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Abstract

The residual stresses in a gas tungsten arc weld of the sin-
gle crystal superalloy CMSX-4 have been examined using
neutron diffraction techniques. The longitudinal compo-
nent of the residual stress field was found to be dominant,
reaching a value of 650 MPa in the weld zone. In order
to rationalise the results, finite element modeling was car-
ried out. Strategies are suggested for the manufacture of
a single crystal weld that is not subject to strain-induced
recrystallization during heat treatment.

Introduction

With the current trend towards the use of single crystal
castings for critical components in the gas turbine, e.g.
for the turbine blades and nozzle guide vanes, there is an
urgent need to develop welding procedures by which the
parts might be processed without defects such as cracks
and tears. This is particularly the case for blade repair,
e.g. for the remediation of casting defects and the reha-
bilitation of blades that have been abraded in service, and
for the filling of holes left in hollow blades from casting,
Figure 1. Particularly for the large single crystals used
in industrial gas turbines, where scrap is very expensive,
a remediation technique would be of enormous benefit.
A number of workers have been developing techniques for
the welding and build-up of single crystals [1, 2, 3]. Unfor-
tunately, the production of crack-free welds in superalloys
is very challenging due to the large solidification range,
which leads to a propensity for solidification cracking,
and the significant creep resistance which prevent stresses
from being relaxed during cooling. In this paper, neutron
diffraction experiments are used to deduce the thermal-
mechanical strains and stresses induced by welding. To
rationalize these data and the modes of cracking which
occur, numerical modeling is employed.

The approach builds on recent work [4, 5] aimed at iden-
tifying and quantifying the factors which are relevant to

the thermal-mechanical response of superalloys to weld-
ing, specifically the residual strains and the related pat-
terns of distortion; it turns out that the way these evolve
has a strong impact on whether a defect-free weld is pro-
duced. Unfortunately, whilst the neutron strain scanning
technique is well established for polycrystalline alloys, it
remains unproven for welds in single crystals. Previous
work has focussed on characterizing the mosaic spread
in industrial single crystal castings [6, 7] although a lim-
ited amount of work has been done on the loading behav-
ior [8]. We believe that this paper contains the first re-
ported neutron diffraction strain measurements on a weld
in a single crystal superalloy. In fact, we have overcome
significant experimental challenges which relate to the de-
velopment of an appropriate technique; this is because
for a single crystal the sample must be precisely aligned
to place the diffraction spot on the detector. In order
to verify that this approach yields reasonable results, we
have made measurements of the loading behavior of the
~'" phase in the (100) direction.

Experimental Procedure

The measurements were carried out on 50 x 25 X 2mm
rectilinear plates fabricated from a solution heat-treated
test casting of CMSX-4. The plates were cut from a larger
casting such that the long axis of the plate was aligned
with the [100] growth direction and the other two axes
were nominally aligned with the secondary [010] and [001]
axes. A bead-on-plate hand weld was manufactured at a
nominal power of 580 W and a welding speed of 1.5 mm s~!
using autogenous gas tungsten arc welding at the Rolls-
Royce facility in Bristol, England.

Neutron diffraction strain measurement relies upon the
change in lattice spacing to infer the elastic strain in the
material, in effect using the lattice expansion as a micro-
scopic internal strain gauge. The strain ¢ is obtained from
the change in lattice spacing d from a strain free reference
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Figure 1: Single crystal superalloy turbine blade with a
sealing filler weld in the shroud, filling the hole left by the
ceramic casting insert.
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The neutron measurements were made using the L3
diffractometer at Atomic Energy of Canada’s NRU reactor
in Chalk River, ON, Canada. Measurements were made
using neutron wavelengths of 1.5661 A for the (300) and
(030) v peaks, obtained using the {115} reflection from
a Germanium monochromator. For measurements using
the (330) 4/ peak, a wavelength of 1.1398 A was used, ob-
tained from the Ge{117}. The strain-free reference was
obtained using a far-field measurement of the lattice pa-
rameter in the normal direction. The diffractometer ar-
rangement is shown in Figure 2. The measurements were
made using a sampling (gauge) volume of 1 x 1 X 1 mm.
The measured strains were converted to stress using liter-
ature data for the stiffness of the isolated 7' phase from
Sieborger et al [9], shown in Table 1, assuming that the
plate was in a condition of plane stress.

Care was taken to establish that the measurement tech-
nique used could measure strains in a single crystal reli-
ably. In this experiment, the measurements were made
using a multiwire detector, and the sample was oscillated
by approximately 4° during each measurement; the period
of the oscillation was ~ 1 minute, and the measurements
required 6 minutes per point. The rationale behind this
approach was to obtain d-spacing measurements averaged
over the entire mosaic spread of the dendrites contained
within the gauge volume. Measurements were made using
the +' phase because, at a volume fraction of > 70%, it is
the majority phase.

