
Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-II: Paper ID# 159 

 1

MEASUREMENT OF RESIDUAL STRESSES IN DISSIMILAR METAL 
WELDS USING THE DEEP HOLE DRILLING TECHNIQUE 
 
D.M.Goudar1, E.J.Kingston1, A.Csontos2, H. Rathbun2, J. Broussard3, P.Crooker4, D.J.Smith5 

1VEQTER Ltd., Bristol, UK  
2US Nuclear Regulatory Commission, Washington DC, USA 
3Dominion Engineering, Inc., Washington DC, USA 
4Electric Power Research Institute, Palo Alto, USA 
5University of Bristol, Bristol, UK 
 
E-mail of corresponding author: d.goudar@veqter.co.uk 
 
ABSTRACT 
 

Dissimilar metal welding (DMW) introduces residual stresses within a component which are influenced by 
a number of factors. These include manufacturing stresses in the base material, overall geometry, thermal and 
mechanical properties of the components and finally the welding parameters employed. Recently it has been found 
that Inconel alloy 182, which has been used in DMW is susceptible to stress corrosion cracking. Extensive 
investigations into structural integrity have been performed. This paper discusses the outcomes of a programme of 
measurements made using the Deep-Hole Drilling (DHD) technique on benchmark laboratory and full-scale pre-
service components containing DMWs, DMW repairs, stainless steel welds (SSW) and Optimized Weld Overlays 
(OWOL). The studies were conducted by comparing the results of different laboratory measurements and analytical 
models.  

 
1. INTRODUCTION 
 

As welding is a commonly used joining process in various industries, there is a need to validate and 
understand the behaviour of weld residual stresses for different welds used to join critical components.  Dissimilar 
metal welds (DMWs) are commonly used in the nuclear industry to join the ferritic steel reactor pressure vessels to 
the stainless steel piping used elsewhere. Traditionally Inconel alloy 182 has been used as the DMW in order to 
bridge the gap between the different materials with incompatible thermal expansion co-efficients. However as alloy 
182 is susceptible to stress corrosion cracking, the need for extensive investigations into its structural integrity are 
being performed to refine the calculations used in life time predictions. 

The US Nuclear Regulatory Commission (US NRC) and the Electric Power Research Institute (EPRI) have 
conducted a joint research programme to validate the through-wall weld residual stresses that develop at dissimilar 
metal butt-welds from typical fabrication and failure mitigation processes.  Surface and through-wall residual stress 
measurements have been used to compare, improve and validate finite element (FE) predictions of the residual 
stresses generated. Four phases of work have been carried out focusing on benchmark laboratory components 
through to full-scale pre-service nuclear power plant (NPP) components. 

A wide range of residual stress measurement techniques were used, namely: Neutron Diffraction (ND), 
Deep-Hole Drilling (DHD), Incremental Centre Hole Drilling (ICHD), X-Ray Diffraction (XRD) and Ring Coring 
(RC). This paper presents work carried out in Phases 1, 3 and 4, and is focused on measurement using the DHD 
method.  

 
2. DEEP HOLE DRILLING RESIDUAL STRESS MEASUREMENT TECHNIQUE 
 

The DHD residual stress measurement technique is a semi-invasive, mechanical strain relief technique. The 
typical DHD process [1 and 2] involves the following four steps: 1) bushes are attached to the front and back 
surfaces of the component and then a reference hole is gundrilled through the bushes and component; 2) precise 
measurement of the reference hole diameter at a number of angles and at several increments in depth is carried out; 
3) a core of material containing the reference hole is concentrically trepanned free of the rest of the component using 
a plunge electro-discharge machine (EDM); 4) the reference hole is re-measured at the same angles and same depth 
increments. Changes in diameter of the reference hole between step 2 and step 4, due to the release of residual 
stresses during step 3, are then converted to stresses using the appropriate Young’s modulus. Fig. 1 shows a 
schematic diagram of the four step DHD process. 
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For components containing high magnitude residual 
stresses, it is expected that plastic release of stresses will occur 
during step 3 of the standard DHD process and so the modified 
technique, called incremental DHD (iDHD) [3], will be used to 
account for plasticity. During the iDHD technique the core is 
extracted in incremental machining steps using EDM and the 
diameter of the reference hole is measured between each 
increment.  The diameters of the reference hole measured at each 
stage are then compared against each other and the original 
residual stresses present are calculated.  Each increment in EDM 
depth yields a single set of measured biaxial residual stresses.   
 
