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1. OBJECTIVE 

The primary objective of this experiment is to demonstrate the capability of neutron diffraction 
technique to reproducibly map residual strains in a ferritic steel weld. The objective includes 
the identification of corrections for variations in metal composition due to the welding process 
which produces changes in lattice parameter that are not due to mechanical effects. 

The second objective is to develop and demonstrate a “best practice” for neutron diffraction 
strain mapping of steel welds. The appropriate coordinate system for the measurement of a 
weld, which is strongly distorted from planar geometry, has to be defined. The coordinate 
system is important in determining the procedures for mounting and positioning of the weld so 
that mapping details, especially in regions of high gradients, can be conveniently inter-compared 
between laboratories. 

2. SPECIMEN 

The specimen is one of a set of VAMAS TWA 20* round robin welds that have been circulated 
to the laboratories participating in this study. The weld specimens were provided by Rick 
Leggett of the Welding Institute (UK). The source of the round robin welds was a ferritic steel 
plate (type BS 4360 50D) with a size of 200x150x12.7 mm. It was flame cut from a larger sheet 
and the rough edges were then ground to produce reasonably smooth square edges. A 6 mm U- 
groove was machined in the middle of the plate along its length to a depth of 8.5 mm leaving 4 
mm of parent metal below. A 12-pass mechanized TIG weld was made in the groove using a 
travel speed of 240 mm/min. The plate was clamped for the first 10 passes but released for the 
last two. The resulting distortion left the plate bend at an angle of about 7 degrees (see Fig 1). 
Residual stresses at transverse extremities are not necessarily close to zero and the residual stress 
pattern is not totally symmetrical because of flame cutting variations and restraint during 
welding. A 3 mm section was then cut from each weld, which provided material for the 
determination of the zero-stress lattice parameter. Several partial cuts into this piece formed a 
comb-like configuration where each “tooth” was considered stress-free. 

3. EXPERIMENT DETAILS 

The residual stress instrument at Oak Ridge National Laboratory is a modification of a triple-axis 
spectrometer located at the HB-2 beam port of the High Flux Isotope Reactor (HFIR). The 
reactor is a beryllium reflected, light water moderated flux-trap research reactor operating at 85 
MW. The core flux is 1.5 x 10 I5 neutron/cm2/sec which peaks in the beryllium reflector near the 
end of the radial beam tube. The monochromating crystal has a multiple-segment silicon 

* Versailles Projects on Advanced Materials and Standards (VAMAS), Technical Working Group 20 (TWA-20). 
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construction that permits elastic ben&ng ofme ikgtihl3 m the horizontal plane and vertical 
focussing by separately orienting each elastically bent segment. The neutrons diffracted from the 
specimen are collected in a seven-detector array of ORDELA position-sensitive proportional 
counters. The detectors are mounted on a circle in the vertical plane and each detector is 
separated symmetrically above and l%iow the horizontal scattering plane by 7 degrees. 
The principles of residual stress measurement with neutron diffraction can be found in Ref. [ 11. 
In the present experiment, the (33 1) reflection from the silicon monochromator at 84” produced 
a nominal monochromatic beam of 1.65 A wavelength. The calibration procedure can be found 
in Ref. [2]. Five reflections from a nickel powder specimen were used to determine the 
wavelength. The linear detector position was calibrated against scattering angle in the following 
procedure. The detector arm carrying the linear position sensitive detector is moved in equal 
angular increments so that the 3 11 Ni is displaced through the range of the detector. The 
observed linear displacement in the peak position is then calibrated with the scattering angle. 
Incoherent scattering from a polyethylene plate was used to correct for variations in detector 
efficiency. 

Incident and scattered beam apertures defined the gauge volume. The incident bearn aperture 
opening was 1.5 mm wide and 10 mm high for normal and transverse strain measurements, 1.5 
mm wide and 2 mm high for longitudinal strain measurements, at a distance of 45 mm from the 
rotation center of the diffractometer. The scattered beam was received through a tall aperture 
with a 1.5 mm width for normal and transverse strain measurements and 2 mm for longitudinal 
strain measurements, set at 45 mm from the diffractometer axis. The incident beam was 
centered over the diffractometer axis by scanning the diffracted intensity from a centered 1 mm 
steel pin. 

