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An important distinction is made between the discontinuous precipitation of M,;C; carbide
(where M = metal) in a nickel-base superailoy compared with those in other systems. The
reaction is considered pseudo-discontinuous since carbon must diffuse to the precipitate from
the general matrix. The additional factor imposed by the partial carbon-diffusion controlled
growth is utilized to uniquely define the kinetics of the discontinuous precipitation. This paper
details the theory involved and then compares the computed results with extensive measure-
ments made in a transmission electron microscope of precipitates in Nimonic 80A. The results
show the feasibility of the participation of carbon-diffusion control in growth. They aiso con-
firm the high dependence of discontinuous precipitation on grain-boundary nucleation and on
the direction of growth in the receding grain. The theoretical analysis is used to indicate how
discontinuous precipitation may be avoided by heat treatment and compositional control.

1. Introduction

The many existing theories of discontinuous precipita-
tion [i] in a wide range of alloys systems have been
well documented in the recent review papers by Gust
[2] and Williams and Butler [3]. An important distinc-
tion should be made, however, for the discontinuous
precipitation of M,;C, carbide (where M = metal) in
nickel-base superalloys, since carbon must diffuse to
the precipitate from a relatively large distance. The
reaction is therefore only partly discontinuous and its
kinetics deviate from those normally accepted because
carbon depletion must occur. This phenomenon
imposes a further growth factor which has been
utilized to uniquely define precipitation without resort
to free-energy considerations, which are difficult to
evaluate in practice.

Cells of discontinuous M,;C, precipitates form at
grain boundaries in Nimonic 80A, such as shown in
Fig. 1a. A cell consists of a series of aligned M,;Cq
carbide rods (M mainly chromium) within a nickel
solid solution matrix. These fcc phases have lattice
parameters in an approximate ratio of 3:1 and have
a crystallographic orientation relationship with each
other and the host grain. Growth is by advancement
of the grain/cell boundary into the differently oriented
grain, leaving behind solute-depleted matrix and an
array of carbide rods aligned perpendicularly to the
advancing boundary.

2. Proposed theory of discontinuous
growth

2.1. Growth mechanism

A simplistic view of discontinuous precipitation is

taken. Experimental observations such as in Fig. la

show the cell to grow by a planar advance from the

original grain boundary as depicted in Fig. 1b. The
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distortion at the edge of the cell is over a relatively
short distance so that in most cases the centre of the
observed cell section is representative of the whole cell.
In this region, the supply of interstitial carbon dif-
fusing to the boundary from the matrix o’ is matched
by that of the substitutional solute M diffusing along
the boundary.

The discontinuous cell growth is initiated when
nucleation of M,;C, on the boundary is complete.
This is when the solute catchment areas of the
established nuclei have covered the boundary so that
further nucleation is prevented. Discontinuous pre-
cipitation then occurs by the migration of the grain
boundary into the differently oriented grain. During
the transfer of atoms from this receding grain to the
cell, M-solute is channelled along the boundary to
the rod-shaped precipitates of M,;C, which grow
perpendicular to the cell boundary. The matrix «
separating these precipitates is therefore depleted in
solute.

Precipitate rods within the cell are treated indi-
vidually. Single rods compete with neighbouring rods
to collect M-solute from the boundary. Where the
M-solute catchment areas meet, the M-concentration
within the boundary is assumed equal to that of the
matrix in the receding grain. As growth rate decreases
these areas are extended, resulting in a continual
reduction in rod density.

The next two parts of this section discuss the analyti-
cal equations necessary to describe (i) grain-boundary
migration and precipitate rod lengthening rate, and
(i1) precipitate rod diameter during cell growth.

In practice the overall cell growth is dictated by a
combination of the above two processes, and the
balance of the contributions of both processes is deter-
mined by the boundary velocity. This situation of
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intermediate control is discussed in the final part of
this section.

2.2. M-Solute diffusion control of growth

An M-concentration gradient cannot form in front of
the advancing cell boundary during discontinuous
precipitation or else a continuous growth mechanism
would result. Diffusion of M (Dgy) therefore takes
place within the boundary and the resultant concen-
tration profile within the boundary plane is approxi-
mately as shown in Fig. 2. This profile is also left in the
matrix («) in the wake of the cell boundary. Initially,
sufficient carbon is present at the growth front so that
the matrix carbon diffusion is assumed infinitely fast.
Balancing the M diffusing to the M,,C, with the M
forming the M,;C; and assuming the convenient
triangular concentration profile, we obtain

2 0 2
nr,Cy = mry,Cy +

(Dppdn)!/2
[ amrAc,dr (1)

