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Abstract 
Linear friction welding (LFW) is being considered for joining single crystal to polycrystalline 

nickel-base alloys for advanced high temperature gas turbine disks. Unfortunately, the transient thermal 
cycle during the welding generates undesirable residual stresses. Additionally, upon thermal treatment to 
relieve these residual stresses the weld joints often crack. To understand this issue, state-of-the-art neutron 
diffraction was performed near weld joints to quantify the residual stresses created by varying linear 
friction weld conditions. The residual stresses were measured along three orthogonal axes in both the 
polycrystalline LSHR and single crystal SC-180 alloys. Residual stress measurements using a contour 
method were used to compare the calculations obtained by neutron diffraction. The results suggest high 
residual stresses can be successfully reduced using both pre- and post-weld processing steps. Moreover, 
the effect of grain size and pre-heat temperatures on the LFW process were explored.  

The data required to reproduce these findings is available from the corresponding author upon 
request. 

1.0 Introduction 
Reducing the CO2 emissions in jet turbine engines has increasingly become a priority within industry 

and research institutions (Ref. 1). Currently Ni-base superalloys are the primary material system used in 
the hot section of gas turbine engines (Ref. 2). Therefore, reducing the weight of the superalloy 
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components or producing new optimized configurations are important objectives for future gas turbine 
development (Refs. 3 to 6). Presently, turbine engines are constrained to operating temperatures below 
700 °C (Ref. 2). This temperature limit primarily exists in polycrystalline disk alloys due to the presence 
of grain boundaries which become a major source of creep and dwell fatigue damage when temperatures 
exceed 700 °C (Refs. 7 to 10). Conversely, these same grain boundaries provide necessary fatigue and 
tensile strength needed near the disk’s bore where the temperatures are significantly cooler (Refs. 2 and 
11). Therefore, modern turbine disks which need to operate successfully in a wide range of stresses and 
temperatures contain dual microstructures, where the rim of the disk have significantly larger grains 
compared to the bore (Refs. 12 and 13).  

One solution that is currently being investigated is a hybrid disk, which consists of a single crystal 
rim attached to a polycrystalline turbine bore (Ref. 4). Though this configuration would further optimize 
the disk’s overall properties, joining the single crystal and polycrystalline alloys presents significant 
challenges. Past studies have found Ni-base superalloys, especially single crystal versions, to be 
extremely difficult to weld due in part to their high volume fractions of the intermetallic γʹ precipitates 
(Ref. 14). Linear friction welding (LFW), a novel joining technique, has recently shown promise 
overcoming this problem. LFW is a state-of-the-art technique which uses the heat generated by rapidly 
oscillating two metals together under a constant force. The resulting heat plasticizes the contacting 
surfaces and subsequently joins them (Ref. 15). This technique has been shown to produce reliable crack-
free welds in many other difficult to weld alloys (Refs. 16 to 19). Still, a notable concern with this 
technique is the production of residual stress which may be prohibitive for use in jet engines (Refs. 20 and 
21). In fact, safety requirements necessitate reasonable low residual stress levels for use in commercial 
aircraft (Ref. 22). Therefore, predicting and mitigating the residual stresses created by LFW between a 
polycrystalline and single crystal Ni-base superalloy is critical for incorporating hybrid disks in future 
turbine engine applications.  

In this study, the residual stresses created along the weld joint between a polycrystalline and single 
crystal superalloy were measured using neutron diffraction. The effect both pre-heating and post-
processing have on residual stress mitigation in LSHR and the single crystal superalloy SC-180 were 
investigated. Two-dimensional heat-maps of the measured residual stresses in three orthogonal directions 
were produced to better understand the resulting stress environment throughout the weld. The 
experimental stress measurements found pre-heating samples before the LFW process significantly 
reduced the residual stress in all three measured directions. The same result was also observed following a 
post-weld hot isostatic press (HIP) cycle.  

2.0 Experimental Procedure 
2.1 Sample Preparation 

For this study, a commercially available polycrystalline disk superalloy Low-Solvus-High-Refractory 
(LSHR) and a single crystal Ni-base superalloy (SC-180) were tested. Table 1 compares the chemical 
compositions in weight percent of each alloy.  
 

