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1. Introduction 

The primary objective of the current study was to quantify the magnitude and distribution 
of residual stresses in various welded details in non-magnetic super-austenitic AL-6XN 
stainless steel I-beams through saw cutting and neutron diffraction methods. The welded 
details included transverse groove welds and simulated bulkhead attachment welded 
details, both of which duplicated details in previous fatigue test specimens [Fisher et al., 
2001; Cheng et al., 2003a]. It was expected that the results of a study of residual stresses 
could be used to analyze the effect of residual stresses on fatigue strength. This Chapter 
presents a description of specimen materials, specimen preparation, neutron diffraction 
measurement plan, method and results.  

2. Background, materials and testing methods 

2.1 Background 

Residual stresses are introduced into structural steel components during manufacturing and 
fabricating processes. For welded structures, weld process, weld sequence, component size 
and setup restraint, temperature or cooling rate difference, and material composition and 
properties are primary factors that affect residual stresses. Residual stresses can have 
significant impact on ultimate strength, stability, fatigue strength and toughness depending 
on their magnitude and distribution with respect to stresses from applied external loads and 
dead loads.  
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Since a loaded structure is subjected to both internal residual stress and stress from 
externally applied loads, the resultant stress should be their superposition [Cheng et al., 
2003b]. Tensile residual stresses can cancel out compressive loading stresses that are 
favourable for fatigue strength. Once the resultant stress exceeds the yield stress, plastic 
flow occurs in a mild steel material (such as carbon-manganese (C-Mn) steel). Consequently, 
stress range is one controlling factor for fatigue strength rather than the maximum applied 
stress. Combined with applied stresses, for example, the residual stress distribution along a 
lateral weld in a beam may indicate where a fatigue crack first develops, whereas the 
through-thickness residual stress gradient may affect fatigue crack propagation. Therefore, 
studies of the magnitude and distribution of residual stresses are needed.  

The AL-6XN steel in this study is a non-magnetic super-austenitic stainless steel that has 
potential application in ship structures which use the advanced double hull (ADH) concept 
due to its high strength, superior crevice corrosion resistance, low magnetic signature, 
excellent fracture toughness and great ductility. It is a stable, single-phase austenitic (face-
centered cubic) alloy. Standard tension and compression tests showed that the material is 
isotropic and homogeneous. The stress-strain relationship is approximately bilinear without 
the yielding flow plateau that C-Mn mild steel has. Because of its greater nickel content, AL-
6XN steel has about a 20% higher coefficient of thermal expansion than carbon steel (15.20 
m/m/K vs. 12.06 m/m/K or 8.44  in./in./F vs. 6.7  in./in./F), but only 1/4 the 
thermal conductivity of carbon steel (12.9 W/(mK) vs. 51.9 W/(mK) or 89.5 
Btuin./(ft2hr.F) vs. 360 Btuin./(ft2hrF)) [INCO, 1964; Lamb, 1999; Dudt, 2000]. 
Consequently, residual stresses in welded components of AL-6XN steel may be more 
localized and greater than those observed in carbon steels. A well-understood residual stress 
state is desired as a part of material characterization to evaluate fatigue strength.  

The magnitude of residual stresses introduced into a material is associated with the yield 
strength and ultimate tensile strength of the material. For large welded structural members, 
the higher the material yield strength, the greater the residual stresses. For AL-6XN steel, the 
minimum specified 0.2% offset yield strength and tensile strength are 45 ksi (310 MPa) and 
95~100 ksi (655~690 MPa), respectively, depending on the plate thickness for the AL-6XN 
alloy [Rolled Alloys, 1997; Lamb, 1999]. The coupon test by Lehigh University [Lu et al., 
2002] and the mill report provided by Rolled Alloys showed that the 0.2% offset uniaxial 
nominal yield strength and ultimate tensile strength were 48.1~55.8 ksi (332~385 MPa) and 
108~111 ksi (745~766 MPa), respectively, for ½” (12.7 mm) thick flange plates, and 50.9~62 
ksi (351~428 MPa) and 105.1~113 ksi (725~780 MPa), respectively, for 3/8” (9.5 mm) thick 
web plates.  

