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Abstract
Demand for advanced gas turbines with lower fuel burn and reduced CO2 emissions requires single crystal (SX) superalloys that
can be cast into very complex cooled configurations and capable of operating at higher gas and metal temperatures beyond 3%
rhenium-containing SX alloys. These components must have excellent high temperature properties, good castability, solution heat
treatment window, environmental resistance, coating compatibility and phase stability. The highest strength SX superalloys
currently in production (3rd generation CMSX-10K/N® alloys) contain 6-7% Re. These alloys have in certain applications
exhibited undesirable features, including secondary reaction zone phase instability, low temperature internal oxidation/hot
corrosion attack and difficulty in production solution heat treatment. Also, 3rd generation SX alloys have high density and high
cost due to the elevated Re content.
Leveraging knowledge developed over 30+ years of SX alloy development, Cannon-Muskegon has developed and characterized a
new, improved 3rd generation SX superalloy, CMSX-4® Plus (SLS), which addresses the concerns of current 3rd generation SX
alloys. CMSX-4 Plus (SLS) demonstrates improved properties over CMSX-4 and CMSX-10K/N alloys, with lower Re content,
cost and density. Cannon-Muskegon proprietary SX alloy history is reviewed, along with compositional development,
producibility, mechanical properties, microstructural stability and bare alloy oxidation testing of CMSX-4 Plus (SLS) alloy.
Introduction
Throughout the aerospace and industrial gas turbine industry, “reduced lead time to market”, computer-aided design, process
modelling and ICME (Integrated Computational Materials Engineering) have become code word for leading edge technology
development methods. These tools provide valuable opportunities to assemble data, predict outcomes and direct alloy development
toward unique combinations of properties and performance, or so called “green space”. However, there remains value and benefits
from an alternate, more traditional design methodology where new alloys are developed in an evolutionary way, based upon prior
experience with existing alloys and lessons learned.
Cannon-Muskegon Corporation (CM) has used this evolutionary method to develop and introduce CMSX-4® Plus (SLS) alloy, an
improved 3rd generation, single crystal (SX) alloy based upon over 30 years of SX alloy development and commercial experience.
It is useful and enlightening to review this development history, as it directly reflects upon the resultant alloy and explains the
remarkable speed with which this CMSX-4 Plus (SLS) alloy was developed and brought to market (14 months from concept to
patent application and first production size heat). The development of 3rd generation CMSX-4 Plus (SLS) SX alloy begins in the
late 1970’s with a modification of MAR M 247 alloy to improve castability for the “new” casting technology, directional
solidification, pioneered for Ni-base superalloys by Pratt & Whitney [1-3].
Legacy of Alloy Development
The introduction of directionally solidified (DS) casting to Ni-base superalloys eliminated transverse grain boundaries on rotating
part turbine blades, creating a corresponding increase in creep strength and initiating an industry race to develop alloys optimized
for this new technology. Early DS castings were made from equiax blade alloys such as MAR M 002, MAR M 200 and MAR M
247. These alloys can exhibit low ductility and cracking along the DS grain boundaries during solidification [4]. General Electric
(GE) contacted Cannon-Muskegon relative to modifying MAR M 247 alloy for improved DS castability and reduced grain
boundary cracking. The result of this development was CM 247 LC® alloy, introduced in 1978 with the first commercial DS
application in GE CT7 engine 1st and 2nd blades in 1984. GE gave CM 247 LC alloy the designation Rene’ 108.
During this time period, development work throughout the industry was characterized by trial and error methods. For CM 247 LC
alloy, modifications to MAR M 247 composition included reducing the C, Zr and Ti content, along with tighter controls of Si and
S tramp elements. Several small, developmental heats with variations of C, Ti and Cr content were made to study and optimize
the alloy composition. These were followed by two production scale up heats to demonstrate producibility, including very tight
controls on gasses and tramp elements. The final composition (Table I) produced improved castability, ductility and DS casting
yield [4].

