increases, the rate of loop interaction with the network increases
and the loop radius is limited to a value of the order of the network mesh length,

p;]l/ 2, where py is the network dislocation density. Loop unfaulting can contribute
to irradiation creep strain since the presence of a stress will assist the nucleation of
the unfaulting dislocations with favorable orientations resulting in an increased
probability of unfaulting. The application of a shear stress in the plane of the loops
will induce a greater number of loops to shear in the direction favored by the stress
to produce a net shear of the crystal, which will appear as creep. If p is the total
dislocation density and p; is the number of dislocation loops lying on a plane for
which the shear stress is a maximum, then the number of loops shearing in that
direction is given by Lewthwaite [21] as follows:

ox nsza
Ps EXp kT

pl:ex R’ ba 4 ex _nsza ’
P\Twr P\

where R, is the critical loop size for unfaulting [the maximum value is given by
Eq. (13.108)], and ¢ is the stress. The number of loops shearing in the opposite
direction is p, = p<—p;, and the strain due to the loop unfaulting is then:

(13.109)

& = Aby(p, — po), (13.110)
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where A is the average loop area, and by is the magnitude of the Burgers vector of the

reaction producing the strain. Substituting in for p; and p, in Eq. (13.110) and aver-
aging the strain over all possible loop orientations (which gives a factor of 1/30) yields:

exp (anba) exp ( nRﬁbo)
Ab, B a
=P k LA (13.111)

© 30 ox R2bo 4 ex TR2ba
P\k P\ T

The term in brackets can be written as the hyperbolic tangent of the argument,
giving:

Ab
P o tanh (nR2ba /KT). (13.112)

&=

If the argument is small compared to 1, then tanh x ~ x and Eq. (13.112) becomes:

Ab,
e = p30‘ R2bo /KT. (13.113)

If loop growth is driven by swelling, then pAbs is replaced with AV /V, the loop

volume nREb is equated with the volume of the defects in the loop, n.Q, and the

2

term ——X— is added to account for the network dislocation density as well, to

kK + k%
yield the creep rate in terms of the swelling rate:

AV kK  nR*bo/kT
AV K aRebo/kT (13.114)
V ki +kg 30
Matthews and Finnis [14] noted that the unfaulting radius is large in austenitic
alloys and the creep rate can be significant, but because of the small critical loop
size in bcc metals, the contribution will be small.

13.2.7 Recovery Creep

All of the irradiation creep mechanisms discussed thus far allow for or contribute to
the growth of the dislocation density, but do not account for the removal of dis-
locations, as must occur during creep. Matthews and Finnis [14] expressed the rate
of change in dislocation density in terms of the creep rate as follows:

p :%—2,03/206, (13.115)
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where [ is the mean dislocation glide length, and v, is the climb velocity. The first term
is the production rate of dislocations due to creep, obtained from Eq. (13.14), and the
second term is the loss due to annihilation. Taking the steady-state limit of p = 0, the
steady-state creep rate is expressed in terms of the dislocation density as follows:

& = 2blp’/ .. (13.116)
The stress dependence is determined by the dislocation density, the climb velocity,

and the slip length. The dislocation density varies with stress according to
Eq. (13.7) (in which the term, o, appears in the denominator inside the brackets)

2
p= 20—2172 and contributes a ¢> term to the creep rate given in Eq. (13.116). For
o
stress-induced preferential absorption, we have from Eq. (13.86):
_2Q a4y d d
UsipA = g (#DiC; — 5Dy Cy + 2D, CY), (13.117)

substituting into Eq. (13.116) and equating Q = b° gives:

46 4
£ = ——— ~DiCi - deCv deCd . 13.118
€ 9 063 ’u3 (Zl ZV + Zv v) ( )
If ] is fixed by impenetrable obstacles and is therefore independent of stress, then
the stress dependence of the creep rate is o°. However, if [ is determined by the
dislocation density, then substituting for / from Eq. (13.88) and expressing the
dislocation density in terms of stress, Eq. (13.7) gives:

?_471 a’b
N

where the stress dependence is o, which is the same stress dependence as in
preferential absorption climb and glide given by Eq. (13.99).