For comparison, the Inconel 625 filler metal used for welding the specimens in the current 
study typically has a yield strength of 72.5~85 ksi (500~590 Mpa) and a tensile strength of 
114~116 ksi (790~800 Mpa). The mechanical properties of the IN625 filler metal 
(ERNiCrMo3) should comply with AWS A5.14 and ASME SFA5.14.  

The measurements in this study focused on the magnitude and on lateral and through-
thickness distributions of residual stresses in the beam’s longitudinal direction, which was 
the same as the fatigue stress direction, for a transverse groove weld and an attachment fillet 
weld detail in AL-6XN stainless steel I-beams tested in the fatigue study program [Fisher, et 
al., 2001]. 
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2.2 Types of residual stresses  

There are three types of residual stresses: 1) Macroscopic residual stress, which extends over 
several grains and usually many more. It is in self-equilibrium and can be relieved 
elastically when the member is cut or sectioned; 2) Structural micro-stress, occurring in one 
grain or part of a grain. It can occur between different phases or between particles, and 
strongly depends on micro-structure characteristics, such as grain size and grain orientation. 
It arises because of different thermal contractions in different crystallographic directions and 
is not diminished by cutting the sample. It is a grain interaction stress that promotes 
deleterious processes, such as stress corrosion cracking and hydride cracking; 3) Intra-
granular stress, even more microscopic, ranging over several atomic distances within a grain 
and equilibrated over this small part of a grain. In this study, only the macroscopic residual 
stress was addressed.  

Macroscopic residual stresses produced by welding can be decomposed into local welding 
stress and global welding stress [Campus, 1954]. Local weld stresses are developed in every 
case, even when welded pieces are small and completely free. These stresses are localized 
near the weld, most concentrated in the heat affected zone (HAZ), and decrease rapidly 
away from the weld. When welded pieces are restrained, that is, the thermal deformations 
are restrained, stresses will be produced everywhere in the pieces, which are called global 
welding stresses. Local and global stresses exist together and are in equilibrium. Once 
restraints are removed, the elastic part of global stresses should disappear, but plastic 
deformation due to global stress yielding and local stresses remain. In most cases, it is hard 
to separate them in a large welded assembly. Nevertheless, understanding the concept of 
local and global stresses is important and helpful in explaining many engineering fractures 
and phenomena in large welded structures.  

2.3 Measuring techniques and selection of measuring methods 

Since Mathar’s pioneering work using a hole drilling method in 1934, various techniques for 
measuring residual stresses have been developed and applied in industry and research 
laboratories [e.g. SEM, 1996; HYTEC, 2001; Ritchie et al., 1987; Sherman, 1969]. These 
techniques include (1) hole drilling; (2) layer removal; (3) sectioning; (4) X-ray diffraction; (5) 
neutron diffraction; (6) ultrasonic; and (7) electro-magnetic methods. Since each measuring 
method is limited to a certain use and precision, no one method is ideal to measure a large-
scale specimen with a rather complex geometry, such as welded beams with attachments. In 
most cases, two or more methods are combined to meet industrial needs and achieve a 
required precision.  

In this study, two measurement methods, saw cutting (sectioning) and neutron diffraction, 
were selected and employed. Neutron diffraction measurements were conducted on groove 
weld and bulkhead attachment details in fabricated AL-6XN stainless steel beams because of 
advantages over traditional mechanical methods: it is non-destructive; it has triaxial 
through-thickness measurement capacity; it has flexibility with respect to sample geometry 
and material properties; and the measurement is localized in a region. Segment cutting from 
large-scale welded beams was needed because of limitations on the size of the neutron 
diffraction equipment, as discussed in Section 4 below.  
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3. Test specimens and measurement plan 

Two welded I-beams of AL-6XN steel identical to those for fatigue tests [Fisher et al., 2001] 
were used for residual stress measurements, one with transverse groove welds in flange and 
web (Figure 1), and the other with one AL-6XN steel attachment detail welded to a flange 
(Figure 2). The weld conditions and sequence can be found in the report [Cheng et al., 2003a]. 
Residual stresses were measured at three weld details in these two beams: the transverse 
groove weld in the first beam, and the longitudinal flange-web weld and attachment fillet 
weld in the second beam. Table 1 summarizes the measurement plan for the two beams, 
including saw cut segment, sectioning and neutron diffraction methods. The results from 
different methods are superposed to obtain the final results [Cheng et al., 2003a]. However, 
only the neutron diffraction method and results are presented in this Chapter.  

