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Deformation in the heat affected zone during spot welding
of a nickel-based single crystal
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Constrained melting and solidification and associated thermal cycling during welding produces
extensive microstructural changes. Such changes are observed during spot welding of single-crystal
Ni-based superalloy TSM-75. Analysis of Laue diffraction patterns attained from the
heat-affected-zone indicates the presence of a high density of dislocations. Dislocation
rearrangement results in local rotations around[t@)] direction, which is perpendicular to the
temperature gradient. These dislocations exist over a large fraction of the heat-affected zone. The
analyses also showed that the dislocation density was maximal near the fusion line and gradually
decreases with an increase in the distance from the fusion line. The dislocation density increased
with the cooling rate. ©2003 American Institute of Physic§DOI: 10.1063/1.1579863

INTRODUCTION yield strength. This deformation may lead to relaxation of
thermal stresses. However, it is important to note that the
:flbove relaxation will also be influenced by the precipitation
cycling during local melting and solidificatiorf. The exact "o ¥’ phase during cooling. Detailed analysis of the disloca-
ycling 9 9 ' tion structure in the HAZ will enable one to define the extent

definition of the true HAZ is often confusing. In alloys that . . .
exhibit solid state transformation, the region that experienceéf a true HAZ, and improve our understanding of physical

The heat-affected zon@lAZ) near the fusion zon€FZ)
is the unmelted zone that is thermally affected by the therm

. rocesses taking place during welding and weld cooling of
such transformation due to the weld thermal cycle can b gp 9 9 9

often identified by metallographic techniques. Sometimes I-based alloys.

hardness profiles can also be used to identify, on a micro-

scopic scale, the extent of the HAZ. In single phase material,

if the alloy shows grain growth effects, the extent to which EXPERIMENTAL PROCEDURE

gra'ig g;g}:{“g gccnlirst, ﬁlndrherr:icet thﬁn?xtent (g t?iﬁ val\zl,di(;lan Analysis of the HAZ during spot welding of single crys-
€ lgentified by metallographic techniques. buring we gtal, nickel-based TSM-75 superalloy was performed. The

in all of these cases, the unmelted HAZ also experiencegOmposition of the alloy igwt. %): Co-12.0, Cr-3.0, M0-2.0

thermal stresses. The thermal stresses can be locked in ﬁ?—6 0. Ta-6.0 Al-6.0. Re-50. Hi-0.1 and balance nickel
residual stress or they may relax by plastic deformation. | he. 7’/, sol\./u's ter.np’eraturt.e ’for tr.lis alloy i$Ref. 3 '

alloys that show solid state transformation, this secondary~1300 °C. A vertical section of the multicomponent phase

effect of strains due to the relaxation of thermal stresses ma iagram for this alloy, calculated using ThermoCaiad the

extend beyond the microstructural changes due to the soli Ji-DATA® database, agrees with this temperat(Fi. 1).

it;tfrotlr ?r?;fg[enr}ztrlr%r;r:rgethoi mézc;vilrg(l:lewtglz Tﬁéep?ggeggeesdb\ccording to this calculation the solvus, solidus, and liqui-
. : ' . mperatur re 1323°, 1356°, and 1410°C, r -
to describe the HAZ from both microstructural and plastlcdus temperatures are 1323°, 1356, and 0°C, respec

: o ) . . tively. The temperature interval between the solvus and soli-
deformation characteristics. In this article, the plastic defor- y b

mation characteristics in the HAZ of a spot-welded, single-dus Is 337 As aresult, the width of the single-phasegion
crystal nickel-based superalloy were characterized with Lau
diffraction analysis.