(#D;C — 24D, Cy + 22Dy CY), (13.119)

13.2.8 Diffusional Creep: Why There Is No Effect
of Irradiation

All of the mechanisms of irradiation creep discussed thus far are based on the actions
of dislocations. The reason is that while diffusional creep is a viable thermal creep
mechanism, it is unaffected by irradiation and can be understood as follows. Consider
the discussion of Nabarro—Herring creep in Sect. 13.1.2. There it was shown that
creep is driven by a difference in the equilibrium vacancy concentrations at the grain
boundaries oriented parallel to the tensile and compressive stress directions,
Eq. (13.45). Under irradiation, Eq. (13.47) is modified to include interstitials:
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dc d¢G; Ct — ¢ Ct— ¢
J,=D,— — D;— ~ kD, = Y _ kD L,

- - y y (13.120)

Substituting in for C}, and C{ from Eq. (13.45) and for C} and for C{ using the
same equations but with the signs on the arguments of the exponential terms
reversed because of the opposite effect of stress on interstitials gives:

Q Q
Clexp (i—T> — CYexp (— Z—T)
Jy = kD,

d

Clexp| — AN COex ol
i €Xp kT i eXp T
— KDi .

d

(13.121)

Q
Applying the approximation that the term Z—T is small compared to 1 yields:

2K0Q2
dkT

B 2K0Q2
Y dkT

(D,C° +DiCY) = D,C?, (13.122)
where the approximation is due to the fact that although D; is greater than D,, C? is
much greater than C? The vacancy flux given in Eq. (13.122) is the same as that in
Eq. (13.47), and thus, there is no effect of irradiation on Nabarro—Herring creep.
The reason is that the creep rate is driven by the difference in the equilibrium values
of defects at the grain boundaries, and these values do not depend on the con-
centration of vacancies or interstitials in the matrix. Irradiation simply serves to
increase the flow of defects to each boundary equally without a change in the net
amount. The same argument applies to Coble creep. As such, diffusional creep is
unaffected by irradiation and does not contribute to irradiation creep.

13.2.9 Comparison of Theory with Creep Data

Much like thermal creep, irradiation creep is characterized by an initially high creep
rate that declines with irradiation dose or fluence and transitions into steady-state or
secondary creep that is generally linear with dose. The difference between irradi-
ation creep and thermal creep is in the magnitudes. A general equation for irradi-
ation creep is as follows:

€ A{l exp(ﬁfﬂaqLBoan(ﬁmt, (13.123)

where the first term is transient creep, and the second term is steady-state
creep. A typical irradiation creep curve exhibiting transient and steady-state regimes
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is shown in Fig. 13.15 for 20 % CW 316 stainless steel. Irradiation creep rates are
much larger than those due solely to thermal processes. Of the mechanisms dis-
cussed, SIPN accounts best for the transitory nature of the primary creep regime,
but cannot explain steady-state creep. In the absence of swelling, steady-state
irradiation creep can be described by the second term in Eq. (13.123). Data show
that the creep strain rate is proportional to neutron fluence (m = 1), Fig. 13.16, and
also proportional to stress (n = 1). The creep strain is then often written as the
effective strain per unit of effective stress per dpa:

/G = By, (13.124)
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where ¢ is the effective strain rate, & is the effective stress, and By is the creep
compliance. Note that the “rate” implied by the dot over ¢ is per dpa, not time. The
creep compliance, By, is independent of composition, starting state, dpa rate, and
temperature over the range of reactor relevant conditions.

There are significant data to support the irradiation creep rate behavior described
by Eq. (13.124), and some of the most convincing data provided in Fig. 13.17 gives
a value of By of ~3x107® MPa™! dpa™'. The dependence of creep rate on stress to
the power n = 1 provides support for the SIPA mechanism of creep. Note also that
the strains appear to be independent of temperature over the range studied, sup-
porting irradiation creep as the mechanism behind the strain rate rather than thermal
creep, which has a very steep temperature dependence. The creep rate has also been
observed to vary as ¢'? at low temperature, yielding a B, dependence on flux of
(dpa rate)” 2. In ferritic-martensitic alloy T91, the creep rate is found to follow an
approximately linear stress dependence in the low-stress regime, and a transition to
a strong dependence on stress (n ~ 14) in the high-stress regime, Fig. 13.18,
indicative of a transition from irradiation-induced creep by either SIPA or PAG at
low stress, to power law breakdown at high stress [23].