"
where the concentration within the boundary at dis-
tance r is given by
I’p + (DBMdt)l/z — r

(Dpyd0)'”

C) is the concentration of solute M in the matrix
(suffix ), in the M,,C, precipitate (suffix 0) and the

AC, = (Cy — Ci) )
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Figure 1 (a) Transmission electron micrograph of typical discon-
tinuous precipitate in Nimonic 80A. (b) Schematic diagram of
discontinuous precipitation. o and «  indicate solute depleted and
supersaturated solid solution, respectively. M and C show flux of
M-solute and carbon atoms to the precipitate.

matrix-M,;C; equilibrium at the interface (suffix «f).
¢ is the distance from the centre of the M,,C, rod and
r, is the radius of the rod. (Dyy d?)"?is the extent of the
solute catchment area where Dy, is the solute bound-
ary diffusivity and d¢ is the time for the boundary to
pass a point in the receding grain. ¥ is the velocity of
the migrating boundary so that ¥, = §/d¢ where § is
the width of the boundary. This reduces to

i (GG
6(Dggd)® T 2\ Cy — C2F

_ (Dpudn)'”? . Dgydt
2 b 6

= 0 3)

2.3. Carbon volume diffusion control of
growth

The second limiting factor in discontinuous precipita-

tion is carbon supply from the matrix. Due to rapid
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Figure 2 Theoretical solute-M concentration at the advancing
boundary of discontinuous precipitation.
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diffusion of M-solute along the boundary, rapid
growth rates occur which induce carbon concentra-
tion gradients perpendicular to the boundary. The
boundary diffusion of carbon, Dy, will be extremely
fast and may be assumed infinite when compared to
that of M. The supply of carbon follows the collector-
plate model displayed in Fig. 3. The amount of carbon
reaching a catchment area A, on the boundary to
supply the growing M,,C rod is given by a treatment
similar to that of Aaron and Aaronson [4],

dm d

—_— = D, — 4
dt AV C dS [CC(S’ Z‘)]S { )
where the concentration of carbon perpendicular to
the cell boundary at distance s and time 7 i1s derived
from

M
2D, 1

Cls, ) = (C2 — Cet erf( > + Ck (5
where C* and C¥ are the carbon concentrations in the
matrix at ¢ = 0 and in equilibrium at the matrix—
M,,C, interface, respectively and ¢* = partial molar
density of carbon in solution. Differentiating,

dC, - chHe -5
(ds )F(, ‘[ (nD.0)" exP<4Dct - ©)

Therefore

dm A, DY P
Fr W(Cc - C ot (7)

This carbon produces M,;C, carbide according to

d_m _[(dm)\ [dv g

dt — \dv/\dr ®
where v = volume of carbide. The increase in density
of carbon in forming carbide is

dm

— 4 —
T (G

Ciy) 02 &)

The increase in volume of carbide with time is
Q
dr

and r, = radius of M,C, rod. Substituting in

Equation (8),

12 )
V,_AwCCX—@)fm
b = 3722 4 9

iy \ G — C&

= il (10)

(In

Figure 3 Collector-base model supplying carbon to dis-
continuous precipitate rod.

2.4. Intermediate control

2.4.1. Introduction

Since complete growth control by the diffusion of
either M or carbon relies on infinitely fast diffusion of
the other, then real situations must lic somewhere
between. A combination of the two cases is proposed
where the equilibrium concentrations of solute M and
carbon at the matrix—M,,C, interface are dictated by
the solubility equation

R S I (P
where K is a constant. The extremely high boundary
diffusivity of carbon relative to M is still assumed so
as to extend the equilibrium carbon level along the cell
boundary.

It is assumed that growth control changes from one
case to the other according to the boundary velocity
(see Fig. 4) as will now be explained.

2.4.2. Limiting boundary velocities of
discontinuous growth

The start of growth is typified by very thin M,,C, rods
close together which is indicative of fast boundary
motion. This stage is controlled by M-solute diffusion
(Equation 3) where the initial uniform distribution of
both M and carbon favours a ready supply of carbon.
Here the equilibrium level of M at the precipitate
is given by the solubility relation (Equation 12)
with the carbon concentration equal to that of the
general matrix, C,. The starting and therefore
maximum boundary velocity V,,, is dependent upon
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Figure 4 Carbon concentrations at cell boundary during discon-
tinuous cell growth. Time 1, > ¢, > 0.
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the nucleation characteristics of the boundary and is
obtained from

