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a b s t r a c t 

The demand for manufacturing increasingly complex geometries for high temperature applications drives the 
increasing interest into additive manufacturing of nickel-based superalloys. Of particular interest are superalloys 
with high contents of the strengthening phase 𝛾 ’ such as IN738LC. Previous research suggests that especially B 
and Zr have a detrimental influence on crack formation during the laser powder bed fusion (LPBF) process. The 
present study investigates solidification cracks in an IN738LC derivative with increased B (0.03 wt.%) and Zr 
(0.07 wt.%) in more detail using high resolution techniques such as transmission electron microscopy (TEM) and 
atom probe tomography (APT). Analysis of the bulk material shows a high number of MC carbides containing 
Ti and Cr. The concentration profiles indicate non-equilibrium carbide compositions by suggesting that Cr is 
pushed out of these particles. The carbides are surrounded by a thin B-rich layer at the metal/carbide interface. 
Analysis of the fracture surface shows both Zr and small amounts of B in the formed oxide layer. The presence of 
these elements together with thermodynamic calculations and previously reported findings of the same material 
variant support the hypothesis that low-melting phases are likely reasons for cracking of IN738LC. 
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. Introduction 

Higher operating temperatures mean higher efficiencies for gas tur-
ines which require high performing nickel-based superalloys for com-
onents such as stationary guide vanes or rotating turbine blades. The
otential of manufacturing increasingly complex geometries for these
pplications drives the investigation into additive manufacturing (AM)
f nickel-based superalloys with 𝛾 ’ volume fractions of 40–80% such
s IN738LC or CM247LC [1–3] . Several studies have shown that crack-
ng occurs in such superalloys when manufactured by means of electron
eam melting (EBM) and laser powder bed fusion (LPBF) [3–6] , newly
ermed PBF-EB and PBF-LB, respectively, according to ASTM standard
2,900–2021. 

In welding, this susceptibility to cracking is attributed to the Al + Ti
ontent of the alloy composition and cracking mechanisms range from
olidification and liquation cracking to strain age and ductility dip crack-
ng [ 7 , 8 ]. However, literature suggests that the large cracking suscepti-
ility of hard-to-weld alloys during AM cannot be sufficiently explained
y the Al + Ti content alone and is more closely linked to secondary
hases which form during solidification of the material [2–6] . Both initi-
tion and propagation of cracking observed in non-weldable superalloys
∗ Corresponding author. 
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uring AM are closely related to high angle grain boundaries (HAGBs)
 9 , 10 ]. The local composition along these grain boundaries was found to
ead to liquid films during the final stages of solidification [10] . Two ele-
ents, B and Zr, stood out in their potential contribution to the cracking

usceptibility of these alloys along the grain boundaries [ 2 , 4 , 5 , 11 , 12 ].
oth B and Zr are added to nickel-based superalloys for enhanced creep
nd tensile properties and better fluidity during casting. Cast IN738LC
aterial is sensitive to the Zr content which was found to promote hot

earing [13] . The addition of Zr also showed significant influence on
ot-cracking when processing high 𝛾´ containing nickel-based superal-
oys with LPBF [ 5 , 14 ]. 

Within AM superalloys, B was found to segregate as boride films
long HAGBs which led to increased cracking susceptibility when manu-
acturing non-weldable nickel-based superalloys [ 2 , 4 , 5 ]. Boron was also
etected as (Cr,Mo) 3 B 2 and (Cr,Mo) 5 B 3 in the bulk material [15] , as well
s in the form of Mo- and Cr-rich, off-stochiometric boride precursors
long HAGBs [4] . Zr, another critical micro-alloying element in this al-
oy, was previously found on grain boundaries of LPBF manufactured
N738LC [5] , as well as in 𝛾 ’ precipitates formed on grain boundaries
n as-built material [14] , and segregated as intermetallic phase Ni 7 Zr 2 
15] . In addition to these phases containing B and Zr, Ti-rich MC-type
hen, DE-85577 Neubiberg, Germany. 
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Table 1 

Powder composition, given in both wt.% and at.%. 

B Zr Cr Co Al Ti W Ta Mo Nb Fe C Ni 

wt.% 0.03 0.07 16.0 9.3 3.2 3.3 2.9 1.73 1.72 0.9 < 0.05 0.11 Bal. 

at.% 0.16 0.04 17.55 9.0 6.76 3.93 0.9 0.55 1.02 0.55 < 0.05 0.52 Bal. 
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Table 2 

Concentration of S, P, Si, Mn, and O in the powder measured by 
induction coupled plasma optical emission spectroscopy (ICP-OES), 
given in both wt.% and at.%. 

S P Si Mn O 

wt.% 0.002 0.007 0.027 0.1 0.015 

at.% 0.004 0.013 0.55 0.1 0.053 
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arbides are known to form in as-built AM nickel-based superalloys.
hese carbides were found in the bulk and interdendritic regions, as
ell as in some cases in connection to small alumina (Al 2 O 3 ) particles,
r next to the borides mentioned above [15] . 