3. LABORATORY AND PRE-SERVICE COMPONENTS 
  

The benchmark laboratory components comprised of 
two stainless steel (SS) plates welded together using a DMW and 
three cylinders welded together using DMWs and also containing 
a DMW repair. The other components under test were actual pre-
service components extracted from the cancelled WNP-3 nuclear 
power plant and were pressuriser safety and relief nozzles (S & 
R) and a cold leg nozzle (CLN). 
 
Laboratory Specimens 

The welded plate specimen was manufactured by EPRI [4], a photograph of which is shown in Fig. 2a. 
Welding was carried out by restraining the plates using an aluminium backing plate to prevent the predicted bowing 
of the specimen. The base plate was made of 304L stainless steel, measured 0.6inch thick, contained a 0.4inch 
groove weld and was 14inch long, by 11inch wide. The welding was performed using Nickel -alloy 82(A82) in 11 
passes.  

The welded cylinder specimen was made of three 
sections, one 304L SS section, one buttered A82 carbon steel 
(CS) and one 304L SS safe end section, as shown in Fig. 2b. 
The safe end section had the same ID and OD as the other 
sections and was used to join the two aforementioned 
sections with axisymmetric butt welds as shown in Fig. 2b. A 
9.9mm deep groove spanning an arc length of 90 degrees was 
then cut into the OD of the specimen centered about the 
DMW to CS butter interface. This was then repaired with the 
DMW shown in Fig. 2b.   

 
Pre-service S & R Nozzles 

Three actual pressuriser S & R nozzles, removed 
from a cancelled nuclear power plant were used for 
measuring and modeling the residual stresses present within 
realistic DMWs. Fig. 3a, 3b and 3c show annotated 
photographs of the S & R nozzles B, C and D respectively.  

Nozzle B was 266mm in total length and consisted 
of two sections, a ferritic steel nozzle (SA508) and a SS 
(316L) safe-end, butt welded together using a DMW (A82).  
The ferritic steel nozzle had been cladded on its ID using SS. 
Nozzle C was 374mm in total length and consisted of the 
same sections as Nozzle B. The ID surface around the 
buttering and DMW region on the nozzle had been polished 
and etched in order to highlight the weld boundaries. This 
illustrated the location of the DMW repair at the ID of the 
nozzle, as illustrated in Fig. 3d. The S & R Nozzle D was 
711mm in total length and consisted of the same sections as 

Fig. 1: Schematic diagram of the DHD process.

Fig. 2: Photograph of (a) DMW Plate, (b) 
DMW & DMW repair Cylinder. 
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Nozzles B and C but with the addition of a SS pipe section 
using a stainless steel weld (SSW). Unlike the DMW, the 
SSW had not been machined flush on the OD or ID.  

For all the Nozzles, prior to welding the DMW, a 
layer (assumed to be 12mm thick) of Inconel alloy 182 
buttering was applied to the ferritic nozzle.  The DMW 
was deposited in a “single-V” configuration using a 
manual welding process with Inconel alloy 182.  The 
surface of the buttering and DMW on the OD and ID had 
been machined smooth to match those of the nozzle and 
safe-end. 