Boundary thickness
Time for boundary to traverse thickness

b
ds

V. o=

max

and Fig. 2 shows the initial interparticle spacing
Fp = (DBMdl)l/2

SO

DBMa

V P =
max 2 (13)

The minimum boundary velocity is the velocity
reached when a breakdown to continuous precipitate
growth occurs. This is due to the creation of an
M-solute concentration gradient immediately in front
of the advancing cell boundary. This happens when
the boundary velocity becomes “slower” than M-
volume diffusion in the matrix, i.e. when a solute
differential is set up across the atom planes parallel to
the cell boundary in the receding grain:

Minimum boundary velocity

_ Interplanar spacing (receding grain), a
Time for mean diffusion over interplanar spacing

If mean diffusion distance = (Dy,1,)"? then time for
diffusion over interplanar distance, t, = a’/D,,; hence

Minimum boundary velocity = Dy/a (14)

A rapid degeneration of discontinuous to continuous
precipitate growth below this velocity is caused by
a depletion of M-solute ahead of the advancing
boundary.

2.4.3. Relationship between carbon and
M-solute growth control/

The balance of carbon and M-solute control of
growth is dependent upon the carbon concentration
C? at the advancing cell boundary. This is linked to
the M,;C,~boundary interface M-solute concentra-
tion by the solubility relation (Equation 12) so that
CP oc (Cy) 2. CP varies between the limiting bound-
ary velocities, i.e. from the initial supersaturated
matrix concentration C; at maximum boundary
velocity to C* at minimum velocity (see Fig. 4). The
lower carbon concentration C* is obtained from the
Equation 12 with the M-solute concentration Cy
equal to the initial supersaturated matrix concentra-
tion Cy;. This M-solute concentration is that of the
receding grain matrix which by definition is unaltered
throughout discontinuous growth.

During discontinuous cell growth, the M-solute
concentration at the M,,C,—boundary interface Cy; is
dictated by the quantity of M-solute diffusing to the
M,,C; from the cell-boundary solute catchment area.
A faster advancing cell boundary permits diffusion
over a shorter distance so that less M-solute arrives at
the M,,C, from a particular boundary direction. Con-
sidering the solute catchment area, therefore, the
enforced concentration Cy will be a function of the
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square of the diffusion distance, so Cy o 1/¥;? and
ch o I/b46,’6

The relationship of carbon concentration to the cell
boundary velocity displayed in Fig. 4 is therefore
given by

V 46/6

@ o= C+(C - C?”)(-V—b> (15)
The area on the cell boundary supplying carbon to an
individual M,;C, rod is defined by the extent of
M-solute boundary diffusion (D, d?)""%. This is shown
diagramatically in Fig. 3, where carbon in the adjacent
boundary follows the transport of M-solute to neigh-
bouring rods.
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Figure 5 Flow diagram for computing kinetics of theoretical dis-
continuous precipitation.




2.5. Computation of discontinuous growth
kinetics
The objective is to predict the variation of cell depth
(boundary migration) and M,;C, rod diameter with
growth time. The growth of discontinuous precipitates
has been shown to be defined by two types of equation:
Equation 11 applies to the migrating grain boundary
and originates from carbon control. The second defin-
ing relation, Equation 3, is from control of the M.;C;
rod diameter by M-solute boundary diffusion. This
cubic equation is solved by consideration of its three
roots (see Appendix). The two equations are connec-
ted by Equation 15 which describes the equilibrium
carbon concentration at the matrix—M,;C, interface
and boundary as a function of boundary velocity.
Mathematical integration of the growth velocity V,
is made inconceivable by its interrelation with nearly
all the terms in the equations (note that dz, C*® and Cf
depend on ;). A computer program is therefore used
to determine the growth kinetics by integrating
numerically. The flow diagram is given in Fig. 5. The
change in cell growth velocity with time is of the form
shown in Fig. 6. The program is based on determining
boundary wvelocities within equal time-increments,
computed from the time when discontinuous pre-
cipitation breaks down, i.e. when M-solute can diffuse
into the boundary from the receding grain. Growth
distances can then be derived by adding the areas in
the columns of the histograms produced. Accuracy
may be optimized by increasing the number of time
increments until negligible change in results is obtained.
Typical input is given in Table I and graphical output
in Figs 7a and b. Theoretical growth kinetics are more
conveniently summarized in diagrammatical form as
in Fig. 8, which is a scaled section of the growing
M,;C, rod and solute catchment range with lengths
attained after various times.

