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a b s t r a c t 

A dislocation network which formed during selective laser melting (SLM) of a Ni-base superalloy was 

analyzed using scanning transmission electron microscopy (STEM). This network traverses an ordered 

Gamma’-phase domain, in between two adjacent Gamma-solid solution regions. The Gamma’-phase re- 

gion has formed when two Gamma’-phase particles have started to coalesce, trapping the dislocation 

network in this ordered region so that it formed two dislocation families with pairs of anti-phase bound- 

ary (APB) coupled super partial dislocations. The network features are presented and unusual features 

(twist character and low APB energies), not previously reported, are discussed. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The excellent high temperature strength of Ni-base superalloys

elies on a microstructure where L1 2 ordered γ ’-phase particles

recipitate coherently in a cubic face centered γ -matrix [1] . The

’-particles nucleate and grow during processing. Their volume

raction, size, shape and chemical composition depends on alloy

omposition and on the processing parameters [2] . CM247LC is an

lloy with a negative misfit, where the lattice constant of the γ ’-

articles is smaller than the lattice constant of the γ -phase. This

attice misfit gives rise to high local stresses, where high compres-

ive stresses in the channels are balanced by tensile stress compo-

ents in the γ ’-particles [ 3 , 4 ]. During high temperature exposure,

he misfit can be relieved by the formation of networks of edge

islocations at the interfaces between the two phases [ 4 , 5 ]. 

In the present work we investigate a dislocation network which

as formed in a heat-treated polycrystalline superalloy of type

M247LC which was produced by selective laser melting (SLM). For

he scientific objectives of the present work details of alloy com-

osition, processing and heat treatment are not the principal fo-

us. It is however relevant that SLM processing can introduce sub-

rains into the microstructure and the low angle grain boundaries

etween them appear as dislocation networks running through the

/ γ ’ microstructure. High local stresses can also drive microstruc-

ural evolution including directional coarsening and coalescence of
∗ Corresponding author. 

E-mail address: larissa.heep@rub.de (L. Heep). 

i  

g  

g  

ttps://doi.org/10.1016/j.scriptamat.2020.08.019 

359-6462/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access a

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
he γ ’ [6–8] , and thus the evolution of the misfit networks be-

ween the γ and γ ’ phases [4 , 5 , 9–11] . 

Under appropriate thermomechanical conditions γ ’ coalesce in

ingle crystal superalloys produces rafting and topological inver-

ion [12 , 13] . In the present work we investigate a dislocation net-

ork accommodating misorientation rather than misfit. The net-

ork stretches from one γ -region to another over a γ ’-neck, which

onnects to γ ’-regions which have just started to coalesce. We in-

estigate how the trapped dislocation network reacts to the im-

osed γ ’-order and how the microstructural data can be used to

etermine anti phase boundary (APB) energies in the γ ’-phase. 

In the present study, we investigated the polycrystalline su-

eralloy CM247LC which was developed for directional solidifi-

ation (DS) processing [14] . Its chemical composition is given in

able 1 . It contains Hf for grain boundary strength and relies on

’-precipitation hardening for resistance to high temperature plas-

icity [15] . 

The material investigated was produced by selective laser melt-

ng (SLM) in the shape of 30 × 30 × 5 mm 

3 plates. Its heat

reatment after SLM processing consisted of solution annealing at

232 °C (2 h), and a two-step precipitation treatment at 1080 °C
2 h) and 870 °C (20 h). It is well known that SLM can be used to

abricate geometrically complex parts directly from CAD data. But

t is also well known that during SLM processing, the laser beam

enerates rapid heating and cooling cycles associated with thermal

radients and internal stresses which may even lead to cracking
rticle under the CC BY-NC-ND license. 
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Table 1 

Average chemical composition of CM247LC in wt.-percentage. 

Al B C Co Cr Hf Mo Ta Ti W Zr Ni 

5.6 0.015 0.07 9.0 8.0 1.4 0.5 3.2 0.7 10.0 0.01 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

All contrast conditions shown in Fig. 1 c together with experimentally ob- 

served visibilities/invisibilities. b -vectors for dislocation families 1 and 2. 