 
Pre-service Cold leg Nozzle 

The “Cold Leg Nozzle” (CLN) component was 
again an actual nozzle removed from a cancelled NPP.  
Fig. 4a and 4b show photographs of the CLN component 
in the as-received and post-OWOL states respectively.  
The CLN component consisted of a ferritic steel nozzle 
welded to a SS safe-end, which in turn was then welded to 
a section of SS main coolant piping.  The ferritic steel 
(SA508) nozzle was roughly 630mm long and had an 
outer diameter (OD) of 1190mm at the RPV wall. The 
ferritic steel nozzle had been cladded on its inner diameter 
(ID) using 308 SS.  The 316L SS safe-end had an OD of 
888mm, an ID of 740mm and an OD length of 43mm.   
The 304 SS main coolant piping had an OD of 888mm, a 
stepped ID of 740mm at the weld to 714mm at the free 
end and an OD length of 676mm. 

 
 
 

When the CLN component was removed from the NPP, it 
consisted of just the ferritic steel RPV exit nozzle welded to the SS 
safe-end using nickel alloy 182 as shown in Fig. 4a.  Immediately 
prior to carrying out the first DHD measurements the CLN 
component was subjected to further manufacturing stages to insert a 
DMW ID repair and then attach the stainless steel main coolant 
piping.  The DMW ID repair weld was a 25% partial depth, 30° 
partial arc length repair weld carried out at the centreline of the 
DMW on the ID with the mid-length of the repair at the 185° 
position.  After the repair had been carried out and the ID surface 
machined smooth the SS main coolant piping section was attached 
using an asymmetric, single-V, 308L stainless steel weld. On 
completion of the SSW both the OD weld caps and the ID weld root 
were machined smooth to match the safe-end and main coolant 
piping. Residual stress measurements were then carried out. 

An OWOL was then applied to the CLN by AREVA using 
their proprietary GTAW “High Deposition Welding Process”.  Fig. 
4b shows a photograph of the CLN component with OWOL 
attached.  The OWOL was 500mm long, 20mm thick and covered 
the full circumference of the DMW, safe-end and SSW.  The 
OWOL was comprised of eight 2.5mm layers of Inconel 82 weld 
material encompassing a total of 376 weld beads.  No post-weld 
machining of the OWOL was carried out prior to the second stage of 
residual stress measurement using the DHD technique. 

 
Fig. 4: Photograph of the CLN (a) As-

received nozzle (b) Post-OWOL nozzle.

Fig. 3: Photograph of the pressuriser S & R Nozzles 
(a) Nozzle B, (b) Nozzle C, (c) Nozzle D, and (d) 

Nozzle C ID repair. 
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4. MEASUREMENT LOCATIONS AND TEST CONDITIONS 
 
Laboratory Specimens 

DMW Plate: The standard DHD measurement process was carried out through the weld and through the 
aluminium backing plate by removing a core of 10mm diameter containing a 3mm reference hole. Residual stresses 
in the weld-longitudinal and weld-transverse directions were measured along with the associated shear. The detailed 
procedures for the other measurements (ICHD, ND, RC and XRD) are not known although further details were 
presented by Broussard [4]. 

DMW Cylinder: Two through thickness iDHD measurements were performed on the cylinder, one 
through the DMW centre line and one through the centre line of the DMW repair. Each iDHD measurement was 
drilled in a radial direction through the wall thickness using a 1.5mm diameter reference hole and extracting a 5mm 
diameter core. Residual stresses in the hoop and axial directions were measured along with the associated shear.  

 
Pre-service S & R Nozzles B, C and D: 

Two DHD residual stress measurements were carried out on each of the S & R nozzles B, C and D. The 
DHD measurements were carried out with the extraction of Ø5mm cores (roughly) containing Ø1.5mm reference 
holes. The measurement axes (i.e. nozzle-radial direction) for all locations were such that the residual stresses acting 
in the hoop, axial and associated in-plane shear directions were measured. Measurements were not made of the 
radial residual stresses. 

In Nozzle B the measurements were carried out through the centreline of the DMW at 90° and 270°. The 
90° and 270° measurement locations were carried out at roughly 23.5mm and 25mm from the ferritic/buttering 
interface on the OD.   