2.5.1. Theoretical results

The results in Fig. 7 and 8 are determined for the
maximum possible growth distance, which occurs
when (00 1) planes in the receding grain are parallel to
the advancing cell boundary. In reality, growth termi-
nates at a much earlier stage because of more closely
packed planes being paraliel to the advancing boun-

max 1

CELL BOUNDARY VELOCITY, ¥
i

Vivin | I 4

GROWTH TIME, # min

Figure 6 Velocity of cell boundary during growth. Curve is approxi-
mated to a histogram in computer program.

TABLE I Input data

Diffusion data for solute M in matrix (chromium in Inconel-600
[5): Dy = 1.60cm?sec™!, @ = 66.1 kealmol™' (277kJmol™").

Diffusion data for solute M along grain boundary (chromium in
Inconel-600 [S]: D, = 4.20 x 10¥cm®sec™, Q = 42.8kealmol™'
(179kImol ™).

Diffusion data for carbon in matrix (nickel + 5% chromium [6]):
D, = 0.4cm?sec™, Q@ = 37.5 kecalmol ™! (157 kJmol™").

Grain-boundary diffusion channel = 0.15nm [7].

Matrix interplanar spacing = 0.356nm [8].

Grain—?oundary area per unit volume of matrix = 71 x 10~° am?

nm " [1].

Distance between discontinuous precipitate nuclei (observed after
700° C ageing) along grain boundary = 20nm {1].

Carbon concentration in matrix (solution-treated) = 0.08 at % [I].

Matrix concentration: M(Cr + Fe) = 22.68at %, Ti = 2.33at %,
Al = 1.4at%, Si = 0.36at %, Ni = balance [1].

dary as a result of the alloy processing history. The
growth against time graph at 700° C of Fig. 7a shows
that the depth of cell increases almost proportionally
with time. This follows an initial rapid period of
growth which is the result of a ready supply of carbon
to the cell as a carbon concentration profile is set up
in the receding grain matrix. Once established, a more
restricted and constant amount of carbon is diffused
down the concentration profile to the cell boundary.

At the end of discontinuous precipitation the curve
deviates sharply to the horizontal, since the con-
tinuous growth mechanism which takes over occurs
on a static boundary. Fig. 7b shows how the M,;C
rod radius and the associated extent of solute catch-
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Figure 7 (a) Theoretical depth of growth against time at 700° C.
(b) Theoretical radius of M,;C, rod and solute catchment area on
cell boundary against time at 700°C.
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Figure 8 Comparison of discontinuous growth at (a) 700° C and (b) 85

ment area expand quickly from the nucleus. This must
simultaneously cause the extinction of a large number
of M,,C¢ rods growing from smaller nuclei. The
dimensions then stabilize with a ratio of solute catch-
ment radius to rod radius of approximately 5: 1.

Growth processes at 700 and 850° C are compared
in Fig. 8 (note different scales). The theory predicts a
much faster growth rate at 850° C together with larger
radii of M,,C, rod and solute catchment area. The cell
growth is, however, terminated early since the high
diffusivity which aids discontinuous precipitation also
causes a quicker breakdown to continuous growth.

The predicted shapes of precipitate in Fig. 8 match
the experimental observations. The typical cell shown
in Fig. la exhibits average M,;C, rod precipitates
similar in proportion when it is considered they have
only reached a length of 875 nm. Although a number
are undoubtedly cut by the foil surface, it seems that
some M,,C, rods have been stunted in growth, par-
ticularly near the base of the cell. This is in agreement
with the predicted maximum growth rates occurring
early in growth. It is thought that the distinct widening
of a few of the rods along their length is due to the
takeover of solute catchment areas on the boundary
from those rods becoming extinct.

3. Observation and measurement of
discontinuous precipitation of M,,C,
in Nimonic 80A

3.1. Experimental téchniques

Nimonic 80A (Wiggin Alloys Ltd) was extruded and

hot-rolled to 15mm diameter round bar. The manu-

facturer’s analysis together with the specified com-
position range and maximum values are given in

Table ITI. The material was solution-annealed at

1080° C for 2h and water-quenched. It was then cut

into 20 mm lengths and two 0.5mm thick transverse
slices were spark-eroded from each. These were subse-
quently aged together with the corresponding length
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0°C. Time of precipitate growth is indicated in seconds.

of bar. Different ageing treatments were applied at
either 700 or 850° C for periods of up to 4 h. A heating-
to-temperature correction was added to the ageing
time, based on the reverse of the cooling correction
proposed by Williams e al. [9]. This amounted to
90 sec at 700° C and 112 sec at 850°C.

3 mm diameter foils were prepared from the slices of
bar using a standard electrochemical polishing tech-
nique. The electrolyte was 20% perchloric acid in
ethanol (both Analar) at — 10°C using a voltage of
15V with an approximate current of 80 mA.

