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Abstract
Schlosser Forge Co. forges low pressure turbine (LPT) cases from the nickel based superalloy 718 Plus
using the ring rolling forging process. Schlosser has been experiencing low room temperature ductility
problems in a number of their 718 Plus LPT cases. LPT cases are required to pass a 4D tensile test at
room temperature with a minimum of 15 percent elongation. The ductility problem was reduced by
increasing the forging temperature from 1825°F to 1850°F. Analysis was performed on 718 Plus samples
taken from forged LPT cases that failed the room temperature ductility requirement and ones that passed
the requirement. The analysis required conducting grain size measurements and delta phase volume
fraction measurements to relate these microstructural characteristics to low room temperature ductility.
Samples of 718 Plus were mounted and polished for metallography in accordance with ASTM E3-11.
Samples were etched with modified Kalling’s reagent for 3 minutes and grain size measurements were
taken per ASTM E112-10. Grain sizes varied only slightly between the low and acceptable ductility
samples, with an average grain diameter of 44.9 um. Grain size variation was not contributing to the low
room temperature ductility problem. The samples were then re-polished to remove the previous etch and
re-etched with modified Kalling’s for 30 seconds. The 30 second etch allowed the delta phase
precipitates to be revealed while leaving the grain boundaries un-etched. Volume fraction measurements
of the delta phase precipitates were taken per ASTM E562-11. Results showed the low ductility sample
contained the highest amount of delta, about 7.5 percent by volume. The amount of delta was found to be

inversely proportional to ductility as well as forging temperature.
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Introduction
Problem Statement
Schlosser Forge Co. (Rancho Cucamonga, CA) forges seamless rings from nickel-based superalloys for
use in aircraft turbine engines. One type of seamless ring forged at Schlosser is a low pressure turbine
(LPT) case that forms the housing around the low pressure turbine blades in an aircraft engine. LPT cases
are forged out of a new nickel-based superalloy called 718 Plus. Once forging of a LPT case is
completed, test samples from the case are mechanically tested to ensure each case has the required
mechanical properties. Schlosser is encountering a problem with some of their LPT cases exhibiting low
ductility at room temperature. Each LPT case is required to have a minimum of 15 percent elongation at
room temperature and cases that do not pass this test are considered defective. Recently, the ductility
problem has been reduced by increasing the LPT case forging temperature from 1825°F to 1850°F. The
significance being the higher forging temperature is now above the & phase solvus temperature. It is
important to characterize the microstructures of low ductility and acceptable ductility cases to prevent
further room temperature ductility problems. Characterization of the 718 Plus microstructure will be
done by determining grain sizes and volume fractions of & phase precipitates. The microstructural
analysis of 718 Plus samples should allow for relationships to be established between microstructural
characteristics, room temperature ductility, and forging temperature. These relationships will help
Schlosser better understand the low ductility problem and allow them to alter their forging process to

eliminate the problem.

Nickel-Based Superalloys

Background

In order to understand the effects that microstructure has on room temperature ductility in 718 Plus it is
important to first have a general knowledge of nickel-based superalloys. Nickel-based superalloys were

first developed in the early 1940s. With the development of the jet engine, a new type of alloy was



needed that could withstand the high temperatures subjected to jet engine components. This led to the
development of nickel-based superalloys. A superalloy, by definition, is an alloy rich in at least one of
the elements nickel, cobalt, titanium, niobium, or iron and maintains structural, surface and property
stability at elevated temperatures, under high stress, and in severe environments' Today superalloys have
a wide range of applications, but the majority of superalloys, including nickel-based, are used in the
aircraft gas turbine engine industry (Figure 1). There are over 100 different types of nickel-based

superalloys in existence and are primarily utilized in the wrought or cast form.

Superalloy Applications

Miscellaneous
1%

Chemical

6% 00—

Power
Generation
13%

Aerospace
80%

Figure 1. Applications of today’s superalloys and their distributions. The vast
majority of applications are for aerospace.l

Physical Metallurgy

Nickel-based superalloys consist of a number of different alloying elements, each one contributing to the
strength of the alloy. Of these different alloying elements, the most common are: chromium, cobalt,
titanium, molybdenum, tungsten, aluminum, and niobium (Table I). Together, these elements provide
two types of strengthening mechanisms: solid solution strengthening and precipitation strengthening. The
latter is the most predominant in nickel-based superalloys. The microstructure of nickel-based
superalloys consists of an austenitic FCC structured matrix known as the y phase. The y matrix is
strengthened by solid solution elements such as chromium, cobalt, tungsten, molybdenum, and aluminum.
Tungsten, chromium, and molybdenum are the strongest solid solution strengtheners and differ from

nickel in atomic diameter by about 3 to 13 percent’. There are also a number of intermetallic precipitates



dispersed in the y matrix and along grain boundaries. While solid solution strengthening is present in
these alloys, precipitation hardening is responsible for the primary source of strength. These precipitates
include the y' FCC ordered Niz(Al, Ti) phase, y” BCT ordered NizNb phase, 6 orthorhombic NizNb phase,
and n BCT ordered NisTi phase. Also present in the microstructure are a number of different carbides,

including MC, M,3Cs, and MgC where the M stands for a metallic element.