The DHD measurements in Nozzle C were positioned to penetrate the centre of the DMW root bead. The 
first location was positioned at 45o clockwise when looking down the safe-end of the nozzle. This position was 
chosen as there was no damage to the specimen in the measurement region and the material was assumed to be 
steady state. The second location was positioned at approximately 270o clockwise when looking down the safe-end 
of the nozzle. This position was chosen in order to penetrate the centre of the DMW in line with the mid-arc length 
of the repair weld.  

For Nozzle D, the measurement locations were placed at 15° to either side of the 270° marked position (i.e. 
285° and 255°) to avoid interference with each other. The heat treatment state of the nozzle component was 
unknown, so too were the welding process feature locations (i.e. weld start and stop positions). Each position was 
chosen, ensuring there was no damage to the specimen in the measurement regions and the material was assumed to 
be steady state, with material boundaries clearly visible around the OD and ID surfaces. Location 1 was positioned 
to penetrate through the centreline of the DMW and location 2 was positioned to penetrate the weld and the 
buttering material interface at the nozzle wall mid-thickness.  

 
Pre-service Cold leg Nozzle 

Eight DHD residual stress measurements 
were carried out on the CLN component, but only 
four will be presented here, two before and two 
after the OWOL had been applied. All 
measurements were carried out through the 
centreline of the DMW with the measurement axes 
in the nozzle-radial direction. The locations of 
features within the DMW (e.g. weld start and stop 
positions) were unknown and so the locations of 
the measurements were chosen arbitrarily to be 
roughly 90° apart with the measurement through 
the centreline of the repair weld fixed at 180°.  The 
final DHD measurement locations presented here 
were at 175° and 350° (pre-OWOL), 180° and 0° 
(post-OWOL). At all four locations the DHD 
technique was carried out with the extraction of a 
Ø10mm core containing a Ø3mm reference hole.  
The measurement axes (i.e. nozzle-radial direction) 
for all locations were such that the residual stresses 

Fig. 5: Through thickness residual stress measurement 
using the DHD method on the DMW plate. 
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acting in the hoop, axial and associated in-plane shear directions were measured. 
 

5. RESULTS AND DISCUSSION 
 

For this project only the in-plane distortions of the reference holes were measured following core 
extraction. The analysis used to convert the measured distortions to residual stresses assumed isotropic, plane stress 
conditions and as such the Poisson’s ratio was not required. The residual stresses presented are either standard DHD 
results or an amalgamation of the standard DHD and iDHD measurement results, where applicable. Each of the 
measured stress directions is plotted as a function of depth from the weld-cap surface. Any measurements within 
1mm of a surface are omitted due to inaccuracies from edge effects. 

 
Laboratory Specimen  

DMW Plate: The through-thickness residual stresses measured through the DMW and the backing plate 
using the DHD technique are shown in Fig. 5. Young’s moduli of 210GPa and 70GPa were used for the weld and 
aluminium materials respectively. Some residual stress results through the depth have been omitted because they 
were deemed inaccurate due to the air probe diameter measurements being out of calibration range. The stresses in 
the longitudinal and transverse direction were found to be tensile in the groove weld region and predominantly 
compressive in the parent material below the weld. As the plate was restrained during welding to prevent bowing, 
bending loads were transferred to the backing plate 
which can be seen in the measured stress values. 
The backing plate was found to be compressive on 
the top surface near to the back face of the specimen 
and then gradually increases to tension at the bottom 
surface.  