In addition, measurements were made! on a CMSX-4
tensile testpiece of the loading behaviour of the v and +/

€

IDye, Conlon, Rogge and Reed. Neutron diffraction characteri-
zation of load partitioning in CMSX-4, in preparation for submission
to Acta Materialia.

Figure 2: Illustration of the diffractometer arrangement.
The specimen is placed on a 3-axis linear stage inside an
Eulerian Cradle.
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Figure 3: Measured lattice strains obtained during room-
temperature tensile testing of CMSX-4 in the ' phase
using the measurement approach taken here to measure
residual strains in a component. The plastic strain applied
was 5%.

E G v
(GPa) (GPa) (-)
127 144 0.39

Table 1: Stiffness constants used for the 4’ for conversion
of the measured strains to stress.
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Thermal Specific Heat  Young’s Shear  Poisson’s Mean Thermal  Yield Yield
Temp. | Conductivity —Density Capacity Modulus  Modulus ratio Expansion Stress Stress
T K p Cyp along (z00) v Coefficient &« (epr =0) (epr = 5%)
CC) |(Wm™K™) (kgm™) (Jkg™'K™h) (GPa) (GPa) (-) (x1079) (MPa) (MPa)
ref. [10] [10] [10] [9] [9] [9] [11] [12] [12]
20 8.65 8700 397 127.3 131.3 0.389 11.1 385.0 411.0
100 8.65 8665 415 125.0 128.7 0.391 11.8 384.0 409.0
200 10.1 8618 431 122.0 125.5 0.394 12.8 383.0 408.0
300 11.6 8572 445 118.0 121.9 0.395 13.7 382.0 406.0
400 134 8525 456 115.0 118.6 0.395 14.7 381.0 404.0
500 14.9 8479 466 111.0 114.3 0.395 15.6 380.0 402.0
600 16.8 8433 488 106.0 109.9 0.396 16.5 383.0 405.0
700 19.4 8387 532 101.0 107.1 0.398 174 406.0 427.0
800 20.6 8342 530 96.0 102.3 0.403 18.3 446.0 466.0
900 21.8 8296 540 90.2 99.0 0.41 19.2 346.0 365.0
1000 22.3 8251 550 82.7 93.7 0.42 20.1 269.0 286.0
1100 23.9 8206 560 75.1 88.3 0.43 21.0 165.0 181.0
1200 25.8 8161 570 67.6 82.9 0.44 21.8 63.7 77.5
1300 27.2 8116 580 60.1 77.5 0.45 22.7 27.6 39.9
1320 27.2 8107 580 58.6 76.4 0.452 19.5 20.4 32.4
1380 35.0 7754 675 54.0 73.2 0.458 18.6 20.4 314
2000 35.0 7754 675 54.0 73.2 0.458 12.9 20.4 31.4

Table 2: Temperature-dependent thermal and mechanical properties used in the finite element modeling. The thermal
expansion gy, is defined as the total expansion divided by the temperature, €, = o', not the instantaneous expansion

a = dey, /dT.

phases in the [100] direction. These showed that only
minimal microstrains, that is, residual accommodation
strains between the two phases, accumulated during plas-
tic deformation and that linear loading behaviour could
be obtained during a tensile test, Figure 3. These results
demonstrate that strain measurements can be made in a
component of CMSX-4 that has undergone plastic defor-
mation with a high degree of reliability. The diffraction
elastic constant obtained from the loading measurement
was not used instead of the literature data for the isolated
~" phase, because for the conversion to stress reported
here both the shear modulus G and Poisson’s ratio v are
required as well as the Young’s Modulus E obtained ex-
perimentally.

Numerical Model

A sequentially coupled thermal-mechanical model was im-
plemented in the finite element code Abaqus?. The model
applied a constant-flux disc heat source 4mm in width
with a power of 320 W, assuming a weld thermal efficiency
of 55%, established from previous work [4]. The velocity
was ramped during welding from 1mms™! to 2.1 mms~!
to reproduce the reduction in weld pool width observed
in the weld. In addition, the heat source was offset 1 mm
from the weld centerline to match the welded plate.

2 Abaqus/Standard, HKS Inc., Pawtucket, RI

Appropriate temperature-dependant materials proper-
ties derived from the literature were applied, which ac-
counted for the anisotropy in the elastic constants and
yield behavior. The properties used are shown in Table 2.
In line with the literature [13], a linear isotropic harden-
ing model was used, using Hill’s modification of the Von
Mises criterion to model the anisotropy of yielding. This
gives the yield criterion as

(o) = F(o9 — 033) + G(033 — 011) + H(011 — 092)
+2Loas +2Mosy +2No12  (2)

where the o;; are the stresses, and the parameters F,G,H
and L,M,N are cyclic permutations of

1/ 1 1 1 3
s(mrmom) O
The parameters R;; and R;; were defined as 2.45 and 4.24,
respectively. Therefore the values given in Table 2 are the
yield stresses for a uniaxial tensile test, divided by 2.45.