In a previous study, various derivatives of IN738LC were investigated
ith respect to their B and Zr content and their manufacturability dur-

ng LPBF [16] . It was shown that both elements have a negative effect
n the cracking susceptibility of the material, resulting in the highest
rack density for the alloy with both high B (0.03 wt.%) and high Zr
0.07 wt.%) contents. The microcrack surfaces, located at HAGBs, dis-
layed a dendritic structure which suggests that they are a consequence
f solidification cracking [2] . Additionally, many secondary phase par-
icles were observed on the fracture surfaces. The microcrack surfaces
ere analysed after fracturing the material specimens through bend-

ng in an ultra-high vacuum chamber, with the same methodology as
escribed in [17] . X-ray photoelectron spectroscopy (XPS) analysis con-
rmed the presence of B and Zr containing oxides on the powder par-
icles as well as on the fracture surfaces of this alloy. Auger electron
pectroscopy (AES) analysis suggested that the presence of both B and
r was limited to the microcrack surfaces with a higher oxygen content
ompared to reference areas on the fracture surface. 

Due to the complex thermal history of nickel-based superalloys man-
factured by LPBF [18] , microstructural features such as the particles
resent on the microcrack surfaces are difficult to clearly determine.
his follow-up study investigates the surface of the solidification cracks

n more detail and aims to clarify the previous findings of the high B
nd Zr IN738LC derivative. While the above cited research investigated
lement segregation and precipitation to HAGBs, both this and the ear-
ier study [16] focus on the analysis of the solidification crack surfaces.
o allow for detailed analysis of the phases present on the microcrack
urfaces, high resolution analysis techniques such as transmission elec-
ron microscopy (TEM) and atom probe tomography (APT) are used to
dentify the role of different elements and secondary phases within the
aterial on the solidification cracking of as-built IN738LC. 

. Material and methods 

.1. Material 

The material investigated was manufactured from spherical, gas at-
mized IN738LC powder with high B and high Zr contents (HB-HZr) (see
able 1 ). The powder with a size distribution of 25-63 μm was produced
y Höganäs AB, Sweden, using a pilot vacuum induction gas atomizer
VIGA) with argon as atomizing gas. 

As described in the previous study [16] , the concentration of the
race elements S, P, Si, Mn, and O which are known to be detrimen-
al to the cracking susceptibility of nickel base superalloys, was strictly
ontrolled according to strict requirements within the AM industry (see
able 2 ). 

.2. Methods 

Material cubes (10 × 10 × 10 mm 

3 ) were produced by means of LPBF
sing an EOS M100 machine equipped with a 200 W laser and a laser
pot size of 40 𝜇m. The laser scan direction was rotated by 67° for each
ayer and the process parameters of 135 W laser power, 1150 mm/s
canning speed, 60 𝜇m hatch distance, and a layer thickness of 20 𝜇m
ere applied. All samples were produced with virgin powder in Argon
tmosphere with O ≤ 0.1%. 
2 

2 
Samples were prepared metallographically to final polishing with
PA-solution for initial microscopic analysis using a field-emission LEO
emini high resolution SEM equipped with a secondary electron in-lens
etector. 

APT and TEM specimens were prepared using a FEI Versa 3D Fo-
used Ion Beam/Scanning Electron Microscope (FIB/SEM). The speci-
ens were prepared from a fractured sample cross-section parallel to

he build direction and close to the solidification crack surface, in the
ulk of the printed part. TEM was performed in a FEI Titan 80–300 op-
rated at 300 kV, with an Oxford X-sight X-ray detector. TIA software
as used for EDX evaluation. High angle annular darkfield (HAADF) in

canning transmission electron microscopy (STEM) mode was used for
maging. 

For the APT specimens, the sample surface was sputter coated with
0 nm of gold to enable analysis of the actual specimen surface. The
rinted part was fractured in air at room temperature and then coated.
he APT specimens were prepared by a standard APT lift-out technique
nished with annular milling and a 5 kV polish to remove Ga contami-
ation and ion damage [ 19 , 20 ]. The locations of the lift-outs were cho-
en from the fracture surface to be in the previous solidification cracks,
here the dendritic arms and previously observed particles [16] were
resent. 

APT analysis was performed in an Imago LEAP 3000X HR, pulsed at
00–200 kHz. For most analyses, laser pulsing with energies of 0.3–
.5 nJ were used. For the metal matrix composition, voltage pulsed
uns with 20% pulse fractions were used. The specimen temperature
as kept between 30 and 60 K. The APT data were evaluated using

VAS 3.6.14. For the APT reconstruction, the image compression factor
ICF) was 1.65, the k-factor was 4.5, and the field was assumed to be
5 V/nm for laser pulsed runs, and 35 V/nm for voltage pulsed runs.
sing these parameters, the reconstructions did not appear elongated
r compressed. During the APT analysis, most of the Au from the 70 nm
hick layer evaporated as Au + , that correspond to an evaporation field
elow 27 V/nm according to Kingham curves [ 21 , 22 ]. The observed
eld of pure Au is 35 V/nm [ 23 , 24 ] when pulsed by voltage, making
he assumption of a field lower than this during laser pulsing probable.
hus, the evaporation field of Au is most likely similar to the metal,
stimated to be 25 V/nm. The use of Au as coating for APT specimen
reparation of surfaces has the benefit of helping to aim for the surface
uring FIB milling due to the high contrast. However, the Au tend to
vaporate in bursts, and the layer contains pores observed in FIB/SEM.
n this paper, no significance is put to the distribution of Au in APT
econstructions. 

