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Abstract 
 
The formation of stray grains during weld solidification of Rene 
N5, a single-crystal nickel-based superalloy, was studied.  
Experimental laser and electron-beam welds showed the extent of 
stray grain formation was sensitive to the welding conditions.  It 
was also found that cracking is associated with the presence of 
stray grains, and cracks follow along the stray-grain high angle 
boundaries.  Modeling was carried out to investigate the 
mechanism of stray grain formation and to predict the extent of 
stray grains as a function of welding conditions and location 
within the weld.  The effect of crystallographic orientation was 
also taken into account.  It was found that the mechanism of 
constitutional supercooling for stray grain formation explained all 
of the experimental results.  Modeling based on this mechanism 
indicated that welding conditions would have a very important 
influence on the extent of stray grain formation while 
crystallographic orientation had only a minor influence. 
 

Introduction 
 
Advanced gas turbine engines require high operating temperatures 
in order to achieve acceptable process efficiencies.  The demand 
for high operating temperatures has led to the extensive use of 
single-crystal nickel-based superalloys for engine components.  
By their very nature these components have a high intrinsic cost 
and the development of a weld technology that can repair worn or 
damaged components, as well as repair casting defects to improve 
yield is very desirable.  Such a technology will allow for more 
efficient and economical use of expensive turbine engine 
components. 
 
Conventional welding of nickel-based single crystals leads to 
abundant cracking and the formation of stray grains, i.e., new 
grains that destroy the original single crystal structure [1-3].  An 
example is shown in Figure 1.  In fact, the cracking is associated 
with the stray grains in that the high angle stray grain boundaries 
act as preferred paths for crack propagation [2,3].  In order to 
avoid cracking, alternate filler metals with inferior mechanical 
properties (due to reduced levels of the strengthening γ´ phase) 
can be used [4].  Most recently, successful single-crystal crack-
free welds have been obtained under special conditions where a 
unidirectional thermal gradient exists [5-8].  However, a more 
general weld repair technology that can be used under 3D welding 
conditions that yields properties comparable to the single-crystal 
base material has not yet been developed.  It is the purpose of this 
paper to study the mechanism of stray grain formation during 
welding.  In this way, the means for avoiding stray grains during 
weld repair can be successfully identified and the development of 
a repair technology can be advanced. 
 

 

 
 

Experimental Procedure 
 
Autogenous welds were made on 0.8 mm-thick sheet of 
commercial Rene N5 single crystal using laser or electron beam 
welding processes.  The composition of the alloy was (wt %) Ni-
7.11Cr-7.32Co-6.25Al-6.38Ta-4.83W-2.88Re-1.41Mo-0.15Hf-
0.053C.  The welds were full penetration or nearly full penetration 
welds made on thin sheet that was electro-discharge machined 
from a single crystal slab.  The crystallographic orientation of the 
sheet and weld direction were determined by Laue X-ray 
diffraction.  For all welds, the sheet normal direction was [-0.925, 
-0.376, 0.051].  For the laser welds, the welding direction was [-
0.141, 0.217, -0.966] whereas for the electron beam welds, the 
welding direction was [0.141, -0.217, 0.966].  The sheet normal 
deviated from the [-1, 0, 0] direction by 15° and the weld 
direction deviated from [0,0,-1] (laser weld) or [0,0,1] (electron 
beam weld) by 22°.  It is important to note that the welds were 
made in such an orientation that the centerline was not a plane of 
(crystallographic) symmetry.  This condition led to asymmetrical 
weld microstructures, as shown later.  A range of conditions 
(power and speed) were used and these are shown in Table 1.  The 
as-welded microstructures were evaluated by optical microscopy.  
In addition, the grain structure of the laser welds was analyzed by 
Orientation Imaging Microscopy (OIM) to clearly reveal the 
presence of stray grains and associated high angle grain 
boundaries. 
 

Figure 1: Pulsed laser weld of PWA 1480 single crystal 
nickel-based superalloy showing large regions of 
epitaxial growth as well as abundant stray grains and 
cracking along stray-grain high angle boundaries. 