The impact of alloy cleanliness, particularly on castability and ductility, is one of the most important early lessons obtained from
the CM 247 LC alloy development work and carries through to current CM production alloys in terms of both raw materials and
vacuum induction melting (VIM) melt processes. This development work was also significant for CM, as it established CannonMuskegon, a producer of air and vacuum investment cast barstock, as a viable participant in superalloy development. Due to the
improved castability, CM 247 LC alloy has also been specified for equiax casting applications. It is interesting to note that alloy
demand and new applications of CM 247 LC/Rene’ 108 for both equiax and DS castings in 2017-2018 is at the highest level since
introduction of this alloy modification, due to large IGT turbine blade and flight engine structural part applications.
Single crystal casting methods followed relatively quickly after the introduction of production DS castings. Once again, casting
technology advancement spurred alloy development to optimize capability from the new technology and was pioneered by Pratt &
Whitney. The complete elimination of grain boundaries from the castings appeared to eliminate the need for grain boundary
strengthening elements, C, B, Hf & Zr. Since these elements are melt point depressants in Ni-base superalloys, this presented an
opportunity for significant increases in incipient melting point of the resulting alloy. Early SX alloy development efforts included
work published by Pratt & Whitney, Garrett Turbine Engine Company, and the NASA/AiResearch MATE program [5-8]. Some
of the challenges discovered from these programs were grain defect formation, microstructural phase stability issues and
insufficient heat treatment window for adequate homogenization.
Cannon-Muskegon 1st generation SX alloys CMSX-2® and CMSX-3® were derived from the MAR M 247 composition again
following extensive testing and evaluation of 17 trial heats of CMSX-2 and 16 heats of CMSX-3 (Table I). Particular attention
focused on producing alloy with very low levels of C, S, [N] and [O] impurities. Feedback from foundries working on SX castings
indicated that carbides, carbo-nitrides, sulfides, oxides and microporosity contributed to grain defect formation and low SX casting
yields [9-11]. These same impurities can also initiate fatigue cracking. Compositional modifications, such as a partial substitution
of Ta for W were made to improve castability, particularly freedom from freckle defects, and phase stability. The overall balance
of the chemistry was studied to produce a reasonable solution heat treatment (SHT) window, which is the temperature range
between the γ’ solvus and the incipient melting point. For CMSX-3 alloy, a minor Hf addition was made to aid coating life and
retention. As mentioned previously, Hf is a melt point depressant which reduces both the γ’ solvus temperature and the incipient
melting temperature, with a greater effect on incipient melting point. Consequently, it was necessary to balance the benefit to
oxidation resistance and coating life with the debit to solution heat treatment window to insure adequate producibility.
Concurrent with evaluating the new alloy compositions, Cannon-Muskegon devoted equal time and attention to developing and
scaling up vacuum induction melting processes and raw material sources to consistently produce extremely high purity, high quality
SX alloy remelt bar product with low trace, tramp and gas levels. In addition, it was important to establish collaborations with the
OEM’s (GE, Turbomeca, Garrett/AiResearch, Rolls-Royce, Allison Gas Turbines), since Cannon-Muskegon is an independent
alloy producer and did not have internal new engine development programs driving new applications. Similarly CM established
relationships with multiple SX casting foundries to obtain test material and feedback on castability and grain yield.
Even at these early stages of SX alloy development, the importance of balancing competing criteria was recognized:
“The formidable challenge of the chemistry modification program was to develop a family of single crystal alloys with
a balanced level of mechanical, environmental, castability, microstructural stability and solution heat treatability
properties greater than those of existing single crystal alloys”[12].
The challenge to balance the many competing requirements is as true today as it was 35-40 years ago, and is also the challenge for
computer-designed alloys: to balance five or more competing criteria within a single design program. As demonstrated by these
development programs, an exhaustive process, involving many iterations evaluating composition, casting, heat treatment,
mechanical and environmental properties was required to establish a robust final aim chemistry.
In general, military engine requirements for higher temperature capability drove much of the DS and SX alloy development work,
particularly at Pratt & Whitney (P&W) and General Electric, with transition to commercial aero and IGT engine applications
following several years later once technical issues were resolved. Cannon-Muskegon alloy development paralleled P&W and GE.
Figures 1 and 2 show the timeline of CM alloy development, including 2nd and 3rd generation SX alloys CMSX-4® and CMSX10K/N®, CMSX-4 (SLS) and CMSX-8®. Development of each of these alloys is well described in the literature [13-19]; pertinent
to the development of CMSX-4 Plus (SLS) alloy is the improved technology and knowledge that resulted from each of these
programs. Of particular importance, highly alloyed 3rd generation alloys have shown the tendency to form secondary reaction zone
(SRZ) phase instability in the base alloy adjacent to the coatings [20, 21]. The compositional progression is shown in Table I and
a brief summary of the developments & take aways is presented in Table II.