It should be noted that this approach assumes that
the temperature dependence of the yield curve does not
depend on the kinetics of solute precipitation and takes
no account of, for example, coarsening of the ' precipi-
tates, which is known to have a strong effect on the yield
strength of nickel-base superalloys [14]. However, at the
quench rates occurring during welding, we do not expect
such age-induced hardening to be an important effect.
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(b)

Figure 4: Electron backscatter diffraction image of the
grain orientation distribution (a) and pole figure (b) il-
lustrating the slight misorientation of the weld from the
sample axes. TD is the normal direction in the sample,
and ND is the transverse direction.

The mesh treated a 2mm thick, 50mm long and
12.5mm wide section of the plate, using an element length
of 0.625mm in the axis of the plate with a thickness of
0.5mm; therefore the model contained 6,400 elements.
Linear hexahedral elements were used for the thermal
analysis (type DC3D8) and linear elements with enhanced
bending modes for the mechanical analysis (type C3D8I).
Compatibility of the temperature field with the displace-
ment field in the mechanical model was guaranteed using
the interpolation routine incorporated into ABAQUS, as
discussed in previous work [4].

Results and Discussion

The weld showed a strong propensity for transverse solid-
ification cracking, Figure 5(a). Cracking appears to have
initiated at a grain boundary, and the crack has deflected
around the primary dendrite arms, Figures 5(b-c). The
evidence of solidified liquid around the broken primary
dendrite arms indicates that cracking occurred before so-
lidification was complete. This interpretation is reinforced
by the observation that crack growth arrested at the edge
of the fusion zone, Figure 5(d).

It was observed during the neutron experimentation
that measurements could be made in the fusion zone at
the same orientation as the parent plate, indicating that
the majority of the weld metal was close to epitaxial with
the base metal. An EBSD grain map and pole figure are
shown in Figure 4, which indicate that the majority of
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Figure 5: Macrograph (a) and scanning electron micro-
graphs (b-d) of the transverse solidification crack in the
weld.
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the weld zone is composed of grains well aligned with the
parent crystal, but that in the bottom of the weld addi-
tional grains were nucleated which were subsequently cut
off by grain selection during solidification. The low-angle
(2°) grain boundary observed at the centreline is a conse-
quence of both a misorientation between the two sides of
the weld and also a sharp spike in misorientation across
the weld centreline, at the final point of freezing. Thus
in this case the goal of achieving a perfect single crystal
weld was not attained, even though good alignment, as
inferred from the neutron measurements, was achieved in
the majority of the weld volume.

Stress Measurements and Model Comparison

At the mid-length of the plate and away from the
surface-breaking crack, the measured longitudinal resid-
ual stresses were found to be tensile in the weld zone and
of magnitude ~ 650 MPa. The tensile region was 10 mm
wide, which was greater than the weld zone width (6 mm).
It was surrounded by a region which is up to ~ 600 MPa in
compression. It was found that the measured transverse
stresses are smaller and tensile, < 250 MPa, and were also
tensile in the weld zone. The measured stresses are com-
pared to the model results in Figure 6.

The measurements on the right-hand side of Figure 6
show a pronounced rise in the longitudinal and transverse
stress and a corresponding drop in the shear stress. It is
believed that this is an artifact either of the non-centering
of the weld on the plate or of translation of the gauge
volume towards the surface of the plate due to distortion of
the welded plate. In the model, significant variations are
observed in the stress state through-thickness; in Figure 6
the stresses at mid-depth are shown.

In the model, the longitudinal stresses are predicted
to be tensile and of magnitude ~ 800 MPa, with a tensile
zone width of 10 mm. In the far-field, compressive stresses
are predicted, decreasing continuously to —750 MPa at the
edge of the plate. The change in gradient in the compres-
sive stresses in the far-field is associated with the edge
of the plastic zone. Overall, the longitudinal stresses are
in reasonable agreement with the measurements, except
that the maximum tensile stress in the weld is slightly
overpredicted, and the change in gradient at the edge of
the plastic zone occurs slightly too close to the weld cen-
terline and at slightly too high a stress.

The predicted transverse stresses are compressive in the
weld region and smaller in magnitude than the longitudi-
nal stresses, approx. 200MPa, and increase to zero at
the edge of the plate. A change in gradient is also ob-
served at the edge of the plastic zone. The compressive
stresses at the mid-length are balanced by tensile regions
at the ends of the plate. In comparison to the measure-
ments, then there is clearly some discrepancy. Excluding
the right-hand edge, the transverse stresses are slightly
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Figure 6: Predicted and measured residual stresses in the
plate at mid-length. The solid lines and symbols are the
model predictions, and the open symbols are the measured
stresses.
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positive and in the range 80 - 250 MPa. This may be an
effect produced by difference between the measurement lo-
cation used, which was placed towards the end of the weld
to avoid any stress relief due to cracking, and the model lo-
cation, which was placed at mid-length. Since the minima
in transverse stress and maxima in the longitudinal stress
occur at the mid-length location, this discrepancy in the
location examined could explain both the over-prediction
of the longitudinal stresses and the under-prediction of
the transverse stresses.