Transmission electron microscopy (TEM) was con-
ducted at 100kV accelerating voltage on a Jeol JEM-
100CX STEMMA machine. A specimen holder incor-
porating a double stage-tilt mechanism was used so
that clockwise and counter-clockwise tilts of 60° could
be made about two axes perpendicular to each other.

Details were recorded from all grain boundaries
visible in a thin foil during observation by TEM.
Discontinuous precipitate images were photographed
from clockwise and counter-clockwise rotations of
both tilt stages to obtain a minimum 45° angular
difference. Magnifications ranged from 10000 to
33000 according to precipitate size. To achieve a
meaningful statistical analysis at least 300 negatives
were taken for each sample ageing treatment. Measure-
ments were taken direct from negatives to eliminate
excessive printing and the accompanying errors such
as paper stretching and loss of definition. The follow-
ing were recorded for each viewing direction of a cell,

TABLE 11 Alloy composition (and specification) (wt %)

C = 0.065 (0.100 max.) Si = 0.36 (1.00 max.)
Cr = 20.2 (18.0 to 21.0) Mn = 0.60 (1.00 max.)
Co = 0.15 (2.0 max.) Fe = 1.33 (3.00 max.)
Ti = 2.33 (1.80 to 2.70) Cu = less than 0.05 (0.2 max.)
Al = 1.40 (1.00 to 1.80) Ni = balance
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Figure 9 TEM image measurements for determination of precipitate
growth dimensions.

as displayed in Fig. 9:

(a) Apparent length of cell along grain boundary, /;

(b) apparent depth of cell, s';

(c) radius of M,;C, rod at advancing cell boundary,
Fos
’ (d) specimen rotation about main axis, o;

(e) specimen rotation about secondary axis, y; and
(f) angle between perpendicular to projected pre-

cipitate growth direction and the main axis, f.

Information was stored and analysed on a main-frame
computer. In addition, for the samples given a short
ageing treatment (4 min), grain misorientations and
precipitate growth directions were determined using a
recently developed technique [10].

3.2. True precipitate size determination
True precipitate dimensions are determined by coor-
dinate geometry in a similar procedure to the grain
misorientation and precipitate direction technique
[10]. A projection of the precipitate direction P, is
assigned coordinates (PA;, PB/, PC/) from the image
negative. Fig. 9 shows these to be [cos (§, — 90°), 0,
sin (f; — 90)] where the suffix / designates either the
first or second precipitate image. The coordinates
(A, B;, C/) of the normal to the plane N, in which the
true precipitate lies are (cos f5;, 0, sin ;).

The two sets of coordinates are now standardized to
a common coordinate base which is conveniently
taken as the zero specimen-tilt position. Firstly, the
main axis tilt of o, is returned to zero tilt by rotating
by o, in its opposite sense using a transformation
matrix:

R 0]

0 sin o 0 }

0 0 cos o;

The standardization is completed by a similar adjust-
ment of y; about the secondary axis, i.c. following the
transformation matrix

cosy;, siny, O
—siny, cosy, O
0 0 I

The true precipitate direction is then obtained from
the intersection of the two planes defined by the result-
ing normals (A, B, C,) and (A,, B,, C,), i.e.

PAK - B1C2 - Bzcl
PBI = C}Az - C2Ai
PC, = AB, — A,B,

The angle 6, between the true precipitate direction and
the projected direction on the image 7 is given by the
standard formula

cos 6,

B PAPA, + PB.PB, + PC,PC,
~ (PA] + PB/ + PC))"* (PA! + PB} + PC})"”

and the true depth of cell is therefore

s = s//cos 0,

The true length / of cell section along the grain
boundary as cut by the foil plane is determined from
the projected Iength on the image:

I = [//cos ¢,
where ¢, is the angle separating the grain-boundary
image (i.e. normal N,) from the resulting position after
standardization, i.e. (A;, B;, C,), so that
A, cos B, + C;sin f;
(A7 + B} + C)H)'?

cos ¢, =

3.3. Experimental results

The large amount of data necessary for a meaningful
size analysis of ecach ageing treatment limited the
examination to the following samples:

(a) 4min at 700°C,

(b) 16 min at 700° C,
{c) 4h at 700°C,

(d) 4min at 850° C and
{e) 2h at 850°C.

The measured celi dimensions are presented as fre-
quency against size-range histograms in Figs 10, 11
and 12 respectively for true length of cell section along
the grain boundary (/), true depth of cell growth (s)
and growth radius of M,;C, rods (r,). The series of
histograms in Figs 11 and 12 are summarized in Figs 13
and 14 and Table III.

