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Abstract 

Condition monitoring and life management of components subjected to high temperatures and stresses is very 

relevant to the power industry.  Main steam pipework, control valves, HP turbine rotors and casings fall into this 

description.  Components typically suffer from creep damage towards the end of their useful life and most 

metallurgical surveys, using techniques such as surface replication, generate superficial damage information.  

New developments in core removal and repair by means of friction hydro pillar processing have opened new 

possibilities for managing these high value components.  It is now possible to get creep damage profiles through 

the thickness of the component as well as to perform physical tests on the core sample.  This paper will describe 

the coring process, the validation of the repair technique and residual stress levels, and show the benefit of the 

condition monitoring technique. 
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1. Introduction 

The life monitoring of power stations components is of paramount importance in ensuring 

their safe and cost effective operation.  Failures can have severe consequences and economic 

considerations are also pressuring operators to extend the operating lives of their fossil fuel 

power plants.  To achieve this, regular assessments have to be made of the residual life 

remaining in critical components. 

 

The life expectancy of high temperature and pressure (HTP) components in power stations is 

primarily governed by the steady-state creep rate of the pipe material
[1,2]

.  Component 

remanent life prediction therefore requires knowledge of the in-service creep behaviour and 

condition.  A common in-situ component inspection technique for assessing creep damage in 

steam pipes of South African power plants is by the metallographic surface replication 

technique.  This technique represents a well-accepted on-site method for the condition 

monitoring of creep exposed components and provides a two-dimensional view of the 

microstructure, similar to that observed in a laboratory metallographic specimen
[3,4]

.  

However, the limiting feature of the analysis is that it is of the outer surface only, without 

information on damage within the section.  Ideally a technique should be used that will allow 

creep assessment by depth to fully characterise the creep damage profiles through the wall of 

a component. 

 

This paper will describe a technique developed to retrieve a core sample from a component 

which will allow for creep damage assessment with depth.  It will also describe the use of a 

friction weld technique to perform the repair of the core retrieval site to restore component 

integrity. 
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2. Sample Retrieval 

As the components under investigation are in-service the core retrieval is performed in-situ 

by custom designed equipment with single-axis rotary spindle operation.  A core sample of 

approximately 7mm in diameter is required to be retrieved from a blind hole.  By not fully 

penetrating the wall the possibility of any foreign objects entering the component is avoided 

and the hole base ligament provides a solid backing required to perform the friction repair.  

The depth of the coring operation is dependent on the wall thickness of the component but a 

minimum ligament thickness is required below the hole base to provide support for the 

friction weld.  A tapered hole geometry, shown in Fig.1, was employed which minimised the 

volume of material removal, about the core, while allowing access for core removal. 

 
 

Figure 1 – Typical cored and prepared hole geometry 

 

The core retrieval operation is performed in three stages followed by a hole finishing 

operation which prepares the hole for the friction repair.  Cross-sections views of the stages 

are shown in Fig.2, with Fig.3 showing the corresponding tool required by each stage. 

 
 

Figure 2 – Core retrieval process 

 

The initial coring operation (Stage 1) required the development of a custom designed coring 

tool with a 20° taper.  For the undercutting operation (Stage 2) another custom designed tool 

was developed which is inserted into the hole and rotated around the core.  A cutting insert 

pivots against the base of the core column forming a groove at this position.  This groove 

forms the notch where the core is separated from the base of the hole by manipulation.  Tool 

3 is used to perform the manipulation.  It fits securely over the core column with its end in 

alignment with the groove thereby concentrating load at the groove. 



 
 

Figure 3 – Core retrieval tools 

 

After the core has been removed a standard endmill is used to finish the base of the hole in 

preparation for the friction weld repair operation.  The successful retrieval of the core has 

now provided a sample from which void counts can be taken to assess the level of creep 

damage through the cross-section of the component. 

3. Retrieval Site Repair 

Repair of the sample retrieval site is achieved by the filling of the hole by means of a novel 

friction processing technique, namely Friction Hydro Pillar Processing (FHPP)
[5,6,7,8]

.  This is 

a solid state welding process invented and patented by TWI (World Centre for Materials 

Joining Technology) in the UK in the early 1990’s, but which has found limited industrial 

application up to now.  It was developed to either join similar or dissimilar materials, or 

repair surface voids.  The technique involves rotating a consumable rod co-axially in a cavity 

whilst under an applied axial load so as to generate plasticised layers due to the frictional 

heating below the melting point of the material.  The depositing material forms a 

metallurgical bond between the processed tool material and the hole walls.  Due to the lower 

temperatures involved when compared to conventional arc welding, a very narrow heat 

affected zone (HAZ) results thereby limiting the volume of potentially hard and brittle 

microstructure.  The process is ideally suited for automation, which provides excellent weld 

repeatability.  Virtually no fumes are generated, and importantly minimal distortion is 

experienced due to relative lower heat inputs.  The limitations of the process are the fact that 

development of the process for specific applications is still required and from a practical 

point of view employing the process for in-situ hole repair is challenging as dedicated 

equipment is needed that will require further development. 