Table I. Ranges of Common Alloying Elements in Superalloys.>

Range, %

Element |Fe-Ni- and Ni-base |Co-base
Cr 5-25 19-30
Mo, W 0-12 0-11
Al 0-6 0-4.5
Ti 0-6 0-4
Co 0-20 ..
Ni o 0-22
Nb 0-5 0-4
Ta 0-12 0-9
Re 0-6 0-2

Gamma Prime

The vy’ phase has an FCC ordered structure with the composition of either NizAl or NisTi. The
precipitation of ¥’ in the y matrix is responsible for giving most nickel-based superalloys their primary
source of strength; with the exception of Inconel 718 which is strengthen by y” precipitates. Strength
from y’ precipitates can be directly correlated to the volume fraction and size of the y’ particles. At peak
aged condition, the ' particles are coherent with the y matrix and are between 0.25 to 0.50 um in size.
Peak aged strength arises from dislocations having to shear though the y’ particles (Figure 2). Over aging
of the superalloy will cause y' particles to coarsen, becoming incoherent with the y matrix and eventually
leading to the formation of either & or 1 secondary intermetallic phases. The coarsening of the y’ leads to
a decrease in strength due to dislocations now bowing around particles. Along with size, volume fraction

of y' precipitates also has a strong effect on strength. An increase in strength is directly proportional to an



increase in the volume fraction of y' precipitates (Figure 3). The structure of y’ particles can be either
spheroidal or cuboidal in shape depending on the volume fraction of y’ (Figure 4). In alloys like
Waspaloy that have lower volume fractions of y’, approximately 30 percent, the y’ particles will be
spherical in shape. In alloys with higher volume fractions of y’" between 40 and 45 percent, like Udimet
700, particles will be cube shaped. To achieve the peak age condition, most nickel-based superalloys are
solution treated at a temperature above the y’ solvus temperature and then age hardened in one or more

age hardening heat treatments.
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Figure 2. Hardness verse size of y' particles in a nickel-based Figure 3. Creep-rupture life verses V; of y’ showing that an
superalloy showing the effect that particles size has on increase in strength is directly related an increase in the V; of
strength.* y' particles.”

~ —
R e i : ‘.’-;.~;M5Lhu
(a) Waspaloy (6800x) (b) Udimet 700 (6800x)

Figure 4. Spherical shape of y' particles in superalloys with a low V; of y’

(Waspaloy left) and cubical shape of y’ particles in alloys with a high V; of
v’ (Udimet 700 right).”



Gamma Double Prime

The y” phase has a BCT ordered structure with the composition of NisNb. Like v/, particles of y” also
precipitate out into the y matrix and provide strength. Most nickel-based superalloys are strengthened by
v’ precipitates but small amounts of y” precipitates can also be present. An exception to this is Inconel
718, a nickel-based superalloy where y" precipitates are the predominant strengthening mechanism. The
use of y” particles as a strengthening mechanism is usually limited to nickel-based superalloys that
contain niobium in excess of 4 weight percent, like Inconel 718°. The relationship between y” and the
mechanical properties of nickel-based superalloys has not been extensively studied compared to y’ so not
as much information is known. One similarity between y' and y” particles is that the volume fraction of y”
particles is also proportional to the strength of the superalloy. After this the similarities end. Unlike v, y”
particles are disk like in shape and are not stable, tending do dissolve back into the matrix at low
temperatures. Also, there is no relationship between y” particles size and strength like there is with y'.
The most important characteristic of y” is the ease with which it forms after the solution heat treatment.
This allows for y” hardened alloys to be easily aged to peak conditions after welding or other thermal
processing treatments. The y” phase as mentioned before is not normally stable and will tend to convert
to y" and & with exposure to moderate temperatures (greater than 1250°F) for long periods of time. This
can result in precipitate-free zones (PFZ) which will cause a reduction in notch ductility and lead to a

reduction in the alloy’s strength®.

Carbides

Carbides, like y" and y” precipitates, also play an important role in strengthening nickel-based superalloys.
The formation of carbides is the result of carbon content in the alloy. For wrought nickel-based
superalloys, carbon contents can vary between 0.02 to 0.2 percent and can be as high as 0.6 percent in
cast alloys’. Carbides form along grain boundaries and within grains. Carbides that form along grain
boundaries have the strongest influence on mechanical properties. The most common types of carbides
that form are MC, M»3Cg, and M¢C where the M stands for a metallic element such as chromium,

5



titanium, tungsten or niobium. In most nickel-based superalloys, Cr,3Cs carbides form along the grain
boundaries. There exists an optimum distribution of carbides along grain boundaries which will result in
the best mechanical properties. The absence of carbides along grain boundaries can lead to the formation
of voids during high temperature deformation and to premature failure of the alloy. This is because grain
boundary movement is unrestricted and will result in low creep resistance and cracking at grain boundary
triple points. The other extreme is a continuous film of carbides along grain boundaries. A film of
carbides will prevent grain boundaries from sliding and lead to excessive stress build up and premature
failure. Also, because carbides are brittle they are more susceptible to cracking, so continuous films of
carbides can severely reduce impact toughness of the alloy. An excess amount of carbides along grain
boundaries can also result in PFZs of y' on either side of the grain boundary. These PFZs can lead to low
stress rupture properties and cause premature failure due to a high buildup of dislocations in these zones.
The optimum condition exists when discontinuous carbide particles form along grain boundaries (Figure
5). The discontinuous chains of carbides help to hinder grain boundary sliding while providing enough
ductility for stress relaxation to occur without premature failure. It is therefore important to achieve the
optimum distribution of carbides along grain boundaries to maintain good creep resistance and stress

rupture life in the alloy.

Carbides

Figure 5. Discontinuous carbide precipitation along
grain boundaries in Waspaloy.8 (10,000x)



Grain Size:

Grain size in nickel-based superalloys is also an important factor influencing mechanical properties.
Most commonly, grain sizes are measured using ASTM standards, specifically ASTM E112-01. Grain
size can be correlated to an ASTM grain size number G (Table I1), and is calculated using the ASTM

grain size equation where n is the number of grain per square inch at 100x magnification (Equation 1).

n=26"1 (Eq 1)
In general, fine grains result in good room temperature properties such as toughness, strength and fatigue
resistance. Coarser grain sizes will provide better creep resistance at elevated temperatures but will
reduce other properties that benefit from finer grain sizes. Also, coarser grain structures result in fewer
amounts of grain boundaries. This causes carbides to become more concentrated at grain boundaries and
can result in the formation of continuous carbide films. As mentioned previously, a continuous film of
carbides along grain boundaries can be detrimental to the mechanical properties of nickel-based
superalloys. Another condition that can occur is duplex grain structures. A duplex grain structure is one
where multiple grain sizes exist in the alloy. Properties can vary between regions with different sized
grains making it difficult to achieve uniformity. Premature failure of an alloy with duplex grains can

occur in a region where undesirable properties exist as a result of different grain sizes.