When void swelling occurs during creep, the steady-state creep rate is propor-
tional to the swelling rate and the relationship is described by the following
empirical equation [22]:

£/G = By + DS, (13.125)
where D is the creep-swelling coupling coefficient and S is the instantaneous vol-

umetric swelling rate per dpa. While Eq. (13.125) is empirical, the relationship can
also be determined from theory as well. Recall Eq. (8.122) for swelling in which
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thermal emission of vacancies is negligible and recombination is negligible.
Assuming that the only point defect sinks are voids and dislocations and that the
dislocation sink strength is much greater than the void sink strength, then Eq. (8.122)
becomes:

R Ko(zi — zv)Q

(13.126)
Rzizvpq
and the void swelling rate is as follows:
. . 4nRKop,Q2(z8 — ¢
§ = 4nR?Rp, = 0Py (@ -2) (13.127)

d,d
ZiZyPd

Substituting the expression for C; from Egs. (5.31) and (5.67) into Eq. (13.86) for
SIPA creep, where only the first term is retained, the creep rate can be written as:

& = 13.128
SIPA = =y ( )
and the ratio of the creep rate to the swelling rate is as follows:
. 2 d
bt _ 25 _LvPa (13.129)
S 9 4nRypy
Az . . . .
where 6 = (dild)' The linear dependence of creep rate on void swelling applies
i T %y

as well to climb—glide creep.
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Some of the earliest and most convincing results supporting this coupling
between creep and swelling are shown in Fig. 13.19 for annealed 304 SS irradiated
in EBRIIL. The coupling was further supported by the strong correlation between
creep and swelling in pressurized tube experiments in the PHENIX reactor
(Fig. 13.20). Typical values for D are ~ 107> MPa™'. Garner [22] presents a more
complete description of the dependencies of By and D on the various parameters
affecting creep. While the creep compliance and the coupling term are not strict
constants, the relation between creep, stress, flux, and swelling is well described by
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Eq. (13.125).The complexity of irradiation creep and its strong dependence on the
irradiated microstructure is illustrated by the observation by Garner et al. [24] that at
high levels of irradiation dose, the irradiation creep rate can drop to zero. This
phenomenon is illustrated in Fig. 13.21 in which instantaneous creep coefficient in a
stainless steel irradiated in EBR-II at 550 °C is observed to increase to a maximum
and then drop to zero at high dose. Note that deformation has not stopped, rather at
the point where the creep compliance goes to zero, the deformation can be totally
accounted for by the strain due to swelling, &jinear = Esweliing/3- This occurrence has its
origin in the development of the dislocation network and loop microstructure. Under
irradiation and an applied stress, creep is sensitive to the anisotropy of the dislo-
cation microstructure and accounts for processes such as SIPA and PAG, in addition
to SIPN. In the absence of swelling, the degree of anisotropy increases with dose.
When voids begin to form, they consume vacancies and the matching interstitial flux
to dislocations overwhelms that in the void-free, dislocation-dominated case, causing
an increase in the creep rate that is coincident with the onset of swelling. When voids
become the dominant sink, they absorb both vacancies and interstitials in large
numbers. The consequence is twofold: a reduction in the creep rate caused by the
small excess interstitial flux to dislocations and a saturation in swelling due to low
excess vacancy absorption. The dependence of creep on composition and metal-
lurgical condition is largely determined by the response of swelling to those factors
in the regime where creep is driven by swelling.

13.2.10 Irradiation-Modified Deformation Mechanism Map

The deformation mechanism map for 316 stainless steel can be modified to account
for irradiation creep. Figure 13.22 shows the deformation map for 316 SS con-
structed in a manner identical to that for Fig. 12.31, but at a strain rate of 10~ '* s~
[25]. At this strain rate, irradiation creep is observable in the intermediate
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temperature regime. Below 20 °C, interstitial mobility drops and so does the irra-
diation creep rate. Above about 600 °C, Coble creep is the dominant creep
mechanism. The irradiation creep regime, therefore, lies at intermediate temperature
and intermediate stresses and can be described by the constitutive equation for
irradiation creep strain given by Eq. (13.125) in which the first term is due to
dislocation creep (lower temperature portion of irradiation creep regime) and the
second term is due to swelling-driven creep (higher temperature portion). The net
effect of irradiation is to extend rate-dependent deformation to lower stresses.