 

Fig.4 shows a section view of typical FHPP weld before and after completion.  As indicated 

the tool material is thermo-mechanically processed thereby filling the cavity. 



 
 

Figure 4 – Friction hydro pillar processing pre and post weld cross-sections 

 

A FHPP weld is performed, as stated, by rotating a consumable tool in co-axial alignment 

with a hole.  Axial force is applied to the tool during rotation which results in frictional heat 

being generated at the rubbing interface between the tool face and the base of the hole.  If a 

parallel tool-hole geometry is used a small clearance must be present between the tool and 

hole sides which prevents seizing of the tool.  In the case of a tapered tool and hole 

arrangement, as used here, the hole taper must be larger than the tool taper in order to 

maintain this clearance.  When the required axial downward travel (upset) for complete hole 

fill is reached, the rotation is halted and an axial forge force is applied to consolidate the 

weld.  Fig.5 shows these stages, as well as a completed test weld coupon. 

 

 

Figure 5 – Friction hydro pillar processing stages 

 

In Fig.6 a graph shows a plot of the typical process parameters during a FHPP weld of the 

hole geometry shown in Fig.1 when applied to a commonly used creep resistant steel as used 

in the power generation industry (type 2
1
/4Cr-1Mo). 



 
 

Figure 6 –Plot of process parameters for FHPP 

 

4. Equipment Description 

Existing friction welding (FRW) equipment is generally bulky workshop based equipment 

and is unsuitable for on-site work due to its size and weight.  Therefore development of 

dedicated equipment is required to enable specific application of the FHPP process within a 

power plant environment.  For development of the coring and repair process steam pipework 

was initially identified for application.  This required the design and development of 

equipment that could be positioned and secured in-situ to large diameter, thick walled pipes.  

These pipes are typically 370mm in diameter with a wall thickness of 40mm. 

 

The in-situ requirement obviously required that the equipment be portable for operation for 

sampling on pipework at locations throughout a power generation facility.  Fig.7 shows the 

modular arrangement of the equipment that was developed in its assembled state (left) and 

the disassembled modules. 

 
 

Figure 7 – PFWP equipment modular layout 



 

The modular arrangement of the Portable Friction Welding Platform (PFWP) facilitates ease 

of transport, positioning and mounting.  There are 3 modules that form the assembled 

equipment; the frame, spindle and drive motor modules.  Total weight of the equipment is 

135kg with the heaviest module, the frame, weighing 53kg.  Two roller chain slings are used 

to secure the frame to a pipe after which the spindle and then the drive motor are secured in 

position to the frame.  A synchronous belt drive system is used to transmit the drive from the 

servomotor to the spindle, with two hydraulic cylinders actuating the spindle along the 

rotation axis.  The maximum rotation speed of the spindle is 6000rpm with a maximum axial 

loading of 6 ton. 

 

Once the equipment has been positioned and secured the electrical, hydraulic and control 

connections from the remote power and control unit are connected and the equipment is then 

ready for operation.  The required operating parameters are programmed to the control unit 

and operation can commence.  The equipment was designed to perform both the coring and 

FHPP processes which ensures the concentricity of the FHPP tool to the sample retrieval 

hole. 

 
 

Figure 8 – PFWP mounted for process development trials 

 

The equipment has been extensively tested, firstly in a process development rig, shown in 

Fig.8.  The coring and FHPP operations were developed on this rig which incorporates a 

loadcell for monitoring tool axial force and transmitted torque.  Weld trials have been 

completed with a weld procedure specification compiled for application of the process to 

grade 10CrMo9-10 steel. 



 
 

Figure 9 – Typical tapered FHPP weld cross-section 

 

Fig.9 shows the macrograph of a tapered geometry FHPP from the weld trials showing 

complete bonding has been achieved. 