Table I. Nominal Composition Lineage of Cannon-Muskegon Proprietary Alloys
Alloy
MAR M 247
CM 247 LC
CMSX-2
CMSX-3
CMSX-4
CMSX-10K
CMSX-8
CMSX-4 Plus (SLS)

C
0.15
0.07
-------

Cr
8.4
8.1
8
8
6.5
2
5.4
3.5

Co
10
9.2
5
5
9
3
10
10

W
10
9.5
8
8
6
5
8
6

Mo
0.7
0.5
0.6
0.6
0.6
0.4
0.6
0.6

Ta
3.0
3.2
6
6
6.5
8
8
8

Cb
-----0.1
---

Re
----3
6
1.5
4.8

Al
5.5
5.6
5.6
5.6
5.6
5.7
5.7
5.7

Ti
1.0
0.7
1.0
1.0
1.0
0.2
0.7
0.85

Hf
1.5
1.4
-0.1
0.1
0.03
0.1
0.1

B
0.015
0.015
-------

Zr
0.05
0.007
-------

Ni
Bal
Bal
Bal
Bal
Bal
Bal
Bal
Bal

Table II. Summary of Significant Changes and Take Aways for CM Proprietary Alloy Programs
Alloy
CM 247 LC
[Rene’ 108]

CMSX-2
CMSX-3
CMSX-4

CMSX-10K
CMSX-10N

CMSX-4 (SLS)

CMSX-8/
CMSX-8[B/C]

CMSX-4 Plus (SLS)

Significant
changes
Improved DS
castability

Composition

Take aways

Applications

Reduce C, Zr, Ti;
control Si, S tramps

Importance of alloy
cleanliness (tramps, gasses);
established CM as alloy
developer

First generation
SX
Improve coating
adherence
2nd gen. SX: Re
effect – slows
diffusion at high
temperatures
3rd gen. SX:
Increased Re
content to enable
uncooled blades

Remove B, C ,Zr, Hf;
balance chemistry
0.1 Hf addition

Optimized VIM processes;
multi-functional approach:
castability, HT, mechanical
properties, stability,
environmental properties;
OEM Collaboration

DS/EQ blades, vanes,
fairing structural
parts, integral cast
turbine wheels, F-1
turbocharger wheels
Solid/cored aero SX
blades, seal segments

Dramatically
improved
oxidation
performance
Similar properties
to 2nd gen. (up to
1010°C) with
lower Re
Improved 3rd gen.
with lower Re
content

Super low sulfur
content (<0.5 ppm)

3% Re, balance for
stability

6-7% Re; reduce Cr,
Co, W; increase Ta

More complex, lengthy SHT
Extremely small SHT
window; SRZ; low
temperature internal
oxidation & hot corrosion
Improved cleanliness &
castability (reduced grain
defects)

Solid/cored aero and
IGT blades/vanes

Uncooled Trent 800
IP blades
Trent 1000/900/
7000/XWB IP blades

SX aero blades,
vanes, seal segments

1.5% Re, 8% Ta

Improved castability with
8% Ta; lower cost

IGT SX blades

4.8% Re, 8% Ta,
balanced composition

Improved castability, SHT
window, mechanical
properties, stability with
reduced Re content, lower
density

Solid/cored aero
engine blades

Second generation, 3% Re-containing SX alloys provide a robust combination of properties and producibility and account for the
majority of SX applications worldwide. For a period of time, focus of alloy development changed from higher temperature
capability to improved yield, lower cost materials, improved blade and vane designs and improved coatings, including thermal
barrier coatings (TBC). Much research was also conducted to understand the atomistic role of Re, the stability issues and tradeoffs. Eventually, the demand for lower fuel burn and environmental concerns with CO2 emissions have once again driven the
industry to evaluate improvements in Ni-base SX alloy capability, resulting in development of CMSX-4 Plus (SLS) alloy.
Building upon the experience gained through 30+ years of SX alloy development, the goals for CMSX-4 Plus (SLS) alloy were
to obtain high temperature mechanical properties similar to existing CM commercial 3rd generation SX alloys but with lower Re
content and while maintaining excellent castability, improved solution heat treatment window, no SRZ phase/coating
compatability issues and improved low temperature oxidation and hot corrosion resistance.