3.3.1. Length of cell section along grain
boundary, /
The area of grain boundary occupied by a single cell is
irregularly shaped. The measurement of an arbitrary
length of cell section, such as in the TEM, therefore
provides only an indirect comparison of the areas of
discontinuous precipitation between different samples.
The series of histograms in Fig. 10 for ageing at
700°C infer that the cell sections increase in length
with time. After 4 min the distribution peaks at 0.5 um
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Figure 10 Histograms of length of cell

20 (a) 4 section measured along grain boundary
at various ageing treatments. (a) 4 min
at 700°C, (b) 16 min at 700°C, (c) 4h at

104 700°C, (d) 4min at 850°C, (e) 2h at
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and the tail ends at 2.5 um. After 16 min the peak is
flattened and increased to about 1 um, whilst the tail
is considerably extended. A 4 h age results in an even
flatter peak and a longer, thicker tail. This is due to the
merging of adjacent cell sections (which are likely to
be part of the same cell anyway) as they grow further
into a grain and can envelop pinning points, such as
primary particles, existing on the grain boundary.

The distribution of cell sections after 4 h at 700° C is
similar to that achieved after both 4 min and 2h age-
ing at 850° C. This reflects the faster growth of discon-
tinuous precipitates at 850°C and possibly also a
similar siting of the discontinuous cells, even though
there is a significant increase in continuous grain-
boundary precipitation at 850°C.

3.3.2. Discontinuous precipitate growth

The progress of discontinuous growth during ageing
at 700° C is followed by the histograms (a) to (¢) in
Figs 11 and 12.

TABLE 11l Summary of data on grain-boundary precipitation
in aged specimens

Specimen No.

Property
1 2 3 4 5

Ageing temperature (°C) 700 700 700 850 850
Ageing time 4min l6min 4h 4min 2h
Average precipitate

radius (nm) 10.5 12.7  20.1 186 364

Spread 3.53 424 1211 1021 23.06
Average precipitate

depth (nm) 258.2 306.5 5144 1748 1839

Spread 1822 2763 4184 168.8 14538
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Fig. 11 shows that the distribution of cell depths
gradually changes from a peak around 100 nm (with a
long thin tail) after 4 min at 700°C, to a broad distri-
bution after 4h. Fig. 12 shows that there is a corre-
sponding change in radius of M,,C, rod at the advanc-
ing cell boundary from a narrow peak around 10 nm
to a broad peak around 20nm. Different discon-
tinuous precipitate cells therefore appear to have
significantly different rates of growth and to stop
growing after different periods of ageing.

Histograms (d) and (e) in Figs 11 and 12 are for
growth at 850° C. Here discontinuous growth proves
to be almost complete after 4 min ageing, since subse-
quent ageing to 2 h increases the depth of growth very
little. The radius of the M,;C; rod is seen to double
during this time. This is the result of continuous M,;C;
precipitation taking over from the discontinuous reac-
tion which causes enlargement of the end of the M,;Cq
rod along the cell boundary.

The variations of growth dimensions are plotted in
Figs 13 and 14 against a logarithmic scale of ageing
time. The growth attained by discontinuous precipi-
tates at 700° C is much greater and more variable than
at 850° C. Also, the growth radius of the M,;C, rod is
correspondingly smaller at 700° C.

3.3.3. Grain orientations and precipitate
growth directions

Grain-boundary mismatch and precipitate growth

directions are identified for all discontinuous precipi-

tates measured in the samples aged for 4 min at 700

and 850° C. All data are normalized with respect to the

three-dimensional symmetry of the cubic (fcc) crystal
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Figure 11 Histograms of measured depths of discontinuous precipi-
tation at various ageing treatments: (a) 4 min at 700°C, (b) 16 min
at 700°C, (c) 4h at 700°C, (d) 4 min at 850°C, (e) 2h at 850°C.
Average depth shown by dotted line.

structure of both matrix and M,,C, carbide precipitate
phases.

No preferred grain misorientations across grain
boundaries containing discontinuous precipitation are
evident in either of the samples studied.

The M,;C, rod growth directions at 850° C shown in
the standard triangles of Fig. 15 reveal a tendency
towards {110 growth relative to the advancing cell.
In the receding grain, directions are random. No
preferred growth direction occurs at 700° C relative to
either grain.