13.3 Irradiation Growth and Creep in Zirconium Alloys

In addition to swelling and creep, there is another phenomenon that leads to strains
in some solids under irradiation. This phenomenon is termed growth. Swelling is
the isotropic volume expansion of a solid without an external stress. Creep is the
volume conservative distortion of a solid under an applied stress. Growth is the
volume conservative distortion of a solid without an applied stress. Growth is only
observed in non-cubic systems as it is highly dependent on anisotropy of the crystal
structure. For this reason, irradiation growth can be significant in hcp metals such as
zirconium and magnesium. Zirconium is stable in the a phase (hcp) below 863 °C
and in the f phase (bcc) between 863 °C and T,. Alpha-Zr has an ideal c/a ratio of
1.589. Three types of planes play key roles in the deformation and growth behavior
of a-zirconium and its alloys:

— Prism I (1010) and prism I (1120)
— Pyramidal (1121),(1122), (1012)
— Basal (0001)

Also of importance are the (1012) and (1122) planes. The prism, pyramidal, and
basal planes are shown in Fig. 13.23.



13.3  Irradiation Growth and Creep in Zirconium Alloys 775

Fig. 13.23 Prism, pyramidal, <0001> direction (basal pole)
and basal planes in an hcp
structure (after [26])
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Deformation in hcp metals occurs by both slip and twinning. For stresses along
the a-axis, slip occurs primarily on the (1010) prism I plane in the (1120) direction.
At higher stress, slip occurs on the (1011) and (1121) pyramidal planes and in
a (¢ + a) direction, or along (1123) At high temperatures, slip can occur on the
(0001) basal plane in the a-direction, (1210). Twinning is also a common defor-
mation mode in hcp metals. Twinning will occur for stresses that have a component
in the c-direction on one of the four pyramidal planes. The slip systems for
deformation along the c-direction and as a function of temperature are given in
Table 13.1. Note that different levels of stress are required to activate different
deformation mechanisms. Hence, the stress needed to cause plastic deformation is a

Table 13.1 Slip systems for

At : Tension (c-axis) Compression (c-axis)
deformation in zirconium Temp Plane Direction Plane Direction
Low (1121) (1121) (1121) (1123)
High (1012) (1011) (1011) (1012)
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function of direction. A crystal possessing properties that are directionally depen-
dent are called anisotropic.

Commercial production techniques result in Zr components in which the grains
are aligned along preferential directions of the crystal. The preferential orientation
of crystal directions is known as texture. The implication of texture in Zr compo-
nents is that the anisotropic nature of the single crystal is exhibited in the poly-
crystalline material. Further, the texture changes with deformation, and this is
known as texture rotation. The texture is quantified by the f; number or the fraction
of basal poles in the ith direction, where i = L, T, or N for longitudinal, transverse,
and normal, respectively. Note that f; + fr + fy = 1 always.

13.3.1 Microstructure of Irradiated Zirconium Alloys

To understand growth and creep in an anisotropic solid, we must have an under-
standing of the nature of the irradiated microstructure. One of the prime conse-
quences of the crystal structure of zirconium and its alloys is anisotropic diffusion
[27]. Another is that the dilatational strain of the self-interstitial is smaller in Zr than
in most cubic solids, resulting in smaller elastic interaction between dislocations
and interstitials, which gives rise to vacancy loop stability. In fact, this small
dilatational misfit may also explain the ease of Zr in accommodating interstitial gas
atoms. The irradiation microstructure of Zr alloys can be summarized as follows.

Vacancy and interstitial {a)-type 1/3 {1120} (prism plane) loops nucleate and
grow during neutron irradiation. Both are present in approximately equal numbers
between temperatures of 300 and 450 °C, but vacancy loops are unstable above this
range due to thermal emission. The relative numbers of vacancy and interstitial
loops are dependent on the proximity of biased sinks for either interstitials or
vacancies. The {a)-type dislocation loops arrange themselves in layers parallel to
the basal plane, as shown in Fig. 13.24.

At doses above about 2.5 x 10% n/m?, in the temperature range 300-500 °C, (c)-
component dislocations start to develop on both the pyramidal and basal planes.
The latter consist of vacancy loops having Burgers vector 1/6(2023). The basal
vacancy loops are believed to nucleate in collision cascades and owe their stability
to solutes that lower the stacking fault energy and stabilize them at small size.
Impurity segregation at dislocations near the loops or anisotropic diffusion is likely
to be the most important factors governing loop growth. Additional factors that are
important in {c)-component loops are stress and the magnitude of the Burgers
vector.

At all temperatures, dislocation loop growth contributes to the network during
irradiation, and recovery of the dislocation network is not significant below 400 °C.
The {c)-component vacancy sinks are likely net vacancy sinks and {c)-type dis-
locations are probably net interstitial sinks. The fact that {c¢)-component loops on



13.3  Irradiation Growth and Creep in Zirconium Alloys 777
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basal planes are generally of vacancy character also indicates that the {c)-compo-
nent network dislocations are also vacancy sinks since they climb in a similar
manner.

