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Evolution of dislocation structure in the heat affected zone
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Using polychromatic microbeam synchrotron diffraction together with electron and optical
microscopy, we studied dislocation structure changes of Ni—based single crystal superalloy during
impulse heating up to the melting temperature. It is shown that the distribution of the thermal
gradient is not monotonic. The maximum value of the thermal gradient is observed in the heat
affected zone near the fusion line. Depending on the temperature, the formation of dislocation is
accompanied by the partial or complete dissolutionyoparticles in the matrix. Dislocations form

and multiply due to thermal gradients, and their arrangement correlates with temperature gradient
field and with the dissolution and reprecipitation ¢f particles. ©2004 American Institute of
Physics [DOI: 10.1063/1.1777393

I. INTRODUCTION carried out on the end of a single crystal rod that was 60 mm
long and 13 mm in diameter. The initial single crystal had a

The heat affected z AZ) that form ring weldin . : . L .
e heat affected zor@lAZ) that forms during welding dendrite microstructure as a result of its original casting.

of different materials is in the immediate vicinity of the fu- . . . o
sion zone and forms as a result of heating to below the meltpendrltes were oriented along tf201) sgmple axig+2.57).

ing temperature and subsequent cooling. The HAZ is an imSPOt welds were made on the rod using a gas tungsten are
portant part of the weld and determines many of the weld®"0C€SS, on the plane perpendicular to [B81] axis. This -
properities. The HAZ which is formed during welding of a direction gommdes Wlth the grovvth directions of dendrites in
single crystal nickel-based alloy has some specific feattires fcc materlalg. Such orleqtatlon of the. sample was chosen to
as a consequence of the absence of grain boundaries and fQEc€ dendrites to grow in the direction of the temperature
presence of strengthening phase particles with the volume gradient along the sample axis. The arc was on for 17 s and
fractions up to 75% after preliminary heat treatment. Formathen it was switched off immediately so that the samples
tions of this zone is accompanied by the full or partial dis-were rapidly cooled. Cooling rate during this process was
solution of ¢’ particles in they’ matrix and their reprecipi- several orders of magnitude higher than during casting of the
taiton from the solid solution during cooling because duringinitial single crystals.

spot welding the local temperature near the fusion (ifle) We analyzed two types of samplésig. 1): (1) samples

exceeds the solvus temperature for this alloy. As a result, the
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0/ |« - =~ X-ray
—>
N
N

distribution are formed with large primary particles and sec-
ondaryy' particles an order of magnitude smaller in size.

Due to the thermal cycling during welding of nickel-
based single crystals, dissolution and reprecipitationy'of
phase particles takes place simultaneously with thermal ex-
pansion contraction, resulting in strong plastic deformation
in the HAZ and the whole well? This is one of the main
problems during welding. The present paper describes an
analysis of structure changes including dislocation formation
in the HAZ during welding of nickel-based single crystals.

y

v' phase patrticle size and distribution change and a bimodal
N

N

Il. EXPREIMENTAL PROCEDURE

We have analyzed the structure of the HAZ, formed dur-
ing spot welding of a TSM 75 nickel-based single crystal.
The composition of the alloy iswt%):Co-12.0; Cr-2.94;
Mc-1.97; W-6.0; Ta-6.05; AI-6.06; Re-5.01; Hf-0.11; b c
C-.0042; and balance nickel. The welding experiments were
FIG. 1. (a) Scheme of the sample orientation relative to the cylinder axes of
the single crystaltb) Sample for Laue diffraction and TEM¢) Sample for

