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Agenda

• SBIR program overview

• QuesTek background

• Ferrium C64

• Fatigue initiation and microstructural fatigue modeling

• Impact of HIP on fatigue

• C64 results
– Axial fatigue

– Single tooth bending fatigue

• Conclusions
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“Fatigue Resistant Martensitic Steel for Rotorcraft 

Drive Train Components”

• Army-funded SBIR program - Topic No. A10-035

• Phase I project - Contract No. W911W6-11-C-0007

• Phase II project - Contract No. W911W6-11-C-0053

• Program Officer - Matthew Spies & Clay Ames

• Phase I 

– Ferrium C64 steel was developed to improve bending and contact fatigue 

resistance 

– Developed novel hot isostatic pressing (HIP) technique to improve interfacial 

cohesion between nonmetallic inclusions and steel matrix

– ~40% improvement in mean fatigue life behavior 

• Phase II

– Optimize HIPping process

– Manufactured Ferrium C64 specimens (axial and single tooth bending fatigue) 

that were testing against incumbents (Pyrowear X53)

– Statistical analysis shows HIPping significantly improves C64 fatigue (axial) 

performance
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Background - QuesTek Innovations LLC

• Founded 1997

• 15 employees (7 with PhDs)

• A global leader in computational materials design:
– Our Materials by Design® technology and expertise applies Integrated 

Computational Materials Engineering (ICME) tools and methods to 
design new alloys 50% faster and at 70% less cost than traditional 
empirical methods

– Aligned with President Obama’s Materials Genome Initiative

• Creates IP and licenses it to alloy producers, processors or 
OEMs

• 30+ patents awarded or pending worldwide

• 4 computationally-designed, commercially-sold alloys

• Designing 10+ new Fe, Al, Cu, Ni, Co, Nb, Ti, Mo and W 
based alloys for government and industry
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Design material as a system to meet customer-defined 

performance goals

e.g. this “Design Chart” for Ferrium C64 was developed 

under a contract resulting from U.S. Navy Solicitation 

Topic #N05-T006.

Computational Materials Design Overview
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Ferrium® C61® and C64® property comparisons

C61 = AMS 6517

C64 = AMS 6509
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• Rotorcraft 

– Upgrades e.g. V-22

– New platforms e.g. CH-53K

– Evaluation in new U.S. Army-funded 

Future Advanced Rotorcraft Drive 

Systems (FARDS) program

• Weight/size-sensitive or high-

temperature ground vehicle 

drive assemblies

• Bearings

• Vehicle plate armor

• Other TBD

Potential platform applications for C64—examples

V-22

Platform Sponsor for SBIR

V-22 Future Upgrade

CH-53K
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All four are double-vacuum-melted VIM/VAR steels:

Ferrium S53®

Licensee #1 - Feb. 2007:

Licensee #2 - Dec. 2007: 

Ferrium C61™ and C64™ 

Licensee #1 - Nov. 2009:

Ferrium M54

Licensee #1 - April 2010: 

More Licensees are Anticipated
QuesTek is creating robust, competitive supply chains

Commercializing new alloys through licensees
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Tooth Fracture Surface Mating Fracture Surface

Alumina particles

Clusters of debonded particles on fracture surface

Ben Tiemens, PhD 

Thesis, NWU, 2006

C61 –

G1T6

Crack formation at inclusions

(4340 steel with MnO-SiO2-Al2O3 inclusions)
(Figueroa, et. al., 1983)

Introduction: Fatigue crack nucleation at inclusions

Extensive experimental 

evidence is available on 

fatigue crack initiation at 

non-metallic primary 

inclusions in processed high 

strength steels

Fatigue crack nucleation and small crack growth at primary inclusions consumes a significant portion of 

service life (~70-90%) under high cycle fatigue (HCF) 

(Lankford and Kusenberger , Met. Trans A, 1973)

Influence of residual stress 

and inclusion type on crack 

nucleation site
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Alumina particles in Al 6061 matrix: (a) debonding, 

(b) particle fracturing*

• Intact

• Debonded

• Fractured 

particles

Segurado and Llorca, IJSS, 41, 2004, 2977-2993.

