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Individualized homogenization cycles were developed for HAYNES® 242® Ni-25Mo-8Cr, HAYNES® 25 Co-20Cr-15W-
10N1, and HASTELLOY® C-2000® Ni-23Cr-16Mo (wt.%) superalloys with the aim to reduce energy cost. Homogenization
cycle dwell temperatures were determined from analysis of phase dissolution and solidus temperatures calculated in Thermo-
Calc. Minimum hold times were determined from a simple analytical model. The homogenization cycle time for HAYNES®
25 was reduced by 55%. Further testing Is necessary to validate proposed cycles for HAYNES® 242® and HASTELLOY®
C-2000®, but the proposed cycles reduce cycle time by 4% and 9%, respectively.
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Project Background

Haynes International is a superalloy manufacturer that currently produces
over 40 different nickel, cobalt, and iron based superalloys. Haynes
International produces these alloys as shown in Figure 1.
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arm spacing and the alloying diffusion coefficient, seen in Equation 2. [

Any, = Ang,,e”tT  (Equation 1)
T = 14/m’D (Equation 2)
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Figure 1: Process flow chart and schematic of
electro slag remelt (ESR) process [
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Figure 2: Graph showing the sinusoidal variation in composition of a diffusing
element across a dendrite arm.
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Experimental Procedure

Sample Preparation

ESR sections from three alloy compositions, HAYNES® 242® Ni-25Mo-8Cr,
HAYNES® 25 Co-20Cr-15W-10Ni, and HASTELLOY® C-2000® Ni-23Cr-
16Mo (wt.%), were obtained for metallurgical analysis as shown in Figure 3.
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Figure 3: As received section from the end of the steady state region of an ESR ingot.

Method for Determining Proposed Homogenization Cycle

) Measure secondary dendritic arm spacing in as-cast microstructure to
calculate An; from Equation 1.

[1) Calculate Equilibrium Solidus temperature from Thermo-Calc.

[11) Calculate Scheil solidus temperature from Thermo-Calc.

V) Calculate phase solvus temperatures from equilibrium cooling plot in
Thermo-Calc to determine homogenization heat treatment steps to avoid
Incipient melting, and measure An,, from EDS.

V) Calculate Any g¢anaarg from Equation 1 using diffusion coefficient
found in literature for the most segregated element, SDAS, and An,,
from EDS on known standard homogenization cycle.

V1) Determine proposed homogenization cycle by using temperature steps
found In equilibrium cooling plot and ramp to temperature between
scheil solidus and equilibrium solidus temperatures in order to achieve
Anb,p‘roposed < Anb,,starwlrd In less time.

Validation of Proposed Homogenization Cycles

The degree of remaining microsegregation can be determined by using a
known phase diagram and by characterizing the precipitation behavior at
different temperatures. The bisection method is used to find the minimum
temperature difference between which precipitates do and do not form to find
a theoretical residual compositional difference between standard and
proposed homogenization cycles.

N
Results

Figure 4: Optical micrographs taken at the mid radius of the ingots showing as-cast dendrites
of HAYNES® 242® (a), HAYNES® 25 (b), and HASTELLOY® C-2000® (c).

Table I: Dendrite Arm Spacings Measured at Ingot Mid-Radius

Alloy Primary DAS (with 95%
confidence interval) in pm

Secondary DAS (with 95%
confidence interval) in um

HAYNES® 242® 687 + 75 115+ 8.0
HAYNES® 25 697 + 69 122 + 14
HASTELLOY® C-2000® 745 * 23 106 + 10
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Figure 5: Schelil solidification plot of HAYNES® 242®
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Figure 6: Equilibrium cooling plot and as-cast SEM microstructure of HAYNES® 242®
showing Mo rich ¢ phase precipitation in Ni FCC matrix and phase solvus temperatures.
Compositional difference across dendrite arms measured as A25.9 wt% Mo. Equilibrium and
Scheil solidus temperatures were calculated as 1286°C and 1177°C, respectively.

V) & IV) Determination of Proposed Homogenization Cycle
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Figure 7: Diagram showing homogenization heat treatment steps of proposed
homogenization cycle for HAYNES® 242®.

Proposed Homogenization Cycles

Table I1I: Proposed Homogenization Heat Treatment Cycles

Alloys Proposed Justification for each step Total Cycle
Homogenization Cycle Times
HAYNES® |Step 1: 1032°C/3h Step 1: Dissolve P and o phases | Standard: 47.2h
242® Step 2: 1177°C /3h Step 2: Dissolve carbide phase Proposed: 45.5h

Step 3: 1200°C/33h/WQ |Step 3: Minimize cycle time

Extended: 87.3h
Proposed: 39.0h

HAYNES® 25 |Step 1: 1175°C/3h Step 1: Dissolve R phase
Step 2: 1250°C/23h/WQ | Step 2: Minimize cycle time

Standard: 34.2h
Proposed: 31.2h

HASTELLOY® |Step 1: 1070°C/3h. Step 1: Dissolve P and o phases
C-2000® Step 2: 1260°C/21h/WQ | Step 2: Minimize cycle time

Optimization of Superalloy Homogenization Cycles
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Discussion

Microstructural Comparison of Haynes Standard to Proposed Cycle

HAYNES® 25 continued to show
secondary phase precipitation even
after extremely long
homogenization hold times. Our
proposed cycle was further tested
by upset forging prior to the
quench. After upset forging, the
drop In temperature increased the
secondary phase precipitate area
percent to 1.6% in both Haynes
extended cycle and the cycle
proposed in this study. Since there
was no statistical difference after
upset forging, our proposed cycle
was deemed effective reducing the
total homogenization cycle time for
. this alloy by 55%, a 48 hr
reduction.

HAYNES® 25 Standard Extended
Cycle (a)

Figure 8: SEM images of HAYNES® 25 after the
standard homogenization extended cycle (a) and our
proposed homogenization cycle (b) showing 0.16 and

0.39 area percent of secondary phase precipitates,

respectively.

HAYNES® 242® Standard (a)

HAYNES® 242® and
HASTELLOY® C-2000® showed
no remaining secondary phase
precipitation after either Haynes
standard homogenization cycles or
the cycles proposed in this study as
shown in the SEM micrographs of
Figure 9. To further validate our
proposed homogenization heat
treatment cycle, a series of
validation heat treatments were
performed on both alloys.
Temperatures for these treatments
were selected from isopleths
calculated in Thermo-Calc. The
Isopleths were calculated as a
function of Mo concentration
because it was the most segregated

'HASTELLOY® C-2000®
Proposed (d)

Figure 9: SEM images of HAYNES® 242® after the
standard homogenization cycle (a) and our proposed
homogenization cycle (b) and HASTELLOY® C-2000® €lement in the two alloys.
after the standard homogenization cycle (c) and our
proposed homogenization cycle (d) all showing zero area
percent of secondary phase precipitates.

Compositional Validation of Homogenization Cycles
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Figure 10: (top) Isopleth of HAYNES® 242®, (bottom) Resulting microstructure after validation
HT at 1333 K and 1373 K showing a residual compositional gradient within + 0.4 wt % Mo.

Recommendations

The standard homogenization cycle used for
HAYNES® 25 could be replaced by our cycle due to
Identical microstructure after forging.

The standard homogenization cycles used for
HAYNES® 242® and HASTELLOY® C-2000®

could be replaced with our proposed cycles If further
testing were to validate similar residual compositional
gradients.
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