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Abstract: A new homogenization kinetics prediction model for wrought superalloys based on the concept of diffusion
distance was proposed. The micro-segregation and homogenization kinetics of Ni-based wrought superalloy, GH4141,
were systematically studied by using the quantitative electron prob X-ray micro-analyzer (EPMA) analyses. There is a
discrepancy between the predicted homogenization kinetics by the residual segregation index model and the
experimental measurement. Both the experiments and theoretical analyses reveal that the homogenization kinetics can
be reasonably predicted by the diffusion distance model under 1D-diffusion condition, with considering the
diffusion-direction factor that is usually ignored. The new model provides a new option for predicting the
homogenization kinetics with only necessarily knowing the original dendrite arm spacing and diffusion coefficient.
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1 Introduction

Wrought superalloy is widely used in
aerospace engines due to its excellent oxidation
resistance, corrosion resistance and structure stability
at high temperatures [1-5]. The wrought superalloy
is fabricated through traditional casting and forging

processes. The micro-segregation of alloying
elements and undesirable phase precipitation
inevitably occur during the solidification

process [6—8], which have seriously detrimental
effects on the services performance or formability
of wrought superalloy [9-12]. Therefore,

homogenization is necessarily conducted to
eliminate the element segregation and redissolve
the precipitates.

As for the wrought superalloy, the
homogenization treatment is usually performed at
temperatures above the y’ solution temperature,
while below the incipient melting point [13—16].
This  temperature range is named the
“homogenization temperature window”. Currently,
the homogenization conditions for most wrought
superalloys are generally determined by experience
or referenced from the homogenization condition
of widely produced Inconel 718 superalloy in
the industry [17—19]. For the Ni-based 718Plus
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superalloy, it takes 70 h at 1403 K, or it takes
40 h at 1443 K [20]. Reasonable homogenization
parameters are crucial to ensuring high working
efficiency and cost-saving for the industry.

Establishing a reliable and easily applied
prediction model is a key issue to provide reasonable
homogenization parameters for the homogenization
treatment of superalloys. Several methods were
proposed to predict the homogenization kinetics
of superalloy, such as diffusion-controlled
transformations (DICTRA) software based on the
initially predicted as-cast segregation [21], phase
field modeling [22], and residual segregation index
(RSI) model [23,24]. Among them, the RSI model
is most frequently used, although the accuracy of it
has not been fully verified yet. Indeed, the RSI
model was mainly used for determining the diffusion
coefficient based on the direct experimental
measurement of the change in RSI [25-27].
Furthermore, there is a dispute on the criteria for
determining the degree of homogenization when
using the RSI model [9,27], which makes it more
difficult to be applied. In addition, the prediction
methods based on the modelling or software are not
readily to be applied in general or largely depended
on the initially predicted reliability of segregation.
Therefore, it is urgent to establish a more reliable
and easily applied model for predicting the
homogenization kinetics of superalloy.

In response to the above existing problems
in homogenization prediction, the present work
proposed a predicting the
homogenization kinetics based on the concept of
diffusion distance. The physical process of
homogenization is diffusion of segregated elements
from high-concentration regions to low-concentration
regions making them distribute uniformly [28]. The
segregated alloying elements are able to diffuse
uniformly, when the elements can diffuse as far as
half of dendrite arm spacing. Moreover, the
diffusion distance based on Brownian motion
theory can be derived accordingly [29]. Therefore,
it is possible to apply the diffusion-distance as a
new model to predict the element diffusion during
the homogenization. This may provide a simple
way or new option for predicting the
homogenization kinetics. The present study has
been undertaken to investigate the possibility of
predicting the homogenization kinetics of wrought
superalloy by using the concept of diffusion

new model for

distance theoretical

analyses.

through experiments and

2 Experimental procedures and thermo-
dynamics analyses

2.1 Experimental procedures

A typical nickel-based superalloy, GH4141,
was used in the present study, and the composition
of the superalloy is given in Table 1. The as-cast
ingot (d250 mm) was prepared by the triple-
smelting process (vacuum induction melting (VIM),
electroslag remelting (ESR), and vacuum arc
remelting (VAR)). Samples with the size of
10 mm x 8 mm X 5mm were cut from the core
of the ingot, at which the micro-segregation is
most serious and difficult to be homogenized.
Homogenization treatments were carried out in a
chamber of electric furnace at certain temperatures
for various periods. After the homogenization
treatment, the specimens were quenched into oil to
avoid re-precipitation of other phases.