       
Fig. 1. Groove welded beam for residual stress measurement  (unit: inch; 1 inch=25.4mm) 

 
Fig. 2. Attachment Beam for Residual Stress Measurement  (unit: inch; 1 inch=25.4mm) 

Welded Beam Weld Detail Measuring Method 
Groove 

Welded Beam 
Groove Weld Two Steps

Saw Cut Segment 
Neutron Diffraction 

Attachemnt Beam 
Attachment Fillet Welds Two Steps

Saw Cut Segment 
Neutron Diffraction 

Longitudinal Fillet Weld - Sectioning 

Table 1. Summary of measurement plan 

3.1 Saw cut segments from welded beams 

Figures 3 and 4 show the locations, dimensions and most relevant portion of test segments 
for neutron diffraction meaurements for the groove-weld and attachment-weld details, 
respectively. Figure 5 shows a segment saw cut for the attachment beam. The stress release 
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Fig. 3. Two-step residual stress measurement of groove welded beam 
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Fig. 4. Two-step residual stress measurement of attachment beam 
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Fig. 5. Saw cut for attachment beam 

due to saw cutting was recorded by strain gages. Strain gages were mounted near the weld toe 
and adjacent to the cross section of saw cut, shown in Figure 3(d) and Figure 4(c), to measure 
the residual stress release due to saw cutting. More details for saw cut procedure, data 
collection of stress release, as well as the segment of longitudinal weld used with the 
sectioning method can be found in the report [Cheng et al., 2003a; Tebedge et al., 1973; 1969].  

3.2 Segments for neutron diffraction measurement  

After saw cutting and stress release analysis, the remaining segments for groove weld and 
attachment weld details were shipped to NIST for neutron diffraction measurements. The 
groove weld segment was 406 mm long, 152 mm wide and 330 mm deep (16 x 6 x 13 inches) 
(Figure 3(a)), while the attachment segment was 457 mm (18 in.) long (Figure 4(a)). 

4. Neutron diffraction measuring method  

4.1 Principle 

Neutron diffraction measurement is a physical and non-destructive measuring process that 
evaluates residual strain/stress through measuring the change in crystallographic lattice 
spacing (d-spacing) and utilizing the relationship between crystallographic parameters and 
residual stresses. The technique utilizes the penetrating power of neutrons that is ~103 greater 
than X-rays in the diffraction wave-length regime to map subsurface triaxial stress 
distributions [e.g. NATO ASI Series, 1992; Prask et al., 2001; SEM, 1996]. The crystallographic 
lattice spacing is quantified by observing the intensity of the diffracted neutron beam. As 
shown in Figure 6 the lattice spacing in a certain orientation, dhkl, can be obtained by the Bragg 
Law where  is neutron beam wavelength and  is the Bragg angle. Consequently, residual 
strain locked in the material can be calculated from Eq.1 by knowing the change of lattice 
spacing before (d0) and after (d) residual stress was introduced.  

 
0

0
hkl hkl

hkl
hkl

d d
d
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Fig. 6. Principle of neutron diffraction measurement [SEM, 1996] 

Two coordinate systems are utilized (Figure 7). One is the specimen-fixed coordinates (X, Y, 
Z) and the other is a laboratory coordinate system (Li) corresponding to the scattering 
configuration. The measured lattice spacing is an average value over a number of grains 
covered in the neutron beam gage volume which is of the order of mm3. The residual stress 
result is a kind of macro-stress that can be described by tensor components ij  or ij  in the 
specimen coordinate system (X,Y,Z). For a neutron beam with wavevector Q( , ) on the 
axis L3, the measured strain along L3 in the laboratory system (  ’ or 33 ’) that satisfies the 
Bragg Law, can be converted to stresses in specimen-fixed axes as shown in Section 5.2. Eq.2 
shows how the measured strains in the laboratory system are related to the the actual strains 
in the sample:  

