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Neutron diffraction studies have been conducted in conjunction 
with electron microscopy to ascertain the level of residual 
stress associated with various regions comprising variable 
polarity plasma arc welds of alloys 2219 (Al-6.301) and 2195 
(Al-4.0Cu- I .OLi-OSMg-OSAg). Results of these experiments 
have indicated that changes in lattice parameters associated 
with the various regions of the weld may be attributed to  
residua1 stresses generated during welding, as well as local 
changes in microstructure. The distribution of longitudinal 
and transverse stress of welded paneIs shows peaks of tension 
and compression, respectively, within the IHAZ and 
corroborate earlier theoretical results. The position of these 
peaks are seen to be related to the position of minimum 
strength within the HAZ, and the magnitude of these peaks are 
a fraction of the local yield strength in this region. 
Weldments of alloy 2195-TS exhibited higher peak residual 
stress than alloy 2219-T87. 

Comparisons of neutron diffraction measurements and 
microstructural analysis indicate a decrease in lattice 
parameters associated with the solid solution of the near heat 
affected zone. This effect results in a decrease in the apparent 
tensile residual stress within this region and may significantly 
alter the interpretation of residual stress measurements of these 
alloys. It has also been shown that considerable relaxation of 
residual stress occurs during removal of specimens from welded 
panels and this has been utilized to aid in differentiating 
changes in lattice parameters attributed to residual stress from 
welding and modifications in microstructure. 

NIRODUCI'ION 

Experimental measurement of residual stresses of weldments is  
of considerable value to the ability to predict weld1 strength 
under static and dynamic conditions. It is assumed that the 
main sources of residual stress are the prior thermomechanical 
processing of the plate and the subsequent welding process. 
Realistic predictions of mechanical behavior under loading are 
required in order to optimize material selection, design criteria, 
and safety assessments. In this regard, information as to the 
magnitude of the residual stress present after welding is 
particularly important, since the service stress on a material is 

the sum of the applied and residual stresses. In the case of 
precipitation strengthened aluminum alloys, the interaction of 
local stress states, which must include residual stress, on the 
microstructures of the heat affected zone play a significant role 
in determining joint mechanical behavior (1). 

Although stress measurement by X-ray diffraction is a well 
established technique, it is practically limited to near-surface 
stresses (2Bi3). Neutron diffraction permits non-destructive 
evaluation of lattice strain within the bulk of large specimens 
because the radiation is more deeply penetrating, especially 
for aluminum alloys (4gi5). This project utilized neutron 
diffraction to map three orthogonal components of residual 
stress at selected locations within the weld, heat affected zone 
0, and base metal near the HAZ of aerospace aluminum 
alloy weldments. 

EXPERIMENT 

Neutron diffraction experiments were conducted on weldments 
of two aluminum alloys designed for welded aerospace 
applications. Welded panels of alloys 2219-TS7 (Al-6.3Cu) 
and 2195-"8 (A1-4.0Cu-l.OLi-0.4Mg-0.4Ag) in 5.0 mm 
thickness were produced by Lockheed Martin Corporation's 
Manned Space Systems Division, Huntsville, Al., using the 
variable polarity plasma arc (VPPA) welding process. A one- 
pass weld using 2319 filler alloy was produced parallel to the 
rolling direction of the plate for both base alloys. 

Prior to the neutron diffraction studies, the welded plates were 
thoroughly characterized using optical microscopy, 
microhardness testing, and transmission electron microscopy 
("EM). Thermal analysis utilizing an explicit finite 
differencing scheme was also performed to obtain reasonable 
thermal cycles experienced within the -e. # A 3  
Samples utilized for 'EM were obtained at selected positions 
within the fusio&d heat-affected- zones. After applying 
standard preparation techniques, specimens were examined 
with a Philips EM420T electron microscope operating at 120 
kV. Figures 1 and 2 depict the positions of 'EM specimens in  
relation to microhardness and peak temperatures from 
simulated thermal cycles for the alloy 2219-T87 and 2195-TS 
weldments, respectively. 
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Figure 1 - Positions of TEM specimens in relation to 
microhardness and peak temperatures from simulated thermal 
cycles for the alloy 2219-T87 weldment. 
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Figure 2 - Positions of l E M  specimens in relation to 
microhardness and peak temperatures from simulated thermal 
cycles for the alloy 2195-T8 weldment. 