TABLE 1.—AVERAGE ALLOY COMPOSITION IN WEIGHT PERCENT 
Alloy Cr Co Al Ti Nb Mo Ta W Re B C Ni 
LSHR 12.5 20.4 3.5 3.5 1.5 2.7 1.5 4.3 0.0 0.03 0.045 Bal 

SC-180 5 10 5.2 1.0 0.0 2.0 8.5 5.0 3.0 0.02 0.05 Bal 
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Before the two superalloys were joined, each alloy underwent separate heat treatments to acquire an 
optimized γ/γʹ microstructure. For the polycrystalline disk alloy, LSHR, baseline samples were solution 
heat treated at 1171 °C for 2 h to produce a supersolvus microstructure and cooled at a rate of 72 °C per 
minute. This was followed by a two-step aging heat treatment beginning at 855 °C for 4 h proceeded by 
775 °C for 8 h. These supersolvus “coarse grain” specimens had a mean linear intercept grain size of 
15 μm. The effects that LSHR grain size has on residual stresses were explored in section 3.3 using 
supersolvus “fine grain” LSHR specimens, which had been solution heat treated at a lower temperature of 
1135 °C before the same two-step aging heat treatment to give a mean linear intercept grain size of 8 μm. 
SC-180 was solution and aging heat treated according to U. S. Patent 4,935,072 (Ref. 23). Two different 
sized weld specimens were produced using electrical discharge machining for linear friction weld trials 
performed at Manufacturing Technology Inc. Figure 1 displays a schematic of the weld specimen sizes 
and set-up. 

The SC-180 specimens were machined to align the [001] orientation with the transverse direction and 
[110] orientations with the longitudinal and normal directions, in both cases within a tolerance of 8°. Each 
weld analyzed for this study was created using the same LFW parameters.  

Uniaxial tensile stress relaxation tests were performed for 24 h at 855 °C and then 775 °C on 
specimens having a nominal gage diameter of 0.41 cm and gage length of 2.1 cm, in a mechanical testing 
machine having a resistance heating furnace and axial extensometer. The tests were initiated at a strain 
rate of 0.5 percent per minute, in general accordance with the elevated temperature tensile testing 
specification ASTM E21-09. Each test was interrupted at a strain of 1 percent and held there for 24 h to 
measure relaxation of stress as a function of time at the constant imposed strain of 1 percent.  

 

 
Figure 1.—A schematic revealing the size and welding process used 

to connect the polycrystalline LSHR to the single crystal SC-180. 
The linear friction weld oscillated along the longitudinal axis and 
the forge force was applied along the transverse axis. The arrows 
indicated the coordinates as well as the single crystal plane 
orientations of SC-180. 
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2.2 Measuring Residual Stress Using Neutron Diffraction 

Following the weld trials, samples were sent to Oak Ridge National Laboratory to measure the 
residual lattice strain using the neutron diffractometer VULCAN at the Spallation Neutron Source 
(Ref. 24). A 2×2×2 mm3 was used for the residual stress mapping. Using VDRIVE, a data reduction 
software produced by ORNL, lattice d-spacings were determined from neutron diffraction peak positions 
(Ref. 15). In measurements near the weld joint, peaks from the adjacent material could result in lower 
quality peak fits, adding error to the d-spacing measurements. This error was associated with higher χ2 

values. To mitigate this error, every d-spacing determination which corresponded to a χ2 fit above 4 was 
re-examined and re-analyzed to account for the added peaks. An example of this analysis fix is shown in 
Figure 2. 

The software also provides a d-spacing error associated with the quality of the fit. This error was 
propagated throughout the stress calculation and is displayed in the stress line graphs provided in the 
results section. Using the measured lattice d-spacing throughout the weld specimen, residual lattice strain 
can be calculated using Equation (1). 

 ε = 𝑑𝑑ℎ𝑘𝑘𝑘𝑘−𝑑𝑑0ℎ𝑘𝑘𝑘𝑘
𝑑𝑑0ℎ𝑘𝑘𝑘𝑘

  (1) 

Where dhkl is the d-spacing of the lattice post weld, d0hkl is the d-spacing of the stress-free sample, and 
ε is the calculated lattice strain. d0hkl values were acquired using two methods: the first was to use the 
measured lattice spacing farthest from the weld as the stress-free value for both superalloys. The second, 
and more robust technique, was to produce two equivalent weld specimens and machine grids into one to 
relieve all the residual stress in macro scale. Thus, d-spacings could be compared between both samples 
from the same corresponding regions, where the gridded specimen provided d0hkl values and the intact 
specimen gave the dhkl values. Using this approach allows the analysis to consider the chemical and 
structural changes which assuredly manifested near the weld joint, providing a more accurate 
representation of the residual stresses in the heat affected zones (HAZ) for both samples. This point-to-
point stress free d0 selection will also minimize the strain artifact by edge effect as a result of partial 
material volume in the gauge volume near the short singe-crystal-to-polycrystal interphase region.  