 ’, = [xxcos2 + yysin2 + xysin2]sin2 +   

 +xzcossin2 +yzsinsin2 + zzcos2  (2) 

The superscript ’ indicates strain in the laboratory coordinate system. Measuring strains at a 
point for at least six distinct (  , ) orientations yields all six residual strain components at 
that point. These strains can be converted to strains in the specimen axes, including the 
beam longitudinal direction (fatigue stress direction in fatigue tests). Further details for 
neutron diffraction can be found elsewhere [Society for Experimental Mechanics (SEM) 
1996; NATO 1992; Prask et al. 1996].  
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Fig. 7. Two coordinate systems for neutron diffraction measurement 

4.2 Neutron diffraction measurement for segments  

Due to limited space on the neutron diffraction table, from each 3.2 m (10.5 ft) long beam, a 
segment was cut to fit the instrument’s X-Y-Z table and keep the residual stress relaxation at 
the location of interest as small as possible.  

Segment saw cutting was done at Lehigh University (Bethlehem, PA), and neutron 
diffraction measurements were conducted at the NIST Center for Neutron Research 
(Gaithersburg, MD). At NIST, residual stress measurements on the segments were focused 
on weld toe (A-A plane), base metal (B’-B’ plane on the centerline of mounted strain gages) 
and weld metal (C-C plane) (Figures 3(b), 4(b)). In each plane, measurements included both 
points near the surface for distribution along the weld bead and points through the plate 
thickness. To reduce the total number of measurement points, it was assumed that the 
residual stress distribution was symmetrical about the beam web centerline. The 
measurement point mesh (resolution) depends on the expected residual stress gradient and 
gage volume of the neutron beam, shown in Figure 3(c) for groove weld and in Figure 4(b) 
for attachment fillet weld. After evaluating the grain size of virgin AL-6XN material and 
needed path lengths, a gage volume 3 x 3 x 3 mm3 was chosen. 

4.3 Test setup and measurement procedure at NIST facilities 

The neutron diffraction measurements were made with a constant wavelength from a 
steady state reactor. The diffractometer (BT-8) is specially designed and well-suited for 
strain measurement of various shape-complexities and compositions [NIST, 2011]. Figure 8 
shows a schematic of the measurement method. The (311) reflection of face-centered cubic 
(FCC) iron (-iron) with corresponding d-spacing about 1.095 Å (1Ǻ=0.1nm (10-7mm)) was 
chosen for the strain measurements. A wavelength =1.518 Å was used at a scattering 
angles of 88°. A position sensitive detector (PSD) centered at 88˚ covered an angular range 
from 84˚ to 91˚, which corresponds to 1.133 to 1.064 Å in d-spacing scale. Figure 9 shows the 
groove weld segment placed on the X-Y-Z translator table of the neutron diffraction 
equipment. The incident beam is from the left tube, while the aperture of the neutron 
detector in the back of the photo receives the diffracted (scattered) beam. The X-Y-Z table is 
under computer control with a specimen weight limit of 50 kg (110 lbs). The part of the 
greatest interest for the groove weld and attachment fillet weld, is shown by the circles in 
Figure 3 and Figure 4, respectively.  
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Fig. 8. Schematic of neutron diffraction method 

 
Fig. 9. Groove welded beam segment on neutron diffraction X-Y-Z translator table 

For a given specimen, d0-spacing varies across the specimen (from base metal to weld 
metal). To measure the d0-spacing, a smaller piece with base metal and weld cut from a 
similar AL-6XN beam was used to provide a stress-free reference sample. From this piece, 
one columnar shape coupon was cut from the base metal region and three were cut from the 
weld metal [NIST, 2003]. The d0-spacing measurements were made on these coupons with 
gage volume of 2 mm x 2 mm x 2 mm. The average values of d0 (d0(x), d0(y), d0(z)) in three 
different directions were used for strain calculation (Eq.1).  