Table Il. ASTM Grain Size Number Correlated to Average Grain Diameter®

ASTM Grain Size Number | Average Grain Diameter (um)
3 127.0
4 89.8
5 63.5
6 44.9
7 31.8
8 22.5




Secondary Intermetallic Phases

The formation of secondary intermetallic phases occurs when the alloy is exposed to elevated
temperatures for long periods of time. These phase include n, 6, o, and Laves. The 1 and 6 phases have
been mentioned previously and are formed from the coarsening of either y’ or y” precipitates. The size
and shape of both 1 and d phases are less effective in strengthening the alloy compared to fine y’ and y”
precipitates. Precipitation of 1 and 6 phases usually occurs along grain boundaries as cellular products or
intragranularly as Widmanstatten plates. Large volume fractions of 1 and o are associated with reduced
mechanical properties due to their coarse structure and the consumption of y" and y” precipitates. The
formation of ¢ and Laves phases also has a negative effect on mechanical properties of the alloy. The ¢
phase is a tetragonal close packed ordered phase and can form as plates or grain boundary films. Excess
amount of ¢ has been shown to reduce stress rupture life of the alloy (Figure 6). The Laves phase is also
a TCP ordered phase and has the general formula (Fe,Cr,Mn,Si),(Mo,Ti,Nb). Laves phase commonly
form as coarse intragranular particles and have the effect of lowering the room temperature ductility of
the alloy. The formation of both ¢ and Laves phased can be controlled by reducing the number of
electron vacancies in the base metal and by controlling heat treatment times and temperatures'. The

number of election vacancies can be reduced by controlling the composition of the alloy.
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Figure 6. Stress rupture properties of Udimet 700 showing a reduction in stress rupture
strength with the formation of ¢ phase.10



718 Plus Alloy

ATI Allvac (Monroe, NC) has recently developed a new nickel-based superalloy called 718 Plus. The
purpose of 718 Plus is to replace two existing nickel-based superalloys: Inconel 718 and Waspaloy. 718
Plus exhibits the superior formability of Inconel 718 while retaining the high temperature strength and
stability properties of Waspaloy (Figure 7). The alloy is also less expensive than Waspaloy and other

high temperature nickel-based superalloys due to lower raw material costs. Typically, 718 Plus is used in

35
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Figure 7. Aging time vs. hardness plot comparing 718 Plus to Waspaloy and
Inconel 718. (704°C aging temperature)11

non-rotating components of gas turbine engines, such as cases or rings. Schlosser Forge Co. forges 718
Plus LPT cases which are used in the new General Electric 90 series aircraft engines (Figure 8). Like
most nickel-based superalloys, 718 Plus is comprised of an austenitic y matrix that is precipitation
hardened by FCC ordered Niz(Al, Ti,Nb) y’ particles. Unlike Waspaloy and other y’ strengthened alloys,
the y' precipitates in 718 Plus are rich in Nb and Al. The typical volume fraction of y’ precipitates in 718
Plus varies from 19 to 23 percent. Small amounts of y” precipitates can also be present in the
microstructure, usually less than 7 percent'. The y’ phase is much more stable at high temperature

compared to y”.



Figure 8. 718 Plus low pressure turbine case forged at
Schlosser Forge Co. (Image provided by Schlosser Forge
Co.)

Because 718 Plus is primarily strengthened by y’ it has better thermal stability, up to about 1400°F, over
y" strengthened alloys like Inconel 718. Grain boundaries in 718 Plus are strengthened by NisNb & phase
precipitates as well as small amounts of NbC carbides. The volume fraction of 6 phase in 718 Plus is
usually between 5 and 10 percent and is important in providing good stress rupture and notch ductility
properties*®. The solvus temperature of & is 1830°F and the formation of & phase precipitates occurs
during forging and subsequent heat treatments. Studies have shown that 6 phase precipitation first occurs
on grain boundaries, then twin boundaries, and finally within grains (Figure 9). The 6 phase precipitate
amount has a strong effect on the mechanical properties of 718 Plus. There exists an optimum volume
fraction and morphology of & phase precipitates which will provide the best possible mechanical
properties. The distribution of nearly continuous, short rod shaped & phase precipitates along grain
boundaries have been shown to provide the best mechanical properties (Figure 10)*. Mechanical
properties can be severally reduced with excessive & phase precipitation along grain boundaries, twin
boundaries and intragranularly which can lead to low tensile and stress rupture strength. Excessive
amounts of & phase precipitates can occur as a result of long heat treatment times. In contrast, too few &
phase precipitates can also degrade mechanical properties leading to low strength and premature stress
rupture failure. Little to no & delta phase precipitates can result from excessive forging and heat treatment

temperatures.
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Figure 9. Experimentally determined TTT diagram of 6 phase precipitation in 718 Plus."*

6 Phase

Figure 10. SEM images of 718 Plus with optimum volume fraction and morphology of 6 phase precipitates along grain
boundaries (a) and excessive amounts of 6 phase precipitates at grain boundaries and twin boundaries (b).13
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Ring Rolling Forging Process