 

 
Figure 2.—An example of peak fitting that was determined to be (a) unacceptable and (b) satisfactory for 

determining the measured d-spacing of the sample region. 
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To measure the residual strain in the polycrystalline LSHR sample, the FCC (311) diffraction peak was 
used. From the lattice strain measurements residual stress could then be calculated. Since LSHR is 
polycrystalline in nature, the measured residual stress calculations could assume isotropic material 
properties. Therefore, the Hooks’ law in Equation (2) was used to calculate the residual stress in all three 
directions orthogonal to the weld joint (transverse, longitudinal, and normal). 

 �
ε11
ε22
𝜀𝜀33

� = 1
𝐸𝐸
�

1 −𝜈𝜈 −𝜈𝜈
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� �
σ11
σ22
σ33
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Equation (2) displays the relationship between residual strain and stress where the diffraction elastic 
modulus of FCC (311) was experimentally measured to be E311 = 217,219 MPa and the corresponding 
Poisson’s ratio to be ν311 = 0.292 in LSHR.  

For the single crystal SC-180 superalloy, symmetry of the FCC crystal structure allows for 
orthotropic material properties to be assumed. Thus, Equation (3) was used to measure residual stress in 
the transverse (1), longitudinal (2), and normal (3) directions.  
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Assuming orthotropic properties meant that the elastic modulus and Poisson’s ratio needed to be 

measured for all three directions in the single crystal. The measured values are presented below in 
Table 2, except for v[110][1-10], which was acquired by Sieborger et al. (Ref. 23). 

In addition, a small rotation usually existed between the orientation of the single crystal and the weld 
directions being measured. For example, the [001] orientation of SC-180 was usually a few degrees off 
the transverse direction of the weld. This rotation was measured and considered in the final residual stress 
values. The software MATLAB (The MathWorks, Inc.) (Ref. 26) was used to perform the residual stress 
calculations as well as produce contour plots of the residual stress in the varying weld specimens, while 
Microsoft Excel was used to create the line graphs. 

 
TABLE 2.—MEASURED MATERIAL PROPERTIES FOR SC-180 

E1, [001] 130629.54 MPa 

E2 = E3, [110] 237337.35 MPa 

ν12 = ν13, [001][110] 0.389 

ν32 = ν23, [110][1-10] –0.123 (Ref. 25) 

ν21 = ν31, [110][001] 0.694 
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3.0 Results 
3.1 Effect of Sample Thickness on Residual Stress 

The first residual stress measurements were performed to explore the effect different sized weld 
coupons had on residual stress profiles both near the weld joint and throughout the bulk specimens. For 
this study the strain free lattice measurements (d0hkl) were taken at the far end of both samples, away from 
the weld joint. The schematic in Figure 3 describes the weld set up and size differences, which match 
those provided in Figure 1, between two microstructurally identical LSHR samples. The edge effect is not 
considered here for the grain size effect in the polycrystal samples, where coarse grain is much smaller 
than the gauge volume. 

The residual stress was measured from the far end of the large specimen, taken in the center of the 
sample volume, across the weld joint and through to the other edge of the thin LSHR sample. In Figure 4, 
the calculated residual stress in all three directions (transverse, normal, and longitudinal) are plotted.  
 

 
Figure 3.—A schematic showing the scan used to measure d-

spacing across the weld joint of two different sized LSHR samples. 
The farther point from the weld in the smaller LSHR sample was 
used for an assumed d0hkl value.  

 

 
Figure 4.—The residual stress measured in the (a) transverse direction, (b) normal direction, and 

(c) longitudinal direction across the weld starting from the edge of the larger LSHR sample to 
the other edge of the smaller LSHR sample. Each measurement was taken in 2 mm 
increments across the weld joint.  
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Figure 4 reveals the highest residual stress in the polycrystalline LSHR to polycrystalline LSHR weld 
occurs in the longitudinal direction, the same direction the samples were oscillated during the LFW. 
Significant stresses are also observed in the transverse direction, the same direction the samples were 
forged during and after the weld. The lowest residual stress measurements were seen in the normal 
direction of the weld. Though the stresses were higher in the thick LSHR sample, they did not extend as 
far into the sample as compared to the smaller LSHR sample.  