The DHD results from the specimen were 
compared with other measurement results from 
other techniques (ICHD, ND, RC, and X-ray) and 
also compared with the results from FE simulations. 
The stresses in the longitudinal and transverse 
directions are shown in Fig. 6a and Fig. 6b 
respectively. Fig. 6a shows that the FE simulation 
overestimated the longitudinal stresses when 
compared with measurement techniques. FE, DHD 
and ND results were seen to follow similar trends 
with the DHD more in agreement with FE than ND 
except near to the surface. But in comparison with 
the surface measurement techniques such as RC and 
ICHD, the DHD results tend to follow the surface 
measurements very well while ND and FE show 

Fig. 6: Comparison of residual stresses using the DHD, ICHD, ND, Ring Coring and X-Ray methods and 
comparison with FE simulations (a) Longitudinal Direction (b) Transverse Direction 

Fig. 7: Comparison of through-thickness residual stress 
measurement using the DHD method on the Cylinder DMW & 

weld repair. 
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otherwise. The XRD measurement was found to provide higher values in the longitudinal direction but be in-line 
with the DHD measurement in the transverse direction. In the transverse direction the FE results were seen to 
underestimate the ND and DHD measurements within the weld and then agree with the DHD results in the parent 
material below the weld. Again DHD and RC results were seen to follow similar trends. The ICHD measurements 
were of similar magnitude but showed a different trend compared with all the other measurements. The DHD and 
ND measurements showed similar profiles in both the longitudinal and transverse directions but with an offset of 
roughly 100-200MPa. This could be due to an inaccurate do (stress-free lattice parameter) used for the ND 
measurements.  

DMW Cylinder: The in-plane residual stresses measured in the cylinder specimen in the as-welded and 
repair welded states are shown in Fig. 7.  The distortions were converted into residual stresses using a Young’s 
modulus, E, of 206GPa for the alloy 82 weld material. The hoop and axial residual stresses at both locations were 
found to maintain very similar residual stress levels through 
the outer half of the specimen thickness, reaching peak 
tensile residual stresses of about 200MPa. However different 
trends of measured stresses were observed much deeper in 
the specimen at the locations. Due to the introduction of a 
repair weld very little difference was seen in the axial 
direction, but in the hoop direction, low tensile stresses were 
measured compared to highly compressive stresses measured 
(about -200MPa) in the repaired region.  

 
Pre-service S & R Nozzles B, C and D: 

For the S & R nozzles the diametral distortions were 
converted into residual stresses using a Young’s modulus, E, 
of 214GPa for the Inconel 182 weld material.  

Nozzle B: The residual stresses measured using the 
standard DHD technique at the two locations, 90° and 270°, 
are shown in Fig. 8a. It can be seen that there is good 
agreement between the hoop and axial residual stresses 
measured at both locations.  The peak magnitudes, both in 
tension and compression, were found to be very similar; 
however there was a difference of roughly 3mm in depth 
between the positions of the peaks.  Also, low magnitude 
compressive residual stresses were found at the 270° location 
from 2.5mm to 8mm depths whereas for the 90° location low 
magnitude tensile residual stresses were typically found at 
these depths.  

Nozzle C: The residual stresses measured using 
DHD and iDHD in both the as-welded (45°) and repair 
welded (270°) locations are shown in Fig. 8b. The presence 
of the ID repair weld at location 270° has resulted in very 
high tensile residual stresses in both the hoop and axial 
directions compared to hoop and axial compressive stresses 
in the as-welded location from the mid-thickness to the ID. 
In the repair weld location the hoop stresses were on average 
64MPa greater than the axial stresses. Similarly to the repair 
weld location the hoop stresses were greater than the axial 
stresses at the as-welded location.  

Nozzle D: The DHD and iDHD measured in-plane 
residual stresses from measurement locations 285° and 255°, 
after the attachment of the SS pipe to the safe end are shown 
in Fig. 8c. The measurement through the DMW centreline 
(i.e. 285°) was found to have higher peak tensile residual 
stresses in both the hoop and axial directions than the 
measurement at 255° passing through the weld and buttering 
interface.  Peak compressive stresses were found in both the 

Fig. 8: Comparison of thickness residual stress   
measurement using the DHD method on S & R  

(a) Nozzle B, (b) Nozzle C, (c) Nozzle D
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weld root and in the buttering (i.e. at the ID of the nozzle). 
Comparisons of all the six measurements in the hoop and axial directions on the S & R nozzles have been 

provided in Fig. 9a and Fig. 9b respectively. 