Most Ni-based superalloys consistpéolid solution(Ni
based with dispersed precipitates gf phase. The volume
of these particles may reach 65%—75%. It is very importan%l si
that at high temperatures above thé solvus temperature

near the fusion zone, thesg precipitates dissolve com-

in the HAZ may not be large and will depend on the thermal
Sradient. During cooling below the solvus temperature, the
alloy becomes two-phasedy(y’) with 60—-65 vol % v’
phase.
The welding experiments were carried out on the end of
ngle crystal rod that was 60 mm long and 13 mm in
diameter. The single crystal sample microstructure had a
pletely, leading to a single phaseregion. As a result, this ?heen[cérit((;.] zgﬁqc;rggiiiféa?;) D;:(ir:ltfesl dvgi;irzrlr?wgfg (?Aot?%
single y-phase region may exhibit lower strength. This softrod using the gas tun&st.en .arc procéss the plane perpen-
region may experience plastic deformation on cooling due t%icular to the[010] axis). Two samples were prepared with
the generation of thermal siresses that are higher than trBg’n‘ferent cooling conditi;)ns. In one case the arc was on for
17 s and then was switched off immediately so that the
aAuthor to whom correspondence should be addressed; electronic maif@mple was rapidly coolecsample B and in the other case
barabashom@ornl.gov the arc was turned off gradually by ramping down the current
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TABLE I. Size of heat affected zon@) from x-ray data.

1200 =

Temperature, “C

1100

ars

Sample A Sample B

Spot Distance from Spot Distance from
No. fusion line (mm) No. fusion line (mm)

1 1.75 1 3.22

2 1.25 2 1.95

3 0.75 3 1.95

4 0.25 4 1.35

5 0.1 5 1.35

6 0.1 6 0.85

7 -0.1 7 0

8 -0.3 8 -0.3

R 1.5 R 2.65

exact positions of the spots, a Laue image from the edge of
the sample was taken and this position was then used as a

reference.

In Laue diffraction, the incident and scattered beams

1000

0 0.02
Weight fraction Al

0.04

T
0.06

each define a line in reciprocal space. The length of the line
is determined by the wavelength of the radiation. Since white
beam conditions are used, a continuous range of incident and
scattered reciprocal space vector lengths are present. Further-
more, higher orders of reciprocal lattice poifitsr example

FIG. 1. Calculated section of the multicomponent phase diagram at a fixe§00Oh), (002h), (00%), (004) etc) lie along the same di-
concentration of 3Cr, 12Co, 2Mo, 6W, 5Re, 6Ta, 0.1Hf, and varying Al rection and therefore will lead to scattering at the same pixel
on the detecto(Fig. 4). To analyze the white beam intensity
distribution from a deformed grainynit vectors in each di-

rection of scatteringk=k/|k|, are introduced. Also, a spe-

(0-12% and Ni (65.9%—53.9%

for 25 s(sample A. Since sample A was made with a gradu-

ally decreasing weld current, the cooling rates are expectetf

to be lower than in sample B.

HAZ was analyzed by optical microscopy and Laue diffrac-

al misorientation vectom near a Bragg reflectiomnf= k

—Knk) is definec®’ The misorientation vectom gives the
The HAZ was analyzed by cutting the samples on thedifference between the unit vector parallel to the Bragg re-

(001) plane, through the cylinder axis and polishing electro-flection (hkl) and an arbitrary direction in its vicinity

lytically to remove surface damage. The structure of the(Fig. 4).

tion. Laue images were obtained from different locationsSRESULTS

along the sample axis at different distances from the fusion

line. The beam diameter for the Laue diffraction experiment:

was approximately 0.4 mm. As will be shown, this is con-.
siderably larger than the size of the HAZ when determinedo

optically, but smaller than the HAZ when defined by the

extent of deformation. Coordinates of the spots are listed in

Table | and are shown schematically in Fig. 3. To get the

FIG. 2. Microstructure of TSM75 single crystal samplés: dendrite mi-
crostructure of base materigh) fusion zone and PRBAZ) in sample A;
(c) fusion zone and PREIAZ) in sample B.