3.2 Effect of Post-Weld HIP Cycles on Residual Stress 

Following the study on thickness effects, which used LSHR for both specimen, the rest of the work 
presented uses a large LSHR sample welded to a smaller SC-180 single crystal. To relieve the residual 
stresses observed in the as-welded condition of the polycrystalline to single crystal welds, two identical 
samples were HIPed while repeating the two-step aging heat treatment originally applied to LSHR. After 
the HIP cycle, in order to provide unstrained lattice d-spacing values, grids were wire electro discharge 
machined into the surface of one sample thus relieving its residual stress. A schematic of the regions 
examined using neutron diffraction is shown in Figure 5. 
 

 
Figure 5.—Schematic of how the 2-d contour plots were produced. Two identical 

weld samples were produced so that d-spacings could be measured (a) in the 
as-welded condition and (b) in a sample that was gridded to relax the residual 
stress. This latter sample would be used for reference d0hkl values while the 
intact condition would be used for dhkl values. The shaded regions denote areas 
that were not measured. The X marks an example of where/how the 
measurements were compared. 
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In Figure 5, two identical LFW samples were produced. One sample Figure 5(a) was kept intact while 
the other sample Figure 5(b) had grids machined into it. The lattice spacing for corresponding areas were 
compared. For example, the regions denoted by an “X” in Figure 5 were compared to determine residual 
stress. The grids shaded in gray correspond to areas that were not examined using neutron diffraction due 
to time constraints. In Figure 6, contour plots presenting the residual stress layout in all three directions 
described in Figure 1 are shown for the as-welded condition.  

The highest residual stresses are observed along the weld joint in the longitudinal direction. This 
same observation was presented for the LSHR to LSHR weld shown in Figure 4. The residual stress 
profile in the transverse direction presents a large tensile stress on the left side of the joint next to a 
compressive residual stress on the right. Compressive stresses are also observed in the normal direction 
about a centimeter away from the weld joint in the normal direction for both alloys. Figure 7 shows the 
stress profiles after the weld specimen undergoes a HIP cycle. 

A significant reduction in the residual stress profile can be observed in all three directions along the 
weld joint after the HIP cycle. However, there is a notable increase in the compressive residual stresses in 
the longitudinal direction throughout much of the SC-180 sample. For a better comparison between the 
stress levels in the as-welded and post-HIP samples, Figure 8 compares the line profiles taken from the 
center column of grids in both samples.  

In all three directions the residual stress on or near the weld was significantly reduced after the post-
weld HIP cycle. A notable reduction in the transverse and longitudinal tensile stresses in SC-180 is shown 
in Figure 8(a) and (c), respectively. However, the reduction on the LSHR side of the weld joint was found 
to be much less pronounced.  

 

 
Figure 6.—Two-dimensional contour plots of the residual stress in the transverse, normal, and longitudinal directions 

of a sample in the as-welded condition. Note: the excluded areas are not represented in the contour plot.  
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Figure 7.—Two-dimensional contour plots of the residual stress in the transverse, normal, and 

longitudinal directions of a sample after a post-weld HIP cycle.  
 

 
Figure 8.—The residual stress measurements comparing the as-welded and post-HIP conditions in the 

(a) transverse direction, (b) normal direction, and (c) longitudinal direction. The graphs reflect the 
measurements taken from the center of the two-dimensional contour plots revealed in Figure 6 and 
Figure 7. The dashed line represents were the weld is located on each graph. 
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3.3 Effect of Pre-Heat on Residual Stress 

Another approach explored in this study was the effect pre-heat temperatures prior to welding had on 
residual stresses. In addition, the difference LSHR grain size had on residual stress was explored. Again, 
two identical samples for each condition were produced, where one had grids cut into it to relieve the 
stress and provide strain free lattice measurements. Figure 9 shows the area that was measured using 
neutron diffraction for this study.  

Two different pre-heat conditions were explored 315 °C (600 °F) and 540 °C (1000 °F). Figure 10 
reveals the transverse residual stress measurements for all four conditions explored.  

Notable differences in the measured residual stresses were found along the weld joint, corresponding 
to different pre-heat temperatures. Both the coarse and fine grain LSHR specimens pre-heated to 540 °C 
displayed a significant reduction in post-weld residual stress, followed by the 315 °C pre-heat condition 
which still gave a notable stress reduction when compared to the no pre-heat weld specimen. Figure 11 
reveals the normal stress for all four conditions.  