Modeling Procedures 
 
Previous work analyzed the weld pool and its thermal properties 
using a finite element code [3].  That analysis allowed for a 
reasonably precise replication of the weld pool shape.  However, 
the analysis procedure was numerically intensive and only a 
limited portion of the entire weld pool was evaluated in terms of 
dendrite growth behavior.  In the present study, a less tedious, 
simpler thermal analysis was employed that allowed for a 
complete analysis over the entire weld pool surface.  In this 
procedure, the Rosenthal solution for heat flow was utilized [9].  
This analysis only considers conductive heat flow.  Furthermore, a 
3D thermal analysis was done.  The actual weld cross sections 
were found to be intermediate between the 2D and 3D conditions 
in the Rosenthal analysis.  The 2D case considers a weld pool that 
does not vary with depth, while the 3D case considers a weld pool 
that is only a partial penetration weld.  While neither of these two 
simple cases accurately reflects the real cross-section of the welds, 
the 3D case was used because it has an inherent symmetry that 
allows for an integrated analysis over the entire weld pool surface 
that takes into account the variation in thermal parameters 
(thermal gradient and solidification front growth velocity) that is 
found in welds.  Thus, the thermal modeling was more qualitative 
in nature, but it allowed for a thorough evaluation of trends that 
result from the variation in welding conditions.  The same 
Rosenthal model has been shown to be effective in describing 
general behavior in other studies as well [10].  
 

Table 1: Conditions Used for Experimental Welds 
Process Speed (m/s) Power (W) 

Laser Beam 0.0042 420 
 0.0127 804 
 0.0212 840 

Electron Beam 0.0042 250 
 0.0127 320 
 0.0212 612 

 
The simple Rosenthal 3D thermal analysis provided the basis for 
evaluating the thermal gradient and solidification front orientation 
over the entire weld pool surface.  The weld pool surface was 
defined by the 1417°C isotherm, which is between the liquidus 
and solidus for the Rene N5 alloy.  The thermal analysis was 
combined with a previously developed geometric model that 
identifies the dendrite growth direction in single crystal welds as a 
function of the initial sample orientation and weld direction 
[11,12].  This combined analysis yielded a description of the 
dendritic growth conditions (thermal gradient, growth velocity) 
over the entire weld pool surface.  Recently Gäumann et al have 
considered the nucleation and growth of crystals ahead of an 
advancing single crystal dendritic growth front [13].  Such 
nucleation and growth, due to constitutional supercooling ahead 
of the advancing solidification front, may lead to the formation of 
stray grains.  The analysis of Gäumann et al was combined with 
the thermal analysis to determine the susceptibility of the nickel-
based single crystals to stray grain formation during welding.  As 
a result of the intrinsic symmetry of the Rosenthal solution, the 
susceptibility to stray grain formation could be integrated over the 
entire weld pool surface in a reasonable manner.  The parameters 
used in the stray grain analysis were the same as those used by 

Gäumann since their work was on a comparable nickel-based 
superalloy.  Details regarding the modeling procedure are 
provided elsewhere [14].  
 

Results 
 
Welding 
 
Representative optical micrographs of the laser and electron beam 
welds are shown in Figures 2 and 3, respectively.  Figure 2a is a 
top-surface view of the slow-speed laser weld.  Few stray grains 
were observed (shown more clearly in Figure 4a) and no cracking 
was seen.  Figure 2b is a higher magnification view at the fusion 
line.  The perfect epitaxial growth from the base material can be 
seen.  Since the growth during welding is much faster than during 
the original casting, the primary dendrite arm spacing of the weld 
is significantly finer than in the base material.  Figure 2c shows a 
top-surface view of the medium speed laser weld.  Cracking on 
one side of the centerline is evident.  As shown in the higher 
magnification view of the centerline in Figure 2d, and in the 
transverse-view micrograph in Figure 2e, stray grain formation 
was fairly extensive.  It is noteworthy that the extent of stray 
grains was significantly greater on the right side of the weld, the 
same side where the cracks were found.  Similar results were 
found for the electron beam welds in Figure 3.  Perfect epitaxy 
was found near the fusion line, especially in the slow-speed weld 
(Figure 3b), stray grains and cracking was asymmetrical with 
respect to the centerline (Figures 3c-e), and stray grains were 
more prevalent in the higher speed weld.   
 
The highest speed welds were very similar to the medium speed 
welds for both laser and electron-beam welding.  The results for 
all welds can be summarized as follows.  First, stray grains were 
observed and their frequency varied dramatically with the weld 
process conditions.  Second, the density of stray grains was 
asymmetrical with respect to the weld centerline.  Third, cracking 
was observed in those welds with the highest density of stray 
grains, and the cracks followed along the high-angle stray grain 
boundaries.  Moreover, the cracks were asymmetrical with respect 
to the centerline, in line with the fact that the stray grains density 
was asymmetrical with respect to the weld centerline.  Finally, the 
higher-speed. higher-power welds were more prone to stray grain 
formation and to cracking, for both the laser and electron beam 
welds. 
 