Compositions of oxides, carbides, and borides were decided after
utting out the feature of interest from the main analysis using isocon-
entration surfaces, and carefully deconvoluting the peaks of the mass
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Fig. 1. SEM micrographs parallel (a) and per- 
pendicular (b) to the build direction. High mag- 
nification of the solidification crack surface mi- 
crograph (c) shows dendritic arms and a high 
density of small particles (ca. 25-100 nm, in- 
dicated with small arrows) are visible on the 
surface. 
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pectra of the local volume. The errors given are either counting error or
he variation between different analyses. Proximity histograms (proxi-
rams) [25] were used to show the concentration of different elements
t different distances from specified isoconcentration surfaces. 

APT analysis of the C content of carbides is usually slightly under-
epresentative due to cascades of C evaporating and the deadtime of the
etector [26] . This can be compensated for by using the natural abun-
ance of C-13, which is less abundant than C-12 (1.1% and 98.9%, re-
pectively), and thus less affected by the detector deadtime. Obtaining a
orrect composition for Ti-rich carbides is challenging, due to the over-
ap of C 2 

+ , C 4 
2 + , and Ti 2 + at m/n 24 Da, as well as the TiC 

2 + , TiN 

2 + , and
iO 

2 + overlaps [27] . These overlaps were considered when analysing
he composition of the carbides. Furthermore, the carbide composition
s normalized, leaving only the major elements, and excluding a halo of
i, Co, and Al that mainly originates from the metal matrix. 

. Results 

.1. Overview 

Cross-sections in directions parallel and perpendicular to the build-
ng direction show a high level of cracking (see Fig. 1 ). Higher magnifi-
ation of the solidification crack surface shows dendritic arms and a high
umber of small particles (ca. 25–100 nm). The APT and TEM specimens
ere prepared from a fractured sample in areas with an evident solidifi-

ation crack surface, distinguishable by their dendritic appearance, like
he one shown in Fig. 1 c). 

.2. TEM 

A representative micrograph of the STEM/HAADF analysis can be
een in Fig. 2 . The rough dendritic fracture surface covered with the
t layer from specimen preparation is visible. A square where an EDX
ap was done is shown in a). In b) the corresponding elemental maps

re shown. Different features are marked i-v in the cut out. On the sur-
ace of the solidification crack (that is not everywhere parallel with the
eam), several spherical features, (i), are observed which are enriched
n Cr, Mo, Ti, Nb and possibly Ta. These features are interpreted as being
ither carbides (Ti-rich) or borides (Cr- and Mo-rich), based on previous
nowledge of expected phases and APT analyses shown below. 

In addition to the spherical features, a number of protrusions
marked vi, vii, viii, and ix) are observed. The metallic contents from
DX spot analysis for these points are given in Table 3 . Due to the pro-
ective layer deposited during FIB/SEM specimen preparation, C and Pt
3 
re detected in the surface protrusions, but are removed during normal-
sation. Although the metal matrix and the Pt capping are overlapping
ith the features, it is clear that the protrusions on the surface contain
ore Ti than the matrix. Additionally, Mo, Ta, and Nb are enriched in

ome of these particles present on solidification crack surfaces. Thus,
hey are interpreted as being carbides and borides on the crack surface.
t is interesting to note that particle (vii) contains a significant amount
f Mo, indicating varying compositions of these particles. 

On the solidification crack surface between (vi) and (vii), the surface
s parallel with the electron beam, and a thin, dark contrast line is seen in
he HAADF micrograph. This is consistent with a thin ( < 10 nm) surface
xide layer. 

Some features marked (ii), (iii), and (iv) were identified in the bulk
aterial. The HAADF contrast suggests that (iv) contains heavier ele-
ents than ii) which is confirmed by the EDX maps showing higher Ti,
b, Ta, and Mo contents for (iv). The volume (iii) appears darker in
AADF and contains more Al and O (not shown in map) which is in-

erpreted as an aluminium oxide particle. Together, (ii), (iii), and (iv)
uggest that the aluminium oxide in (iii) acted as nucleation point for
 Ti-rich carbide with a rim enriched in heavier elements during solidi-
cation. A second volume (v) appears darker in HAADF contrast and is
ainly enriched in Ti which suggests another Ti-rich carbide. 