3author to whom correspondence should be addressed; electronic maisynchrotron microbeam Laue diffraction. Dot indicates the positions at
barabashom@ornl.gov which the diffraction pattern was obtained.
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of the first type were prepared as disks with a thickness oFor the analysis of the results we used the temperature de-
0.3 mm, obtained by cutting the cylinder samples parallel tgpendence of the mole percentgfphase in the matrix of the
the (001) surface plane2) samples of the second type were TSM75 alloy as calculated using Thermo Calend the
prepared by cutting the samples along thieb1] axis paral- Ni-Data databaé’e[Fig. 2d)]. Analysis of these results
lel to the (010) plane. The former samples were used forshows that within the HAZ, the maximum temperature
TEM and Laue diffraction while the latter were used for change, its gradient, and rate of cooling are localized in a
x-ray synchrotron measurements. All samples were bulk polsmall region very close to the FL.
ished electrolytically to remove surface damage. The struc- In this region we expect the most important changes in
tures of all samples were analyzed by optical microscopy anthe microstructure. The size of the HAZ depends on the
Laue diffraction as well. The beam diameter for conventionawelding condition. In our experiments the size of this zone,
Laue diffraction experiments was0.4 mm. The x-ray syn- as determined by the etching pattern, 4280 um [Fig.
chrotron measurements were made with a three-dimensiond(a)]. The FL corresponds to the solidus temperature of the
(3D) x-ray crystal microscope, using a modified Laue dif- analyzed alloy~1625 K. Using the calculated temperature
fraction method based on polychromatic radiafidnThis  distribution along the sample axis and the experimental size
approach allows for true 3D mapping of the crystallineof the HAZ (280 um), we estimate the temperature corre-
phase, orientation, and plastic deformation witprh spatial ~ sponding to the lower temperature limit of the HAZ as
resolution. A region of interest is identified using an optical1586 K[Fig. 2@)]. This nearly coincides with the calculated
microscope and the polychromatic x-ray beam is then fo-y' solvus temperaturé€l591 K) for the alloy.
cused onto the sample. The orientation at each position of the
crystal is precisely determined by an automated indexing
program. Details on the experimental step and data collectiog x_ray analysis of the HAZ dislocation structure
can be found elsewhefeData were collected using micro-
beam Laue diffraction on the 341D beamline at the Advanced !N polychromatic diffraction, the incident and scattered
Photon Source. Dimensions of the beam werex@0% um beams each define a line in reciprocal space. The length of
with a penetration depth 0f30 um. The Laue diffraction the line is determined by the wavelength of the radiation.
and Synchrotron diffraction were done with white beams:Since white beam conditions are used, a continuous range of
thereforey and ¢’ phases could not be distinguished. incident and scattered r(_aciprocal space vect_or Iengths.are
Samples were also analyzed with TEM, using a phi"psprgsent. Furthermore, higher orders of reciprocal _Iatt|ce
CM30 transmission electron microscope. Samples for TEMPOINtS (for example,(00h), (002), (003n), (004h) etc) lie
were electropolished at a voltage of 9 V in an electrolytef""ong the same directions and therefore will lead to scatter-

containing 45% sulphuric acid and methanol. ing at the same pixel on the detector. Ordered Iyl phase
particles are coherent with matrix af@01],/[[ 001 ais

(001),/ || (00D mayix- That is why superlattice reflections from
. RESULTS v'phase overlap with structure reflections of thematrix.
A. Modeling of thermal parameters in the HAZ Figure 3 presents Laue patterns from the first sample type

: btained from different positions in the weld joint. Laue pat-
The structure state in the HAZ depends on the thermaf P J P

. . . e erns obtained from the FZ and from the base mat¢BM)
history of the process including the distribution of tempera-(at a distance 10 mm from the Flhave sharp Laue spots
ture, its gradient and rate of cooling.

) . . ... [Figs. 3a) and 3b)]. This indicates a high degree of lattice
The spot weldmg processé \évas S'F"“"’?“ed with the fInIteperfection in these regions of the weld joint. Laue patterns
element method usingeBaQus™.” To simplify the calcula-

. . .~ _obtained from the region located in the HAZ100 um
“O!"S the rog—shapgd specimen was m.odeled asa cyI|nqr|cq= ‘om the FL, have a very different shape: each Laue spot is a
a>_<|symmetr|c specimen of 6.5 mm radius and 60 mm he'ghtstreak[Fig. 3¢)]. The streaks are oriented in a specific way
Eight node quadratic, rectangular elements were used in

lative to the crystallographic axes of the single crystal. Ac-
mesh. The left boundary of the mesh was the edge of Symc'ording to the method described in Ref. 5 an analysis of the

metry. The mesh was refined closer to the top surface angrystallographic anisotropy of the Laue streaks and their full

near the edge of symmetry since the largest temperature 985 th at half maximum(FWHM) allows one to determine
dients occur in these regions.

h it of . io| g h )
The Gaussian heat source function by Goldaks used. the density of unpaired dislocations and the activated and/or