Figure 1. CM Alloy Development Timeline 1978-1996

Figure 2. CM Alloy Development Timeline 2002-2018

CMSX-4 Plus (SLS) Alloy Compositional Development
The nominal composition of CMSX-4 Plus (SLS) alloy (Table I) was established through evaluation of three chemistry
modifications based upon both CMSX-8 and CMSX-4 alloys. Re content was increased to 4.8% to obtain improved creep-rupture
properties, balanced against SRZ and/or topologically close packed (TCP) phase formation. Contrary to earlier Re-bearing SX
alloy development work by UTRC [22], CM discovered significant improvement in creep properties were attainable with relatively
small changes in alloy chemistry (Re, W, Cr, Ti) [23]. The final Re content required adjustment of the Cr to 3.5% to maintain
phase stability. Note that this is significantly higher Cr content than CMSX-10K/N alloys and designed for improved low
temperature, internal environmental resistance. Ta content at 8% was maintained the same as CMSX-8 alloy for castability and to
prevent the formation of freckle grain defects. Mo content was kept low for oxidation properties and Ti was adjusted to achieve
appropriate γ/γ’ mis-match and interfacial chemistry. The Al, Ti and Ta contents were balanced to produce approximately 70%
volume fraction γ’ phase. As discussed previously for CMSX-3 alloy, a small Hf addition was made to aid oxidation performance
and coating adherence while maintaining an acceptable solution heat treatment window.
Castability, Heat Treatment and Microstructure
Cannon-Muskegon has collaborated with more than ten different SX casting foundries in the United States and Europe along with
multiple OEM’s to assess castability of CMSX-4 Plus (SLS) alloy in a variety of configurations with differing thermal gradients
and solidification rates. In each case, the casters have demonstrated excellent first time yield (90%+), good chemistry retention
and low as-cast microporosity. Cannon-Muskegon has developed multi-step solutioning cycles with a maximum temperature of
1335-1340°C, dependent upon degree of as-cast microsegregation, thickness of the heavy sections and design requirements. This
solution heat treatment cycle produces near complete solutioning of the γ/γ’ eutectic without incipient melting (Fig. 3). An
optimized primary age results in aligned cubic γ’, approximately 0.45μm with appropriate γ/γ’ mis-match (Fig. 4).

Figure 3. CMSX-4 Plus (SLS) Fully solutioned microstructure

Figure 4. CMSX-4 Plus (SLS) microstructure after aging
showing aligned cubic γ’

Mechanical and Physical Properties
Extensive evaluation of CMSX-4 Plus (SLS) alloy mechanical properties, including creep/stress-rupture, tensile and straincontrolled low cycle fatigue have been completed. CMSX-4 Plus (SLS) alloy offers a significant improvement over CMSX-4 alloy
across a wide range of temperature/stress conditions, as shown in Table III. At the 1121°C/103MPa test condition, CMSX-4 alloy
exhibits exceptional life, with CMSX-4 Plus (SLS) alloy showing nearly equivalent life with improved ductility. Notably, the
1200°C/80 MPa condition, important for helicopter single engine out performance, effectively exceeds the reasonable use
temperature for CMSX-4 alloy; however, CMSX-4 Plus alloy shows outstanding life. The Larson-Miller rupture life diagram (Fig.
5) graphically depicts CMSX-4 Plus (SLS) improvement in temperature capability.

