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Next Generation coal-fired Power Plants will 
employ advanced materials

The next generation of gains in 
efficient fuel utilization will require a 
move to higher system pressures and 
temperatures. 
Advanced ultra super critical 
pulverized coal plant designs are 
calling for some system components 
to operate at 760C and 5000 psi
This will require new materials.
Performance drivers for heavy section 
components (such as headers and 
pipes in superheaters and reheaters):
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B&W SCR Boilerminimize thermal fatigue
achieve high creep performance and high elevated temperature strength
Achieve high corrosion resistance
do so at the lowest possible cost

New materials must be able to be fabricated into 
components



Technical Challenges around Fabrication 
and Manufacturing with Advanced Alloys

MA ODS Alloys
MA 956

NSF
Kanthal APMT

Creep Enhanced 
Ferritics

P91/P92

Ni based Alloys
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Fabrication and Joining Issues

Can’t be fusion welded without 
destruction of dispersoid
Weld nugget microstructure
unfavorable for critical 
properties
Heat input from joining creates 
unfavorable HAZ properties 
(Type IV Creep Failure)
Melt-Solidification process 
creates deleterious phases for 
creep or corrosion  (TCP in Mo 
bearing Ni alloys)

Advanced Alloy Class



Joining Technologies for Coal Power 
Applications
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• Technology Development Objective: 
Develop method(s) of joining next generation materials that result 
in joints with ideally the same hot strength, creep strength, or 
corrosion/oxidation properties as the base metal

• Benefits/Goal Alignment: 
Project supports current and new efforts in developing next 
generation materials for higher temperature plants → scalable 
methods of materials joining



Barriers:
• Traditionally produced by powder metallurgy methods that tend to 

be costly - Commercial viability requires new processing and 
manufacturing technology

• Unfavorable anisotropic properties can result if processed 
improperly for the application

• Cannot be welded by melt/solidification processes

ODS / NSF Alloys: Incorporate a dispersion of nanoscale oxide 
particles (such as Y2O3) in the ferritic matrix 
to mitigate grain boundary movement and 
allow greatly improved creep and high 
temperature strength while maintaining good 
toughness

MA 956

Friction Stir Welding of ODS/NSF Steels

H. K. D. H. Bhadeshia, Univ. of Cambridge website

Liquid phase methods such as fusion welding lead to regions 
within the joints that are devoid of the dispersoids

Alternative joining technology must be considered:
Potential methods include explosive bonding, resistance upset welding, 
diffusion bonding, rotary friction welding, transient liquid phase bonding, 
and friction stir welding (FSW)



Approach to Producing a Commercial FSW 
Joining Process in Advanced Alloys

Stage 1
Develop a robust FSW welding process ¼ inch and thicker plate in an MA ODS,  a 
NSF, a CEF, and a Ni alloy.

Several groups worldwide looking at this, most looking at thin sheet <1/4”
Verify that the resulting joint will produce acceptable mechanical performance.
Verify the creep and creep rupture performance of welds
Verify the SCC and general corrosion performance at service conditions

Stage 2   - Show that the process is deployable by:
Produce process/performance data for code qualification 

Help where we can to get code cases started
Develop statistical confidence around essential variables (what are they and 
what are their ranges)
Develop weld quality assurance methods and statistical process control based 
on weld data obtained at the time of welding

Developing techniques to join heavier sections
Quantify process costs (Esp. tool durability and cost)
Transition joining approach to commercial-scale tube/pipe applications
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Outline of Talk

FSW Overview / Potential Process Advantages
Case Studies

FSW of Kanthal APMT  (Spray Atomized Powder Metal Product)
FSW of MA 956  (Mechanically Alloyed Powder Metal Product)
FSW of P91 (Cast plus TMCP Product)

Issues around Commercialization
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Friction Stir Joining

Spinning, non-consumable tool is plunged 
into the surface of a material. 
Friction and plastic work energy heats the 
material sufficiently to lower the flow stress.
When material softens, the tool is then 
translated along the joint line causing 
material in front of the pin to be deformed 
around to the back, and forged into the gap 
behind the traveling pin
The resulting joint is characterized by:

Fine-grained “nugget” composed of a 
recrystallized and transformed 
microstructure 

Solid-state joining processes
(no material melting)

Process advantages
• Often lower peak temperature and total heat 

input than fusion welding, so:
– Lower residual stress and distortion
– Reduced HAZ
– Less sensitization for corrosion

• Higher toughness joint,  Better damage 
tolerance and fatigue performance

• Fine grained nugget less susceptible to 
hydrogen induced cracking

• Fine grain nugget is more amenable to NDE 
(x-ray, ultrasonics, etc.)