The final microstructure of samples A and B are shown
$n Figs. 2b) and Zc). The microstructures showed some
nteresting features. The width of the HAZ when defined by
ptical contrast was equal to 28fn in sample B and was
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FIG. 3. Spot positions at which Laue patterns were taken from samples A
and B. Scales for the two schematic diagrams are different.
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FIG. 4. Scheme of Laue diffraction illustrates that reciprocal lattice points
(00h), (002h, (003h, (004h, etc. are scattered towards the same pixel on a
detector. Laue image characterizes the misorientation distribution within the
irradiated volume. [-100]

larger than that in sample £00 um). This result is in ap-
parent contradiction to traditional behavior, but can be ex-
plained as follows. Since sample A cooled more slowly, the
extent of reprecipitation ofy’ in the HAZ during cooling
will be greater than in sample B. This will render a smaller ) - .
precipiation-ree zon€PF2 (as observed by optical micros- F1%, 5 EXperment Laue patens fom samme Aatposton 1)
copy) near the fusion line and will result in an apparently 4; (f) position 7.

smaller HAZ. Microscopy also confirmed the results of Laue

diffraction in that the HAZ retains its single crystal nature. In

the HAZ gloger to the fusion line, .there were indications of 010] [Figs. 5b) and e)]. Furthermore, as one moves into
homogenization of the base material cast structure. In the F

th lear indicati f solidificati di .the fusion zone, the Laue images obtained were sharp once
ere was a clear indication of soliditication proceeding epl'again, similar to the nondistorted single crystal base material

taXit?]”yt‘;rom the tf“?i‘l’”T'L”_e and ha"i?g thg same O”e”talﬂor_‘ Figs. 5c) and 5f)]. If the HAZ width is defined by the
?AS. € ¢ as:[e mla e”?' s dv_vast %Ort]h'rTfh fy -aue ana B;S' xtent of plastic/elastic strain, as measured by Laue diffrac-
crostructural analysis indicate at the fusion zone falis, then the rapidly cooled samp{B) has a larger HAZ.

fromquspn line COQS'StthI s?tveral glgtralntsh le retai his is reasonable since the stresses that develop in the rap-
aue images show that after meiting the sample retaine ly cooled sample are larger and have little time for relax-

its single crystal nature near the fusion line. No grains due Qtion.

recrystallization was observed. At large distances from the

fusion line (more than 1.75 mm for sample A and 3.35 mm

for sampl_e B in the HAZ, the I__au_e pattern cons_ists of SharpDISCUSSION

spots. This indicates that at this distance there is no plastic or

elastic strain[Fig. 5@)]. As the analyzed locations were It has been showin®that the shape of the Laue image is
moved closer to the fusion line, the Laue images changectlated to the plastic and elastic state of the sample. During
dramatically. For both samples the Laue spots changed fromvelding, the temperature gradients in the sample generate
sharp points to elongated stredksgs. 5b), 5(d), and Fe)]. strains. These strains result in the formation of dislocations,
For sample B, which was cooled much faster, the changes iwhich lead to a relaxation of the thermal stresses. Rearrange-
the Laue pattern were more pronounced than in sample Anent and movement of the dislocations also result in the
The maximum length of the Laue spots was observed nedormation of subboundaries and a corresponding rotation of
the fusion ling[Figs. 8b) and Fe)]. The shape of Laue im- the lattice planes. It is known that nonlinear thermal gradi-
ages remained elongated at some distance into the fusients, compared to linear gradients, result in the formation of
zone. It should be pointed out that the Laue images locatetigher dislocation densiti€sin the first approximation, the
along the[010] direction have streaks in the same directiondensity of dislocationgn) that leads to stress relaxation is

[010]
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FIG. 6. Experimentala) and simulatedb) Laue pattern corresponding to L
the plastic deformation with rotation axes around [th@Q] direction. A
_>: 10
roughly proportional to the variation of the temperature gra- D
dient 5VT, lattice parametea, and thermal expansion coef- X
ficient a:® Q
noadVT/a.

The local sample rotation due to dislocation formation and
movement leads to distortion of the Laue diffraction spots
and the extent of distortion can be measured quantitatively eroe
by the Laue method. By comparing measured patterns with
simulated ones, one can quantitatively determine the elastic
and plastic strain in different regions of the single cryStal.