. . resulting slip systems. The total density of unpaired disloca-
Temperature dependent material properties were used a ns(n*) in this region isn*=3.16x 10fcm2 The simulated
heat loss on the surface by convection and radiation was, o patterr[Fig. 3d)] that best fits the experimental one

considered. The thermal modeling results were calibrated by . N
i o Fig. he foll I :
weld-cross section shape fittifg. P’ ig. 3(c)] corresponds to the following main slip systems

A section of the weld is shown in Fig.(® and the Burgers vectorb=[110], dislocation lines7,=[112], and

thermal modeling results of the temperature distribution, its2=[112]; or b=[110], dislocation linesr3=[112], and 7,
gradient, and its second derivative along the cylindrical axis=[112]. Conventional Laue diffraction gives the average in-
of the sample after heating for 17 s and switching off the ardormation(within the volume probed by the beambout the

are shown in the Fig.(®). The temperature change with time direction of slip in the weld relative to the direction of the
and the rate of cooling of a poim; located in the HAZ at weld direction and thermal stresses at the structure level of
the distance 0.05 mm from tH&L) are shown at Fig. ). 20—-200um.
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FIG. 2. Thermal-physical parameters of local melt for TSM-75 single cyrg&lMicrograph of weld along the cylindrical axigb) Distributions of
temperature, temperature gradient and its second derivative along the cylinder axis of the singlg©rystaperature change with time and cooling rate in

the pointP; located near the FL(d) Equilibrium transformation temperatures and temperature dependence of volume fraction of liquidohade for
TSM75 alloy.

The next “mesoscopic” level with the size of about direction of the streaking changes with the location of the
(0.2-3 um was analyzed for the second type of sampleprobed in the HAZFigs. Fa)-5(f)]. The observed streaking
using synchrotron microbeam Laue diffraction. The Lauefluctuates slightly but maintains a similar qualitative behav-
pattern from that sample is shown at Figay The location  jor gver most of the positions in the HAZ on one side of the
of the analyzed position in the HAZ is100 um from FL.  g5mple axis. To the left of the center of the sample axis the

In contrast to conventional LaL!e diffraction, mmro_beam Synr']predominant slip system has Burgers vedj:er%[Oll] and
chrotron measurements provide a very local informatio —

(within several microns about the plastic activity in the dislocation line alongr=[211] [Figs. §a) and §b)]. At the
HAZ, and follow the change in the activated slip systems inPosition exactly on the sample axis the direction of thermal
different zones of the HAZ. This Laue pattern also showsstresses coincides wif001]. For this direction the condition
streaks, indicative of a specific dislocation system. The presor multiple slip is fulfilled, and multiple slip systems are
ence of streaking means that the crystallographic planes amhserved in the experimental Laue image and the streak is
rotated within the beam path having a submicron diametelroadened in several directiofsig. 5c)]. On the opposite

The length of the streaking is proportional to the number ofside, the predominant activated slip system changes and has
unpaired dislocations and the direction of the streaking i%urgers vectorb=§[011] and dislocation line alongr

sensitive to the line orientation of unpaired dislocations and __ — . .
their distribution in the grain. Streaking in an experimental_[211:| [Figs. §d) and %e)]. At the position most remote

Laue patteri{Fig. 4&)] was modeled to identify the active from the central ixis{Fig. 5f)] the above slip system with
slip systen(s) at this location. Analysis of this Laue pattern b:%[Oll], 7=[211] is accompanied by several more slip
shows that the streak orientation corresponds to a dislocatiogystems resulting in local rotations arouftd0] and [110]
system withb =[110] and 7=[211] [Fig. 4b)]. Such a result  directions. Most of the streaks split into several spots indi-
coincides with the data obtained from the first type ofcating dislocation grouping walls and the formation of geo-

sample. The observed streaking fluctuates slightly, but mainyetrically necessary boundaries. The average misorientation
tains a similar qualitative behavior over most of the p03|t|0ns(,:mg|e through the boundary is equal to 0.2—0.4°.
in the HAZ at one side of the sample axis corresponding to a

similar direction of thermal gradient. The magnitude and the
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FIG. 3. Laue diffraction from the first sample typ@) from fusion zoneyb) from base material(c) witrin the HAZ but onIEOO/.Lm from the FL;(d)
simulated Laue image with slip geometry corresponding to dislocation with Burgers veefdd 0], 7=[112] if b=[110], v=[112].