The forging process used to produce seamless ring is called ring rolling (Figure 11). Schlosser Forge Co.
uses ring rolling to forge 718 Plus LPT cases. Ring rolling starts out with a perform of material in the
shape of a doughnut. At Schlosser, 718 Plus preforms are heated to between 1825°F and 1850°F during
forging. The doughnut shaped preform is placed over a mandrel with a diameter slightly smaller than the
hole in the preform. Then a second mandrel is brought up against the preform and applies pressure,
squeezing the preform against the first mandrel. Next, the second mandrel begins to rotate causing the
preform to rotate. As the preform rotates, force from the outside mandrel is constantly applied reducing
the preform’s thickness, increasing its diameter. While the preform is rotated, axial rollers contact the top
and bottom of the preform to control its height. The result of the ring rolling process yields a seamless
ring (Figure 12). Rings can either be uniform with a rectangular cross section, or contoured with flanges
or grooves. To get to its final shape, a preform usually will go through multiple ring rolling steps.

During each step, the diameter will be increased and the cross sectional geometry will become more
refined. The size and complexity of the cross sectional geometry will determine the number of steps used

in the ring rolling process.

Axial Rollers
Mandrels Preform
Figure 11. Diagram of the ring rolling process Figure 12. Ring rolling process in action with a
showing how a seamless ring is rolled.™ red hot preform being forged.15
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Experimental Procedure

Sample Preparation

The first step in characterizing the microstructure of 718 Plus LPT cases was to prepare samples for
metallography in accordance with ASTM E3-11'°. A total of three test rings taken from 718 Plus LPT
cases were provided by Schlosser Forge. Two of the test rings came from LPT cases forged at 1825°F.
Of these rings, one was taken from a LPT case that failed the room temperature ductility requirement and
the other from a case that passed the requirement. The third test ring came from a LPT case forged at
1850°F that also passed the room temperature ductility requirement. Two samples of 718 Plus were cut
from each test ring for a total of six samples (Table I1I). Samples were cut using an abrasive cut-off saw
cooled by cutting fluid. The cutting fluid ensured the heat generated during the cutting process would not
alter any microstructural characteristics in the samples. Next, samples were mounted in Diallyl Phthalate
powder (Figure 13). One sample per ring was oriented in the transverse direction and the other in the
longitudinal direction. This allowed samples to be viewed from two orientations per test ring. Once
mounted, samples were abraded with progressively finer SiC paper up to 600 grit. Between each grit,
samples were rotated 90 degrees. Each sample was then polished with 6 um diamond polish and a final

polish of 1 um diamond.

Table Ill. Samples Prepared for Microstructural Analysis

Forging Temperature | Ductility | Samples Examined
1825°F Low 2
1825°F High 2
1850°F High 2
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Test Ring

Mounted Samples

Figure 13. Portion of a test ring cut from a 718 Plus LPT case
and samples mounted in Diallyl Phthalate. Samples were cut
from test rings like the one shown.

Grain Size Measurements

After each sample had undergone final polishing, they were etched in preparation for grain size analysis.
Problems were encountered with finding the correct etch and etch time that would clearly reveal grain
boundaries in the microstructure. Upon further research and experimentation it was determined that
etching the samples for three minutes using a modified Kalling’s etch produced the best results. The etch
revealed grain boundaries along with & phase precipitates and some carbides (Figure 14). Grain sizes of
each sample were measured using two methods. The first method utilized a software program called
IQMaterials (IQM) that automatically measured grain sizes in a micrograph. The second method was to
manually measure grain sizes. Results could then be compared to see how grain size varied between low

and acceptable ductility samples as well as between the two grain size measurement methods.
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MC Carbide

6 Phase
Precipitates

Grain Boundary

Figure 14. Micrograph of a 718 Plus sample used for grain size measurements showing
grain boundaries, 6 phase precipitates, and carbides. Modified Kalling’s, 200x

Automated Grain Size Measurements

Automated grain size measurements were performed in accordance with ASTM E1382-97"". Five
micrographs per sample were produced: one from the middle and four from each of the four corner of the
sample, all at 200x magnification. Then, each micrograph was analyzed using the IQM program. The
program superimposed three concentric circular test lines of a known total length of 2.919 mm onto each
micrograph (Figure 15). The program then counted the number of grain boundaries intersected by the
three circular test lines and using this number calculated the ASTM grain size number G. The grain size
in each micrograph was measured using the same technique and program settings to minimize variation in

the data. Five grain size numbers were acquired per sample and then averaged to get the mean grain size

for the entire sample.
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Figure 15. IQMaterials program measuring grain size in a 718 Plus micrograph showing the circular
test lines and grain boundary intersection points determined by the program. Note a number of
precipitates have been marked as grain boundaries. Modified Kalling’s, 200x

A problem was encountered in using the IQM program to measure grain size. The 718 Plus
microstructure contained grain boundaries and 6 phase precipitates. In the micrographs, the precipitates
have similar color and contrast to the grain boundaries. This posed a problem because the software
program has no way of distinguishing between grain boundaries and precipitates. Thus, the program
frequently counted precipitates as grain boundaries. This problem caused the calculated ASTM grain
sizes numbers to be greater than they actually were for each sample. To overcome this problem, grain

sizes were measured by counting the number of grain boundary intersections by a manual method.
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Manual Grain Size Measurements

Manual grain size measurements were conducted per ASTM E112-10°. By using this method, the
problem encountered with the automated grain size measurement method was eliminated. The same set
of 718 Plus micrographs was used in the manual grain size measurement procedure. The IQM program
was used again to superimpose the circular test lines onto the micrographs. Then, the number of grain
boundary intersections per micrograph was counted by hand. The total number of grain boundary
intersections was then divided by the total test line length, 2.919 mm, which gave the number of grain
boundary intercepts per unit length (P.;). This number could then be plugged into the equation provided
in the ASTM standard to get the ASTM grain size number G. This method was repeated for all six

samples.