Grain boundaries serve as sinks for interstitial defects during irradiation of
annealed Zr. The bias is dependent on the grain boundary orientation and is a
minimum for boundary planes that are parallel to the basal plane (0001). Voids can
form in Zr at temperatures between 350 and 500 °C, and their formation is a strong
function of impurities and the presence of insoluble gases. When they form, they
also tend to be located at second phase particles. In fact, the lack of insoluble gases
is likely one of the reasons for the instability of voids and the stability of {c)-
component loops instead. As in cubic metals, insoluble gases play an important role
in stabilizing small vacancy clusters against collapse to vacancy loops.

Lastly, radiation induces the formation (of ZrSn or ZrNb) or the dissolution or
redistribution and reprecipitation of intermetallic phases containing Zr and Fe, Cr or
Ni depending on temperature, solute content, and dose. The rebalancing of solute in
the matrix can have an impact on the processes of creep and growth.

13.3.2 Irradiation Growth

Growth is easiest to understand first in single crystal zirconium. Measurements of
growth of single crystal zirconium were first reported by Buckley in 1962 [29]. The
shape change that occurred involved an expansion along the ag-axis and a con-
traction along the c-axis, with magnitudes that resulted in zero net volume change,
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consistent with the concept of growth as a volume conservative distortion process.
Results of these observations led to one of the first models of irradiation growth
which held that interstitials condensed as dislocation loops lying on the prism
planes and vacancies from depleted zones collapsed to form vacancy loops lying on
the basal planes. This process is equivalent to a transfer of atoms from basal planes
to prism planes via the irradiation-induced point defects, as shown schematically in
Fig. 13.25. The growth strains of single crystal zirconium as a function of neutron
fluence are shown in Fig. 13.26 in which there is a large positive growth strain in
the {(a)-direction, a negative growth strain in the {c)-direction, and near zero strain
in the (c + a)-direction. But subsequent, detailed TEM observations [27, 28] of the
dislocation loop structure of Zr that had undergone irradiation growth showed that
all of the irradiation-induced dislocation loops had Burgers vectors of the type,
b = 1/3(1120), or {a)-type loops and no indication of {c)-component loops. While
the loops with {a)-type Burgers vector could account for the a-axis expansion, they

Fig. 13.25 Schematic of the
change in shape of single
crystal of a-zirconium
produced by interstitial
condensation on prism planes
and vacancy-depleted zone
collapse on basal planes
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do not account for the c-axis contraction. In fact, after an initial strain of about 10,
the growth quickly saturated. Irradiation to much higher doses showed that the
saturation was in fact temporary and that the growth strain exhibited a breakaway
behavior above ~2.5 x 10*° n/m? (Fig. 13.27). Breakaway growth has been
ascribed to the nucleation and growth of {c)-component vacancy loops [29]. The
current evidence supports the nucleation of a low density of loops with 1/6(2023)
Burgers vectors that grow to relatively large sizes (>100 nm). In fact, much of the
growth strain in Zircaloy-2 at high fluence can be accounted for by excess inter-
stitial annihilation at {a)-type loops and network dislocations with the corre-
sponding vacancies annihilating at the {c)-component loops [33].

In polycrystalline zirconium alloys, irradiation growth consists of three com-
ponents: (1) a short-term transient due to irradiation-induced microstructure chan-
ges such as defect clusters or loops, (2) a crystallographic texture-dependent
steady-state growth component, and (3) a texture-dependent long-term transient
arising from breakaway growth [32]. The growth strain in a given direction of a
polycrystal, d, can be related to its crystallographic texture by the f numbers and is
proportional to the growth anisotropy factor, Gg:

Gy=1-3f, (13.130)
where f(? is the resolved fraction of basal poles in the direction d. The values of f(}’

are determined from basal pole figures obtained by X-ray diffraction using the
relationship:

f7=> Vycos’q, (13.131)
q
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where V,, is the volume fraction of grains with their basal poles at an angle g from
the direction d. If the resolved fraction of basal poles in a given direction is equal to
1/3, then according to Eq. (13.130), the growth in that direction should be zero. The
growth strain in the longitudinal, transverse, and thickness directions of recrystal-
lized and cold-worked Zircaloy-2 irradiated at 287 °C and 327 °C fit the behavior
rather well [35]. Figure 13.28 shows that the growth behavior of recrystallized
Zircaloy-2 at 57 °C also follows Eq. (13.130).