In Fig. 3 , electron diffraction patterns of the matrix are shown for
wo zone axes. In these diffraction patterns, there are no superlattice
eflections characteristic for the 𝛾 ’ phase visible, indicating these is no
recipitation of 𝛾 ’ during solidification of IN738LC during LPBF. 

.3. APT 

The average metal composition from APT, when only analysing vol-
mes that did not contain any fracture surfaces or precipitates, is given
n Table 4 . The B and Zr contents in the matrix (0.03 at.% and 0.01
t.%, respectively) are lower than in the powder (0.16 at.% and 0.04
t.%, respectively). 

Fig. 4 shows the Cr distribution in the as-printed bulk material to be
neven. Cr-depleted regions appear which are enriched in Ni, Al, and Ti,
s seen in the proxigram in the same figure. The Cr radial distribution
unction (RDF) for the same analysis can be found in supplementary ma-
erial Fig. S1. The composition in the middle of these features is around
6 at.% Ni, 11 at.% Al and 5 at.% Ti. There is also some Cr (8 at.%). The
ize of these features reaches up to roughly 5 nm in diameter. The lack
f superlattice reflection in the TEM diffraction patterns together with
he composition and size from APT suggest that these are 𝛾 ’ precursors
ather than fully formed 𝛾 ’ precipitates. 
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Fig. 2. (a) STEM/HAADF. The fracture surface 
is not straight along most of the edge. Some 
features are marked. (b) EDX map of the area 
marked in (a). Note that the colour-scale is 
different for the different elements, maximum 

values (white/light yellow) correspond to 71.9 
at.% (Ni), 10.2 at.% (Co), 8.8 at.% (Al), 34.9 
at.% (Cr), 16.8 at.% (Ti), 4.5 at.% (Nb), 1.7 
at.% (Ta), and 3.4 at.% (Mo). 

Table 3 

Composition from spot EDX analysis in Fig. 2 . C and Pt are not included. The location named “metal ” is an average 
of 12 spot analyses in different locations of the matrix close to the fracture surface. Note that the structures are 
overlapping with the metal and the Pt coating in (vi) to (ix). 

Location Ni (at.%) Cr (at.%) Co (at.%) Al (at.%) Ti (at.%) Mo (at.%) Nb (at.%) Ta (at.%) 

metal 64.0 16.8 8.5 5.3 3.1 0.8 0.7 0.8 

(vi) 59.2 17.2 5.4 0.4 10.8 3.0 3.5 0.4 

(vii) 35.6 16.9 8.7 0.0 15.1 16.9 6.8 0.0 

(viii) 38.8 19.1 6.7 3.3 14.0 5.7 7.7 4.8 

(ix) 4.4 10.3 0.0 0.0 62.0 7.3 4.8 11.3 
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The volume, taken from another section of the same material directly
y a fracture surface, was analysed using APT. On the fracture surface,
arbides were found in three APT analyses, see two examples in Figs. 5
nd 6 . The occurrence of surface carbides in three out of five analyses
f the fracture surface indicates a high number density of carbides, as
either the lift-out nor the tip sharpening specifically aim for the fracture
urface carbides. The carbides are magnified in the reconstruction, due
o their higher evaporation field, leaving the carbides as low density
olumes (the so-called local magnification effect [ 21 , 28 ]). No elements
ere observed to segregate to the boundaries of the carbide found on

he solidification crack surface. 
Carbides were found in the metal matrix, away from the surface,

eemingly aligned on a plane ( Fig. 7 ). This specific analysis comes from
 re-sharpened tip, and it is estimated that the tip of this reconstruction
4 
s located at around 300–800 nm distance from the fracture surface. No
egregation was found on the plane between the carbides. Unlike the
arbides in the solidification crack surface, the carbides in the bulk are
urrounded by B atoms, as shown in Fig. 7 band c. The different evapora-
ion field of the carbide and the metal matrix during APT analysis causes
rajectory aberrations, and thus result in a broadening of the layer of B
toms in the reconstruction. 

The carbides (or carbo-oxo-nitrides as they also contain smaller
mounts of O and N) contain mainly Ti and Cr as cations. They are
lso enriched in Mo, W, Ta, and Nb. The amount of the minor elements
aries for different, even adjacent carbides. A careful deconvolution of
he carbide content in combination with a C-13 correction for the C peak
see details in methods) gave the composition in Table 5 for the carbides
bserved in the analysis in Figs. 5–7 (as well as additional two samples
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Fig. 3. Diffraction patterns of a grain of the bulk of the material. 

Fig. 4. (a) Cr distribution in a 5 nm thick slice of the metal. (b) Cr 15% isocon- 
centration surfaces. (c) a proxigram shows the Ni, Cr, Co, Al, and Ti content as 
a function of the distance to the isoconcentration surfaces in (b). 
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Table 4 

The composition of the Ni metal matrix, in 
APT reconstructions not containing any pre- 
cipitates. The error given is the standard de- 
viation between three APT analyses, one laser 
pulsed, and two voltage pulsed. All volumes 
come from the 1 μm closest to the solidifica- 
tion crack. All values are given in at.%. 