Contrast condition ( g -vector) Visibility family 1 Visibility family 2 

g 1 = ( ̄1 1 1) - + 

g 2 = ( ̄1 1 1) - + 

g 3 = (0 0 ̄2 ) + + 

g 4 = ( ̄1 1 ̄1 ) + - 

g 5 = ( ̄1 1 ̄1 ) + - 

g 6 = (2 ̄2 0) + + 

g 7 = (1 ̄3 1) + - 

g 8 = (1 ̄3 ̄1 ) - + 

g 9 = ( ̄3 11) + + 

g 10 = (3 ̄1 1) + + 

Resulting (2/ a ) · b ± [101] ± [ ̄1 01] 
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[15 , 16] . So, whilst SLM has many features in common with DS pro-

cessing of superalloys, there are also important differences. 

Both, conventional DS processing and SLM processing create

polycrystalline microstructures. Conventional DS processing creates

polycrystals, where longitudinal grains (dendrites) have common

[001] orientations. As the common rotation axis lies in the (verti-

cal) boundary plane, these boundaries all have ‘tilt’ character. At-

tempts have been made to interpret the misorientations between

DS dendrites on the basis of regular subgrain boundaries [17] . The

SLM microstructures investigated in the present work do not ex-

hibit the common [001] direction associated with DS processing

(not shown here). Instead they represent polycrystalline systems

with both high and low angle grain boundaries. In the present

work we focus on a specific low angle grain boundaries in a SLM

microstructure. We show a SLM subgrain boundary which has not

previously been described for alloys which were produced in a DS

process. This particular boundary represents a rotation around an

axis perpendicular to the boundary plane and is hence a ‘twist’

boundary. 

The dislocation substructure investigated in the present work

was characterized using diffraction contrast scanning transmission

electron microscopy (STEM). Thin foils were obtained by electro-

chemical thinning of 3 mm/200 μm in a Struers twin jet Tenupol-

5 electropolisher, using an electrolyte consisting of 6 vol.-% per-

chloric acid in methanol at -5 ( ±1) °C and a voltage of 13 V.

STEM investigations were performed using a JEOL JEM-2100 mi-

croscope operating at 200 kV. Our TEM methodology has been de-

scribed in detail in previous publications [e.g. 18 , 19 ] and we use

our cube projection method [20] for documenting orientations and

our anaglyph stereo method [21] for investigating the spatial ar-

rangement of microstructural elements. 

Fig. 1 shows a micrograph and three schematic illustrations de-

scribing the local microstructure and our TEM procedure. Fig. 1 a

is a multiple beam STEM image taken close to the [110]-zone (see

Kikuchi pattern inset). The foil direction is given by the cube pro-

jection inset in the upper left of the image. A dislocation network

traverses the image from the top to the bottom. In the area high-

lighted with a white rectangle, two network dislocation segment

families 1 and 2 form regular pairs, one is parallel to [101] the

other to [ ̄1 01] . The network regions above and below contain reg-

ular segments, which are not paired. Fig. 1 b demonstrates that the

highlighted region is part of a neck connecting two coalescing γ ’-

regions. The schematic Kikuchi map in Fig. 1 c shows all the tilt

positions where two beam diffraction STEM images were taken.

Eight contrast conditions were established in the present work

(two stereo pairs were taken using g 1 = g 2 =( ̄1 1 1) (not shown) and

with g 4 = g 5 =( ̄1 1 1̄ ) . Fig. 1 d shows a reference line which inter-

sects regularly spaced dislocation pairs of dislocation family 1 (one

pair represented by an upper blue and a lower red circle). These

dislocations are oriented end-on in Fig. 1 d and we will address

their configuration later in calculations of APB energies. 

The anaglyph in Fig. 2 was obtained from the stereo pair of

STEM images taken at g 4 and g 5 ( g 4 = g 5 =( ̄1 1 1̄ ) ) as described in

[21] . When viewed with coloured glasses as indicated (red glass in

front of left eye) it aids perception of the spatial arrangement of

the dislocation network. The anaglyph in Fig. 2 also integrates a

projection of the reference cube [20] which allows direct assess-

ment of the directions of dislocation segments and the spatial ori-

entation of the network plane. For g 4 = g 5 =( ̄1 1 1̄ ) , dislocation fam-

e  
ly 1 with segments parallel to [101] is in full contrast. Disloca-

ion family 2 shows only residual contrast (effective invisibility),

ut Fig. 2 shows that its line segments are parallel to [10 ̄1 ] . In line

ith these findings, the network plane is parallel to (0 1 0). 