5. Results from neutron diffraction measurements for groove weld segment  

The groove weld joint was approximately in the middle of the segment specimen. It was a 
one-side GMAW weld without bevels on each plate and was back gouged. Groove welds 
were first made to connect two plates forming a flange or web member, then two welded 
flanges and a web were welded by longitudinal welds to assemble an I-beam. The 
maximum width of the weld zone was about 20mm (25/32 in.), as seen in Figure 10.  
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Fig. 10. Groove weld area on flange of the groove welded beam (outer surface) 

5.1 Measurement locations 

As shown in Figure 11, neutron diffraction measurements were made at three different 
sections: at the weld toe (Section 2 or A-A plane in Figure 3(b)), weld centerline (Section 1 or 
C-C plane) and base metal (Section 3 or B’-B’ plane). At each section the measuring mesh 
was basically the same (Figure 11). Measurement of the (311) lattice spacing was made in 
four different directions for each location. The specimen-fixed coordinate system is X-Y-Z, 
shown in Figure 11. The X-component which is in the fatigue stress direction was obtained 
by measuring two oblique directions corresponding to  =±41.7o (≈±42°) with respect to the 
X-axis (see Figure 7) in the X-Y plane because of geometric complexity and high neutron 
beam absorption. The nominal increment step in flange thickness (Z) direction was 2.25 mm 
(0.09 in.) and was dictated mainly by spatial resolution of the experimental setup of the 
neutron diffractometer. The mesh in the Y direction (along the groove weld bead) was the 
same as the strain gage spacing used during segment saw cutting, so that straightforward 
superposition of the results from the neutron diffraction measurements and the saw cutting 
measurement could be made.  

5.2 Measurement results 

From the change of measured lattice spacing d and d0 (d0 & d: before and after residual stress 
is introduced), strain was obtained at each measurement point using Eq.1. The original 
strain data for the weld metal, weld toe and base metal are shown in Figures 12(a), 12(b), 
and 12(c), respectively. Figure 13 shows the stresses at the weld toe converted from the 
obtained strains using Eq.3:  

 1
1 1

2 2 12 2

1 ( )
{ ( )}

( ) ( ) 3 ( )ij ij ij xx yy zz
S hkl

S hkl S hkl S hkl
        


 (3) 

where i, j denotes one of the X, Y, Z specimen-fixed coordinates; S1 and S2 are the two 
diffraction elastic constants; S1(311) = 6.64 TPa-1 and 1/2S2(311) = -1.61 TPa-1 for AL-6XN 
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Fig. 11. Schematic measurement grid in specimen-fixed coordinate system (X-Y-Z), for 
groove weld segment (Unit: mm; 25.4mm=1 inch; gage volume 3x3x3mm3) 

stainless steel. S1 and S2 were obtained using Young’s modulus, E=1.97x105 MPa (28,550 x10 
ksi) and Poisson’s ratio, ν=0.33, for AL-6XN stainless steel, and single crystal constants 
given in [Danilkin et al., 2001]. δij is the Kronecker delta which equals one when i = j and 
zero when i ≠ j. The uncertainties on measured d-spacings are determined by counting 
statistics and least-squares fits to the Gaussian peak shapes. The uncertainties on strains and 
stresses are determined from standard error propagation methods. Additional systematic 
errors are discussed below. Figure 14 shows the stress contour plots (for the weld toe) from 
the same measurements.  

At Section 2 (at the weld toe), the measurement near the outer surface (nominal depth 
Z=2mm) included both base metal and weld metal, and would be sensitive to the weld 
content. The presence of weld metal complicated the measurement because of the different 
grain size and d0 value for the base metal and weld metal. This was most obvious near the 
flange tip (Y=6.3mm) where more weld metal was included due to the start/stop end of 
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Fig. 12(a). Original strain data (x103µ) for weld centerline in groove-weld segment, (Qxy1 
and Qxy2 correspond to  = ±42°; counting-statistic uncertainties are typically about ±0.035; 
abscissa is Y-distance from flange edge (mm; beam centerline is 76.8mm) 
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Fig. 12(b). Original strain data (x103 micro-strain) for weld toe in groove-weld segment, 
(Qxy1 and Qxy2 correspond to  = ±42°; counting-statistic uncertainties are typically about 
±0.035; abscissa is Y-distance from flange edge (mm; beam centerline is 76.8mm) 
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Fig. 12(c). Original strain data (x103 micro-strain) for base metal in groove-weld segment 
(Qxy1 and Qxy2 correspond to  = ±42°); counting- statistic uncertainties are typically about 
±0.035; abscissa is Y-distance from flange edge (mm; beam centerline is 76.8mm) 
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Fig. 13. Converted stress data (unit: MPa; 6.895 MPa=1ksi) for weld toe in groove-weld 
segment (Qxy Corresponds to stress shear component. Depth unit is mm; abscissa is Y-
distance from flange edge (mm; beam centerline is 76.8mm) 
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Fig. 14. Contour plots of stress data in Figure 13 for weld toe (MPa; 6.895 MPa=1ksi)  