Element Composition (at.%) 

Ni Bal. 

Cr 17.5 ± 0.9 

Co 8.8 ± 0.5 

Al 8.1 ± 0.2 

Ti 3.9 ± 0.5 

Mo 1.0 ± 0.1 

W 0.78 ± 0.3 

Nb 0.22 ± 0.16 

C 0.14 ± 0.20 

Ta 0.40 ± 0.19 

Fe 0.11 ± 0.04 

Si 0.07 ± 0.01 

Zr 0.01 ± 0.01 

Mn 0.01 ± 0.01 

B 0.03 ± 0.01 

V 0.01 ± 0.02 

Fig. 5. Reconstruction of APT analysis. Isoconcentration surfaces corresponding 
to Au 38.6% (yellow), O 19% (blue) and C 10.5% (burgundy) are shown as 
well as a small part of the Ni atoms in the metal matrix. The values of the 
isoconcentration surfaces are set to visualize the different volumes in the best 
way. Three carbides, all cutting the edge of the analysis, are sitting in the oxide 
specimen surface. 

Table 5 

Composition of carbides, given in at.%. The 
error given is the standard deviation between 
the different analyses. 

Element Composition (at.%) 

C 37.7 ± 4.3 

N 6.9 ± 1.9 

O 1.3 ± 0.4 

Ti 31.0 ± 2.6 

Cr 11.3 ± 4.2 

Ta 2.9 ± 1.1 

Mo 4.3 ± 0.8 

Nb 2.9 ± 0.6 

W 1.8 ± 0.4 
nalysed). There was no significant difference between surface and bulk
arbides. B is excluded as it can primarily be found on the metal/carbide
nterface. The stochiometric C + N + O content for MC-type carbides is 50
t.%, but MC carbides can be sub stochiometric [29] . After C-13 correc-
ion, the C + N + O content was found to be 45.9 at.%. It is also possible
hat these carbides are metastable (such as mentioned in [30] ), as MC
arbides seldom contain this high amount of Cr. 

The average size of the carbides in Fig. 7 is estimated to be around
2 nm in diameter. The diameter is calculated from the number of atoms
n the carbides, corrected for the detection efficiency of the instrument
37%), and assuming NaCl structure with a lattice parameter of 4.315 Å
31] . 

In one analysis, a boride was found directly by the oxide interface at
he fracture surface, see Fig. 8 . This boride cuts the edge of the APT anal-
sis, and thus most of the boride is outside the analysed volume. Based
n 3500 ions from the boride, the composition is roughly 25 at.% B, 43
t.% Cr, 14 at.% Ti, 10 at.% Mo, 4 at.% W, and minor amounts of Fe,
b, and Ta. Some C is detected in the boride; however, this is assumed

o (at least partly) originate from the Au layer which is contaminated
ith C and is therefore ignored in the normalised composition given.
5 
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Table 6 

Oxide layer composition of the surface fracture after exposure to atmosphere. Average compositions and standard devia- 
tions from four analyses are given. The O content is probably somewhat underestimated. 

Element O Cr Al Ti Zr Nb B 

Composition (at.%) 50.9 ± 0.9 24.6 ± 3.8 10.1 ± 1.1 8.9 ± 1.5 3.8 ± 0.7 1.4 ± 0.7 ≥ 0.2 ± 0.1 

Fig. 6. Reconstruction of APT analysis. Isoconcentration surfaces corresponding 
O 19% (blue), and C 10.5% (burgundy) are shown as well as a small part of the 
Ni atoms (green) in the matrix and Au atoms (yellow) on the specimen surface. 
There are two carbides in this reconstruction, one sitting on the fracture surface. 
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he Cr-rich nature of this boride is consistent with the Cr-rich features
n the STEM/EDX map in Fig. 7 b. 

Across five analyses, the Au-coating, surface oxide, and metal matrix
ere captured. The fracture surface has been exposed to air for approx-

mately an hour before Au coating. The surface oxide was estimated to
e less than 10 nm thick. The interface is rough at this scale, see for
nstance Fig. 5 , where oxide can be seen penetrating into the metal. Al-
hough the mass spectra of mixed oxides are challenging to work with in
PT due to the many molecular ions and overlaps [32] , the oxide com-
ositions were investigated. The average oxygen content of the analysed
xides was found to be 50.9 at.%, but it should be noted that it is com-
on that the O content of oxides is somewhat underestimated in APT
easurements [32–34] . Both Zr and B were present in the oxide. Zr
as found to be evaporated mainly as ZrO 

+ , but also as ZrO 

2 + , ZrO 2 
+ ,

nd ZrO 3 
2 + . B was found as B 

2 + (and B 

+ ). The given B content in the
xide is a lower limit, as there are possibilities of complex ions contain-
ng B, but the mass spectra with the many peaks would overlap with
hese. For instance, BO 