OIM analyses were only made on the laser welds.  The results are 
shown in Figure 4 and the effect of welding conditions on the 
abundance of stray grains is clearly revealed.  Nearly all of the 
grain boundaries shown represent misorientations of at least 10°.  
Although some stray grains are visible in the low speed, low 
power weld (Figure 4a), the higher speed, higher power weld 
(Figure 4b) shows significantly more stray grains.  The stray 
grains are clearly asymmetrically distributed with respect to the 
centerline; many more stray grains were present on the right side 
of the weld.  The stray grains also were concentrated near the 
centerline and were totally absent along the edge of the weld pool.  
Finally, the OIM analysis clearly shows that the cracks followed 
along the high-angle, stray grain boundaries. 
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Modeling 
 
In light of the experimental observations, it is argued in the next 
section that stray grain formation is controlled by the extent of 
constitutional supercooling ahead of the advancing solidification 
front, which results in the nucleation and growth of new grains.  
Based on this conclusion, modeling calculations were done to 
determine the extent of such nucleation and growth as a function 
of the welding conditions.  The calculations were based on the 

simple Rosenthal thermal analysis and the theory originally 
proposed by Hunt [15] and further developed and applied to 
nickel-based superalloys by Gäumann et al [13]. 
 
The theoretical analyses of both Hunt [15] and Gäumann et al [13] 
consider a parameter Φ to describe the extent of nucleation and 
growth (stray grain formation) ahead of the advancing 
solidification front.  Φ represents the volume fraction of equiaxed 
grains and varies from 0 to 1.  The value of Φ was calculated 
using the following equation, based on the derivation Gäumann et 
al [13]: 
 
 
 
 
 
where G is the thermal gradient, V is the growth velocity, a and n 
are material constants, and N0 is the nucleation density.  The 

Figure 2: Optical micrographs of laser welded Rene 
N5.  (a) top surface view of 0.0042 ms-1 weld, (b) 
higher magnification view of left side of (a), (c) top 
surface view of 0.0127 ms-1 weld showing asym-
metrical stray grain distribution and cracking, (d) 
higher magnification view of centerline in (c), (e) 
transverse view of (c).  Weld direction in a-d is from 
bottom to top.
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values for the three constants (a = 1.25 x 106 K3.4m-1s-1, n = 3.4, 
and N0 = 2 x 1015 m-3) were the same as those used by Gäumann 
for a similar nickel-based superalloy [13]. 
 
When constitutional supercooling is minimal, Φ = 0 and no new 
grains form, yielding a weld microstructure that is free of stray 
grains and maintains is single crystal nature.  When Φ = 1, the 
solidification is 100% equiaxed in nature.  The critical value of Φ 
corresponding to a stray grain free microstructure was 

hypothesized to be 0.06 [13,15].  In the present work, rather than 
define a single critical value of Φ, an overall average value of Φ 
(ΦAV), integrated over the entire weld pool solidification front, 
was evaluated and the variation of ΦAV as a function of welding 
conditions was determined.  This approach is considered to be 
preferred to the use of a critical value since the analysis includes 
several parameters that are not well-known, and the calculated 
absolute values for Φ may not be accurate.  Regardless of the 
accuracy of the absolute value of Φ, the changes in ΦAV as a 
function of changing conditions should be reliable. 
 
The area-weighted average value of Φ, ΦAV (using the total area 
of the solidification front of the weld pool), was calculated and the 
results are plotted versus weld condition in Figure 5 for the three 
laser welding conditions in Table 1.  It can be seen that ΦAV is the 
lowest for the low speed, low power weld and is substantially 
higher for the other two welds.  The asymmetry in the value of 