 

 

Figure 9.—Schematic of how the two-dimensional contour plots were produced. 
Two identical weld samples were produced so that d-spacings could be 
measured (a) in the as-welded condition after a certain weld pre-heat and 
(b) in a sample that was gridded to relax the residual stress. This latter sample 
would be used for reference d0hkl vales while the intact condition would be used 
for dhkl values. The shaded regions denote areas that were not measured. The 
X marks an example of where/how the measurements were compared. 
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Figure 10.—Two-dimensional contour plots of the residual stress in the transverse direction after 540 °C pre-heat 

and fine grained LSHR, 540 °C pre-heat and coarse grained LSHR, 315 °C pre-heat and fine grained LSHR and 
no pre-heat and coarse grained LSHR. 

 

 
Figure 11.—Two-dimensional contour plots of the residual stress in the normal direction after 540 °C pre-heat 

and fine grained LSHR, 540 °C pre-heat and coarse grained LSHR, 315 °C pre-heat and fine grained LSHR, and 
no pre-heat and coarse grained LSHR.  
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Many of the same trends observed in the transverse direction can be seen with the normal direction 
stress measurements. However, there does appear to be a slight improvement in stress levels along the 
weld joint for the sample pre-heated to 540 °C with the coarse grain LSHR over the fine grain LSHR. The 
residual stress measurements in the longitudinal direction are displayed in Figure 12. 

As was determined in Sections 3.1 and 3.2, the longitudinal stresses were found to be the highest for 
all four pre-heat conditions. Additionally, the higher pre-heat weld specimens displayed marked 
improvements in residual stress, with the no pre-heat sample presenting the highest residual stress values. 
Interestingly, the 540 °C pre-heat samples exhibited higher compressive longitudinal stress values in the 
bulk of SC-180 as well. In order to better visualize the measured variations in stress between the different 
pre-heat and grain size conditions, the residual stress taken from the center of the two-dimensional 
contour plots revealed in Figure 10 to Figure 12 are plotted against each other in Figure 13.  

Regarding stress at or near the weld joint, the higher pre-heat specimens presented the greatest 
decrease as compared to the no pre-heat sample. This finding has also been observed for arc-welded steel 
(Ref. 27)[27]. Although it is difficult denoting a significant difference between the coarse and fine grain 
samples with a preheat of 540 °C, the coarse grain samples did consistently result in smaller stress values 
near the weld joint for LSHR. In addition, the fine grain LSHR specimens appear to have produced larger 
compressive stresses in the bulk single crystal specimens for all three directions. Still, as was found after 
the HIP cycle, the pre-heat temperature and LSHR grain size appear to affect the residual stresses in the 
SC-180 single crystal much more than in the polycrystalline LSHR samples.  
 

 
Figure 12.—Two-dimensional contour plots of the residual stress in the longitudinal direction after 540 °C 

pre-heat and fine grained LSHR, 540 °C pre-heat and coarse grained LSHR, 315 °C pre-heat and fine grained 
LSHR, and no pre-heat and coarse grained LSHR.  
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Figure 13.—The residual stress measurements comparing the different pre-heat and grain size effects on residual 

stress taken from the center of the Two-dimensional contour plots revealed in Figure 10 to Figure 12 for the (a) 
transverse direction, (b) normal direction, and (c) longitudinal direction. The dashed line represents were the 
weld is located on each graph. 

4.0 Discussion 
4.1 Microstructural Characterization of Weld Joints 

Microstructural characterization of the weld joints was performed using scanning electron microscopy 
(SEM) to explore the effect LSHR grain size had on the materials response near the weld joint. In both 
welds, a 315 °C pre-heat was employed prior to the weld. Backscatter Electron (BSE) images acquired 
using a Hitachi S4700 II of the fine grain LSHR sample are shown in Figure 14 (Ref. 28). 

The BSE images shown in Figure 14(a) and (b) reveal that LSHR grain size actually increased in the 
material approaching the weld joint. The higher temperatures appear to have promoted grain growth during 
the LFW (Ref. 29). In Figure 15, the same analysis is displayed for the coarse grain LSHR specimen.  