+ would be found mainly at m/n 27 Da, where
l + , Cr 2 + (and Fe 2 + ) also have peaks, making a deconvolution involving
O 

+ virtually impossible. Furthermore, BO 2 
+ would overlap with AlO 

+ 

t 43 Da. Any Ni in the oxide was assumed to come from the bulk, as
he very thin oxide in the APT reconstruction made the diffuse metal-
xide interface impossible to avoid. It is possible that the oxide contain
 smaller amount (estimated to be less than 10 at.%) of Ni, but this not
ossible to determine from the data due to the oxide layer being very
hin. For the same reason, Fe, Au, Co, Mo, Si, and P are assumed to
riginate from the bulk or coating and therefore removed from the total
omposition of the oxide. 
6 
The resulting oxide layer composition can be seen in Table 6 . The
omposition is relatively similar in the different analyses of the oxide.
owever, the variation was larger than the counting error, and thus

he standard deviation between the analyses is given in the table as the
rror. It is worth noting that both the B and Zr content are significantly
igher than in the matrix of the metal (measured by APT to be 0.00–
.03 at.% and 0.02–0.04 at.%, respectively). This is in line with the
eported oxide containing B and Zr at the cracked grain boundaries of
PBF processed IN738LC investigated by means of XPS, AES and APT
16] . 

.4. Thermodynamic evaluation 

The experimental findings were further investigated with respect to
hermodynamic calculations using Thermo-Calc [35] and the TCNI11
atabase [36] . 

Thermo-Calc is commonly used for the calculation of thermodynamic
nd phase equilibria of multicomponent systems. In conjunction with
uitable thermodynamic databases, assessed using the CALPHAD ap-
roach, Thermo-Calc can be used for a wide variety of applications,
ncluding Additive Manufacturing. 

As solidification during Additive Manufacturing is non-equilibrium,
he SCHEIL-module with solute trapping [37] and scanning speed of
.15 m/s was used to examine the phase formation. For simplifica-
ion, Fe as well as trace elements were excluded from the calculation.
ased on the experimental investigation above, the 𝜂–phase Ni 3 Ti was
xcluded from the simulation in favour of 𝛾 ’ formation. The predicted
hases from the solidification simulation are (in order of formation): car-
onitrides, FCC-matrix, 𝛾 ’ and borides. All of these phases were found
n the experimental analysis. In the latest stage of solidification small
mounts of Laves phase (Laves_C14) (less than 1%) was also predicted.
his phase was not observed in the experimental work but due to the

ow amount predicted, its presence cannot reasonably be excluded. The
imulation predicted the borides to be MB 2 (MB2_C32) while the com-
osition from APT data is closer to M 2 B-borides. It should be noted that
oth these borides have a positive driving force for formation meaning
hat both can form but the M 2 B-boride would be meta-stable. In contrast
o the boride formation from the liquid, where MB 2 is predicted to be
he most stable, boride formation from the solid state where the matrix
s formed predicts M 2 B, MB and M 5 B 3 as thermodynamically stable (see
ig. 9 ). 

In Table 7 , measured and calculated matrix compositions are dis-
layed. The early stage of solidification was chosen for comparison since
here is segregation in the matrix at this stage. As seen the agreement
etween the measured and calculated matrix composition is very good.
he predicted composition of the 𝛾 ’ is 68 at.% Ni, 12 at.% Ti, 9% at.%
l and 3 at.% Cr, which is in line with the measured composition of the
’ precursors observed by APT ( Fig. 4 ). 

The composition of carbonitrides is changing drastically during so-
idification, making it difficult to compare the calculated results to the
xperimental data. At the beginning of solidification, Ti(C,N) with a high
itrogen content is predicted while in the middle of the solidification
rocess Ti(C,N) is predicted to have a high carbon content. In contrast,
uring the last part of solidification, NbC is predicted. At all tempera-
ures, other elements are predicted to dissolve within the carbonitrides,
ut it should be noted that the maximum Cr-content predicted is less
han 1 at.%. 



K. Lindgren, F. Schulz, H. Gruber et al. Materialia 26 (2022) 101609 

Fig. 7. APT analysis reconstruction of a vol- 
ume containing carbides. (a) B atoms and C 
9.3% isoconcentration surfaces show the out- 
line of the layer of carbides. (b) C and B shown 
separately. In (c) the proxigram based on the C 
isoconcentration surfaces in (a) is shown to dis- 
play B segregation to the carbide surfaces and 
the Cr concentration. 

Table 7 

The composition of the Ni metal matrix based on APT measurements and 
Thermo-Calc calculations. 

Element Measured composition (at.%) Calculated composition (at.%) 

Ni Bal. Bal. 