Table 1 Chemical composition of superalloy used in
present study (wt.%)

Cr Co Mo Ti+Al B C Ni
19.58 1135 1040 4.50 0.019 0.02 Bal

Then, the as-cast or homogenized specimens
were cut and mechanically polished. After grinding
and polishing, the samples were etched with
the solution of 8 g CuSO4+ 40 mL HCI + 40 mL
C;HsOH for revealing the dendrite structure.
Microstructural characterizations were conducted
by optical microscopy (OM) and field emission
scanning electron  microscope (FE-SEM,
JSM—-6701F), operated at 20 kV. The local alloying
element distributions were quantitatively analyzed
by point analyses based on the standard sample or
qualitative mapping by using electron prob X-ray
micro-analyzer (EPMA, JXA—-8530F Plus),
operated at 20 kV. Equally spaced point analyses
were used to get the element distribution in
the dendrite and inter-dendritic
schematically shown in Fig. 1. Then, the element
segregation coefficient, K [30], was obtained.

The grain structures of the as-cast ingot were
characterized by electron backscatter diffraction
(EBSD, MIRA3 LMH) analyses, operated at 20 kV.

regions, as
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B Dendrite B Inter-dendritic region ee Point analyses

Fig. 1 Schematic illustration of quantitative measurement
on local alloying element distributions in as-cast
structure for superalloy

The samples were electropolished in the solution of
20 mL HCI1 + 80 mL C,HsOH at the voltage of 20 V
to remove the damaged surface before the EBSD
analyses.

The element diffusion coefficients of the
Ni-based superalloy used in the present study were
exported from the diffusion module (DICTRA) of
Thermo-Calc software (for simulation of diffusion-
controlled reactions of multicomponent alloys)
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using the TCNI9-MOBNIS  database by
considering the wrought superalloy composition in
the present study.

2.2 Thermodynamics analyses

Homogenization is applied to dissolving the
precipitates for obtaining single y phase, and
making the segregated alloying elements distribute
uniformly. The homogenization treatment is
generally performed at high temperatures for
dozens of hours, which is close to the equilibrium
state. Therefore, the equilibrium phase diagram is
an important reference for determining the
homogenization temperature window.

The calculated equilibrium phase-diagram by
using the Jmatpro (V.9.0) is shown in Fig. 2(a). To
reveal all the phases clearly, the square regions
marked by the broken line in Fig. 2(a) is enlarged
and displayed in Fig. 2(b). The y' dissolution
temperature and  liquidus  temperature are
determined to be 1324 and 1516 K, respectively.

The solidification is a non-equilibrium process,
and in order to understand the possible phases
existing in the as-cast ingot, the non-equilibrium
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Fig. 2 Equilibrium phase diagram (a) and partially enlarged diagram of marked region (b); Non-equilibrium phase
diagram during solidification process (c) and partially enlarged diagram of marked region (d) for superalloy
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phase-diagram for the solidification process was
calculated, as displayed in Figs.2(c,d). The
precipitates including MC, MeC, o, M3B; and 7 are
expected to exist in the as-cast ingot according to
Figs. 2(c, d).

The equilibrium dissolution temperature of
these precipitates during the homogenization
treatment, however, should be determined by using
the equilibrium phase diagram shown in Fig. 2(a).
According to Figs. 2(a, b), most of the precipitates
except MC can be fully dissolved below the
liquidus, and the equilibrium dissolution
temperature of MC is 1555K, which is about
40 K above the liquidus. This indicates that the
MC may be very difficult to fully dissolve by
the homogenization treatment. Therefore, the
temperature window for the homogenization
treatment is initially determined to be 1378—1516 K,
according to the above thermodynamic analyses.

3 Result and discussion

3.1 Quantitative characterization of dendrite
structure and micro-segregation

The OM and SEM images of the as-cast ingot

are shown in Figs. 3(a) and 3(b), respectively. The

typical dendritic structures are clearly observed.

The dendrite exhibits light contrast under the OM,

while dark under the SEM observations. The
secondary dendrite arm spacing (SDAS) was
measured by the intercept method and the
corresponding result is summarized in Fig. 4. It
exhibits a typical normal distribution with the
average value of 100.63 pum.

In addition, there are no obvious grain
boundaries or grains that could be revealed in the
as-cast structure after etching (Fig. 3(a)). In order to
reveal the grain structure of the as-cast ingot, EBSD
analyses were performed. The OM image taken at
higher magnification and the corresponding inverse
pole figure (IPF) of the same area analyzed by
EBSD are shown in Figs. 3(c) and 3(d), respectively.
On the OM observation, obvious dendritic structure
is observed; nevertheless, the grains or the grain
boundaries are clearly presented in Fig. 3(d), with
the grain size around hundreds of microns. Multiple
‘dendrites’ exist within one single grain, and the
chemically etched dendrite does not real structures
physically existing in the as-cast ingot.