Economic Advantages
• Single pass method – Faster on thick 

section welds 
• No Consumables
• No Environmental Emission
• No “Expert” Operators  
• Lower energy consumption than 

equivalent fusion weld



Friction Stir Welding of 20Cr-5Al-Y-Ti-Hf  Ferritic 
ODS (Sandvik Kanthal APMT)

20Cr  5Al  Ferritic steel with good high temperature creep resistance and oxidation 
resistance similar to some austenitic steels (contains nanophase carbides and oxides)

Gas atomized product not an MA alloy
Alumina former to protect against corrosion and carburization
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Fe Cr Al Y Zr Hf Ti C S N
balance 20-23 5.0 0.1 0.05 0.1 0.02 0.03 0.002 0.05

Kanthal AB catalog 6-B-2-3 PM tubes, 11-08 3000

G.J. Tatlock et al., Materials and Corrosion 2005, 56, No. 12

Composition (wt%)
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Designed for very high temperature applications in ethylene production and 
heating elements



• Tool: PCBN Convex scrolled shoulder 
stepped spiral pin tool, 0.25” pin length

• Process Variables: 
 Weld speed (4 – 8 ipm), 
 Spindle speed (300 – 600 rpm), 
 Tool load (load controlled at 3000 – 7000 lbs)

Fully consolidated, defect-free welds were 
made under a range of process parameters

FSW Parametric Study

0.25”



Creep Rupture Testing of Weld 
Metal

We have not characterized the fine dispersoids in the 
weld vs. parent.
Decided to go straight to creep testing as an 
indication of appropriate weld metal microstructure
Creep samples cut only from weld nugget material 
along length of weld
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Creep Rupture data for Kanthal

Creep Rupture Tests on Kanthal Plate Base 
Material
Kanthal Weld Material tested at 750oC
FSW is producing weld metal with similar creep 
rupture properties to base material
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Kanthal APMT Plate

Weld metal data is on 
trend, slightly higher than 
base metal



Details of the weld nugget from the creep strained gage area 
of a creep rupture specimen tested at 750C 670 hours
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Response to high temperature of as-welded 
material

Plane LT

Grain size similar to parent
Oxide particles are no longer aligned in 
stringers (fracture toughness benefit?)
Microstructures is stable for 670 hours at 
service temp, no significant grain growth
What happens if we provide PWHT?



Customizing microstructure for creep

Creep enhanced ferritic tubing materials are designed 
and processed to produce elongated grains in the primary 
direction of creep stress – the hoop direction – the “onion 
skin structure”
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This structure grows during the heat treatment of highly 
textured, wrought precursor microstructures developed in 
the extrusion/forging/pilgering of the tube
Melt solidification joining destroys this texture
FSW may have a big advantage here:

Grain size/grain boundary energy can be adjusted by 
the process parameters
May be able to grow grains in a “good” direction 

Circumferential weld



However, can get too much of a good thing 
Abnormal Grain Growth in the FSW weld nugget

If the FSW weldment is subjected to 1350 C for 1 hour, the nugget region 
undergoes explosive grain growth
The grains are elongate in the weld longitudinal direction, with is the 
circumferential direction in a girth welded tube or pipe
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Plane LT

Parent metal showed slight grain growth but weld 
metal grew some grains over 6mm long in the LS and 
ST directions 



Room temperature tensile test results: as welded weld metal vs. as 
welded and heat treated weld metal (1350 C for 2 hr) with AGG

Heat treatment (HT) led to abnormal grain growth (AGG) inside the weld nugget. Very 
coarse grains are clearly visible in the grip area of the heat treated tensile sample.
AGG resulted in significant reduction on both the room temperature strength and 
elongation values.
Don’t know creep performance yet
750 C showed no AGG, no reason to PWHT to 1350 ?  If we can avoid it we should
Other way to avoid it is with process parameters choice
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 Kanthal weld plate
 kanthal weld plate + 1350 C/ 2 hr HT

material YS, MPa UTS, MPa % El
weld 661 801 21.7
weld + HT 460 486 6.5

As welded specimen

As welded + HT specimen



Avoiding AGG 
Grain Size Ratios, Zenner Pinning parameters and 2nd Phase Homogeneity
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Humphries Model
Competition between size ratio and 
pinning parameter (Z)

Different process parameters can 
produce different 2nd phase particle 
size (and grain size)changing both Z 
and X

Effect of homogeneity
Multipass vs single pass suppresses 
AGG (in multipass particles are no 
smaller, grain size is not changed, but 
the particle size ratios (ratio of largest 
and smallest grain size to the mean 
grain size) throughout the nugget 
(especially edge to interior) are more 
homogeneous and AGG is suppressed
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Best 
Creep Rupture performance ?