In this study Laue images have been simulated for different
possible dislocation arrangements and compared with the ex-
perimental results. Thus we could identify the arrangement
of dislocations in the HAZ of the single crystal weld speci-
men. The best fit to the experimental observations is shown
in Fig. 6(b).

Also, as dislocations are rearranged to relax the thermal
stresses, they form subboundaries that in turn reduce the en-
ergy of the crystal. According to the classic Mughrabi
model®~*? cells with different orientations form and they
are separated by subboundaries, which are formed by tilt 0 5 10 15 20 25
dislocation walls. Each boundary results in a rotation be- , pixel ; x -> [010]
tween two neighboring mosaic block&!* This rotation
leads to the splitting of Laue images into a streak containingfiG. 7. Experimental and simulated (8)L Laue images and intensity pro-
several small spots. This is shown in Figaj7as a contour files for sample B, position 7(a) experimental(iolid line) and simulated

map of the reflection (64) Hence the nature of the dislo- (dashed ling intensity profiles along the split (Oll)_l_aue image showing
cations and subboundaries can be understood from the chai{Ft-enSity spikes{b) experimental contour map of (@) Laue image con-

o ) ) ts of | spotdr) simulated (0%) Laue i ding t
acteristics of the streaking of the Laue images. SISTS 07 several spo <) St 0%) aue Image sorfesponding o
h . | d disl . hat led h lattice rotation around100] direction; (c) simulated (04) Laue image
T ) e simulate - Islocation arrangement that _e to _t Q:orresponding to lattice rotation arouftDOQ] direction.
best fit to the experimental pattern consisted of dislocations
distributed equally over the octahedral slip systems with the

following Burgers vectors and slip planes normals:

15

10

pixel ; y -->[-100]

— — — local lattice rotations around the aXis00], perpendicular to
=[011] and N=(111) or N=(111); b=[011] and N 16 [010] sample axis. Maximal spread in misorientation in

=(111) or N=(111); b=[110] and N=(111) or N
=(111); b=[110] andN=(111) orN=(111). All these

the HAZ reaches 1.7° and misorientation between neighbor-
ing scattering domains within the irradiated area is about

slip systems are symmetrical with respect to the direction 00.6°. The other four octahedral dislocation systems have a
the temperature gradient and have the same Schmidt factaero Schmidt factor with respect to the direction of the tem-

of 0.408. Similar to the quantitative Mughrabi motfehey

perature gradient. Figure 8 shows the experimental variation

result in a macroscopically uniaxial plastic deformationin dislocation density from the fusion line into the HAZ for
along the direction of the temperature gradient and creatboth samples A and B. The dislocation density decreases at
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9.0 CONCLUSIONS

(i) It was established that the local melting and solidifi-
cation of TSM75 Ni-based single crystal during welding re-

|
[}
|
|
{'{f\ sults in the formation of a region in the HAZ with a high
|
/ |
|
:

Log [n]

8.2 dislocation density near the fusion line. The size of the HAZ,
as defined by either the extent of the precipitation free zone
\f\ or the size of plastic/elastic strained region, and maximum
dislocation density increase with increasing cooling rate.
1 @ 1 = & 3 (i) The spatial variation of the dislocation density is not
Distance from FL, mm monotonic within this region. The dislocation density in-
FG. 8. Devend * dislocation densi e dist o the fusi creases near the fusion line and has a maximum value near
I L s e e e Usion ine. The lisocation density decreases as one pro-
position of the fusion line as determined optically. ceeds away from the fusion line, into either the fusion zone
or towards the base material.
(iii) Splitting of Laue spots demonstrates that disloca-
large distances away from the fusion line and ultimrcltelyt'onS group together, forming subboundaries and causing

reaches the value for a dislocation density of the perfeC{ragmentatlon and local rotation in th_e HAZ. Macroscopic
otation axes are parallel to the directifgt00].

single crystal base material. The dislocation density in the
fusion zone decreases even more sharply with Q|st§1nce frorRCKNOWLEDGMENT
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