The local alloying element distributions in the
as-cast ingot were analyzed by EPMA. The SEM
image and the element distributions in the same
area are shown in Fig. 5. The alloying elements
including Al, Co, Cr and Ni are enriched in the
dendrites, while Mo and Ti are enriched in inter-
dendritic regions. In addition, it is obvious that the

>15°

Fig. 3 OM (a) and SEM (b) images of as-cast ingot after chemical etching; OM (c) and inverse pole figure (IPF) map (d)
of same area analyzed by EBSD (DE: Dendrite; IDR: Inter-dendritic region)
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element distribution patterns and the dendritic
structures under the SEM observations (Fig. 5(g))
are well matched. This strongly indicates that the
etched dendritic ‘structure’ is the etching contrast
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caused by uneven distribution of the alloying
elements (Figs. 5(a—f)).

The SEM image and the quantitatively
analyzed element distributions along the line shown
in the SEM image are displayed in Fig. 6. Al, Co,
Cr and Ni are enriched in the dendrites, while Mo
and Ti are enriched in inter-dendritic regions. The
element distribution is close to sinusoidal function.
The segregation coefficient, K, is calculated by
Eq. (1) [31]:

C

K= inter-dendrite 1
O (1

endrite

where  Cinter-dendrite: and  Caendgrie  are  the average
alloying element concentrations in the inter-

dendritic and dendrite regions, respectively. The
calculated K is shown in Fig. 6(h). The Mo and Ti
are the strong positively-segregated elements, while
the Al and Co are the strong negatively- segregated
elements.

D e

|®

Fig. 5 Alloying element distributions of Al (a), Mo (b), Co (c), Ti (d), Cr (e), and Ni (f) in as-cast ingot of same arca
with SEM image (g) for superalloy analyzed by EPMA (DE: Dendrite; IDR: Inter-dendritic region)
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Fig. 6 Quantitatively analyzed element distributions of Al (a), Mo (b), Co (c), Ti (d), Cr (e) and Ni (f) along line in SEM
image (g) in as-cast ingot by EPMA, and experimentally measured segregation coefficient K (h)
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3.2 Prediction and experimental measurement
on homogenization kinetics
In the previous studies, the residual segregation
index, d, was proposed to evaluate the alloying
element distribution homogeneity after the
homogenization, which is expressed as [31,32]:

(Crtnax - Crtnin )

0= 0y (2)
(Cr(:lax - Cl’?lil’l )

where Cp. and C., represent the maximum and

minimum concentrations of the alloying elements
within the dendrite in the as-cast ingot before
homogenization, respectively, and C., and Cp.
represent maximum and minimum concentrations
of the alloying elements after homogenization for
time ¢, respectively.

Considering the sinusoidal function based on
the Fick’s second law of diffusion during
homogenization, the relationship between ¢ and

homogenization time is expressed as follows [9,31]:

Inos= _22“2 Dt (3)

where L and D present the SDAS, and clement
diffusion coefficient, respectively.

The element diffusion coefficient (D) is
expressed in Eq. (4) [30,31]:

D = Dyexp (%) 4)

where Dy, Q and T represent the diffusion constant,

diffusion activation energy and temperature,
respectively. R is molar gas constant
(8.314 J/(mol-K)).  Therefore, the diffusion

coefficient D is a function of temperature T.
According to Egs.(3) and (4), the residual
segregation index, J, can be written as

—477 -
lné'ZL—zDOexp[R—gjt (5)

According to Eq. (5), J is a function of # and T.
Therefore, 6 can be predicted by the known Doy, O
and L. The value of ¢ is equal to 1 in the initial
as-cast ingot and equal to 0 after complete
homogenization with uniform element distribution.
In general, it is considered that the homogenization
is complete when ¢ is less than 0.2 [27,33—35].

In order to obtain the suggested homogenization
conditions by using Eq. (5), the diffusion constant
of the main alloying elements (Do) and diffusion
activation energy (Q) were exported from the

DICTRA mobility database, which is widely
accepted and acknowledged, and the corresponding
results of Dy and Q are summarized in Table 2.