The 211 Bragg reflection position from ferritic iron was used for strain measurements. The 
experimental parameters including the scattering geometry are summarized in Table I. 
Diffraction data used in this experiment were taken from the middle three detectors in the 
detector array. For each detector, diffraction peaks were fitted to a Gaussian curve on a 
background represented by a second order polynomial. Strains were calculated from the shift in 
the peak position relative to an appropriate stress-free standard peak position. The reported 
strains are the average of the strains calculated from the middle three detectors. 

For each detector, the error of strain determination was estimated from the uncertainty of fitted 
peak position. For the average strain value (over three detectors), the root mean square deviation 
of strains ( oCrms ) measured by each detector, which reflects uncertainty of measurements as well 

as strain variations from grain to grain, was assigned as the estimated error. Typically cr,““’ is 

close in magnitude to the individual a, values. 

Two steel pillar shaped samples (6 mm x 6 mm x 40 mm and 3 mm x 6 mm x 30 mm) cut from 
a common sample of ferritic steel were used for intermediate scattering angle references in both 
welded plate and stress-free reference experiments. Scattering intensities from one or the other 
of these samples were recorded periodically throughout the experiment to check the stability and 
repeatability of peak angle measurement. 
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The sample positions were determined by the surface scanning technique [3-41, Since the 
surfaces of the plate are not simply related to the directions of specimen translation, a program 
was devised to convert specimen test point coordinates to translator motor positions [5]. A 
selection of surface points was located in terms of motor positions by surface scans. A 
coordinate conversion matrix was calculated using the specimen and motor coordinates. This 
coordinate conversion was then used to calculate the motor positions to be used in the control 
program to reach the desired test points. This was particularly useful in measuring points in the 
stress-free “comb” where the “teeth” in the comb were not generally perpendicular to the plate 
surface. 

4. RESULTS AND DISCUSSIONS 

The experimental results for the measurements in the weld plate and comb-like sample are 
shown in Table II. The derived strains and stresses are listed in Table III. The measurement 
results for the comb-like specimen are plotted in Fig. 2. It can be seen that the strain-free lattice 
parameter at points close to the front surface varies with distance from the front surface. The 
variation is due to small composition gradients. The average of the peak position from the 
measurements at line 1 and 7 in Fig. 2 indicates that the peak shift due to computation gradient is 
not large (0.03 degrees). The residual strains and stresses at the mid-thickness line are plotted in 
Fig. 3 and Fig. 4, respectively. Note that the longitudinal stress is tensile and the transverse 
stresses compressive at the mid-thickness line in the vicinity of the weld. At one end (-60 mm 
from reference line), the residual stresses in all directions tend to be zero while at the other end 
they are tensile. In all cases the normal stresses are relatively small. The distribution of the 
residual stresses at the mid-thickness line is not symmetric with respect to the centerline. The 
residual strain and stress maps at locations on the lines in the vicinity of the weld (line 2 - line 6) 
are shown in Fig. 5 - Fig. 10. 

The distribution of scattering intensity from a 0.5 mm diameter pin that was scanned over a 3 
mm by 2 mm area on the horizontal plane is shown in Figure [l l-171. The figure indicates good 
correspondence to the dimensions of the defining slits. The centering of the gauge volume to the 
diffractometer rotation axis is shown as well. The scanning measurements for the gauge volume 
indicate that the gauge volume was elongated along the incident beam. The comparison of the 
gauge volume size for individual detectors is listed in Table IV. The gauge volume size is 
calculated by measuring the size of the contour in which the intensity is larger than 50%. 

5. CONCLUSIONS 

l The strain and stress distribution at the mid-thickness line is not symmetric with respect to 
the centerline. 

l The lattice parameter of the d-zero sample in the area near the front surface varies due to 
chemical compositional gradients. 

l Compared with the measurement for the ring & plug, the residual stress measurement for this 
round robin specimen is more challenging in terms of data interpretation and accurate sample 
location. 
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Fig.l(a) d-zero comb-like sample 