Delta Phase Volume Fraction Measurements

The volume fraction of & phase precipitates was measured next. To prepare for volume fraction
measurements, each sample was re-polished to remove the etch used for grain size measurements.
Samples were then etched again with modified Kalling’s and etch time was reduced to 30 seconds. The
shortened etch time allowed only 6 phase precipitates to be revealed in the microstructures while leaving
grain boundaries un-etched (Figure 16). This was important to facilitate the measurement of only the
volume fraction of & because grain boundaries could not be mistaken for & phase precipitates. Like the
grain size measurements, two methods were again used to measure the volume fraction of & in each
sample. The first method used the IQM program once more to automatically measure volume fractions of
6. The second method was to manually measure the volume fraction of 6. The volume fraction results

could then be compared between the low and acceptable ductility samples and between the two methods.
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25 microns

Figure 16. 718 Plus micrograph used for & phase volume fraction measurements showing
& phase precipitates in the alloy’s microstructure. Modified Kalling’s, 1000x

Automated Volume Fraction Measurements

The volume fraction of & was measured in twenty 500x micrographs per sample. Because the 6 phase
precipitates had a different color and contrast compared to the matrix, the IQM program’s detection level
could be set to measure & phase precipitates. Precipitates were highlighted in green to show the operator
what phase the program was selecting. The detection level would then be set accordingly to only measure
6 phase precipitates. Volume fractions of 6 phase could then be measured for each micrograph and then
averaged to get the mean volume fraction of & in each sample. Measurement accuracy using this method
was found to be greatly dependent on operator skill and program settings. Volume fraction measurements

were sensitive to small adjustments in program settings such as contrast, color level, and intensity. The
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high sensitivity and dependence on operator skill using this method can easily cause measurements to be
inaccurate. Results obtained from using this method may not give a true representation of actual 6 phase
volume fractions. To insure accurate volume fraction measurements the second manual method was used

to measure volume fraction of 6 in each sample.

Manual Volume Fraction Measurements

For manual volume fraction measurements, a systematic point counting procedure was used to measure
the volume fraction of 6 phase precipitates in each sample. This method was in accordance with ASTM
standard E562-11". According to the ASTM standards, the E562-11 method is the most accurate method
for measuring volume fraction of a phase, more accurate than the software-based method. To begin, a
square ten by ten grid of points was created on a clear plastic transparency sheet (Figure 17).
Micrographs used in this method were produced at 1000x magnification so that the average & phase
precipitate size was one half the grid spacing. The 100 point grid was then superimposed into each 718
Plus micrograph. The specified amount of & present in 718 Plus according to ATI Allvac is between 5
and 10 percent. Based on the expected volume fraction of 6 and information in the standard, 64
micrographs per sample were measured to insure at least 10 percent relative accuracy. Volume fraction
measurements were conducted by counting the number of test grid points falling inside of a precipitate for
each micrograph (P;). Points that fell on the edge of a precipitate were counted as half. Because a grid of
100 points was used, P; was equal to the percent of grid points that fell inside of a precipitates (Ppg). Peg)
could then be averaged for the 64 micrographs to get the average volume fraction of & present in each
sample. This method was repeated for all samples and produced a more accurate representation of &

phase volume fractions compared to the automated method.
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Figure 17. Test grid superimposed over 718
Plus micrographs to measure volume fraction
of & phase precipitates.

Fracture Surface Analysis

Fracture surface analysis was performed on 718 Plus tensile test specimens to compare fracture surface
characteristics between low and acceptable ductility specimens (Figure 18). Images of the fracture
surfaces were taken using a scanning electron microscope (SEM). Two fracture surfaces were imaged,
one from a tensile test specimen with low room temperature ductility and one with acceptable room
temperature ductility. The low ductility specimen had an elongation of 13 percent while the acceptable

ductility specimen had an elongation of 22 percent. The two tensile test specimens were selected to have

Figure 18. Tensile test specimens of 718 Plus used
for fracture surface analysis. Tensile tests were
previously conducted by Schlosser Forge.
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the greatest difference in ductility. This was to ensure that if differences did exist between the two
specimens they would have the highest chance of being observed. SEM images were taken at varying
magnifications from 60x to 5000x. Images were then compared to see if any differences in fracture mode

existed between the low and acceptable ductility specimens.

Results
Grain Size Results
Grain size results between the automated and manual measurement methods were compared first. A
histogram of ASTM grain size numbers measured in all micrographs was created to compare the two
methods (Figure 19). The histogram shows an obvious difference in the average grain sizes and grain size
distributions between the two methods. The automated method on average measured higher grain sizes in
all six samples compared to manual method. The average grain size measured for the automated method
was 7.4 (about 27.6 um grain diameter) and the average for the manual method was 5.8 (about 48.1 um
grain diameter). This large difference can be attributed to the problem encountered with using the IQM
program to measure grain size. The program counted & phase precipitates as grain boundary intersections
resulting in higher average ASTM grain size measurements. Because of this problem, grain size results
from the automated method were disregarded and attention was focused on the manual results (Table V).
Manual results show grain sizes in all 718 Plus samples ranged between about a 5.5 and 6 ASTM grain
size number. Results show no significant difference in grain size between the low and acceptable
ductility samples in both the transverse and longitudinal orientations (Figure 20). To support this
observation, a series of two sample t-tests were performed to test for equivalence in measured grain sizes
between samples (Table V). The t-tests showed no statistical difference exists between the low and
acceptable ductility samples or between the two acceptable ductility samples forged at different
temperatures. Based on these results it appears that grain size is not contributing to the low room

temperature ductility problem.
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Figure 19. Distributions of measured ASTM grain sizes comparing grain size results from automated and manual
methods. Note the automated method measured higher average gain sizes compared to the manual method.