 
 

Figure 10 – PFWP secured to pipe for testing 

 

At the completion of the weld trials a test rig, shown in Fig.10, making use of an actual pipe 

section, was used for final verification of the coring and FHPP procedures.  Cored holes and 

competed FHPP welds can be seen on the pipe section. 

 

The combined core retrieval and FHPP repair procedures has now been termed the 

Weldcore™ procedure.  The procedure has now been successfully implemented in industry, 
having retrieved core samples and repaired the retrieval holes on a turbine rotor.  The creep 

assessment of the samples provided sufficient data to allow for the decision to return the 

turbine rotor to service, resulting in a considerable cost saving by extending the component 

safe service life. 

 



 

5. Residual Stress Assessment of FHPP Welds 

The aim of this investigation
[9]

 was to assess what effect the pre-heating and PWHT 

processes have on the residual stress distribution of the FHPP process.  For this investigation 

three FHPP weld coupons were produced with identical process parameters from type 2
1
/4Cr-

1Mo steel.  One coupon was left as-welded (welded at room temperature with no PWHT), 

another was welded after preheating to 250°C (no PWHT), and the final coupon was welded 

at room temperature followed by an annealing PWHT process for the material.  Process 

details are given in Table 1. 

Table 1:  Process Data and Heat Treatment Temperature Ranges for RS coupons. 

 

Weld 

No. 

Spindle 

Speed 

(RPM) 

Tool 

Force 

(kN) 

Consumable 

length 

(mm) 

Forge 

Time 

(s) 

Pre-weld 

Heat 

Treatment 

Post Weld 

Heat 

Treatment 

Comments 

W01 5000 17.775 12.0 18.0 - - - 

W02 5000 17.775 12.0 18.0 
200 -

300°C 
- 20 minutes soak 

W03 5000 17.775 12.0 18.0 - 650 - 750°C 
80 minute soak. 

Slow still air cooling 

 

 

Residual stress measurements were achieved by neutron diffraction scanning, with the 

experiment being performed at the Institut Laue-Langevin (ILL), Grenoble France on the 

SALSA beam line.   Scans were performed across one half of the coupons from the weld axis 

centre to obtain representative stress data.  The hoop and axial strain scanning was performed 

using 110 reflection planes while radial strain scanning utilised lower angle 211 reflection 

planes in order to reduce path length through the steel.  Extensive d0 measurements were 

made on as-welded and heat treated samples for ensuring accurate stress calculations.  The 

complete set of hoop, axial and radial stress data enables compilation of residual stress maps 

describing the influence of pre and post weld heat treatment on the FHPP samples.  This 

detailed knowledge linked to the FHPP process parameters and mechanical properties, such 

as fatigue performance, is invaluable to ensure successful implementation of this novel 

technique.  Considering only the hoop stress for the three conditions, illustrated in Figure 11, 

a clear difference in the position and appearance of the maximum and minimum values can 

be observed.  The point of interest from an industrial application point is the maximum 

tensile stress value of approximately 250MPa recorded in the PWHT sample (Figure 11), 

17mm from the top surface, 10mm away from the weld centre line. 

Considering the stress data in conjunction with mechanical properties, metallographic and 

dynamic performance data, clear insight into the effect of the heat treatment conditions can 

be obtained.  The results of the experiment clearly indicated the necessity for preheating and 

PWHT of the weld with the reduced residual stress state of the completed weld.  As expected 

the application of PWHT in particular has a significant influence and should form part of the 

process specification. 



 

Figure 11 – Residual Stress data for  As Welded, Pre Heated and Post Weld Heat Treated samples 

Note: Stress amplitude scales are not normalised so that detail after PWHT can be seen 

 

6. Conclusions 

This work has effectively achieved its intended objective of producing an implementable 

procedure for the retrieval of a sample for creep damage assessment, followed by an 

alternative procedure for the repair of the retrieval site.  The overall procedure has been 

termed the Weldcore™ procedure.  Figure 12 gives a graphical depiction by cross-

sectional views of the 5 stages required by the procedure to retrieve creep sample and 

then repair the hole left by the sample retrieval operation. 



 
 

Figure 12 - Overview of the Weldcore
TM

 process 

 

Further development of the FHPP repair procedure has subsequently provided a weld 

procedure specification for implementation to HTP components made of type 2
1
/4Cr-1Mo 

steel. 

 

The technological significance of the residual stress work is high in terms of optimising 

performance for high technology applications of this novel welding process.  The residual 

stress data will assist in validating FE model predictions of the FHPP process and ultimately 

the work will lead to a wider application of such solid-state welding processes in general. 
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