Figure 3: Optical micrographs of electron beam welded 
Rene N5.  (a) top surface view of 0.0042 ms-1 weld, (b) 
higher magnification view of left side of (a), (c) top 
surface view of 0.0127 ms-1 weld showing asym-
metrical stray grain distribution and cracking, (d) 
higher magnification view of centerline in (c), (e) 
transverse view of (c).  Weld direction in a-d is from 
bottom to top. 
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ΦAV with respect to the centerline can be shown in two ways.  An 
area-weighted average of Φ was calculated for the left side versus 
right side of the weld, and these results are also included in Figure 
5.  In addition, since the calculations were for a 3D geometry but 
the laser welds were roughly full penetration welds, the average 
value of Φ across the solidification front on the top surface only 
was calculated for the left and right sides and these are also 
plotted in Figure 5.  The results show that Φ is noticeably higher 
on the right side of the weld pool centerline for the two higher-
speed, higher-power welds, indicating stray grains should be more 
abundant on the right side.  This prediction is in perfect agreement 
with the experimental results presented earlier.  It is interesting to 
note that for the low speed, low power weld, Φ is actually lower 
on the right side, but presumably the values of Φ are all low 
enough in this weld so stray grain formation is minimal 
everywhere.  The calculations also showed that Φ is significantly 
greater near the centerline, again in agreement with the 
experimental results. 
 
Finally, an analysis was made to determine the variation of ΦAV 
with the sample orientation.  In addition to calculating the area-
weighted average of Φ for the crystallographic orientation used in 
the experimental welds, ΦAV was also calculated for the same set 
of three welding conditions but for a few additional orientations.  
The results are shown in Table 2.  These calculations show that 

the overall area-weighted average of Φ does not vary very much 
with sample orientation.  The range in ΦAV values is negligible 
when compared with the variation in ΦAV due to the welding 
conditions.  
 
Table 2: Variation of Area-Weighted Average Φ with Orientation 

Orientation: 
Weld direction, 
surface normal 

0.0042 ms-1 

420 W 
0.0127 ms-1 

804 W 
0.0212 ms-1 

840 W 

Actual (see text) 0.14 0.31 0.27 
100, 001 0.14 0.31 0.27 
110, 001 0.13 0.29 0.26 
100, 011 0.14 0.31 0.27 
110, 1-11 0.13 0.29 0.26 
210, 001 0.14 0.30 0.27 
310, 001 0.14 0.31 0.27 

 
 

Discussion 
 
There are two basic mechanisms that have been proposed to 
explain stray grain formation during solidification.  The first is 
constitutional supercooling ahead of the advancing solidification 
front.  Due to solute partitioning and the build-up of an enriched 
solute layer in front of the advancing solidification front, the 
liquid may be below its equilibrium liquidus temperature and 
nucleation and growth may take place.  The second mechanism is 
that of dendrite fragmentation, where growing dendrites are 
broken, transported in the liquid, and then continue to grow at 
some other location with an orientation different from the original 
dendrite. 
 
Dendrite fragmentation has been identified as the mechanism for 
forming many defects during casting of single crystal nickel-based 
superalloys.  However, during welding the thermal and dendrite 
growth conditions are quite different than in casting.  While 
convective flows are generally greater during welding, growth 
rates and thermal gradients are also significantly higher during 
welding.  Many of the observations in the experimental welds do 
not conform to predictions based on the dendrite fragmentation 

(a) 

(b) 

Figure 4: OIM micrographs of laser welded Rene N5. 
Top surface views of (a) 0.0042 ms-1 and (b) 0.0127 
ms-1 welds.  The dashed lines are approximate fusion 
zone boundaries and the weld direction is from bottom 
to top. The scale marker represents 0.5 mm.  The arrow 
points to a weld crack.  Well-defined grain boundaries 
correspond to misorientations of  > 10°. 

Figure 5: Calculated values of Φ, volume fraction of 
equiaxed grains, for three different laser welds.  The 
solid bar is the area-weighted Φ over the entire weld 
pool surface, the solid horizontal and vertical striped 
bars are area-weighted Φ over the left and right sides of 
the weld pool, and the dashed horizontal and vertical 
striped bars are the average Φ over the top surface on 
the left and right sides. 



mechanism.  First, the extent of fragmentation should be 
symmetrical with respect to the weld centerline because fluid flow 
and the thermal behavior are symmetrical.  However, the 
experiments clearly show that this is not the case.  Second, 
dendrite fragmentation is expected to be more severe in regions 
where the cooling rates are highest [16].  Under welding 
conditions, the highest cooling rates are found along the edges of 
the weld, and the lowest cooling rates are along the centerline.  
The fact that stray grains are clearly more prevalent near the 
centerline indicates that they form where the cooling rates are 
lowest, again opposite to the predictions based on dendrite 
fragmentation. 
 