FSW allows you to process 
the material across a wide 
range of specific power 
leading to different strains, 
temperatures, and thermal 
histories

With that you can optimized 
microstructures

In many material systems the FSW process window is large
A large process window means a wide range of weld specific power levels can be used 
and still result in a defect free weld 
We have seen many cases where the best performance in RT strength is located at a 
different place in the process space from say ductility or creep

Modified from Arbegast, 2001

FSW is a Thermomechanical Controlled Process



Ferrite grain size of nugget about the same as 
parent sheet, but more equiaxed

Microstructure in FSW Kanthal Weld (6 ipm)Supplemental Slides
Microstructures



Microstructure in FSW Kanthal Weld (7 ipm)
Slightly higher linear speed and x-direction load

• Change of process conditions will change nugget microstructure-
in this case, finer grain ferrite at higher travel speed

• Creep properties (based on grain size) can be customized to the 
parent sheet



FSW of MA956 update
Saumyadeep Jana
Yuri Hovanksi
Jens Darsell
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Process development has resulted in consolidated defect free welds
Tool: Q60 W-Re-PCBN composite with convex scrolled shoulder with 
stepped spiral pin, pin length 0.25”
Process parameters:

Weld speed: 2-6 ipm
Tool rotational velocity: 200-400RPM
Tool loads: 3000-10,000 lbs

FSW Process studies on hot rolled MA956
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Process variables effect on microstructure
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400RPM 4ipm

300RPM 4ipm

300RPM 6ipm

void

Coarser banding



Microstructural observations
Weld material is equiaxed with a grain size of ~10µm
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Base Weld

20µm20µm



Microhardness map for MA956

-¼” penetration –bead on plate with Weld parameters:  4 IPM @ 300 RPM
Weld nugget material is softer than base metal with very slight gradient in 
hardness (softer on the advancing side of the nugget). No distinct discontinuities 
in nugget hardness
Note:  The base metal was in the as rolled state (rolled at 1000C and air cooled 
prior to welding).  Base plate hardness reflects an uncontrolled condition (we did 
not normalize prior to welding)



Summary of progress
FSW in P91   

Creep Enhanced Ferritic
(Cast plus TMCP Product)



P91 FSW Welds
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Fully consolidated 
welds were 
achieved at several 
process parameters
Including 6 ipm, 350 
RPM



Nugget Microstructure Very fine lath size at 
higher weld speeds
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2ipm, RPM: 350 6 ipm, RPM: 350



Soft zone in HAZ of 9Cr steel

Slide from Mike Santella  - ORNL
04/19/2011



Microhardness map for P91

¼” penetration –bead on plate with Weld parameters:  6 
IPM @ 350 RPM
Weld material is roughly 2x hardness of base metal with a 
very slight softening in the HAZ

Soft region is a thin band in the HAZ 
surrounded by harder material
-Soft region is shown as the darkest 
blue (~195 HV)



Changing FSW process to change joint 
properties  - Example from precipitation hardened aluminum 
alloy  (Tony Reynolds, Univ. of South Carolina)

For a location in the HAZ at an arbitrary position from the weld nugget 
edge, a faster travel speed of weld head will result in a lower time 
above some critical temperature
This results in a situation where faster travel speed can lead to 
smaller property dropoff in the HAZ due to HAZ softening
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The width of the HAZ is correlated with 
UTS due to the constraint effect as well as 
the lower hardness
The width of the HAZ is also affected by 
weld parameters 
Higher travel speed leads to smaller HAZ 
width
Can this effect translate to a control of 
transformation products through control of 
thermal profile during welding?
Can we reduce the effects of Type IV 
failure by optimizing weld parameters?32

Changing FSW process to change joint 
properties  - Example from heat treatable aluminum alloy
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Summary

FSW Joining of ODS/NSF
Kanthal APMT and MA 956 can be successfully Friction Stir Welded to produce mechanically 
sound welds up to ¼ inch in thickness with current commercial FSW tools 
FSW welds Kanthal APMT show creep performance at 750C that is virtually identical in the 
weld nugget as in the parent rolled plate (in the longitudinal or rolling direction)
FSW is able to create a fine grain structure inside the weld nugget in a Kanthal APMT plate 
that remains stable when tested at 750° C for over 670 hours.

FSW Joining of P91
P91 can be successfully Friction Stir Welded to produce mechanically sound welds up to ¼ 
inch in thickness with current commercial FSW tools 
HAZ softening still occurs but it is unknown at present if Type IV creep is less severe in the 
FSW joined plate

FSW may be a particularly appropriate method to joint these materials 
since

The microstructure can be “customized” to the parent through changes in weld process 
parameters making FSW a TMCP process (not just a joining process)
Texture and particle distribution in weld nuggets can lead to grain growth in a favorable 
direction for creep. 
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• Technology Development Objective: 
Develop method(s) of joining next generation materials that result in joints with ideally the 
same hot strength, creep strength, or corrosion/oxidation properties as the base metal



Next Steps

MA-956
Weld process development is complete. 
Creep Testing started (Base material, Nugget only and cross weld creep 
at 750 C in process)

P91
Weld process development is complete 
Samples for RT and nugget only creep are being fabricated
More weld samples will be made to be sent to ORNL for more 
comprehensive creep testing

Kanthal APMT  - New Project Partner  Sandvik
Corporate interest to modify APMT product line potentially for A-USC 
applications
Already use this material in in tube form in ethylene production and 
heater tubes
This is a low cost, commercially available, NSF. It may be “good enough” 
for some A-USC applications (not all components need 750/5000)
They are bringing some leveraged work from Europe  on dissimilar 
material Friction Stir welds.
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END
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