Irradiation growth is weakly dependent on grain size with smaller grains giving
rise to larger growth. It is also dependent on cold-work with higher cold-work
resulting in a greater growth strain (Fig. 13.29). Growth appears to be dependent on
fluence, but there is not much evidence to support a flux dependence. Finally,
growth is observed to increase with temperature, with a rapid increase above about
400 °C due in part to an increase in volume. It has also been proposed that impurity
elements, such as Fe, can stabilize {c)-component loop embryos and enable their
growth. Irradiation has been observed to amorphize Fe- and Cr-rich precipitates
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[37] causing the redistribution of iron into the matrix [38]. This dissolution process
may be a source of iron for {c)-component loop stabilization at high fluences.

A model [39] has been developed that attempts to capture the sensitivity of the
growth rate to the microstructure by estimating the annihilation probabilities for
interstitials and for vacancies at the various microstructural sinks. It holds that
growth is driven by the difference in the anisotropy of interstitial and vacancy
migration in which (1-3f) growth can occur in cold-worked microstructures by
vacancy partitioning to the {¢ + a)-network dislocations and interstitial partitioning
to the a-type dislocations. The linear dependence of the growth rate of cold-worked
and stress-relieved Zircaloy-2 is controlled by fast vacancy migration with a low
migration energy of 0.7 eV. The breakaway growth at high fluences is due to the
appearance of basal plane loops which act as strong vacancy sinks.

13.3.3 Irradiation Creep

Time-dependent deformation in zirconium alloys is a combination of thermal creep,
irradiation creep, and growth. While the thermal creep component at reactor tem-
peratures is generally small if not negligible, irradiation creep and growth com-
ponents are not easily separable. The dependence of unirradiated zirconium tensile
and creep properties on temperature can be subdivided into three regions as shown
in Fig. 13.30. Below about 175 °C, the yield stress decreases with temperature, but
creep below the yield stress does not depend strongly on temperature. Region II is
the athermal region of creep and extends between about 175 and 523 °C in which
mechanical recovery balances strain aging and the net effect is that creep is inde-
pendent of temperature but does not readily reach steady-state creep. Above 523 °C,
the strong dependence of yield strength on temperature and the increased recovery
leads to steady-state creep rates at constant stress.
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In reactor, creep follows the phenomenological equation:
&= Ad"¢"Gyexp(—Q/kT)[f(t) org(e)], (13.132)

where f{(¢) and g(¢) are functions of time and strain, respectively, and other terms are
as previously defined. While the flux dependence is generally taken to be linear,
correlations show that the value of m varies between 0.25 and 0.85 at low fluxes
(10'® n/m?s) and rises to an asymptotic value of 1.0 at high fluxes (108 n/m>s) [34].
The flux exponent also was found to decrease with temperature and become neg-
ligible above 523 °C (region III) [40]. The fluence dependence is generally linear,
but data exist to show that at high fluence (>~2 x 10% n/mz), there is an upturn in
the creep rate (Fig. 13.31).

Creep of zirconium alloys is highly dependent on the stress. At 300 °C and low
stress (<1/30y), n = 1. With increasing stress to values between 200 and 400 MPa,
n rises to a value of 2 and then increases rapidly at higher stresses and can reach a
value of 100 at a stress of 600 MPa (Fig. 13.32). Below about 300 °C, the tem-
perature dependence of creep is weak and the activation energy is between 16 and
40 kJ/mol (Fig. 13.33). The temperature dependence increases rapidly with tem-
perature, and Q can exceed 200 kJ/mol. However, the transition temperature for
Q is dependent on alloy content, metallurgical condition, and stress [34]. As with
growth, creep is highly dependent on the texture, which is included as the aniso-
tropy coefficient in Eq. (13.132). However, as shown in Fig. 13.34, the texture
dependence is greatest in the primary creep range. Creep in zirconium alloys is
believed to be due to slip of {a)-type dislocations on prism planes with secondary
slip of {c + a)-type dislocations on pyramidal planes. In Zircaloy-2 and Zr-2.5 %
Nb, slip of {a)-type dislocations contributed over 90 % of the total strain [41]. The
most likely mechanism to explain creep at low stress is the SIPA mechanism. As
discussed earlier, this mechanism has an n = 1 stress dependence, which is con-
sistent with creep at low stress. The elastodiffusion origin of SIPA [42] in which
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Fig. 13.32 Schematic of the
stress dependence of
in-reactor creep in zirconium
alloys at about 300 °C (after
[34D)

Fig. 13.33 Temperature
dependence of in-reactor
creep in zirconium alloys
(after [34])
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diffusion of interstitials is anisotropic in an applied stress field is consistent with the
partitioning of interstitials to {a)-type loops, facilitating their climb and glide.