Cr 17.5 ± 0.9 18.2 

Co 8.8 ± 0.5 8.9 

Al 8.1 ± 0.2 6.9 

Ti 3.9 ± 0.5 3.5 

Mo 1.0 ± 0.1 1.1 

W 0.78 ± 0.3 0.86 

Nb 0.22 ± 0.16 0.42 

C 0.14 ± 0.20 0.17 

Ta 0.40 ± 0.19 0.56 

Zr 0.01 ± 0.01 0.02 

B 0.03 ± 0.01 0.08 

 

l  

l  

t  

s
 

m  

m  

d  

f  

a  

e  

a  

c  

T  

o  

c  

t  

i  

c

4

 

p  

t  

o  

[
 

t  

t  

a  

t  

i

Based on the simulation Zr, B and Ti predominantly segregate to the
iquid, with 1.4 at.% Zr, 4.0 at.% B and 18.4 at.% Ti in the last 1% of the
iquid phase. This should be compared with the nominal composition of
he powder with 0.04 at.% Zr, 0.16 at.% B and 3.93 at.% Ti respectively,
ee Table 1 . 

During the experimental investigation in this study, some oxide for-
ation was observed supporting previous XPS and AES analyses for this
aterial [16] which indicated the formation of complex oxides [16] . A
etailed analysis of the possible liquid to atmosphere reaction was there-
7 
ore performed using TCOX11 database [38] . The calculations show that
t relatively low partial pressure of O 2 , corundum (M 2 O 3 ) forms pref-
rentially. The corundum is predicted to contain 28 at.% Cr, 11 at.% Al
nd some Ti (less than 1 at.%). This is in good agreement with oxide
omposition measured during APT analysis considering Cr and Al, see
able 6 . The reason for the deviation between measured and predicted
xide Ti content could be that the calculation was done for the nominal
omposition, but as seen above there is a strong segregation of Zr and Ti
o liquid phase during solidification. It is relevant to note that Zr is not
ncluded in the description of Corundum in TCOX11, so the Zr solubility
ould not be predicted. 

. Discussion 

Historically, B and Zr were added to nickel-based superalloys to im-
rove fluidity during casting and to enhance creep and tensile proper-
ies. However, both elements have been linked to cracking sensitivity
f nickel-based superalloys that are manufactured using LPBF and EBM
 2 , 4 , 5 , 9–11 , 14 ]. 

The initial study of the IN738LC variant with increased B and Zr con-
ents by Gruber et al. [16] showed that these elements have a detrimen-
al effect when manufacturing the material by LPBF leading to cracks
long HAGBs with decohesion facets. The current study was conducted
o investigate this material variant and especially the fracture surfaces
n more detail. 
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Fig. 8. APT reconstruction of material HB-HZr. Au, O, B, and Ni atoms are 
shown. A boride is located at the fracture surface. 
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.1. Bulk material 

Analysis of the bulk material using APT in Fig. 4 showed small fea-
ures denuded of Cr and enriched in Ti and Al. However, TEM diffraction
nalysis in Fig. 3 indicated the absence of fully formed 𝛾 ’ precipitates
hich leads to hypothesis that these features are 𝛾 ’ precursors. These

esults agree with findings by Jägle et al. who reported that no coherent
’ phase was found in as-printed LPBF IN738LC material despite ther-
odynamic predictions of its formation [18] . As the 𝛾 ’ phase is highly

mportant for nickel-based superalloys, the formation of these particles
n additively manufactured material is of interest and will be subject of
 future study. 

APT analysis of the bulk material ( Fig. 7 ) showed a vast number
f small carbides ( ∼12 nm in diameter) which seem to be evenly dis-
ributed alongside a 2D plane in the bulk. These carbides are MC car-
ides with Ti and Cr as the most abundant metallic elements and have
reviously been reported in the as-built microstructure of LPBF super-
lloys [ 15 , 18 ]. The Cr concentration profile suggests that Cr is being
ushed out from these carbide particles which would agree with the
quilibrium content being less than 1 at.%, resulting in a driving force
or Cr to diffuse out from these carbides. The MC (or metastable) car-
8 
ides found in the bulk by APT are smaller than some of the carbides
bserved by TEM (up to 100 nm), indicating a significant spread in sizes
f these carbides. On the metal/carbide interface, B atoms are found to
egregate. 

The average metal composition as measured from APT volumes that
id not contain any fracture surfaces or carbides showed that the B and
r concentration was overall about 5 times lower in the bulk material
ompared to the powder material (see Table 4 ). Zr was not found in any
f the features observed in the bulk material, suggesting that it segre-
ates more strongly to the grain boundaries, as supported by Thermo-
alc simulations indicating segregation to the last solidified liquid. This

s also supported by previous findings which reported that particularly B
nd Zr partition to a liquid film phase along grain boundaries in IN738LC
 4 , 5 ]. 