The neutron diffraction method assumes a randomly oriented 
polycrystalline sample. Specimens exhibiting relatively 
large grain size can lead to a “virtual edge effect” peak-shift in 
which only a small number of grains are oriented so as to  
contribute to the diffracted intensity. Thus, the possibility of 
large grain size leading to a diffraction peak-shift artifact was a 
important concern throughout this investigation. Whenever 
possible, but somewhat limited by the large sample 
dimensions, the sample was oscillated a few degrees about the 
rotation axis during data collection to increase the number of 
grains contributing to the diffraction peak. Crystallographic 
texture was also a concern, and texture considerations played a 
significant role in the selection of the diffraction planes. 

Neutron scattering experiments were carried out on the HB-2 
spectrometer at the High Flux Isotope Reactor (HFIR) of the 
Oak Ridge National Laboratory. The incident neutron beam 
was made monochromatic by diffraction from the (1 10) planes 
of a beryllium single crystal. The wavelength was determined 
to be 0.1516 nm from analysis of a nickel powder calibration 
standard. Narrow incident and receiving slits defined the gauge 
volume within the specimen, which is shown schematically in 
Figure 3. 

In this experiment, neutron beam collimation between the 
monochromating crystal and the sample was defined by a 12.7 
mm wide insert in the monochromator drum shield and a 2 mm 
wide incident beam aperture. The scattered beam collimation 
was defined by a 2 mm scattered beam aperture and an O R D U  
position-sensitive detector (PSD) at 800 mm from the sample. 
The detector active area is 100 mm long by 40 mm high, 
permitting collection of diffraction data over an 
approximately 6” 20 range. The detector output, which i s  
proportional to location along the 100 mm length, i s  
processed by a 512 channel multichannel analyzer. The angle- 
displacement relationship for the position-sensitive detector 
was carefully calibrated by measurements of controlled 
displacements of a sharp Bragg peak. The incident and 
scattering apertures were located approximately 5 mm from the 
sample faces. 
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The precise location of the diffracting volume within the 
specimen was controlled by appropriate translation andor 
rotation of the sample. The transverse and normal 
components of residual strain were measured with the weld 
oriented vertically. The gauge volume was defined by incident 
and scattered beam apertures made of cadmium which pass 
beams 2 mm wide and 10 mm tall. The coordinates of the 
sampling positions were referenced to the surface of the plate 
and the fusion zone interface. The sample was clamped and 
mounted on an XYZ translation table. The location of the 
external surface on the outside diameter of the plate was 
verified by making an intensity scan and fitting the intensity 
changes as a function of location using a non-linear tit, as 
described by Brand (5). Positions were checked with an aligned 
optical telescope to an estimated accuracy of kO.2 mm. A 
sequence of experimental runs were undertaken over the 
available neutron beam time. The residual strains were 
measured in three mutually perpendicular directions which 
would be the expected principal axes, based on the sample 
geometry. 
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Figure 3 - Schematic of experimental setup used for neutron 
diffraction studies. 

For the first block of time available on the HB-2 spectrometer, 
the normal strains (normal to the surface) in specimens 
removed from welded plates were mapped along a line 
perpendicular to the weld-line on a plane midway through the 
plate thickness. These specimens were removed by wet- 
slicing samples perpendicular to the weld, midway along the 
weld length, with an abrasive cutting wheel and machining to 
size. This produced specimens 80 mm in length, 12.7 mm 
wide, and 5.0 mm thick with the weld being perpendicular and 
located at the mid-length. These are referred to as the reduced 
section specimens. 