4. Comparison of theory and
experiment

The proposed hybrid growth of discontinuous precipi-
tates via boundary M-solute and carbon volume diffu-
sion control has predicted M,;C, rod morphologies
similar to those observed in practice. Unfortunately,
the measurements of discontinuous precipitation can-
not be directly related to growth kinetics since they
include an unknown number of cells which had ceased
growing earlier in the ageing treatment. Average
experimental measurements are compared with the
theoretical growth of a single discontinuous precipi-
tate at 700° C in Fig. 16. It should be emphasized that
in practice the receding grains would be randomly
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Figure 12 Histograms of radius M,;C, rod measured at advancing
cell boundary at various ageing treatments; (a) 4min at 700°C,
(b) 16 min at 700°C, (¢) 4h at 700°C, (d) 4min at 850°C, (e) 2h at
850°C.

orientated, and so theoretical discontinuous growth
termination would mainly occur before even the first
cut-off case shown of the receding grain with a (221)
plane parallel to the cell boundary. This is much
earlier than observed in practice, where growth is
shown to continue beyond at least 1050 sec ageing and
possibly beyond 14500sec ageing (seen better in
Fig. 13). Since more cells terminate growth as ageing
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Figure 13 Average depth of discontinuous precipitation against
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are shown.
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Figure 15 Standard triangles showing precipitate growth directions
after ageing at 850° C for 4 min: (a) in host grain, (b) into receding
grain.

time increases, the greater deviation of the average
measured cell from the theoretical case with time is
to be expected. At the shorter ageing times, some
individual cells are recorded (Fig. 11a) which match
theoretical depths of growth but overall, the average
measured cell growth is slower than predicted.

Fig. 17 compares the theoretical and average
measured radius of M,C, at the advancing cell
boundary with increase in cell depth at 700°C.
The influence of terminated discontinuous growth
is evident in the steep rise in measured radius.
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Figure 16 Theoretical and measured depths of discontinuous
precipitate growth against ageing time at 700° C. Average measured
growth includes cells which have ceased growth earlier in the ageing
treatment. Dotted line shows one standard deviation.
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Figure 17 Theoretical and measured radius of M,; Cg rod at advanc-
ing boundary against depth of cell. Average measured growth is
distorted by extinct discontinuous cells which have converted to
continuous precipitation.

Subsequent continuous growth causes M,;Cq pre-
cipitates to grow along a static grain boundary. The
shallower growths at the shorter ageing time therefore
offer a better comparison of discontinuous growth.
Here, experimental growths have a smaller precipitate
rod radius than predicted.

The prediction of discontinuous growth at 850°C
(Fig. 8b) similarly cannot be directly compared with
experimental measurements (Figs 13 and 14) due to
the early termination of cell growth. Growth is
predicted to last merely for a few seconds and to reach
a depth of less than 300 nm. Observations begin at the
much later ageing time of 240sec, when growth is
shown to be complete with an average depth of
175 nm.

This rapid growth is probably why a preferred
{110)> growth direction is revealed after 4 min ageing
at 850° C (Fig. 15) but not after 4 min ageing at 700° C.
In the latter, the juvenile stage of growth is con-
strained to the initial random direction imposed by the
grain boundary. The senile stages completed by the
850° C case, however, can sustain growth by deviating
to an easier growth direction, i.e. presenting a lower-
energy precipitate interface to the host grain matrix,
and a closely knit plane of atoms to the cell boundary
on to which “boundary” atoms more readily realign.

An indirect comparison of the proposed theory with
experiment appears to show a consistent overestimate
of discontinuous growth rate. It is possible that data
used in the theoretical determinations are inaccurate.
In particular, grain-boundary diffusivity is thought to
be highly variable, not only between different alloys
but also between grain boundaries within an alloy.
Bernardini et al. [7] have shown that J, the grain-
boundary thickness used in the determinations of
grain boundary diffusivity, may also be subject to
errors of 100%. This not only affects growth rate but
also the grain-boundary nucleation kinetics which
provide the initiating conditions for discontinuous
growth. Nucleation theory is not sufficiently advanced
to predict internuclear spacings on a grain boundary,
although notable progress is being made [11]. The
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Figure 18 Temperature against nucleation time “C” curve.

spacing r;, used in the determination is therefore an
estimate from a convenient example observed in
practice, and may not be truly representative. If, as
suspected, this is highly variable from boundary to
boundary, large discrepancies would result.