The in-plane shear stresses were found to be small. In
the model, non-zero shear stresses are predicted only at
the edge of the fusion zone, which is consistent with the
majority of the measurements.

The residual stress state in the weld is broadly repro-
duced, which provides confidence that the model can be
used to address the stress state around the weld pool that
leads to cracking during welding.

Avoidance of Cracking in Single Crystal Welds

The transient longitudinal stress evolution predicted by
the model is shown in Figure 7, both in the fully solid
state up to 1250°C and in the partially liquid state be-
tween 1250 and 1380 °C. The fraction solid has been es-
timated using the Gulliver-Scheil approach and the ther-
modynamic software JMatPro®. It should be noted that
the model treats the weld pool as a ‘soft solid” with nomi-
nal mechanical properties and that this approach may be
less than ideal for predicting the stresses during solidifica-
tion. Nevertheless, the results indicate that during initial
heating constrained thermal expansion causes compres-
sive stresses to arise, which then increase towards zero as
the material softens. As the material solidifies, contrac-
tion produces tensile stresses in the weld until the delayed
heating of the heat affected zone produces a compressive
effect. Finally the compressive plastic strains caused dur-
ing heating result in a final tensile residual stress.

This pattern is also reproduced in Figure 8, which shows
the transient state of stress of the plate top surface dur-
ing welding. Again, compressive stresses are produced in
front of the weld pool and ahead and to the side of the
pool. These result in compressive plastic strains being
produced and an in-plane shrinking of the material. In
the immediate vicinity of the weld, the stresses are lower
because of thermal softening but as solidification finishes
tensile stresses are produced to balance the compressive
plastic strains in the heat-affected zone. These then in-
crease during cool-down of the weld.

This evolution, particularly the tensile longitudinal
stresses predicted during solidification, is consistent with
the appearance of transverse solidification cracks in the
weld. This fact, taken with the predictions and exper-
iments for the longitudinal stresses, confirms that the

3JMatPro, Sente Software Ltd., Guildford, UK
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Figure 7: Predicted evolution of the longitudinal residual
stress at the weld centerline, during heating (left graph),
during melting and resolidification (right graph), and fi-
nally during cool-down (left graph).
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Figure 8: Predicted transient temperature and stress after
20s, 85% of the way through the weld pass. 1380 °C is the
nominal liquidus predicted by JMatPro for CMSX-4.
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modeling approach is useful in characterizing the thermal-
mechanical stresses which cause cracking to occur.

The microscopic observations suggest that if the nu-
cleation of stray grains can be avoided, then weld crack-
ing can be suppressed, since cracks are only observed at
grain boundaries. In effect, this implies that the primary
dendrite stems are strong enough to resist deformation
without breaking off. This suggests that welding at a
lower welding speed, which might be expected to produce
greater stresses, would result in a more crack-resistant
weld since stray grain nucleation is reduced at lower cast-
ing speeds.

The present weld was manufactured using no preheat-
ing of the plate; if preheating was used, then this would
reduce the mechanical driving force for cracking, by reduc-
ing the thermal strain mismatch between the base metal
and the weld. Therefore we also suggest that preheating
be used to reduce cracking propensity. Of course, this will
have the detrimental effect of reducing the thermal gradi-
ent around the weld since there will be less of a cooling
sink, and therefore this will have a detrimental effect on
the single-crystal dendrite growth problem. However, if
recrystallization during homogenization heat treatment is
to be avoided, then the residual stresses must be reduced.
These competing effects suggest that it would be desirable
for the model for stress and thermal evolution be coupled
to a solidification model for the weld pool.

Conclusions

The following conclusions can be drawn from this work:

1. The residual stresses present were dominated by the
longitudinal stress, which was up to 650 MPa in the weld
zone. The stresses were reproduced by a finite element
model with reasonable accuracy.

2. Weld cracking was observed at the grain bound-
aries present in the weld. Electron Backscatter Diffraction
showed that some grains in new orientations were nucle-
ated at the fusion zone interface, even though the majority
of the weld was well aligned with the parent plate.

3. It is suggested that in order to manufacture a single
crystal weld that is not subject to strain-induced recrystal-
lization during heat treatment then (i) the welding speed
should be reduced to a speed closer to that used in invest-
ment casting, and (ii) that preheating be used to reduce
the mechanical driving force for cracking and plasticity.
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