Table IV. Grain Size Results for 718 Plus Forged Samples (Manual Method)

- Forging Orientation in Average A.STM Average Grain Standard
Ductility Temperature Forged Case Grain Size Diameter (um) Deviation
P & Number K
Transverse 6.01 44.7 0.1947
L 1825°F
ow Longitudinal 5.95 45.7 0.1912
Transverse 5.75 49.0 0.3475
A tabl 1825°F
cceptable Longitudinal 557 52.1 0.3832
Transverse 5.83 47.6 0.1550
A tabl 1850°F
ceeptable Longitudinal 5.86 471 0.2630
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Manually Measured ASTM Grain Sizes
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Figure 20. Distributions of manually measured ASTM grain sizes comparing all three transverse 718 Plus forged samples.

Table V. Two Sample t-test Results Comparing Measured Grain Sizes

Or?:::zrieon Samples Compared P-Value C(:)rrcc)lsu::ir;‘\llzilth
I(-f;;?gti“ty (1825°F) vs. Acceptable Ductility 0.198 Equal

N I(-f;/v_r,g’ijtmty (1825°F) vs. Acceptable Ductility 0.157 Equal
gzcc(:::l)i'ctz;b(llesigf;c:l)llty (1825°F) vs. Acceptable 0.654 Equal
(Lf;NZSD«’lgti“ty (1825°F) vs. Acceptable Ductility 0.107 Equal

ongiucing (L]c_);NS(l;LII:()ItIhty (1825°F) vs. Acceptable Ductility 0.573 Equal
giii::;i'c;/b(lfglgléizltl)llty (1825°F) vs. Acceptable 0.207 Equal
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Delta Phase Volume Fraction Results

Volume fraction results were analyzed to see if any trends existed between the volume fractions of §,
room temperature ductility, and forging temperature. The first set of data came from the automated
method using the IQM program to measure volume fraction of & (Table VI). The first observation to note
is the measured volume fractions of & in all 718 Plus samples were between 5 and 10 percent, the
expected volume fraction range of & in 718 Plus. The data shows the volume fraction of 6 was the same
in both the low ductility sample and acceptable ductility sample forged at 1850°F. The highest amount of
6 was measured in the acceptable ductility sample forged at 1825°F. The automated volume fraction
results do not show a relationship between the volume fraction of & in 718 Plus and room temperature
ductility (Figure 21). If a relationship did exist, the amount of 6 is expected to be less in samples with
acceptable ductility. These results do not support that relationship. The data also does not support the
theory that increasing the forging temperature to 1850°F, just above the & solvus temperature, reduces the
volume fraction of 6. Based on these results, increasing the forging temperature had no effect on
reducing the volume fraction of 6. However, these results may not give a true representation of the
amounts of & present in the samples due to the high variability encountered using the automated method.
These results will either be supported or disproved by the more accurate systematic point count manual

method.

Table VI. Delta Phase Volume Fractions from Automated Method

Ductility | Forging Temperature | Average Volume Fraction of Delta (%) | Standard Deviation
Low 1825°F 6.6+0.4 0.575
Acceptable 1825°F 7.1+£05 0.757
Acceptable 1850°F 6.6 +0.4 0.683
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Automated Volume Fraction Measurments

Samples

Acceptable Ductility (1825°F)
== ==  Acceptable Ductility (1850°F)
Low Ductility (1825°F)

0.7 -

Mean StDev N
7.063 0.7565 20
6.576 0.6826 20
6.647 0.5745 20

Density

0.0

T T T T nT-
5.6 6.4 7.2 8.0 8.8
Volume Fraction of Delta (%)

Figure 21. Distributions of & phase volume fractions comparing the volume fraction of & in all three 718 Plus samples
measured using the automated method.

The manual systematic point count method as specified in ASTM E562-11 provides the most accurate
way of measuring the volume fraction of a phase. The results from this method proved to be different
from the automated method and relationships could be established between ductility, forging temperature,
and volume fraction of 6 (Table VII). The first relationship can be established by comparing volume
fraction of 6 to ductility. The data shows the sample with low ductility contained the most amount of §,
7.5 percent, while both acceptable ductility samples contained less. The data implies volume fraction of §
in 718 Plus is inversely proportional to ductility at room temperature. The second relationship is drawn
from comparing volume fraction of & to forging temperature. The sample of 718 Plus forged at the higher
1850°F forging temperature contained the least amount of 6, 4.9 percent, compared to the other two
samples forged at the lower temperature. This shows that volume fraction of 6 in 718 Plus is also
inversely proportional to forging temperature. A distribution plot of 6 phase volume fraction results

comparing all three samples shows these relationships (Figure 22). In order to support the two
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relationships, two sample t-tests were performed on the data to determine whether or not volume fraction
of & was statistically different between samples (Table VIII). Results from the t-test supported both
relationships. The volume fraction of & was found to be statistically different between low and acceptable
ductility samples as well as between acceptable ductility samples forged at different temperatures. The
results from the systematic point count method disprove the results obtained from the automated method.
The systematic point count method is the more accurate method and results should give a more exact

representation of the volume fraction of 6 in the 718 Plus samples.