Table 2 Fitted diffusion activation energy O and
diffusion constant Dy of main alloying elements for

superalloy
Element 0/(10°-mol ™) Do/(107*m?-s7")
Al 2.586 1.243
Mo 2.869 1.602
Co 2.768 1.553
Ti 2.569 0.968
Cr 2.785 1.996

The predicted changes in 6 by Eq. (5) against
the homogenization time within the temperature
range of 1378—1516 K, for the main segregated
elements are summarized in Fig. 7. The predicted 6
values for the Al and Ti decrease very rapidly in the
initial stage and approach to 0 after homogenization
for 10 h above 1403 K (Figs. 7(a, d)). However, Cr
and Co are relatively difficult to diffuse uniformly,
which takes 20 h above 1463 K making the ¢ lower
than 0.2. On the other hand, Mo is the most difficult
to diffuse uniformly, which takes 50 h at 1403 K
and 1433 K, and 20 h above 1463 K. Therefore,
1483 K is selected for the homogenization experiment
according to the predictions for ensuring the high
homogenization efficiency.

The experimentally measured changes in J
against homogenization time at 1483 K based on
the quantitative EPMA analyses, for the Mo, Co,
and Ti are shown in Fig. 8. It is obvious that the
measured ¢ values for them are close to 0.2 after
homogenization at 1483 K for 20 h or longer, which
indicates that the segregated elements diffuse
uniformly. It should be pointed out that there is
slight increase in J for Mo and Ti with the increase
of annealing time from 20 to 50 h, which belongs
to the normal fluctuation of ¢ due to the slight
differences in the degrees of micro-segregation
among different samples and areas used for the
measurement.

3.3 New prediction model based on diffusion
distance
The comparisons in changes of J against
annealing time at 1483 K between the predictions
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Fig. 7 Predicted changes in residual segregation index, J, for main alloying elements of Al (a), Mo (b), Co (c), Ti (d)
and Cr (e) against homogenization time at different temperatures by residual segregation index model (It is considered
that the homogenization is completed, when ¢ is lower than 0.2)

and measurements are shown in Figs. 9(a, b) by
taking the typical segregated alloying elements of
Mo and Ti as an example. It is obvious that there
are large deviations between the predictions and
the measurements for both cases. The predicted
became lower than 0.2 after homogenization at
1483 K for 10 h, and reached 0 after longer time
annealing. In other words, the homogenization is

predicted to be completed after homogenization at
1483 K for 10 h. However, the experimental results
show that the J just became close to 0.2 after
homogenization at 1483 K for 20 h or longer for
both Mo and Ti. Therefore, the prediction by
using the residual segregation index (RSI) model
cannot ensure the complete homogenization of the
segregated alloying elements.
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uniformly [27]. In the case of as-cast superalloy, the
positively segregated elements diffuse from the
original inter-dendrite regions to the dendrite
regions driven by the element concentration
gradient, while the negatively segregated elements
diffuse inversely. Thus, the segregated alloying
elements can be regarded to diffuse uniformly,
when the elements can diffuse as far as half of the
SADS. Therefore, it is possible to apply the element
diffusion distance as a new model to predict the
element diffusion during the homogenization.

According to the literature [26], the diffusion
distance, x, is expressed as

x=+/Dt (6)

where D is the diffusion coefficient. In the previous
report [32], this model was mainly used for
predicting a new homogenization condition based
on an experimentally determined homogenization
condition for the wrought superalloys. Recently,
this model was used for predicting homogenization
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Fig. 9 Comparisons in experimentally measured residual segregation index, J, and prediction by residual segregation

index model for Mo (a) and Ti (b), and calculated diffusion distance, x, at different diffusion dimensions using various

diffusion direction factor, k, and literatures by ignoring k, for Mo (c) and Ti (d), in homogenization at 1483 K
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time [36]. However, there should be a diffusion-
direction factor (k) in the formula, which was
usually ignored [32,34,35].

This model is based on the Brownian motion
theory and derived by Einstein, and the factor & is
equal to 22 under the 1D diffusion condition [29].
It is supposed that there are two regions with a plan
distance of x, with the atomic concentrations of C
and C+(dC/dx)x, respectively. In the case of 1D
diffusion, the direction number is 2. Therefore, the
plane of unit area diffusion flux, F, for time ¢ can be
written as

F:—iC+1(C+d—ij (7)
2t 2t dx
Then,
2
FodC (8)
2 dx

According to the definition of diffusion
coefficient, under the 1D diffusion condition, the
element diffusion distance, x, can be written as

x=~2Dt )

By geometric derivation, k is equal to 2 or 6'2
under the 2D or 3D diffusion, respectively [37]. By
substitution D with Eq. (4), the diffusion distance,
x, can be expressed as follows:

x= k\/[DOexp(%nt (10)

According to Eq. (10), the diffusion distance x
can be predicted at given homogenization time and
temperature. Figures 9(c, d) show the calculated
diffusion distance x by using various k values as a
function of homogenization time at 1483 K for Mo
and Ti, respectively. The 3D and 2D predictions
are over-estimated in comparison with the
for both cases, as shown in

measurements

Point source diffusion l

3

/

y

Diffusion distance

Figs. 9(a, b). It takes less than 15 or 10 h to reach
the diffusion distance of half SDAS for Mo or Ti,
respectively; that is to say, the homogenization is
completed within 15 or 10 h for them. However,
20 h is needed according to the experimental results
in Fig. 9(a). Therefore, the 2D or 3D prediction
cannot ensure the completion of homogenization.