groove weld. Appropriate corrections were made for the measurement points at nominal 
depth of 2mm based on the FWHM (full-width at half-maximum) values that were used as 
an indicator of metal differences (base or weld). Relevant details are available elsewhere 
[NIST, 2003]. The converted stresses in Figure 13 are the data after the corrections. Since the 
values of d0 were not obtained directly from the segment itself but from small pieces of 
corresponding materials (base metal or weld metal) in a similar weld detail, they were given 
as a range (the upper and lower bounds) for the uncertainty due to the slight material 
difference and counting statistics in neutron diffraction measurements. Therefore, the values 
of stresses were also presented as a range which is actually larger than the individual stress-
value uncertainties. For the points at nominal depth of Z=2 mm (near outer surface), upper 
and lower bounds presenting the stress data range are shown as error bars. For the stresses 
at points on the outer surface near the flange tip (Z=2mm, Y=6.3 mm) where more weld 
metal was included, the range (difference between the maximum and the minimum values) 
was greater than other points. Other measurment points in Figure 13 are the average 
stresses of the maximum and minimum values.  

As fatigue stress in the fatigue-tested beams was in the X-direction (longitudinal direction in 
I-beams), X-direction residual stresses are of the greatest interest. The distributions of near-
surface X- stresses along the groove weld bead were re-plotted in Figure 15 for the weld 
metal, groove weld toe and base metal, respectively. These stress distributions are at 
nominal depth of about 1.5 to 2mm beneath the outer and inner flange plate surfaces 
(nominal Z=2 mm and Z=11 mm). Examination of these distributions show that residual 
stresses near the inner surface (web side) were high in tension near the flange-web 
connection and high in compression near the flange tip. The stress distribution pattern was 
similar to the residual stress distribution for longitudinal web-to-flange weld detail [Cheng 
et al. 2003a], but rather complex since the flanges and web were welded into an I-beam by 
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Neutron Meas. Only - Groove Weld Toe

-100.0

-60.0

-20.0

20.0

60.0

100.0

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Location (inch)

X
 -

 R
es

id
u

al
 S

tr
es

s 
 (

ks
i)

 

Neutron Meas. Only - Base Metal (4mm from weld toe)
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Fig. 15. X-direction stress distributions in groove welded beam (1 in.=25.4 mm; 1 ksi=6.895 
MPa; abscissa is Y-distance from flange edge (beam centerline is 76.8mm (~3”)) 

longitudinal welds after the flange groove weld was completed. Weld residual stresses self-
adjusted when single members were assembled into an I-beam to maintain self-equilibrium. 
The tensile stress near the inner surface reached about 90.6 ksi (625 MPa) in the weld, 42.5 
ksi (293 MPa) at the weld toe and 31.3 ksi (216 MPa) in the base metal. These residual 
stresses in the weld and at the weld toe exceeded or were close to the nominal yield stress, 
48~56 ksi, of AL-6XN steel. In fatigue tests, some fatigue cracks have developed from the 
interior region of the groove weld at the intersection of transverse groove weld and 



Neutron Diffraction Measurements for 
Residual Stresses in AL-6XN Stainless Steel Welded Beams 

 

41 

longitudinal fillet weld, as well as at the weld toe, as shown in Figure 16. On the other hand, 
residual stresses on outer subsurface (free surface side) are primarily in compression. The 
magnitudes of the maximum compressive stresses were -98.4 ksi (-679 MPa) in the weld and 
–40.1 ksi (-277 MPa) at the weld toe, and were comparable to the tensile residual stresses on 
the inner subsurface. In general, the magnitude of residual stresses decreased when the 
location was away from the groove weld centerline.  