(a)

(b)Applied 

loading

Applied 

loading

Cracked

Partially 

debonded 

interface

FE simulation of stress localization 

around damaged particles

F
o

rg
in

g

Void

Void formation at primary inclusions in 

mod4330 steel

Tooth Fracture 

Surface
Mating Fracture Surface

Cracked particle Debonded particle

C67 – G12T5Lanthanum oxy-sulfide inclusions

FE simulations reveal debonded 

inclusions to be the worst case scenario 

for fatigue crack nucleation

Ben Tiemens, PhD Thesis, NWU, 2006

Introduction: Fatigue crack nucleation at inclusions
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Modeling process-structure-property relations 

to support Materials by Design®

DARPA-ONR D3D 

Program

(D. McDowell, 

GaTech)
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Modeling: fatigue indicator parameters (FIPs)
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Higher length scale where process parameters are framed

A hierarchical modeling approach followed to couple process route effects with 

microstructure attributes that influence fatigue crack nucleation and growth in HCF

grain scale or size 

of primary inclusion 

Prasannavenkatesan R, PhD Thesis, GaTech, 2009

Modeling: process route effects—shot peening
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HIPing significantly improves fatigue life for inclusion initiated failures

FE HIPing

process 

model using 

compression 

creep data

Effect of HIPing pressure 

on void closure

Effect of HIPing pressure on void 

closure and fatigue potency

Prasannavenkatesan R, 

PhD Thesis, GaTech, 

2009

Modeling: process route effects – HIPing
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Optimization of C64 HIP parameters

Variation in strength with strain (left); variation grain 

size and yield strength with temperature (right)
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Results – HIPing is very beneficial to 

axial fatigue life

• Weibull survival probability plots 

indicate benefit of HIPing

• Significant increase in fatigue life for a 

1% failure probability

• All samples loaded at a 

peak load of 160 ksi and 

load ratio 0.1

• Samples considered 

runouts at 107 cycles

• 13 UnHIPed samples with 1 

runout

• 14 HIPed samples were 

tested with 7 runouts
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Results – effect of number of runouts
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• Number of runouts greatly influences the ‘shift’ of the 

Weibull distribution describing the scatter

UnHIPed C64
HIPed C64
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MLE approach

The pdf of a 2 parameter Weibull distribution is given by

𝑓 𝑥; 𝜆, 𝛼 =  
𝛼

𝜆

𝑥

𝜆

𝛼−1

𝑒−  𝑥 𝜆 𝛼
𝑥 ≥ 0

0 𝑥 < 0

λ = 1, α = 0.5

λ = 1, α = 1

λ = 1, α = 1.5

λ = 1, α = 5

For a discrete sample of size n, optimum parameters are 

estimated by maximizing the likelihood

𝐿 = 

𝑖=1

𝑛

𝑓 𝑥𝑖;  𝜆,  𝛼

For a discrete sample of size N, with n failures (Type I censoring)

𝐿 =
𝑁!

𝑁 − 𝑛 !
 

𝑖=1

𝑛

𝑓 𝑥𝑖;  𝜆,  𝛼 1 − 𝐹 𝑥𝑖;  𝜆,  𝛼
𝑁−𝑛

Approach directly extendable to 3 parameter Weibull distribution.
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Single tooth bending fatigue comparison—

Ferrium C64 vs. X53 

• Testing performed under 

Army SBIR contract

• Test gears manufactured 

and processed via typical 

aerospace gear 

processing methods
– Vacuum carburization and heat 

treatment

– Shot peening

– Ground surfaces (low surface 

roughness)

• “50% failure stress” 

(analysis by PSU-GRI)
– 182.0 KSI for X53

– 218.9 KSI for C64

– C64 exhibits ~20% higher 

performance over X53

C64’s superior single tooth bending fatigue performance enables higher gearbox 

power density and better durability
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Single tooth bending fatigue comparison—

Ferrium C64—HIP vs. un-HIP
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SN021-T2: C64 HIPped

• Bending stress—209.3 ksi

• Cycles to failure—82,214

• Initiation site—surface

Same mag, different locations
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Itoga et al. Int. 

J. Fat. 25 

(2003)

Kramberger et al. 

Comp. Struc. 82 

(2004)

Suraratchai et al. Int. J. Fat. 30 (2008)

Better address the 

effect of surface 

roughness through 

equivalent fatigue life 

reduction factors.

Flaceliere and 

Morel, Fat. 

Frac. Engg. 

Mat. Struc. 27

Account for loading conditions and surface-volume 

effects through a weakest link approach. The 

probability of finding a life limiting defect scales with 

volume subject to maximum stress.

Extensions and next steps
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Conclusions

• Ferrium C64 (and C61) are the next-generation gear 

steels

• Fatigue nucleation consumes the majority of fatigue life

• Ability to model statistical microstructures and their impact 

on fatigue life

• Ability to model and optimize specialized processing 

steps, and predict their quantitative impact on fatigue life

• HIP has a significant impact on improving minimum 

fatigue life