To obtain the strain component normal to the surface, the 
specimens were mounted on an XYZ translation table with the 
weldline horizontal. The translation axes were adjusted to 
place the beam at the correct height, and the sample was 
rotated to locate the diffraction vector, Q, normal to the plate. 
The specimens were scanned at three locations along the x- 
axis to locate the surface by neutron diffracted intensity i.e., 
"edge scans". A beam height of 10 mm was used to increase 
the diffracting volume and the specimen was oscillated *lo 
about its axis throughout data collection to increase the 
number of grains contributing to the diffraction peak, reducing 
the potential for a few large grains to introduce a peak shift 
artifact into the data. To obtain the transverse and 
longitudinal components of strain, the specimens were 
remounted on the Xn translation table to locate the 
diffraction vector, Q, as required. 

For the second block of time available on the HB-2 
spectrometer, strains were mapped in welded panels that had 
been used to supply the earlier specimens. These panels were 
approximately 20 cm in length by 20 cm wide with the weld 
along the mid-length. Comparison of strains obtained from 
these panels and those obtained earlier urerrtd allow the 

determination of residual stress relaxation due to specimen 
removal. 

For the third block of time available on the HB-2 
spectrometer, strains were mapped in relatively small reference 
blocks removed from specific locations from the welded 
panels. This included specimens being removed from the 
fusion zone and at 3.0 mm, 9.0 mm, 15.0 mm, and 123 mm 
distances from the fusion zone interface. All specimens were 
10.0 mm in length, 6.0 mm wide, and 5.0 nun thick. This 
enabled measurement of strain under conditions of minimal 
residual stress, due to removal of nearly all material 
constraints. 'Ihe remaining variations in lattice parameter 
could be attributed to local chemical and microstructural 
modification that had resulted from the welding process. These 
are referred to as the stress-free reference specimens. 

RESULTS AND DISCUSSION 

The results of neutron diffraction from the HB-2 instrument on 
the reduced section and stress-free specimens were essentially 
identical and indicate significant mechanical relaxation had 
occurred due to specimen removal. The results of neutron 
diffraction showing "apparent strain" for the stress-free 
reference specimens are plotted in Figure 4, using the base 
metal reference bar of unaffected base metal as the 29 zero 
reference. The calculation of strain, as well as stress, from 
changes in lattice spacing obtained by neutron diffraction i s  
described thoroughly by Payzant, et al. (7). 

These results confirm that the stress-free lattice parameters are 
subject to changes due to local compositional and 
microstructural alterations within the weld and HAZ These 
changes are not the result of plastic strain induced by the weld 
thermal cycle or solidification shrinkage strains, but rather, 
are due to changes in bulk composition of the fusion zone and 
modifications to the microstructure of the heat affected zone. 
These modifications induce strain to the atomic lattice 
primarily through changes in the degree of solid solution and 
loss of coherency between precipitates and the matrix. The 
consequence of these alterations are ilIustrated by the changes 
in hardness for the various regions of the weld, as shown in 
Figures 1 and 2. 
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Figure 4 - Results of strain measurements by neutron 
diffraction of stress-free reference specimens obtained from 
welded panels of alloys 2219-T87 and 2195-T8. 



In both alloys, the apparent strain decreased as the fusion zone 
was approached and is indicative of a decrease in the average 
lattice parameter of the material being diffracted. This decrease 
may be attributed to greater amounts of alloying additions 
being incorporated into a substitutional solid solution. The 
lattice spacing of an aluminum solid solution decreases with 
increasing amounts of Cu, and Li to a lesser degree, in a linear 
fashion according to Vegard (8- 10). 