In Fig. 3 we present four examples for STEM micrographs which

ere taken under different two beam conditions. In Fig. 3 a ( g 1 =
( ̄1 1 1) ) dislocation family 1 is invisible while dislocation fam-

ly 2 is in full contrast. Under the contrast condition of Fig. 3 b

 g 4 = ( ̄1 1 1̄ ) , dislocation families 1 / 2 are in full/residual con-

rast. In Fig. 3 c and d ( g 6 = (2 ̄2 0) and g 10 = (3 ̄1 1) ), both fami-

ies can be clearly seen. Table 2 summarizes all experimentally ob-

erved visibilities/invisibilities. As a result, we obtain the Burgers

ectors b of dislocation families 1 and 2 as b 1 = ± ( a 0 /2) · [101]

nd b 2 = ±( a 0 / 2 ) · [ ̄1 01] . A comparison with the directions given by

he cube projection (see yellow and blue lines in Fig. 3 a and b)

hows that both families have nearly screw character. 

Regular arrays of screw dislocations can represent twist bound-

ries [23] . {001} type twist boundaries have been investigated in

ure metals [24–26] , and were considered as a special case [27] .

he two sets of screw dislocations crossing at right angles and

ying on the 001 plane, as identified here, represent a rotation

round the plane normal of θ , where sin θ = b/d where b is the

urgers vector and d the dislocation spacing. Using the values of

 = 0.506 nm (for a pair of ½< 110 > dislocations) and d = 56.3

m, one obtains a rotation angle of 0.52 ° for this network about

he [001] axis. Evaluating Kikuchi patterns taken from the two re-

ions which are separated by the boundary, would allow confir-

ation of these misorientations in CBED experiments, and further

ork would be required to perform such measurements on a sta-

istically relevant number of these special small angle boundaries. 

In Ni-base super alloys with γ / γ ’-microstructures misfit dislo-

ations are a common microstructural feature which are observed

fter long term temperature exposure and creep [28 , 29] . However,

wist boundaries cause rotations and do not accommodate misfit.

e can therefore conclude that the specific boundary we describe

n this work is neither a misfit dislocation network nor is it associ-

ted with misorientations between dendrites which would produce

tilt’ boundaries. 

We now calculate APB energies from the spacings between the

oupled super partials of dislocation family 1. In a first order ap-

roximation we assume isotropic linear elasticity where the cross

nteractions between the two dislocation families can be neglected

30] . In Fig 1 d, the straight screw dislocations of family 1 are ori-

nted end-on, parallel to the z-axis (orthogonal system: x - [010 ],
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Fig. 1. Dislocation network (experimental image and schematic drawings). (a) Multiple beam contrast STEM micrograph taken close to [110]. (b) Schematic drawing showing 

that network dislocation pairs are confined to a neck region where two γ ’-particles coalesce. (c) Schematic Kikuchi map specifying contrast conditions (diffraction vectors 

g 1 to g 10 ). (d) Reference line intersecting dislocation pairs (illustrating procedure for APB calculations). 

Fig. 2. Spatial impression of the dislocation network. Anaglyph obtained from a 

stereo pair taken with g-vectors g 4 and g 5 as described in [22] . Viewing the image 

with coloured glasses (red glass in front of left eye, lower right of image) provides 

3D impression. Cube projection in the upper left of image allows to directly appre- 

ciate the spatial orientation of lines and planes. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this arti- 

cle.). 
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 – [ ̄1 01 ] and z - [10 1]). In equilibrium, the repulsive Peach-Köhler

orce b · [0, τ xz , 0 ] acting on each segment of one pair must

e balanced by the attractive force associated with the APB en-

rgy γ APB . In our estimate we only consider τ xz and neglect all

ther components of the stress tensor. We use a lattice constant
f a L12 = 0.356 nm [31] . Equilibrium (for the red dislocation seg-

ent in the origin of Fig. 1 d) requires that γAPB = −b · τxz . The

tress component τ xz was calculated for infinite dislocation ar-

ay ( τ f in 
xz (d, w ) ) and for a finite number of dislocations ( τ inf 

xz (d, w ) ),

here d is the spacing between individual pairs of dislocations and

 is an appropriate average width of the fault ribbons [30] . With

he shear modulus μ and the Burgers vector b we obtain Eqs. 1 and

 : 

f in 
xz (d, w ) = 

μ · b 

2 · π ·
N ∑ 

i = −N 

1 

w + i · d 
. (1) 

inf 
xz (d, w ) = 

μ · b 

2 · d 
· sin ( −2 · π · w/d) 

1 − cos (−2 · π · w/d) 
. (2) 

In Eq. 1 , i is the summation index, which sums up the individ-

al stress contributions provided by the blue dislocations of family

. 