 
 

Pre-service cold leg nozzle  
The measured deformations of the reference 

holes were converted into residual stresses using a 
Young’s modulus, E, of 214GPa. Comparisons of the 
measured residual stresses pre and post-overlay at the 
repair weld and as-welded locations (i.e. at approx. 180° 
and 0° respectively) are shown in Fig. 10a and Fig. 10b 
respectively.  

The residual stresses measured through the repair 
weld show excellent agreement with the as-welded 
locations at depths up to 25mm from the OD surface. At 
depths greater than 25mm it can be seen that the 
introduction of the repair weld redistributes the as-welded 
residual stresses to become more compressive at mid-wall 
thickness and more tensile at the ID surface. Even though 
the repair weld physically starts at a depth of roughly 
55mm, the region of influence on the residual stresses 
starts from a depth of 25mm. It has been found that the 
introduction of the optimized weld overlay has produced 
compressive or nearly compressive stresses at the inner 
surface containing stress corrosion cracking susceptible 
weld material. Generally the stresses were lower through 
the thickness of the original component after OWOL by 
approximately 100-200MPa. The in-plane shear stresses 
were found to be negligible at both the locations. 

Two 2-D finite element (FE) model was used to 
simulate the complete fabrication history of the weld 
overlay from the initial DMW to final overlay. Details of 
the FE simulation have been provided elsewhere in [5]. 
Comparison of the simulated and the measured data are 
plotted in Fig. 11a and Fig. 11b for the pre and post-
OWOL states at the repair weld (180°) location. Very 
good agreement between the measured and simulated 
stresses was seen over the inner half of the wall thickness, 

Fig. 10: Comparison of residual stresses measured 
using the DHD method Pre and Post OWOL at 

locations (a) 180° (b) 0°. 

Fig. 9: Comparison of residual stresses measured using DHD in the S & R Nozzles in (a) Hoop (b) Axial Direction
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but in the outer half the FE under predicted the axial stress 
both before and after OWOL. Overall a good agreement was 
seen between the FE and measured residual stresses except 
within the OWOL material.  

 
6. CONCLUSION 
 

A number of DMW induced residual stresses in 
laboratory and practical components were measured and 
simulated. Different measurement techniques were 
successfully applied to measure the residual stresses in the 
benchmark laboratory welded plate and validated against FE. 
In general the FE, DHD and ND results were seen to follow 
similar trends with the DHD more in agreement with FE than 
ND in the longitudinal direction except near the weld-cap 
surface. For the plate the DHD results seems to agree more 
with the near surface measurement techniques such as RC 
and ICHD than the ND and FE. In the transverse direction a 
large difference in the DHD measured and FE simulated 
results were observed.  

The residual stresses in the S & R nozzles B, C and 
D were measured at different manufacturing stages to study 
their effects on the DMW.  Both the measurement locations 
in nozzle B predicted very high tensile residual stresses near 
the ID surface. The reason for this behaviour is unknown at 
this moment. The authors suspect the nozzle might have 
been through some additional manufacturing process at the 
ID. For nozzle C the introduction of the ID repair weld has 
resulted in higher tensile residual stresses in both the hoop 
and axial directions. Finally in nozzle D, higher tensile 
residual stresses were observed in the DMW centreline than 
at the DMW/buttering interface 

In the CLN component the DHD and FE results agreed very well except within the overlay material itself. 
For the cold leg nozzle the introduction of the OWOL resulted in lowering the tensile residual stresses throughout 
the weld and generating a deeper zone of compression from the ID.  

For most of the measurements in the DMW, tensile stresses were found near to the weld cap reducing with 
depth into compression at the ID, beneficial to the integrity of the component. However ID repair welds introduce 
high tensile residual stresses at the ID and so are good for defect removal but create another region prone to crack 
initiation and then growth. 
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Fig. 11: Comparison of measured and simulated 
residual stresses measured at locations (a) 180° (b) 0°.