The thermal response within the HAZ is represented by rapid 
heating to a peak temperature followed by cooling at relatively 
high rates. As the position within the HAZ approaches the 
fusion zone interface, the peak temperature approaches the 
solidus of the material. High peak temperatures, indicative of 
-positions near the fusion zone interface (near EIAZ), result in 
complete dissolution during heating and supersaturation of the 
solid solution upon cooling. Tfrisis-kllustrated in the 
photomicrographsd Figures 5 and 6 for alloys 2219-T87 and 
-2 l95-T8, respectively, The micrographs, -obtained by 
Eransmission- electron microscopy, depict the structure of the 
base metal and material of the near HAZ for both alloys. As 
illustrated in the photomicrographsp the extensive 
precipitation of 8' plates in 2219-TS7 base metal and T, plates 
in 2195-T8 base metal are not present in material of the near 
HAZ. 
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Figure 6 -)LTransmission electron micrograph of 2195-T8 
(a) base metal and (b) near heat affected zone. 
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The measurements obtained by neutron diffraction of the 
stress-free specimens were utilized to correct the data obtained 
for the HAZ of the welded panels. This procedure allowed the 
sepresentation of changes in lattice parameters due only to 
plastic strain present within the material after welding. The 
corrected neutron diffraction results in terms of strain are 
shown in Figures 7 and 8 for welds of alloy 2219-TS7 and 
2195-T8, respectively. Stress at the various positions L I 

calculated based on the corrected strain components, 
-gwet+-7'd%. These results are shown in 
Figures 9 and 10 for alloys 2219-TS7 and 2195-T8, 
respectively. 
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Figure 5 - Transmission electron micrograph of 2219-TS7 
(a) base metal and (b) near heat affected zone. 

The values of Figures 9 and 10 represent residual stresses 
resulting only from the nonuniform distribution of plastic 
strains associated with the welding process. In the case of 
both alloys, the residual stress longitudinal to the welding 
direction is Characterized by peak tensile stress in the HA2 
whereas, residual stress transverse and normal to the weld show 
a peak compressive stress within the HAZ. The general trends 
exhibited by the longitudinal and transverse stress 
components compare well with residual stress distributions 
obtained by thermal stress analysis of butt welds (118~12). 
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Figure 7 - Corrected strains obtained by neutron diffraction for the HAZ of welded panels of alloy 2219-T87 
(strains normal (N), strains longitudinal (L), and strains transverse (T) to the weld direction). 
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Figure 8 - Corrected strains obtained by neutron diffraction for the HAZ of welded panels of alloy 2195-T8 
(strains normal (N), strains longitudinal (L), and strains transverse (T) to the weld direction). 
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Figure 9 - Residual stress obtained from neutron diffraction for HAZ of welded panels of alloy 2219-T87 
(stress normal (N), stress longitudinal (L). and stress transverse (T) to the weld direction). 
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Figure 10 - Residual stress obtained from neutron diffraction for HAZ of welded panels of alloy 2195-T8 
(stress normal (N), stress longitudinal (L), and stress transverse (T) to the weld direction). 



The position of peak residual stress occurs at a short distance 
away from the fusion zone interface and appears to be related to 
the position of minimum hardness within the HA%. Hardness 
measurements in this region were utilized to approximate local 
yield strength (13). These estimates indicated that the local 
yield strength of the HA2 for alloy 2219-T87 to be 
approximately 275 MPa, and that of 2195-TS to be 
approximately 350 MPa. Peak longitudinal residual stress 
exhibited in this region was found to be approximately one- 
third ( for 2219-T87) to one-half (for 2195-TS) of the local 
yield strength in the HAZ. The peak residual stress within the 
HAZ for alloy 2195-TS was also shown to be significantly 
higher than that of alloy 2219-T87. The reduction in tensile 
stress longitudinal to the weld near the fusion zone interface 
may be attributed to the compressive nature of solidification 
shrinkage strains within the fusion zone. 

4. 
SUMMARY 

Neutron diffraction studies have been conducted in conjunction 
which electron microscopy to ascertain the level of residual 
stress across variable polarity plasma arc welds of alloys 
2219-TS7 and 2195-T8. Results of these experiments indicate 
that changes in lattice parameters associated with the various 
regions of the weld may be attributed to plastic strain induced 
by the welding thermal cycle, as well as, alterations of 
microstructure within the heat affected zone and changes in 
composition of the fusion zone. 
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Comparisons of neutron diffraction measurements and 
microstructural analysis indicate a decrease in lattice 
parameters associated with the solid solution of the near heat * ‘ 7- 
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