Indeed, the effect of a less densely populated grain
boundary is to shorten the time of growth of discon-
tinuous precipitates because ¥V, in Equation 13 is
reduced. In the extreme, nuclei become too widely
spaced to initiate discontinuous growth. This is
apparent at the higher ageing temperature of 850°C,
where discontinuous growth was found on 86% of the
observed boundary compared to 98% at 700°C.
Nucleation rates can be broadly described by “C”
curves of temperature against rate, with the nose in
this case being close to 700° C in Fig. 18. Hence slower
cooling rates or higher ageing temperatures, so that
the nose is avoided on this “C” curve, will give lower
rates of nucleation. This results in larger values of r;
in Equation 13 and hence shorter growth times.

Considering the difficulty in relating theory to
experimental data and the influence of highly variable
grain boundaries, the proposed model of discon-
tinuous growth is feasible. It is considerably better
than simplistic theories which predict a constant
growth rate with time and no termination of growth.
It is also more realistic than theories based on a
reduced growth rate due to an increase in area of cell
boundary, since this is observed to affect only the edge
of a discontinuous cell.

4.1. Practical implications

Discontinuous precipitation of M,;C, in nickel-base
superalloys is of great interest because of its deleterious
effect on mechanical and chemical properties. For
instance, it is reported that in Waspalloy it causes a
significant decrease in high-temperature ductility [12]
and in Incoloy 825, grain boundaries are sensitized to
intergranular corrosion [13]. Furthermore, discon-
tinuous precipitation has been reported to be always
present in commercial alloys [14].

The results here imply that discontinuous precipi-
tation may in the future be eliminated by controlled
nucleation. Nucleation theory is approaching the
stage where internuclear spacing can be predicted [11].

4231



A crude application of nucleation theory suggests that
control is possible by using high ageing temperatures
(>800°C) and avoiding rapid cooling rates. How-
ever, thin sections of the component may still be too
rapidly cooled. A possible further improvement would
then be a short isothermal anneal in the higher ageing
temperature range (~ 900°C). Also it may help to
reduce the amount of carbon available for precipi-
tation by control of alloy composition and solution
heat-treatment [15].

5. Conclusions

1. A hybrid mechanism for the growth of M,,C;
discontinuous precipitates in nickel-base superalloys
is developed which makes use of computer integration.
Growth control is balanced between M-solute grain-
boundary diffusion and carbon volume diffusion.

2. A method of determining the true dimensions of
discontinuous precipitate sections observed in TEM is
detailed.

3. Measurements of discontinuous My, Cg precipi-
tates in Nimonic 80A following various times of
ageing at 700 and 850° C are recorded. Termination of
discontinuous growth with subsequent continuous
precipitate growth is a significant feature. Discon-
tinuous growth is found to proceed in some cases up
to 4h ageing at 700°C, but is well complete before
4min ageing at 850° C.

4. The theoretical determinations predict morph-
ologies similar to those observed in practice, and
kinetics which although they seem to be faster than
recorded show the proposed growth mechanism to be
feasible.

5. The preferred discontinuous growth direction
{110 relative to the advancing cell was discovered
after 4min ageing at 850°C.

6. Possible means of reducing the amount of dis-
continuous precipitation include the use of high age-
ing temperatures, slow cooling rates from solution-
treatment temperatures, lowering the matrix carbon
content, and raising the content of strong carbide-
forming elements.
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Appendix 1: Solution of the cubic equation
describing M-solute control of
growth

The three roots r,, rz and r, of Equation 3 in the text

are obtained from

Cu — Gi
r, +rg+r, = —3(Day dn)'? (H + 1)

r‘[;r./."'}’r./ra'f_rurﬁ = _3DBM dl
rurgr, = (Dgy A0y
These roots are characterized by locating the maxi-
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mum and minimum of the curve. Equation 3 is con-
veniently represented by

Y = en+fro+gr,+h =0
where
e = l/6(DBM dt)”2
1/ Ch — Ca
= | —= 1
/=3 (c;d mrer il
g = —(Dyydn)'?)2
h = - DBM dt/6
Differentiating this equation,
dy
J=3erf,+2frp+g=0

p
which has two roots from

—2f + (4f* — 12eg)'?
6e

Since the terms used in constants e, f, ¢ and & are
indisputably positive with Cf; > Cg and Cg > C¥,
the value within the square root will always be greater
than 2f since (— 12eg) is positive. Consequently the
maximum will have a negative and the minimum a
positive r,, and due to the negative value of 4 the
intermediate roots r, and r, will always be negative.
The third root r, must be positive and is therefore the
only practical solution to the cubic equation. This may
be found by taking the r, at the minimum which has
negative Y and an arbitrary larger r, which gives
positive ¥, and selecting intermediate values of 7, until
zero Y is obtained. This is a procedure which is suited
for computer programming.
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