Table III. CMSX-4 Plus (SLS) vs. CMSX-4 Rupture Life Comparison (hours)
Test Condition
913°C / 571 MPa
982°C / 248 MPa
982°C / 296 MPa
1010°C / 248 MPa
1050°C / 190 MPa
1121°C / 103 MPa
1200°C / 80 MPa

CMSX-4 Plus (SLS)
215
732
276
227
231
599
150

CMSX-4
52
280
88
82
90
640
13

Figure 5. Larson-Miller Rupture Life of CMSX-4 Plus (SLS) and CMSX-4 Alloy
A further comparison between alloys CMSX-8, CMSX-4 and CMSX-10K to CMSX-4 Plus at 982°C/248 MPa and 1121°C/103
MPa is shown in Figures. 6 and 7, respectively. Surprisingly, CMSX-4 Plus alloy meets or exceeds CMSX-10K properties at these
test conditions, despite the lower Re content.
Post-test metallography following elevated temperature testing at 1121°C and 1200°C show a typical rafted microstructure with
minimal, if any, TCP phase formation (Fig 8 (a) and (b), respectively) It should be noted that the amount of TCP phase observed
for CMSX-4 Plus (SLS) alloy following long term stressed exposure at 1121°C was less than is typical for CMSX-4 alloy after
similar test exposure. No evidence of significant de-alloying or creep cracking was associated with the TCP phase.

Figure 6. 982°C/248 MPa Rupture Life and Time to 1% and 2% Creep Comparison

Figure 7. 1121°C/103 MPa Rupture Life Comparison

(a)

(b)

Figure 8. Microstructure of CMSX-4 Plus (SLS) alloy (a) following 606 hours at 1121°C/103 MPa, (Copyright 2016 by The
Minerals, Metals & Materials Society. Used with permission.) (b) following ~150 hours at 1200°C/80 MPa
CMSX-4 Plus (SLS) alloy tensile properties as a function of temperature exhibit excellent strength peaking at 760°C while
maintaining very good ductility [23]. Strain-controlled 1038°C low cycle fatigue performance of CMSX-4 Plus (SLS) in the
solutioned and double aged condition exceeds CMSX-4 alloy in the HIP’ed, solutioned and aged condition, particularly at shorter
lives or higher stresses. At this temperature there are creep/fatigue interactions and the improved creep behavior likely
predominates [23]. Physical properties were characterized in collaboration with the National Physical Laboratory in the UK.
CMSX-4 Plus (SLS) alloy density at room temperature is 8.927 g/cm3, intermediate for commercial SX alloys and lower than alloys
PWA 1484 and CMSX-10K/10N (Table IV). Density, Young’s and shear moduli, diffusivity, thermal conductivity, and expansion
coefficient as a function of temperature are shown in Figures 9 [23].

Table IV. Room Temperature Density of SX alloys
Alloy
Room Temperature
Density (g/cm3)
CMSX-2/3
8.56
CMSX-4
8.70
SC180
8.84
CMSX-8
8.85
CMSX-4 Plus (SLS)
8.93
PWA 1484
8.95
René N6
8.97
CMSX-10K
9.05

Figure 9 CMSX-4 Plus (SLS) Physical Properties vs. Temperature
(Copyright 2016 by The Minerals, Metals & Materials Society. Used with permission.)
Oxidation Properties
Cannon-Muskegon Super Low Sulfur (SLS) technology applied to CMSX-4 alloy has demonstrated dramatic improvement in bare
alloy oxidation performance [18] and CMSX-4 (SLS) is bill of material for numerous Rolls-Royce Trent family blade, vane and
seal segment applications. This low sulfur (<0.5 ppm S) technology is also used for CMSX-4 Plus (SLS) alloy production. Bare
alloy cyclic oxidation testing of CMSX-4 Plus (SLS) at 1135°C conducted by Cranfield University [UK] has demonstrated
significant improvement over standard CMSX-4 alloy (Fig. 10). The test conditions are outlined in Table V. Samples were weighed
and imaged every 20 cycles; testing was terminated after 700 cycles/hours for the longest running samples. Figures 11 and 12
show the surface evolution of standard CMSX-4 alloy and CMSX-4 Plus (SLS) alloy, respectively. CMSX-4, with 1-2 ppm S
content, exhibits significant mass loss from the onset of testing. CMSX-4 Plus (SLS), with <0.5 ppm S content, shows much less
attack, with degradation limited to relatively minimal edge attack. SEM characterization was performed on CMSX-4 Plus (SLS)
samples following 200 and 700 hours of testing and showed near-identical oxide scale formation, with a continuous alumina internal
oxide scale, a thicker external oxide spinel and Ta- and Hf-rich phases within and just beneath the internal alumina scale (Figs. 1315). This suggests that the alumina scale took some time to form, as it is unlikely these refractory elements would diffuse through
the alumina scale [24].
Standard CMSX-4 alloy following 700 hours exposure exhibits gross spallation, with no evidence of a protective scale (Fig. 16).
There is clear evidence of void and nitride formation below the surface. It is important to note, however, that even with significantly
poorer bare oxidation performance, standard CMSX-4 alloy has over 280 million hours of successful operating experience in aero,
marine and IGT engines, with no significant coating life issues.
As previously mentioned, high Re-containing SX alloys can develop SRZ phase instability in the base alloy adjacent to the coating.
An example of this in an engine run CMSX-10N blade is shown in Figure 17. Formation of SRZ can result in crack initiation and
reduction of long term creep-rupture properties. Work is ongoing evaluating CMSX-4 Plus (SLS) alloy bond coat compatability
and TBC adherence, including elucidation of suitable bond coat chemistry to control SRZ phase occurrence. Results suggest Al
content of 6-8 wt% in an MCrAlY-type bond coat can be used successfully.