Note that the scenario shown in Fig. 1 d assumes a symmetrical

istribution of red dislocations with respect to the central origin

islocation. Therefore, the contributions of all red dislocations can-

el, and only the blue dislocations contribute to the stress field at

he origin. This is reflected in both formulas Eqs. 1 and 2 . There are

nly three APB-coupled dislocation pairs of family 1 embedded in

he central ordered region while the dislocation network extends

urther up and down, Fig. 1 a. In our calculation we can account

or distant dislocation pairs. Fig. 4 shows that their contribution

aturates when N > 5. The results in Fig. 4 were obtained using

he projection corrected microstructural parameters w = 17.1 nm

nd d = 56.3 nm (obtained from experimental STEM images taken

t g 5) using a shear modulus μ of 79 GPa [32] . 
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Fig. 3. STEM micrographs taken under four different contrast conditions. (a) g 1 = ( ̄1 1 1) , yellow lines: dislocation family 2 nearly parallel to [ ̄1 01] . (b) g 4 = ( ̄1 1 ̄1 ) , blue 

lines: dislocation family 1 nearly parallel to [101]. Both families are in full contrast in (c) g 6 = (2 ̄2 0) and (d) g 10 = (3 ̄1 1) . (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.). 

Fig. 4. Dependence of the APB energy on the number of dislocation pairs consid- 

ered in the calculations, Eq. 1 . The dashed red line represents the APB energy ob- 

tained for infinite dislocation array, Eq. 2 . 
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As can be seen in Fig. 4 , the finite solution converges for N > 5,

i.e. within a relative small microstructural distance. Based on the

number of dislocation pairs considered in the calculations, our ex-

perimental results yield an APB-energy value in a range 30-46

mJm 

−2 , which is considerably lower than what has been reported

in the literature in the context of creep properties, mostly consid-

ering a temperature range below 10 0 0 °C [33–35] . These low val-

ues reflect the plane on which the APB fault lies which is (001)

and is known to have a lower APB energy than the close-packed

plane (111) which separates dislocations gliding on the slip plane.
tudies of the relative energies based on binary Ni Al alloys predict

hat the ratio of fault energies 
γ111 
γ001 

, is on the order of 1.5 to 2 [36] .

his would correspond to a APB energy on the (111) plane of 45-92

Jm 

−2 , still lower that the values generally quoted at around 150

Jm 

−2 . Note that the current value is for a commercial superalloy

hereas most measurements are for binary Ni-Al alloys of varying

toichiometry and some ternary alloys. 

This lower than expected value may also result from the fact

hat under SLM processing conditions the dislocation network was

quilibrated at temperatures above 10 0 0 °C, where the ordering

f the L 12 phase has decreased [37–39] and will, in turn, lead to

ower APB values. This implies that the observed dislocation pairs

ere unable to glide together as the sample cooled, because the

islocations are not on a glide plane, and the high temperature

onfiguration has been frozen in. Note that the sample received a

nal 20 h anneal at 870 °C prior to examination. The movement of

he dislocation pair from the low energy {001} plane to the {111}

lane is the opposite of the cross-slip process accepted as the ex-

lanation of Kear–Wilsdorf locking [40] . A strong combination of

he anisotropy of APB energy is combined with an equally strong

orque force arising from the elastic anisotropy in nickel, known as

he Yoo force [41] , cause a glissile dislocation pair to cross-slip into

 sessile configuration on the {001} plane. 

Summary: 

• A superalloy produced by SLM consists of many subgrains mis-

oriented by less than a degree. 

• These low angle grain boundaries pass through both the γ and

the γ ′ phases. 

• In the γ ′ phase the order leads to a pairing of alternate dislo-

cations separated by APB faults. 
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• Measurement of the spacing in an array of two sets of screw

dislocations representing a rotation of 0.5 ° about [001] has

been related to the APB energy. 

• The spacing, adjusted for the viewing directions yields an APB

energy in a range 30–46 mJm 

−2 on the low energy (001) plane.

• This low value may reflect the inability of the pair to adjust

during cooling. 
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