A deformation-mechanism map for unirradiated Zircaloy-4 calculated assuming
a grain size of 150 pm [43] is shown in Fig. 13.35. The map was drawn as contours
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Fig. 13.35 Deformation-mechanism map for unirradiated Zircaloy-4 with a grain size of 150 pm

(after [43])

of constant strain rate in a stress—temperature space. All mechanisms were assumed
to act simultaneously, and the boundaries between the different mechanisms were
set to where the dominant mechanisms switched. An exception to this rule was the
transition to dislocation glide. For consistency between the strain rates in the dif-
ferent regimes, a transition stress of 7/G = 4.8 x 107> was set below which dis-
location glide was not active. This is equivalent to a narrow region in which the
flow rate of the alloy is independent of temperature.
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Nomenclature
A Area of slip plane or dislocation loop
A Average loop area
a Lattice constant
b Burgers vector
By Creep compliance
Cy; Concentration of vacancies, interstitials
Ce.i Thermal equilibrium concentration of vacancies, interstitials
d Grain size
D Creep-swelling coupling coefficient

D.;y  Effective diffusion coefficient

Dgy, Grain boundary diffusion coefficient
D;, Interstitial, vacancy diffusion coefficient
D,,  Volume diffusion coefficient

e Engineering strain
E Energy or elastic modulus
E,o Activation energy for volume diffusion
i Resolved fraction of basal poles in the d direction
fi Fraction of interstitial loops aligned in direction i. Also resolved fraction
of basal poles of hcp unit cells in the i direction
F; Component of force in the ith direction
F; Frequency with which a dislocation climbs a height, i
Gy Anisotropy factor
h Obstacle height on glide plane
k Boltzmann’s constant
kfli Total sink strength for vacancies, interstitials
K\ Sink strengths for loops, networks
[ Glide length on the slip plane
J Flux
n The number of interstitials is required to form an interstitial loop also,

number of dislocations in a pileup

Number of possible loop orientations

Atom number density

Number density of dislocation loops

Probability of a dislocation climb of j or greater
Dislocation core radius

Dislocation loop radius

Critical loop size for survival

Probability of finding a dislocation a distance j from unpinning point
Maximum dislocation loop radius

Loop number density

Swelling rate

S
o

1)
bl

Time
Temperature
Melting temperature

~ a ~ N
235 N
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Dislocation climb velocity

Average dislocation velocity

Volume

Volume of cascade

Volume fraction of grains with their basal poles at an angle g with
respect to a direction, d

Swelling rate

Capture efficiencies of dislocation of orientation j
Difference in capture efficiencies between aligned and non-aligned loops

Number of spikes per neutron scattering event, constant in Eq. (13.74)
Constant in Eq. (13.74)

Neutron flux

Effective thickness of the grain boundary

Shear strain

Strain rate

Effective strain (or creep) rate

Swelling strain

Strain and components of strain

Elastic strain

Volume strain

Shear modulus

Poisson’s ratio

Release frequency of pinned dislocation segments
Atomic volume

Total dislocation density

PmLN Mobile, loop, and network components of dislocation density

PFR Frank—Read source density

o, o; Stress and components of stress

O Neutron scattering cross section. Also shear stress

o Effective stress

0 Angle between loop normal and tensile axis in (Eq. 13.74)
Subscripts

AL Aligned loops

c Climb

d  Dislocation

eff Effective

FR Frank-Read

g  Glide

gb  Grain boundary

i, v Interstitial, vacancy

NL Non-aligned loop

L  Loop



13.3

Irradiation Growth and Creep in Zirconium Alloys

m  Mobile
N  Network
S Shear
S Swelling
vol Volume
Superscripts
¢ Compressive
dA Aligned dislocation loops
dN Non-aligned dislocation loops
D Dislocation
L  Loops
V  Void
n  Stress exponent
m  Flux exponent
t Tensile
Acronyms
GC  Glide and climb
FR Frank—Read

N-H Nabarro—Herring

PA

Preferential absorption

PAG Preferential absorption glide

PE

Preferential emission

SIPA Stress-induced preferential absorption
SIPN Stress-induced preferential nucleation

Problems

787

13.1 Referring back to the void growth rate calculation in Problem 8.4 of Chap. 8:

13.2

(a) Calculate the irradiation creep rate for stainless steel as a function of

temperature and applied shear stress. Assume a void number density of

2 x 10" cm™ for the creep rate calculation.
(b) Identify the window in stress—temperature space in which the creep rate

remains below 0.01 %/h.