Table VII. Delta Phase Volume Fractions from Systematic Point Count Method

Ductility | Forging Temperature | Average Volume Fraction of Delta (%) | Standard Deviation
Low 1825°F 7.5+0.6 2.370
Acceptable 1825°F 6.2+0.6 2.390
Acceptable 1850°F 49+0.5 1.901

Manual Volume Fraction Measurments

Samples
0.20 4 Acceptable Ductility (1825°F)
’ == == Acceptable Ductility (1850°F)
Low Ductility (1825°F)
Mean StDev N
6.195 2.386 64
Bioq 4.859 1.901 64
7.453 2370 64
>
=
7]
=
& 0.104
0.05 4
0.00 T T T T '

2 4 6 8 10 12 14
Volume Fraction of Delta (%)

Figure 22. Distributions comparing the manual volume fraction measurements of 6 between all three samples. Note less & is
present in samples with acceptable ductility and even less in the sample forged at the higher temperature.
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Table VIII. Two Sample t-test Results Comparing Measured Volume Fractions of Delta

Samples Compared P-Value E?:;:;:;i: CO"CI“::i';“":ilth 0.05
I(.fi\;/\;?gtility (1825°F) vs. Acceptable Ductility 0.003 1985 Not Equal
I(-fg\;N5(I)D°L|J:§t”ity (1825°F) vs. Acceptable Ductility 0.000 5594 Not Equal
gzcciﬁittib(lfsggfg)“ty (1825°F)vs. Acceptable 0.001 1336 Not Equal

Fracture Surface Analysis Results

Fracture surface analysis of 718 Plus tensile test specimens revealed slight differences in fracture surface
characteristics between low and acceptable ductility tensile test specimens. The first observation made
from the SEM fracture surface images was both low and acceptable ductility specimens showed signs of
ductile fracture. The presence of dimples on the fracture surface of both specimens is caused by
microvoid coalescence, a ductile fracture mechanism (Figure 23). The main difference between the two
specimens is, in additions to dimples, the low ductility specimen also contained regions of brittle
cleavage-like features. The brittle cleavage-like regions can be seen as small valleys with smooth sides in
the facture surface (Figure 24). Comparing the two specimens, it is evident only the low ductility
specimen contained these brittle-like fracture regions and not the acceptable ductility specimen (Figure

25).
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1:02:15 PM 10.3 mm 15.0 KV 3.0 ETD 5000x

Figure 23. SEM fracture surface image of the acceptable ductility specimen
showing dimples caused by microvoid coalescence, a ductile fracture
mechanism.

Brittle Cleavage -Like
Region
Dimpled Region

5/3/2012 WD HV Spot Det Mag
12:15:56 PM 11.2 mm 25.0 kV 3.0 ETD 373x

Figure 24. SEM fracture surface image of the low ductility specimen showing
dimples as well as brittle cleavage-like regions.
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Figure 25. Comparison of SEM fracture surface images of the acceptable ductility (a) and low ductility (b) specimens. Note the
presences of brittle cleavage-like regions in the low ductility specimen which are absent in the acceptable ductility specimen.

Discussion
Grain Size
The main objective of this project was to characterize the microstructure of 718 Plus samples and relate
those characteristics to the low room temperature ductility problem. Results from the grain size analysis
showed that grain size did not differ greatly between low and acceptable ductility samples or between
samples with different forging temperatures. Two sample t-tests for equivalency showed grain sizes in all
samples tested were statistically equal. Grain size can have a major effect on ductility and strength in
alloy systems. In general, smaller more refined grains will result in higher yield strengths and better
ductility. Materials with smaller grains will have a larger total grain boundary surface area. The increase
in grain boundary surface area will more efficiently impede dislocations and thus increase the strength of
the material. The increase in grain boundary area will also increase ductility by providing more locations
for dislocations to build up and stresses to be alleviated. If grain size were to effect ductility in 718 Plus

LPT cases, it would be expected that grain size would be smaller in samples with acceptable ductility and

29



larger in samples with lower ductility. However, this was not the case observed in the grain size data.
Grain size did not change between low and acceptable ductility samples. It can be concluded that grain

size is not affecting the low room temperature ductility problem being experienced in 718 Plus LPT cases.

Volume Fraction of Delta Phase

After analyzing grain size in the 718 Plus samples, volume fraction of 6 was addressed next. Schlosser
reduced the ductility problem by increasing the forging temperature of their 718 Plus LPT cases to
1850°F. The significance of increasing forging temperature is now cases are forged just above the solvus
temperature of 6, 1830°F. The theory is by forging above the solvus temperature of 6 the amount of &
that precipitates out during the forging process is reduced, thus reducing the total volume fraction of & in
the completed LPT case. The volume fraction data obtained using the systematic point count method
supports this theory. Results showed the volume fraction of 6 is inversely proportional to forging
temperature and room temperature ductility. Forging LPT cases just above the 6 solvus temperature
reduces the volume fraction of & in the completed cases, which improves room temperature ductility. It
has been experimentally determined that 6 phase particles will primarily precipitate out at grain
boundaries. Samples of 718 Plus with high amounts of & will have heavy concentrations of & phase
precipitates along grain boundaries. The high concentration of & along grain boundaries can prevent grain
boundaries from slipping while under stress. This restricts further plastic deformation in the material,
effectively reducing ductility. The buildup of 6 phase precipitates along grain boundaries may be the
mechanism responsible for low room temperature ductility in 718 Plus LPT cases. Another possible
mechanism could be that the high concentrations of 6 phase precipitates are providing regions for cracks
to nucleate and grow. Like most secondary intermetallic phases, & has a higher hardness than the y matrix
and thus is more brittle. More brittle regions in a material’s microstructure serve as a primary location for
fractures to occur. Fractures that occur prematurely can restrict a material’s ductility and provide another

mechanism for low room temperature ductility in 718 Plus LPT cases.