Table V. Summary of Test Conditions for cyclic test at 1135°C
18.7
Time to 97% of 1135°C (min)
Total time in furnace per cycle
78.7
6
Time to below 100°C
Time out of furnace per cycle
6
Number of cycles per removal interval
20

Figure 10. Cyclic bare alloy oxidation results for CMSX-4 Plus (SLS) and CMSX-4 alloys at 1135°C

100 hours

300 hours

100 hours

300 hours

500 hours

700 hours

500 hours

700 hours

Figure 11. Surface evolution of CMSX-4 alloy

Figure 12. Surface Evolution of CMSX-4 Plus (SLS) alloy

Figure 13. CMSX-4 Plus (SLS) alloy oxide following 200 hours exposure at 1135°C

Figure 14. Elemental Linescan of CMSX-4 Plus (SLS) alloy after 200 hours exposure at 1135°C

Figure 15. CMSX-4 Plus (SLS) alloy oxide and elemental maps following 700 hours exposure at 1135°C

(a)

(b)

Figure 16. Backscattered electron images of CMSX-4 alloy after 700 hours exposure at 1135°C (a) remnant oxide and (b) void and
nitride formation below the surface

Figure 17. CMSX-10N alloy engine run blade showing SRZ phase and associated cracking near blade tip (Copyright 2016 by
The Minerals, Metals & Materials Society. Used with permission.)

Alloy Producibility and Applications Development
Cannon-Muskegon has successfully scaled CMSX-4 Plus (SLS) alloy to production status on the CM 2.3 ton V-6 VIM furnace.
More than ten foundries worldwide have successfully SX cast test material and/or components from this production heat with no
castability, chemistry or yield issues. As-cast porosity has been lower than CMSX-4 alloy, indicating that HIP may not be required,
dependent upon blade design requirements. Post-cast processing experience, including heat treatment have demonstrated a low
propensity for recrystallization and CMSX-4 Plus (SLS) can be extensively solutioned to 98%+ without incipient melting by
selecting the maximum temperature based upon as-cast segregation and maximum section thickness.
CMSX-4 Plus (SLS) has successfully completed military flight engine and helicopter engine test programs (HP blades) in Europe.
Additional evaluations, including design database generation are in progress with at least six OEM’s.
Summary
Leveraging the alloy knowledge, vacuum induction melting technology and industry collaborations developed over 30+ years of
SX alloy development, CMSX-4 Plus (SLS) alloy was taken from concept to production in approximately 14 months following
only three developmental heats to validate castability, heat treatment, mechanical and physical properties, phase stability and to
establish the final aim chemistry. CMSX-4 Plus (SLS) alloy demonstrates superior properties, stability and producibility compared
to both 2nd generation CMSX-4 alloy and 3rd generation CMSX-10K/N alloys without the drawbacks of current 6-7% Re-containing
SX alloys.
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