In the Hesketh model of irradiation creep by stress-enhanced vacancy—loop
collapse, depleted zones with less than m, ~ 200 vacancies remain in the
solid as vacancy platelets. For m < m,, the volume per platelet of size m is
m&. Using the inverse square distribution function for vacancy platelet (or
depleted zone) size produced by a neutron collision, compute the swelling
due to uncollapsed platelets in the absence of applied stress at a fast fluence
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of 10%° neutrons/cm?. Assume 2,=02 cmfl, Q=0.012 nm3, and v = 500
Frenkel pairs per fast neutron collision.

An Inconel 718 bolt is used to hold a reactor mechanical component in place.
The lifetime of the bolt is determined by the stress relaxation (due to irra-
diation creep). The bolt must be replaced if the load drops to 10 % of the
initial load. For the small irradiation dose received by the bolt, assume the
creep strain rate (¢) during irradiation is proportional to the displacement-

damage rate (¢) and the effective stress (o) as given in Eq. (13.124):

é:—Bd)a

(a) Calculate the radiation damage (in dpa) when the bolt stress drops to
10 % of the initial value. Assume the elastic modulus E is a constant
value of 7.6 x 10" Pa and the creep coefficient B is a constant value of
1.6 x 10 °MPa ' dpa™"'.

(b) Due to changes in fuel loading patterns, the dpa rate at the bolt decreases
by 50 % after 5 dpa. Recalculate the total dose to reach 10 % of the
initial preload. Does this change the time to replace the bolt?

13.4 A dislocation that absorbs vacancies and interstitials at different rates will

exhibit climb. The climb velocity v, is given by v, = (J¢ — J%)b? where J¢ is
the flux of interstitials to a unit length of dislocation line and b is the Burgers
vector. If the average obstacle size is 100 nm, calculate the mean time needed
for dislocations to climb over obstacles in fcc aluminum at 200 °C in a
monoenergetic neutron flux of 10 n/em? s (E = 1 MeV). Assume that the
obstacles are not sinks for point defects and that kinetics are diffusion-limited.

Tm = 660 °C
a = 0.405 nm
O =32eV
Q' =0.62 eV
0: = 0.66 eV
Q0 =0.12¢eV
S = 0.7k
Si, = 8k
S =8 =0
=10 s7!
pq = 10° cm™?
b=0.2nm
zia = 1.02

Ivd — 1.0
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A creep experiment is performed on unirradiated 316 stainless steel
(T, = 1750 K) samples at 300 °C and 700 °C in the laboratory at low stress.
Comparison experiments are performed on a second pair of 316 SS samples
at the same temperatures, but during irradiation in a neutron flux of
1 x 10" n/em®s (E > 1 MeV). A third pair of samples is tested in the
laboratory at the same temperatures but after being irradiated to a fluence of
10?! n/cm? at the test temperatures.

(a) Make two plots, one for each temperature. Draw, label, and explain the

expected creep curves for each of these experiments.

(b) What mechanisms would you expect to control creep in each of these

experiments?

The 316 stainless steel sample irradiated at 700 °C in Problem 13.5 fails at
1 % strain in a creep test. The failure is attributed to helium embrittlement,
and calculations show that the total helium content in the metal was
107 at/cm3, the grain size was 20 pum, and the swelling at failure was 30 %.
What is the stress at failure?

The generalized equation for thermal creep is as follows:

AD " P
&= Tﬂb (%) <§> , where D = Dyexp(—Q/kT)
Diffusion coefficient
Grain size
Burgers vector
Boltzmann’s constant
Temperature (K)
Shear modulus
Applied stress
Stress exponent
Inverse grain size exponent
Dimensionless parameter
(a) Are any of the variables that describe the creep affected by irradiation?
(b) If so, how would increasing the displacement rate during an irradiation
by an order of magnitude change the creep rate in a pure alloy with very
low sink density?
The generalized correlation between creep and swelling given in

Eq. (13.125) is as follows:
/6 = By+ DS
Comparing this equation to the generalized creep equation in Problem 13.7

implies that the stress exponent is 1. What does that tell you about the likely
mechanisms of creep?
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