Surprisingly, the coarse grain LSHR exhibited the opposite microstructural evolution response during 
the LFW. Instead of the grains coarsening near the weld interface they became significantly finer. The 
deformation induced during the welding and the high temperatures appears to generate dynamic 
recrystallization in the HAZ areas near the weld. The ability of the microstructure to recrystallize in the 
coarse grain LSHR may explain the lower residual stresses observed near the weld joints as compared to 
the fine grain LSHR welds. In fact, recrystallization is a known process that relieves residual stress in 
highly strained microstructures (Ref. 30). Previously, a study by Iqbal et al. (Ref. 31) also explored the 
effect grain size had on residual stress in another disk superalloy RR1000 after inertia welding and could 
not find a significant difference between stress values and pre-weld grain sizes. However, their study only 
explored polycrystalline to polycrystalline welds which may have contributed to the discrepancy between 
their results and those found in this study. Still, their findings indicate that the coarse grain material 
recrystallized in the HAZ near the weld joint, which was also observed in this study. 
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Figure 14.—SEM BSE images revealing the microstructural changes that occurred in the fine grain LSHR at (a) and 

(b) high magnifications. The block box in (a) corresponds to the image shown in (b). 
 

 
Figure 15.—SEM BSE images revealing the microstructural changes that occurred in the coarse grain LSHR at (a) 

and (b) high magnifications. The block box in (a) corresponds to the image shown in (b). 
 

The HIP cycle was intended to allow relaxation of residual stresses near the joint. After 
recrystallization, the finer grain size near the joint could allow more relaxation of residual stresses during 
this HIP cycle. In order to assess the effect of such changing grain size in LSHR on the subsequent 
relaxation of residual stresses near the weld joint during the HIP cycle, uniaxial tensile stress relaxation 
tests were performed on fully heat treated LSHR materials having purposefully varied grains sizes “coarse 
grain” (15 μm) and “fine grain” (8 μm). The relaxation tests were also performed on single crystal 
SC-180, as another basis of comparison. As shown in Figure 16, it is clear that the LSHR undergoes more 
relaxation of stress than SC-180 at each temperature. Furthermore, residual stress in the fine grain LSHR 
specimen appears to relax more than in the coarse grain LSHR. This can help explain why the fine grains 
produced by recrystallization near the joint could result in lower measured residual stresses. 
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Figure 16.—Comparison of tensile yield and stress relaxation responses in uniaxial stress relaxation tests of 

single crystal SC-180, coarse grain LSHR, and fine grain LSHR at 855 and 775 °C. 

4.2 Effect Pre-Heating has on Overall LFW Temperatures 

In Section 3.3, it was discovered that higher pre-heat temperatures before performing LFWs resulted in 
lower residual stresses. To better understand the effect that different preheat temperatures have on the 
sample microstructures and LFW process, Inconel sheathed thermocouples were placed in machined holes 
within both LSHR and SC-180. In the SC-180 sample, the thermocouple was placed 1.3 mm away from the 
weld interface. In contrast, since most of the deformation occurs in LSHR during the LFW, the LSHR 
thermocouples were positioned 3.3 mm away from the interface as they would not survive if placed closer. 
Four different pre-heat temperatures were used in this study: 315, 427, 482, and 540 °C. In Figure 17, the 
measured temperature profiles from the SC-180 sample using different pre-heat weld trials are shown. 

Although the highest pre-heat temperature did result in the highest measured weld temperatures, the 
trend did not extend to the other three pre-heat temperatures. In fact, the lowest weld temperature 
corresponded with the second highest pre-heat temperature (482 °C). However, the correlation between 
weld temperature and pre-heat temperature does appear stronger in LSHR as shown in Figure 18. 

In LSHR, there does appear to be a correlation between pre-heat temperatures and weld temperature, 
where the higher pre-heat temperatures resulted in higher weld temperatures. Still, the trend is not met for 
all cases as shown by the temperature profiles of the 427 °C and 482 °C pre heat conditions. This 
observation may show that though pre-heating before the weld can have an effect on the overall 
temperatures experienced by the two samples during the weld, other factors also play a role. At the 
moment it is not clear what other weld parameters or microstructure characteristics may affect weld 
temperatures or if there is significant temperature variation from weld to weld even though all weld 
parameters remained consistent. 
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Figure 17.—Comparison between the measured temperature profiles 

during LFWs in SC-180 when different pre-heat temperatures are 
employed. Thermocouples were placed 1.3 mm from the weld interface. 