C. Electron microscopy of the HAZ positions of the regions in the HAZ are specified since their

The microstructure of the BM of the single crystal, far exact position relative to FL could not be determined in the
from the HAZ is shown in Fig. @). This structure is typical 1EM samples. Within the HAZ the large cuboidgl-phase
for nickel-based superalloys after thermal treatment. It conParticles partially dissolve. During cooling, small secondary
tains cuboidal particles of’ phase equally distributed in the ¥'-phase particles are formed. The size distribution of the
y matrix of the alloy. The average size of the particles isY'-phase particles becomes bimoglaigs. 6 and T. The av-
equal to 650 nm and their volume fraction was calculated teerage size of the newly formed particles is 50—70 nm. This
be 74%. The microstructure of the HAZ differs considerablyvalue is seven to eight-times smaller than the size of the
from the BM structure. In our experiments only approximateprimary ' particles [Figs. §a) and Gb)]. The same size
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FIG. 4. (a) Laue images obtained with synchrotron microbeam Laue diffractlpnsimulated Laue image with dislocation slip system[011], r=[21?].
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b=%[011],r=[2T1] b=%[011],T=[21T]

FIG. 5. Location of analyzed points relative to FL and sample éxiper part and (002 Laue reflection from synchrotron microdiffraction obtained from
the HAZ (100 um from FL) and different distances from the sample ax&:200 xm to the left;(b) 100 um to the left;(c) at the sample axis, multiple slip;
(d) 100 um to the right;(e) 200 um to the right;(f) 300 um to the right.

distribution is typical for nickel-based superalloys after one
stage high temperature agi?ﬁ;?l’he closer one gets to the
FL, the higher the temperature this location reaches duringg—
welding. That is why the process of dissolution of large pri-
mary y’' phase particles is more compléieigs. §a) and
6(c)]. The bimodal nature ofy’ particles observed in Fig.
6(b) can be interpreted as following. During heating to high
temperatures the primary’ particles dissolve. The dissolu-
tion of ¢’ leads to increased activity of dislocations along the
{111 planes in they’ phase as the sample cools from high
temperature. These mobile dislocations interact with each
other to form sessile dislocations. With further cooling, the
second wave ofy’ precipitates form which leads to the bi-
modal distribution ofy’ in the final microstructure inter-
spersed with dislocation networks. Close to the ¥tphase i
particles dissolve completely. As a result, in this region of the
weld only small secondary’ phase particles are observed
[Fig. 6(d)]. In the regions more distant from the FL but still
within the HAZ, the volume fraction of large particles is
equal to=66% [Fig. &b)].

The dislocation structure in the HAZ also changes sig-
nificantly. In the BM, dislocations are abseffig. 6a)],
while dislocations appear in the HAZ. Their density is mini-
mal far from the FL and it increases as one approaches th
FL [Figs. Gb), 7(b), and {c)]. It reaches a maximal value in
the positions directly neighboring the HEFig. 6d)]. The
maximum number of dislocations is observed in the matrix 2
of the single crystal between the largephase particles and

near thev/+' interface boundarvFig. 7(a)l. Dislocation FIG. 6. Morphology ofy’-phase and dislocation structure withia) the
Yy AFig. 7a) base material, an¢b), (c), (d) HAZ; (a) Volume fraction ofy’-phase is

lines havng-shape lines are elongated along tV_VO d|re.ct|0ns~0.74; Dislocations are not observe@) HAZ closest to base material:
mutually perpendicular t§100] and [010]. The dislocation  Partial dissolution of large primary’-phase particle and subsequent pre-
types (A or B) are identified using differengy operations cipitation of fine y'-phase during cooling. The circled region shows the

i ; oh) = — “zig-zag” nature of dislocation networksc) In the middle of the HAZ:
(Table b. For Edge dlslocatlon(;g b)=0 and g(b X 7)=0 partial dissolution of they’-phase and the number of dislocations also in-