In contrast, the experimental results agree very well with 
predictions based on the constitutional supercooling mechanism 
for stray grain formation.  Model calculations in this work have 
shown that the extent of stray grain formation can be 
asymmetrical with respect to the weld centerline, and furthermore, 
the calculation predict more extensive stray grain formation on the 
same side as was observed experimentally.  The constitutional 
supercooling mechanism also predicts stray grains will be more 
abundant near the weld centerline, again in agreement with the 
experimental results.  Finally, calculations of the parameter Φ 
show that stray grain formation will be more extensive in the 
higher-speed, higher-power welds, as observed.  Therefore, it is 
concluded that under welding conditions, the stray grain 
formation behavior is controlled by the extent of constitutional 
supercooling ahead of the advancing solidification front.  
Naturally, an alternate mechanism may apply under casting 
conditions, where the growth behavior is substantially different. 
 
The model calculations show that the extent of stray grain 
formation should be significantly higher in the high-speed, high-
power welds.  A more detailed analysis of the effect of welding 
conditions on stray grain formation was done, using the same 
procedure as in this work [14].  In that study, the effects of 
welding parameters were examined.  It was found that the welding 
parameters have a significant influence on the stray grain 
formation tendencies.  The parameter Φ, which is proportional to 
the extent of stray grain formation, varies with thermal gradient 
(G) and growth velocity (V) as G3.4/V for nickel-based 
superalloys [13].  Thus, the thermal gradient is far more important 
than the growth velocity in terms of avoiding stray grains.  The 
more detailed analysis showed that the higher gradients obtained 
by changing the welding parameters have the most impact on 
reducing Φ.  The present experimental results confirm these 
theoretical predictions.  The calculations also show that the effect 
of weld orientation is rather minimal in terms of stray grain 
formation.  Thus, restrictions on weld repair operations in terms of 
the specific weld directions are negligible. 
 
A simple, more qualitative constitutional supercooling analysis 
shows that the extent of constitutional supercooling is 
proportional to the solidification temperature range, ∆T.  Thus, 
reducing ∆T will help to avoid stray grains.  This predicted 
relationship has been supported qualitatively in studies that have 
examined different types of single crystals and their behavior 
when welded [17].  The trends are summarized in Table 3, where 
the extent of stray grain formation is listed as a function of alloy 
and corresponding solidification temperature range.  The table 
strongly suggests that a small solidification temperature range will 
help resist stray grain formation.  Further work is currently 
underway to examine minor alloy modifications that may 

significantly reduce the rather large ∆T in nickel-based 
superalloys and thus provide yet another means for limiting stray 
grain formation. 
 

Table 3: Extent of Stray Grains As a Function of ∆T 

Alloy 
Solidification 
Temperature 

Range, ∆T (°C) 

Extent of Stray 
Grains 

Pure Fe-15Cr-15Ni ~ 10 None 
Impure Fe-15Cr-

15Ni ~ 20 Few 

Ni Superalloys ~ 40 Abundant 
 
The results of the experimental and modeling work provide 
valuable insight into the potential for successful weld repair of 
nickel-based superalloys.  “Successful” in this case means the 
resultant welds are free of stray grains, and associated cracks, 
while maintaining the high volume fraction of the gamma prime 
phase in order to maintain the excellent high temperature 
mechanical properties.  The results show that welds with no 
cracks and minimal density of stray grains can be produced.  
Furthermore, the study indicates that fine tuning of weld 
conditions can lead to even better welds.  Finally, with the 
identification of the mechanism of stray grain formation during 
welding as constitutional supercooling, further improvements to 
welding behavior may be achieved with judicial composition 
modifications that will reduce the solidification temperature 
range. 
 

Summary and Conclusions 
 
The solidification grain microstructure of single crystal nickel-
based superalloy welds was investigated in the present study as a 
function of welding conditions.  The experimental work was 
supplemented with modeling analyses to determine the extent of 
stray grain formation as a function of welding conditions.  The 
investigation has led to the following conclusions: 
1. The mechanism of stray grain formation is constitutional 
supercooling ahead of the advancing solidification front. 
2. Stray grains were nearly absent in the low speed, low power 
weld, and no cracking was observed in this weld. 
3. Stray grains and associated cracks were more abundant in 
the higher-speed, higher-power welds. 
4. The density of stray grains is greatest at the weld centerline.  
The distribution of stray grains depends on the crystallographic 
orientation of the weld, and they may be asymmetrically located 
with respect to the centerline. 
5. While crystallographic orientation affects the distribution of 
stray grains, orientation plays a negligible role in terms of the 
overall density of stray grains.  
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