On the other hand, the predictions by using the
model of the literatures ignoring the diffusion-
direction factor k, are strongly deviated from the
measurements as well, which takes around 50 or
40 h for the complete homogenization of Mo or Ti,
respectively. The 1D diffusion model predictions
with considering the diffusion-direction factor & in
Figs. 9(c,d) are reasonable and close to the
experimental results, which takes around 27 h for
Mo or 18 h for Ti to diffuse up to half SDAS at
1483 K. Hence, the 1D prediction can ensure the
complete homogenization with acceptable accuracy.

The diffusion distance model is based on the
Brownian motion, which is derived from the point
source diffusion model, as shown in Fig. 10. In the
1D diffusion condition, the elements have two
diffusion directions, viz., the positive and the
negative directions of x-axis, and the diffusion
direction factor k is equal to 22, Under the 2D
diffusion, the element in the point source model has
four diffusion directions, and the & is equal to 2
according to the vector computation. Similarly,
under the 3D diffusion, it has six diffusion
directions and the £ is equal to 6% accordingly.

The element diffusion is driven by the element
concentration gradient. The segregated alloying
element distribution in the as-cast ingot is inherited
from the 3D dendritic structure. The original
dendrite arm can be regarded as a combination
of infinite point sources, and the diffusion of
elements along the dendrite stems with almost the
same concentration is negligible. Therefore, the 3D

Diffusion distance

z1 Diffusion distance

ﬁ
O >
2 >
X X
y
1D: x=+/2Dt 2D: x=2+/Dt 3D: x=+/ 6Dt

Fig. 10 Schematic illustrations of point source diffusion in 1D, 2D and 3D dimensions
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diffusion in the dendrite structure can be simplified
to 2D diffusion, as shown in Fig. 11. Then, it can be
further simplified to 1D diffusion between adjacent
dendrite arms driven by the element concentration
gradient. This is well supported by the evidence that
secondary dendrite arms are the main segregated
units according to Fig. 5. Therefore, 1D diffusion
can give a better prediction according to the above
discussion.

ay

1D inty W
— //

Fig. 11 Schematic illustrations for simplifying of
diffusion during homogenization by 1D diffusion model

According to the above analyses using the
homogenization kinetics of wrought superalloy
GH4141 as an example, the prediction model based
on the diffusion distance under the 1D-diffusion
with considering the diffusion-direction factor can
be applied as a new model to predict the
homogenization kinetics. The wrought superalloys
are fabricated by general casting method, which has
the same characters of the dendrite formation and
inter-dendritic segregation during the solidification.
The segregated elements diffuse from the high-
concentration regions, viz., the original dendrite or
inter-dendrite regions, to low-concentration regions
during the homogenization. Therefore, this new
model based on the diffusion distance is applicable
for other wrought superalloys as well. This model
is reliable to be applied with only necessarily
measuring the original SDAS of the as-cast ingot
and using the diffusion coefficient exported from
the DICTRA mobility database, which can provide
reasonable parameters for the homogenization of
wrought superalloys.

4 Conclusions
(1) The Mo and Ti are the strong positively-

segregated elements, while the Al and Co are the
strong negatively-segregated elements for the

GH4141 wrought superalloy. The chemically etched
dendrite contrast in the as-cast ingot is the trace of
non-uniform alloying element distribution revealed
by selective etching, which is not the real structure
physically existing in the as-cast ingot.

(2) There is a discrepancy between the
predicted homogenization kinetics by the residual
segregation index model and the measurement. The
prediction by using the residual segregation index
model cannot ensure the complete homogenization
of the wrought superalloy.

(3) The homogenization kinetics can be
reasonably predicted by the new model based on
the diffusion distance under 1D-diffusion condition,
with considering the diffusion-direction factor
which is usually ignored. The prediction model is
reliable to be applied with only necessarily
measuring the original SDAS of the as-cast ingot
and using the diffusion coefficient exported from
the DICTRA mobility database.
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