 
Fig. 16. Typical fatigue cracks from groove weld in AL-6XN beam 

It is noted that the data across Section 3 (base metal) and Section 2 (plane at the weld toe, 
mainly base metal) were of better quality because of the stable conditions in d0 and d 
measurements, and fairly good balance was obtained in X-direction equilibrium. For weld 
metal, grain size variability had an impact on the d0 measurement due to the much larger 
grain size than base metal and the irregularity of grain size/micro-structural orientation in 
the weld material, which caused a d0 and d incompatibility in calculating strain. Therefore 
the data scatter for weld material was much larger than for base metal. 

6. Results from neutron diffraction measurements for attachment segment  

6.1 Measurement locations 

Residual Stresses in the attachment-weld segment were also determined by neutron 
diffraction. The relevant details regarding the use of neutron diffraction were the same as 
described earilier for the groove-welded segment.  

The weld detail studied was an attachment fillet weld between the attachment and the beam 
flange located near the middle of the segment. Measurements were carried out in a plane 
along weld toe (A-A Plane in Figure 4) and a plane 7.1 mm away from the weld toe where 
the strain gages for segment saw cut were located (B’-B’ Plane in Figure 4). Figure 17(a) 
shows a photo of the attachment weld area. The mesh mapping the nominal measurement 
points for both A-A and B’-B’ planes is shown in Figure 17(b). The mesh spacing in the Y-
direction parallel to fillet weld bead was the same as the strain gage spacing for the segment 
saw cut. 
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(a) 

 
(b) 

Fig. 17. Attachment welded beam segment measurement: (a)Close-up view of fillet weld for 
attachment welded segment; A-A plane at weld toe and B’-B’ plane at 7.1 mm away from 
weld toe. (b)  Complete measurement mesh for beam flange planes at weld toe (A-A) and 7.1 
mm away from weld toe (B‘-B‘). Beam web centerline is at 76.2 mm (3 inch; 1 inch =25.4 mm) 

6.2 Measurement results 

Figures 18(a) shows the measurement results of the 3-D stresses in the A-A plane (along the 
weld toe). Both X-stresses (longitudinal direction) and Y-stresses (transverse direction) in 
the A-A plane near the beam centerline were very high near the outer surface, whereas Z-
stresses (depth direction) were very low. The magnitude of the tensile residual stresses in 
the X-direction was 324 MPa (47.0 ksi) at a nominal depth of 2.4mm and 405 MPa (58.7 ksi) 
at 4.6 mm, which exceeded the nominal yield stress of AL-6XN steel (48~56 ksi). The 
maximum tensile stresses in Y-direction were 406 MPa (58.8 ksi) at 2.4 mm depth and 466 
MPa (67.5 ksi) at 4.6 mm depth, both of which also exceeded the nominal yield stress. The 
measurement results for both X-stresses and Y-stresses of the A-A plane, that the stress 
magnitude was lower at d=2.4 mm than at d=4.6 mm, were not expected. The highest 
residual tensile stresses were found near the intersection of attachment flange and 
attachment web welds.   
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Fig. 18(a).  3-D stress data in A-A plane (weld toe) in attachment weld segment (1 ksi=6.895 
MPa; beam centerline at 76.2 mm (1 inch=25.4mm)) 

Figure 18(b) shows the measurement results of the 3-D stresses in B’-B’ plane (7.1 mm away 
from A-A) for base metal. The stresses for the B‘-B‘ plane were less. Further, the dip in stress 
magnitude with Z=2.4 mm was not seen in the B‘-B‘ plane. The dip was probably the result 
of either weld metal or HAZ (heat affected zone) metal being present in the gage volume for 
30mm Y 60mm in the scan length along the weld toe, and was manifested in the raw 
data by peak widths which were clearly larger than other peak widths for the A-A plane 
and all of the B‘-B‘ plane peak widths. In the absence of sufficient data to make a reliable 
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Fig. 18(b). 3-D stress data in B’-B’ plane (base metal) in attachment weld segment (1 
ksi=6.895 MPa; beam centerline at 76.2 mm (1 inch=25.4mm)) 