(where 7 is thel edge _dismcation line unit Vec)al_nd (g b) crease(d) In the HAZ close to FL: complete dissolution of thé-phase and
=0 for screw dislocations. They correspond to dislocatidns formation of dislocation network with zigzag dislocations.
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FIG. 7. Dislocation structure within the HAZ of the TSM75 single crystal, close to theArlzigzag dislocations along the average directib@0] with

Burgers vector parallel td=[101]; B—zigzag dislocations along the average directjod0] with Burgers vector parallel td=[011]; (a) Dislocation
distribution along they/ ¢’ boundaries; BotiA andB type dislocation sets are visiblg=(220); Beam direction is close t®01); (b) Dislocation network in
the y matrix formed byB-type dislocations is visibleg=(020); Beam direction is close t@01); (c) Dislocation network in they matrix formed by two
A-type dislocations is visibleg=(200); Beam direction is close t(012).

and B in Fig. 7, with Burgers vector§101] and [011], re- 7y« IS the gradient of plastic distortion tensgy, in the x,
spectively. The elongation of th&shaped segments parallel direction. Streak directiorr of the Laue spot in that case
to the(100 direction indicates a Lomer-Cottrell type of dis- depends on the directions of eigenvectors of the dislocation
location reactiorfshowed with dashed oval in Fig(l9]. density and effective strain gradient tensors. Due to screen-

ing of thermal stresses, one slip system is overtaken by an-

other slip system which leads to the complicated hierarchical
IV. DISCUSSION dislocation structure in the HAZ near the FL of the spot

A transition from one dislocation network to another is Weld. The density of dislocationsthat leads to stress relax-

observed in the weldFigs. §a-5f)]. Correlated fluctua- ation is roughly proportional to the variation of the tempera-
tions in streaking are observed in regularly spaced sligure gradientsVT, lattice parametea, and thermal expan-
bands. Different dislocation patterns form because dislocasion coefficienta,

tions screen each other’s stress fields. p=adVTla )
The elements of the dislocation density tensor at each '
location in the HAZ can be written as The overall deformation behavior is highly correlated with
o the crystallographic orientation of the location in the HAZ
pik = TibyA(r). (1)

and to the thermal gradients. On average, it results in lattice
Here py gives the sum of the dislocations whose Burgersmisorientations in the HAZ primarily around the axis per-
vector b, and line directionr; are parallel tok and axes pendicular to the thermal gradient.
i (k,i=1,2,3, respectively. Following the approa@t’ﬂ’r2 in From the modeling of thermal parameters in the HAZ
the framework of strain gradient plasticity, the total densitywe know that the thermal gradient is perpendicular to the FL
tensorp;; of geometrically necessary dislocations which ac-and the rate of its decrease is maximal in the narrow region
commodate the distribution of thermal stresses relates to theear the FL. In the center of the sample it is parallel to the
strain gradient tensom,,, with the following equation: [001] direction along theZ axis (Fig. 1). Previouslﬁ we
2) found that under such conditions eight possible slip systems

may be activated with slip directions parallel[t01], [011],
[101], or [011]. When multiple slip is possible in the'

Eilm Mmk = ~ Piks
wheree 4, is the antisymmetric Levi-Civita permutation ten-

SOr (£123=€931=€312=1; €213=€130=€321=—1; and all other o . .
(123= £2317 E312 2137 ©1327 #321 matrix, dislocations accumulate on théy' interface. Sev-

2ijx=0). Under multiple slip the intensity distribution around o . i ation reactions are possible. The following Lomer-
each reciprocal lattice point depends on the aforementlonegottreII type reaction between the partials

dislocation density tensor and the effective strain gradient.

121+ 2r211] - 2110 4
TABLE |. Visibility-invisibility of different dislocation sets(vis: visible; 6[ ] 6[ 1= 6[ ], (4)

inv: invisible).

— — results in the Burgers vector along the interface and perpen-
Dislocation g=(200 g=(220) ¢=(020 g¢=(220 g=(111) b dicular to the direction of the dislocation line. Such partials
were found experimentally. This forms an edge misfit dislo-
cation at the interface. It has two trailing parti&fs*® Simi-

lar reaction between other possible partial dislocations re-

A vis vis inv vis inv (101
B inv vis vis vis vis (01
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sults in the formation of a dislocation network in the
matrix which covers they/y' interface. ACKNOWLEDGMENTS
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