 

 
Figure 18.—Comparison between the measured temperature profiles 

during LFWs in LSHR when different preheat temperatures are 
employed. Thermocouples were placed 3.3 mm from the weld interface. 
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4.3 Residual Stress Measurements by Contour Method 

To compare the conclusions drawn from the neutron diffraction results, new residual stress 
measurements were obtained using an alternative method. Two identical weld specimens of coarse grain 
LSHR and SC-180 using the same parameters described in the methods section and employing the 315 °C 
pre-heat were produced. After welding, one specimen was kept in the as-welded state while the other was 
HIPed as described before. These specimens were then sent to Hill Engineering which utilized the contour 
method to measure residual stresses (Refs. 32 and 33). Each specimen was sectioned to measure the 
residual stresses normal to the cut plane and received two contour measurements for a total of twelve 
planes. The first cut was oriented to measure the residual stress in the longitudinal weld direction while 
the second cut occurred along the weld following longitudinal stress measurement. The proximity and 
intersection of the first contour measurement plane with the second resulted in partial release of the 
residual stress on the second plane. The released stress at the subsequent plane was calculated as part of 
the initial measurement. Total stress at the second plane was calculated using elastic superposition as the 
sum of the released stress and the measured stress. The same material properties used to calculate residual 
stress using neutron diffraction were employed for this method as well. Figure 19 compares the 
longitudinal stress measured across the weld while still in the as-welded condition for both the contour 
method and neutron diffraction.  

Figure 19 reveals the measured residual stress in the longitudinal direction at the center of the 
specimen using the contour method (red line) and neutron diffraction (blue squares). Both measurements 
reveal the same trend and comparable stress levels near the weld joint. The only exception was a slight 
difference in stresses measured in the single crystal. This may be explained by small differences in single 
crystal orientation between the two tests or normal variations experienced between each weld trial. In 
Figure 20, the residual stress measurements in the post-HIP sample are compared to the as-welded 
measurements.  

As was confirmed in Figure 6 to Figure 8, the HIP cycle was successful in significantly lowering the 
residual stress near the weld joint. Indeed, Figure 20 presents similar results to the residual stresses 
presented in Figure 8(c) as well, revealing a comparable stress reduction to those measured using neutron 
diffraction.  

 

 
Figure 19.—Comparison between residual stress measurements using the contour method 

(red line) and neutron diffraction (blue squares). 
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Figure 20.—Contour method residual stress measurements for as-welded and 

post HIP weld specimens which were preheated to 315 °C. The error 
associated with the data used for these curves is ±29 MPa. 

5.0 Conclusions 
This study explored multiple avenues to lower the residual stresses produced when a polycrystalline 

disk alloy (LSHR) is joined to a single crystal superalloy (SC-180) using linear friction welding. From state-
of-the-art neutron diffraction and microstructural characterization several notable conclusions can be drawn.  

 

1. Sample size differences between the two weld specimens will produce different stress 
profiles throughout their respective microstructures. The larger samples contain higher 
residual stresses but dissipate the stress more quickly away from the weld interface. In 
the as-welded state, these residual stresses can reach levels near the ultimate tensile 
strength of LSHR. 

2. Post-weld HIP cycles effectively lower the residual stresses, especially in the single 
crystal. The HIP cycle only provides a modest reduction in stress for the polycrystalline 
LSHR samples.  

3. Pre-heating the weld specimens provides a significant reduction in post-weld residual 
stresses. The highest measured pre-heat temperatures give the greatest reduction in stress. 
Again, the largest residual stress reductions are observed in the single crystal. 

4. Initial average grain size in the polycrystalline LSHR specimen results in different HAZ 
microstructural responses. The fine grain specimen experiences grain growth while the 
coarse grain sample exhibits grain recrystallization. This recrystallization may explain the 
lower residual stresses found in the coarse grain LSHR near the weld joint as compared 
to the fine grain LSHR samples.  

5. Higher pre-heat temperatures appear to contribute to higher weld temperatures, though 
this trend is not always consistent, implying that other mechanisms may also contribute to 
overall LFW temperature profiles. 

6. The residual stress values obtained through the contour method can be used to strengthen 
the conclusions acquired by the neutron diffraction analysis.  
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All these conclusions will help inform future LFW trials. From these results high pre-heat 
temperatures and post-weld HIP cycles are encouraged to lower the residual stresses that inherently 
manifest during the LFW process. In addition, coarser grain microstructures may help lower the residual 
stress in the polycrystalline sides of the weld joints by encouraging grain recrystallization.  
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