.2. Crack surface 

The previous study established that the observed cracks in the HB-
Zr IN738LC material were located along HAGBs and investigated the

racture surfaces using XPS and AES [16] . Other authors [ 4 , 5 ] investi-
ated grain boundary chemistry of AM IN738LC in detail and identified
ow-melting phases high in B and Zr as likely reasons for cracking. The
urrent TEM and APT findings, and Thermo-Calc simulations combined
ith previous XPS and AES results support this hypothesis. XPS analysis

howed that B and Zr are significantly enriched on the fracture surface,
eaching B levels of up to 2.8 at.%) and Zr levels up to 1 at.% [16] . This
ncreased amount of both elements on the fracture surface agrees with
he APT analysis of the surface oxide, and the bulk material showing
ower concentration levels of both B and Zr. The fracture surface was
xposed to air during specimen preparation as the material could not be
pened in the FIB/SEM, as compared to specimen fracture in ultra-high
acuum during XPS analysis, reported by Gruber et al. [16] . Therefore,
t is not possible to conclude from APT analysis alone whether the Zr-
xide is formed during solidification or during exposure of the fracture
urface. However, the presence of Zr in the APT analysis in this work
grees with previous XPS and AES analyses [16] and was further con-
rmed by thermodynamic calculations of the oxide stability in the sys-
em. The difference in B content between the XPS (up to 2.8 at.%) and
PT ( ≥ 0.2 at.%) measurements can be due to several factors. First of
ll, the APT is position sensitive, and a boride was found on the crack
urface. In APT precipitates can be analysed separately, but in XPS the
orides contribute to the total composition of the surface oxide. In APT,
he overlap issues in the mass spectrum give a possible underestima-
ion, as described above. Lastly, it is also possible that B could have
ublimated during the exposure to air or Au deposition prior to APT
pecimen preparation, as the sample could not be opened in vacuum. 

A Cr-rich boride on the solidification crack surface was detected by
PT (see Fig. 8 ) which also contains Mo and Ti. This is in line with
ome of the features observed in TEM (see Fig. 2 ). It is possible that
hese particles have a similar nature. If not considering the Ti content,
he composition of the observed boride (M 2 B) is in line with what others
ave identified in nickel-based superalloys manufactured by AM [ 4 , 15 ].
he presence of Ti could be an indication that it is a nonequilibrium
recursor, or a different phase, but it could also be an indication of a
oride sitting next to a carbide. Thermodynamic calculations show a
igh stability of borides in the studied system, with MB 2 or metastable
 2 B as possible candidates, described above. 

The previous study identified several carbides on the fracture sur-
aces which were also found during TEM (see Fig. 2 pos. ix) as well as
PT analyses and were identified as Ti-rich MC carbides. In the current
tudy, APT analyses showed that B is evenly distributed in the oxide
ayer. While bulk carbides were found to be surrounded with a B layer,
nalysis of the volume directly by fracture surface carbides shows no
ncreased B levels surrounding these carbides (see Figs. 5 and 6 ). It is
ossible that any B is dissolved in the oxide rather than segregating to
he carbide interface in these cases. 
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Fig. 9. Thermodynamic prediction of boride forma- 
tion in IN738LC with formation from the liquid for pos- 
itive driving forces (with MB 2 as most stable boride) 
and formation from the solid state for negative driving 
forces (with M 2 B, MB, and M 5 B 3 as stable borides). 
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. Conclusions 

This study used APT and TEM analysis to investigate a variant of
he nickel-based superalloy IN738LC, manufactured by LPBF, contain-
ng high levels of B (0.03 wt.%) and Zr (0.07 wt.%) to reveal the impact
f these micro-alloying elements on the crack formation during LPBF
rocessing. The TEM and APT findings supported by Thermo-Calc sim-
lations presented in this study combined with previous XPS and AES
esults support the hypothesis that low-melting phases high in B and Zr
re likely reasons for cracking of AM IN738LC. The following conclu-
ions can be drawn: 

• APT analysis detected Zr and small amounts of B in the oxide layers
on the fracture surfaces of samples opened in air. Thermodynamic
calculations suggest that both Zr and B segregate strongly to the last
fraction of the liquid phase during solidification. The high oxygen
potential and high oxygen affinity of Zr and B would result in their
further oxidation. This supports the hypothesis that the cracking in
the high Zr and B material occurs due to a liquid oxide film formed
at high angle grain boundaries. 

• On the crack surfaces, Ti- and Cr-rich M(C,N), as well as Cr, Mo, and
Ti-rich borides are found. The presence of Ti in the borides could
indicate their nonequilibrium state and thermodynamic calculations
suggest MB 2 and M 2 B as likely compositions. It is possible that due
to the complex thermal history of the material metastable borides
form in nickel-based superalloys manufactured by AM. 

• In the bulk metal, Cr-denuded zones of a few nanometres are ob-
served which are enriched in Al and Ti. However, the absence of
superlattice reflection points in the TEM diffraction patterns and the
small size ( ∼5 nm in diameter) suggest that these areas are 𝛾 ’ pre-
cursors rather than fully formed 𝛾 ’ particles. 

• A high number of Ti- and Cr-rich M(C,N) are in the bulk material.
The Cr concentration profile suggests that Cr is pushed out of these
carbides, indicating a non-equilibrium composition, B was found
in thin layers surrounding the carbides located in the bulk at the
metal/carbide interfaces. 
9 
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