30



An interesting result seen in the 6 phase volume fraction measurements was the difference in the amount
of & present in the two 718 Plus samples forged at 1825°F. This can be attributed to the many variables
present in the forging process that effect the precipitation of 6. Of these variables, there are two that
could be the primary reason for the observed difference in 6 between samples forged at the same
temperature. First, the furnaces used in the forging process can vary in temperature from between +25°F.
This variation in furnace temperature could cause certain forging to be at higher or lower temperatures
than others. The precipitation of & in forgings experiencing higher temperatures could be reduced, with
the opposite being true for forgings experiencing lower temperatures. This variation in furnace
temperature could result in higher or lower volume fractions of & being present in any one forging.
Second, the amount of time spent outside of the furnace can also vary between forgings. Each forging is
manipulated by a worker from the furnace into a forging press or machine and then back into the furnace.
Certain forgings could be spending more time outside of the furnace than others, causing them to cool to
lower temperatures, increasing the precipitation of 6. Again, this could cause a difference in the volume
fraction of 6 present in any one forging. These effects are magnified in forgings requiring numerous
forging steps, such as LPT cases. The average times spent inside and outside of the furnaces will be

longer with more forging steps, causing more variation in the volume fractions of &.

Fracture Surface Characteristics

Fracture surface analysis of the acceptable ductility tensile test specimen concluded ductile fracture to be
the primary failure mechanism. This was supported by observing dimples on the fracture surface of the
acceptable ductility specimen caused by microvoid coalescence. The formation of microvoids occurs
when high stresses cause separation of the base metal around an interface, such as a precipitate. As the
stress increases, the microvoids grow and coalesce together to form larger voids. Formation of these large
voids eventually causes fracture to occur. In contrast, the low ductility specimen contained a number of

smooth cleavage-like surfaces. The cleavage-like surfaces show evidence of brittle fracture occurring in
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the low ductility specimen in conjunction with ductile fracture. Brittle fracture usually occurs at flaws in
a material where stress concentrations are highest. Cracks normally propagate along the {100} plane.
However, cracks can also propagate along grain boundaries, especially when grain boundaries are
decorated by a secondary phase. Normally, brittle fracture surfaces are flat and perpendicular to the
applied stress direction. The higher volume fraction of 6 in the low ductility specimen most likely caused
the observed brittle fracture surface features. As mentioned previously, higher volume fractions of & in
718 Plus will lead to higher concentrations of & phase precipitates along grain boundaries. Too much &
along grain boundaries can lead to the formation of continuous grain boundary films. The continuous
films of & phase that precipitates along grain boundaries may have initiated brittle intergranular fracture.
The smooth brittle fracture surface regions in the low ductility specimen look to be along grain
boundaries where concentrations of 6 may have been highest. Previous experiments have shown an
optimal volume fraction and distribution of 6 phase precipitates along grain boundaries exists, providing
the best mechanical properties. Exceeding the optimal limit with too much & could have causes the brittle
intergranular fractures which reduced ductility of the specimen. However, no further evidence has been

found to support this hypothesis further.

Realistic Constraints

The problem of low room temperature ductility in 718 Plus LPT cases addressed in this project can be
related to two realistic constraints: economic and environmental®®. The first constraint, economics, is
perhaps the more obvious of the two. Economics are the driving force behind any company with the
bottom line being profitability. It is important for a company like Schlosser Forge to produce quality
forgings so the company can remain profitable and competitive in the market®. If some of the parts
Schlosser manufactures do not meet specific requirements then the part is deemed defective and scraped.

Scrapping a part like the LPT case due to low room temperature ductility ends up costing Schlosser
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money instead of providing them with a profit. From an economic standpoint, it is critical for Schlosser
to solve any problem that affects the quality of their forgings. Failing to produce quality forgings could
reduce Schlosser’s process capabilities causing them to no longer be competitive in the market. In a
worst case scenario Schlosser could be put out of business from losing valuable customers to more

competitive forging companies.

The second realistic constraint related to the room temperature ductility problem is environmental. A
forging operation consumes large amounts of energy. It is therefore important for a forging company to
optimize the efficiency of their forging process to reduce the amount of energy required to forge any one
part®. In the case of Schlosser, furnaces are used to heat metal ingots to temperatures above 1800°F
during the forging process. Once the forging process is completed, the part is placed in another furnace
for a solution treatment and yet another furnace for the final aging. Each furnace runs on natural gas and
thus large amounts of fossil fuels are consumed during the forging of a single LPT case. In addition,
electricity, most likely generated from fossil fuels, is used during the forging process to power the various
presses and ring rolling machines that form the LPT cases into their final shape. Overall, the forging of a
single LPT case requires the consumption of large amounts of fossil fuels. If a LPT case fails a specified
requirement it is rejected by the customer and has to be recycled. All the energy that went into forging
the case is wasted and more energy is now required to recycle the defective case and produce a new one.
Fossil fuels are a nonrenewable resource and need to be conserved. The burning of fossil fuels also has a
negative effect on the environment due to carbon dioxide emissions. It is important to solve the low room
temperature ductility problem in LPT cases to eliminate defective parts and reduce environmental

impacts.
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Conclusions

1. Grainsize in 718 Plus LPT cases did not vary significantly between cases with low room
temperature ductility and cases with acceptable room temperature ductility. Grain size also did
not differ between LPT cases forged at 1825°F and cases forged at 1850°F. Grain size was not a
factor contributing to the low room temperature ductility problem.

2. Volume fraction of & phase precipitates was highest in 718 Plus LPT cases with low room
temperature ductility at 7.5 percent by volume. LPT cases with acceptable room temperature
ductility forged above the solvus temperature of 6 at 1850°F contained the least amount of &
phase precipitates, 4.9 percent by volume. The volume fraction of 6 in 718 Plus is inversely
proportional to forging temperature and room temperature ductility and is the primary cause of
low room temperature ductility.

3. The fracture mechanism in acceptable ductility 718 Plus tensile test specimens was microvoid
coalescence, a ductile fracture mode. In contrast, low ductility specimens contained brittle
cleavage-like fracture regions in conjunction with microvoid coalescence. The combination of
ductile and brittle fracture mechanisms in 718 Plus can be related to low ductility and high

volume fractions of & phase precipitates.
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