Fig. l(b) the welded plate \ 
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Fig, l(c) Measurement locations in the mid-section of the plate 
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Fig.2 Measured two-theta variatign within the comb-like 
sample at the lines in the vicinity of the weld 
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Fig. 3 Residual Strain Distribution at the mid-thickness line 
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Fig. 4 Stress Distribution at the M,id-thickness Line 
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Fig. 6 Normal Stress Distribution in the 
Vicinity of the Weld 
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Fig. 7 Transverse Strain Distribution in the 
Vicinity of the Wetd - ’ 
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Fig. 8 Transverse Stress Distribution in the 
Vicinity of the WeM 
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Fig, 9 Longitudinal Strain Distribution in the 
Vicinity of the WeEd 
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Fig. 10 Longitudinal Stress Distribution in 
the Vicinity of the VVeld 
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Fig. 11 Gauge volume of detector #l 
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Fig. 12 Gauge volume of detector #2 
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Fig. 13 Gauge volume of detector #3 
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Fig. 14 Gauge volume of detector #4 
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Fig. 15 Gauge volume of detector #5 
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Fig. 16 Gauge volume of detector #6 
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Fig. 17 Gauge volume of detector #7 
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Table I Experimental Parameters Used in the VAMAS TWA-20 Experiment 

Double focusing monochromator I’Si (33 1) reflection1 

Take-off-angle 
Neutron wavelength 

Sample [Ferritic steel (211) reflection1 
Diffraction angle 
Lattice spacing 

Geometric parameters 
Neutron source-to-monochromator 
Monochromator-to-diffractometer axis 
Detector-to-diffractometer axis 
Divergence of in-pile collimator 

Incident beam slit-to-diffractometer axis 
for normal and transverse strain measurement 
for longitudinal strain measurement 

Diffracted beam slit-to-diffractometer axis 
for normal and transverse strain measurement 
for longitudinal strain measurement 

Incident slit height for normal and transverse strain measurements 
Incident slit height for longitudinal strain measurements 
Incident slit width for normal and transverse strain measurements 
Incident slit width for longitudinal strain measurements 
Detector slit height 
Sampling volume for normal and transverse strain measurements 
Sampling volume for longitudinal strain measurements, 

23 

84” 
1.65 A 

-89” 
-1.166 II 

7150 mm 
1750 mm 
800 mm 
0.09” 

50 mm 
100 mm 

35 mm 
45 mm 
10 mm 
1.5 mm 
1.5 mm 
2 mm 
25 mm 
-22.5 mm3 
-6 mm3 





‘Table II. Experimental results 

Detector #3 

Ferritic Steel Weld Plate 

Detector #3 24 



Detector #3 



Detector #3 26 

- 



Detector #3 27 



Fil 

,.., ./ 
;,, >&r:. 

~ _ transverse 3.25 89.534 0.003 0.356 0.006 202.131 4.404 51 

transverse 4.25 89.533 0.003 0.351 0.006 214.875 4.562 

transverse 5.25 89.531 0.003 0.367 0.006 218.721 4.518 5 

transverse 6.25 89.532 0.003 0.358 0.006 217.364 4.565 5 
transverse 7.25 89.529 0.003 0.354 0.006 220.621 4.618 5 

transverse 8.25 89.529 0.003 0.34 0.006 235.047 4.846 5 

transverse 9.25 89.528 0.003 0.356 0.006 239:831 4.761 5 
transverse 10.25 89:531 0.003 0.35 0.005 244.3 4.859 5 

transverse 11.25 89.536 0.003 0.392 0.007 165.016 3.816 
n~nn!? n !w!i n f-If-% 770 QAA A 76% 51 

Fil 

A 7~Xlt 

4.41 5 
1 A791 5 

Detector #3 28 

I ..“V. 
c A A371 



Detector #3 29 



Detector #3 30 
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Detector #3 31 



Detector #3 
Ferritic Steel D-zero Comb-like Sample 

Detector #3 32 



Detector #3 33 



Detector #4 
Ferritic Steel Weld Pia& 

Detector #4 



Detector #4 35 



“. 

. 