quantitative correction, it is estimated that X-stresses and Y-stresses of the A-A plane at 2.4 
mm should be about equal to the values at 4.6 mm over the scan range, 30mm Y 80mm. 
The highest residual tensile stresses were near the intersection of attachment flange and 
attachment web welds. During welding the shrinkage was greater in transverse direction (Y-
Y) than in longitudinal direction (X-X).  
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Residual stresses decayed from outer surface at Z=0, where the attachment was welded, to 
inner surface. The X-X residual stresses near inner surface (Z=11.2 mm) near the I-beam 
flange-web welds were much lower than expected. The flange-web welds of the I-beam 
were expected to produce high tensile residual stresses at the beam flange inner surface, 
particularly in X-direction. The attachment welds were made on the beam flange after the I-
beam was fabricated, and thus a stress re-distribution in the I-beam flange was expected. 
Residual stresses decayed rapidly away from the weld toe, particularly for stresses in 
transverse direction (Y-Y). 

There was a wrap-around weld at the end of attachment flange. An increase in the 
longitudinal (X-X) stress was seen near the outer surface (Z=2.4 mm) for both A-A and B’-B’ 
planes. Similar behavior was not observed for the transverse (Y-Y) stress. In general, higher 
residual tensile stresses near a weld toe were observed parallel to the weld direction rather 
than perpendicular to the weld direction.  

Figure 19 shows the distribution of X-direction residual stresses (the fatigue stress direction) 
near the outer surface (Z=2.4mm) and the inner surface (Z=11.2mm) of the beam flange for 
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Fig. 19. X-direction stress distribution in attachment weld segment (1 ksi=6.895 MPa; beam 
centerline at 76.2 mm (1 inch=25.4mm)) 
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A-A (weld toe) and B‘-B‘ (base metal) planes, respectively. These stresses were an average 
over the 3x3x3 mm cube gage volume measurements. It shows that residual stresses near the 
outer surface (attachment side) were in tension except near the beam flange tip, and highest 
near the beam flange-web intersection. The stress was 47 ksi (324 MPa) from neutron 
diffraction measurement, close to the nominal yield stress of AL-6XN steel. During the 
fatigue testing program on welded beams with attachments, fatigue cracks were always 
observed to initiate from the middle of the attachment fillet weld where residual stress was 
high and from weld start/stop locations. Figure 20 shows a photo of typical fatigue crack 
that develops under tensile total stress conditions. 

 
Fig. 20. Typical fatigue crack from attachment fillet weld toe in AL-6XN beam 

7. Summary 

The objective of this study was to quantify the magnitude and distribution of residual 
stresses from two types of welded details in AL-6XN steel beams. Residual stresses were 
measured through destructive saw cutting, and non-destructive neutron diffraction. This 
chapter showed the measurement results of neutron diffraction. The effect of residual 
stresses on fatigue strength was discussed. The findings can be summarized as follows. 

1. Neutron diffraction method is an effective and powerful tool to measure residual 
stresses, especially when through-thickness stress distribution and three dimensional 
stresses are of interest. For large-scale specimens, two measurement methods can be 
used, such as combination of saw cutting and neutron diffraction as used in this study.  

2. Each residual stress measurement technique had advantages and limitations for large 
scale specimen measurements. The neutron diffraction method provided through-
thickness measurements due to its much stronger penetration capacity, and an average 
measurement within a gage volume normally in ~3x3x3 mm3 throughout the specimen. 
It required careful material calibration and it is difficult for the weld metal due to the 
large grain size. This study showed a good accuracy of neutron diffraction 
measurements for residual stresses. 

3. This study revealed that a large scale welded member has very high tensile residual 
stresses near weldments, equal to the uniaxial yield stress of the base metal and 
sometimes even more. Residual stresses decay away from the weld. The attachment-
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weld detail exhibited relatively complex distributions along the weld toe and through 
the flange thickness.  

4. Separating a part from a large scale welded assembly provides a partial residual stress 
release. Such a stress release should not be overlooked when residual stresses are 
evaluated at a section.  
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