Detector #4 



,3.3781 51 

5.41 L 3 

[transverse) 8.251 89.8371 0.0041 U.SSZ( U.UUUl I UU.UI II 3.36 5 
I ^ ^^1 n nnal 4QA nral 3.46 5 

196! 

tram 
transverse 
transverse 
transverse 
transverse 
transverse 
transverse 

trans verse 

0.25 89.651 
1.25 89.644 
2.25 89.56 
3.25 89.539 
4,25 89.672 
5.25 89.786 

-6.251 89.8271 
1 transverse) 7.251 89.8381 O.OOS( u.4/41 .-- u.uu/ ^ a-- 1 I Y3JY4( O.,“I, n nral 0 

- 3.03L 5 
3.89- 2 5 
4.138 5 
3.444 5 

transverse 8.25 89.79 
transverse 9.25 89.664 
transverse 10.25 89.55 
transverse 11.25 89.464 
transverse 0.25 89.638 
transverse 1.25 89.619 
transverse 2.25 89.626 
Itrmsversel 3.251 89.6481 0.0041 0.4451 5.034 1 51 .._.. -. --- - 
transverse 4.25 89.687 0.004 0.448 
transverse 5.25 89.713 0.003 0.444 
transverse 6.25 89.736 0.003 0.425 
transverse 7.25 89.737 0.003 0.428 
transverse 8.25 89.72 0.003 0.412 

- .~^ 

4.ULY 5 
4.237 5 

1 transverse1 9.25) 89.6541 0.003( 0.4131 U.UUOl - _^^ LLY.UOI 4.331 5 
4.487 5 
3.709 5 
4.036 
4.071 

Detector #4 37 



Detector #4 38 

.,. 



Detector #4 39 



Detector #4 40 
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__I x I_ ._, . . . . I *>b. ., II( ._ 

_- 
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Detector #4 41 



Ferritic Steel DO Comb-like Sample 
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a lnormal I “.““T “.-r&L U.VUO I d2.521 3.767’ 
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El I 8.251 8E 
3.64 0.004 0.433 0.008 125.4OC 0 44nl A 

normal I 9.25 89.626 n nnn “.““-r, i-i A31 n nn8 “.““4 147.024 
normal I 10.25 89.626 n nfml n niol n nT\. “.““d( v.7 IL, u.uu7 158.569 3.521 3 

5 80 ccl3 n fmAl f-l A51 n nna ’ “3.411 3.235 3 normal 
normal 

normal 
normal 

11.2 ,il.““L “.““T, V. .-, “.“““( I-r 
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Detector #5 46 



~ o.oo4]~p 0.486 j- 0.0091 171.517( 3.58) 5 
0.0041 0.5281 0.0081 179.8181 3.4691 5 

..-*.I.-.-- 

transverse 
transverse 
transve 

, .-- --.--- -.--_ -_. -. -_- .- --.- 

2.25 89.463 0.005 0.5181 0.01 140.99 
3.25 89.452 0.004 0.4811 0.008 162.94 

transve.-- 
transverse 
transverse 
transverse 
transverse 

b 
-_-- _ 
3.721 5 

3 3.942 5 
1 4.03 5 _.-...-.-.-- 

tr2nwnrd 1n 751 89.4621 o.fmnl 0.462 I 0.0071 217.703 4.024 5 
4CQ Q4-2 r) At3-l E 

-.--, 
6.25 
7.25 
8.25 
9.25 

89.742 0.004 0.485 0.008 181.2171 
89.757 0.004 0.476 0.008 187.57 

89.7 0.003 0.46 0.007 205.25 
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3.621 

. . . . . . ..s.-s-w 
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transverse 

,-.-- --. .-- -.--- -. .-- -.-_. 

11.25 89.378 0.004 0.469 0.009 I(J”.L IY J.‘t”L 
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7.25 89.534 0.004 0.434 0.008 172.98 3.712 

l----a 
%i 
J 

_.-- --.-- 5 
3.251 89.558 0.003 ii434 0.007 183.57 3.815 5 
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. --_--- -_--. 
lcm 7inl A n7i I !il 
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81 
*.--, 

4.21 

- _. . -_ . 3.801 
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5 --.--- -.-. - 007 193.514 4.065 
i I sn!Yf?l n nonl 0 4tlA1 cl.007 195.307 4.041 5 transverse 3.2:. __._._ _.___ _. .-. ___-_ .___ -_. .__ ., 

transverse 4.25 89.523 0,003 0.393 0.007 200.662 4.1751 5 
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Table IV. Measured gauge volume size for individual detectors 
Detector No. 1 2 3 4 5 6 7 

Gauge volume 1.7x2 1.7x2 1.7x2 1.7x2 1.7x1.9 1.6x1.9 1.6x1.9 
size (mm2) 
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