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The fatigue deformation behavior of δ-Ni3Nb (D0a intermetallic phase in nickel-based superalloy) was analyzed
in detail to determine its fracture characteristics and possible slip systems. Strong arrangement-dependence (i.e.
arrangement direction of plate length relative to loading direction) deformation characteristics were observed.
When δ plates were arranged not paralleling to the loading direction, they exhibited certain degree of fatigue re-
sistance. Slip traces were found in the non-parallel δ plates after some fatigue cycles. By analyzing the traces and
habit plane of δ, the possible operative slip systems were confirmed to be (010)δ[100]δ and (010)δ[102]δ.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The strong requirement of improving the reliability of aero-engine
components promotes a great deal ofmicrostructure relative researches
of fatigue performance, aiming to well understand the fatigue fracture
behavior of candidate materials [1–5]. Among these studies, second-
phase particles in the widely used IN718 polycrystalline nickel-based
superalloy have attracted intensive interests because their crystal struc-
tures and deformation characteristics are quite different from the alloy
matrix [6–8]. The major and minor strengthening phases in IN718,
namely γ″-Ni3Nb (D022) and γ′-Ni3(Al,Ti) (L12) respectively, have
been extensively researched, because they are vital to the highmechan-
ical properties [9–11]. Also, as a common and stable phase in IN718, δ-
Ni3Nb has been widely studied to understand its precipitation behavior
and effects on mechanical properties [1,12]. Generally, δ has the solvus
temperature between 990 °C and 1020 °C and can start to precipitate
at ~1000 °C for short times (below 1 h) [13,14]. This indicates that δ can-
not be ignored in studying the plastic deformation and fracture of
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IN718. The precipitation of granular δ at grain boundary is believed to
provide strong pinning effect on grain growth and thusly improve fa-
tigue resistance and stress rupture property [8,12,15]. Unlike this,
plate-like δ particles provide certain fatigue resistance to the matrix
by hindering dislocation glide [9]. The past works have provided excel-
lent findings about the correlation between δ and fatigue property, but
the detailed experimental results about the fatigue deformation and
fracture behavior of δ have been still rather limited. Although the fatigue
fracture of IN718mainly originate from surface defect, surface strain lo-
calization grain and surface inclusion, the deformation and fracture of
precipitates may also cause internal microcracks and accelerate crack
propagation [1,16]. Therefore, it is necessary to scrutinize the fatigue de-
formation and fracture characteristics of δ phases.

Generally, δ has an orthorhombic D0a structure [12], which is
thought to be derived from the hexagonal close packed structure,
such as D019 [17,18]. The δ phases have an epitaxial relation with
the γ-Ni matrix: {111}γ//(010)δ and ⟨110⟩γ//[100]δ [15,17,19]. Ap-
parently, the habit plane of δ is the close packed {111}γ and (010)δ
planes [17]. In addition to γ, δ should also be associated with γ″,
since the metastable γ″ can transform into stable δ during long-
term aging or service. By combining crystallographic and high reso-
lution transmission electron microscopy (HRTEM) analyses, the
transformation of γ″ → δ is confirmed to be a purely geometrical
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Fig. 1. (a) Simulated results of the temperature at the center of the specimen varying with solidification time. (b) Axisymmetric diagrams of three casting specimens and their respective
fatigue life.
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modification of the compact planes stacking sequence, i.e. the unique
Burgers vector 1=6½111�γ″ on the compact plane (112)γ″ is available to
create a low energy stacking fault, corresponding to the transforma-
tion of D022 stacking sequence to locally D0a structure [17,19]. As to
the plastic deformation characteristics of δ, some outstanding results
have been made in studying its single crystal deformation. The oper-
ative slip systems of δ single crystal have been determined: (010)
[100], (001)[100], {201}⟨102⟩ and (010)[001] depending on its crys-
tal orientation relative to loading direction (LD) [18,20]. However,
these results have not yet been applied to the analysis of δ phases
within IN718. When IN718 is subjected to macroscopic load, the
plastic deformation of γ matrix and γ″ would inevitably affects the
accompanied δ due to the above mentioned epitaxial relations and
strain localization within γ matrix [2,17]. Moreover, because each
of the four habit {111}γ planes has three close packed directions,
twelve variants of δ can form within the γ matrix. And δ particles
could act as nuclei for another δ variant by dissociation of disloca-
tions on the conjugate plane [12]. Therefore, δ plates show obvious
intersecting arrangement configuration. The anisotropy and inter-
section of δ determines that the deformation behavior of different ar-
rangement configurations (e.g. angle of its length direction relative
to LD) should be various [8,12]. In the present study, new attempts
are made to explore the evolution of δ particle under fatigue load.
Emphasis will be placed on analyzing the deformation and fracture
behavior of the particle in different orientations. Through these re-
sults, the possible operative slip systems and arrangement depen-
dent fracture characteristics of δ particle in IN718 have been
proposed.

Polycrystalline IN718, with a nominal composition of 19% Cr, 18.55%
Fe, 3% Mo, 5% (Nb + Ta), 0.9% Ti, 0.5% Al, 0.05% C (mass%), is chosen as
master alloy to manufacture casting bars using investment casting pro-
cess [21]. Three kinds of bars with expected different fatigue lives were
designed based on solidification rate [22]. The variation of temperature
in their central positions with solidification time was simulated by
COMSOL Multiphysics software (Fig. 1a). The heat transfer coefficient
and thermal conductivity data were taken from the literature [23] and
software, respectively. To eliminate the microsegregation and precipi-
tate hardening phases, standard heat treatments (ST) were performed
in air following the regimes of 1095 °C × 1 h/air cooling + 955 °C
× 1 h/air cooling + 720 °C × 8 h/furnace cooling in rate of 56 °C/h
+ 620 °C × 8 h/air cooling to room temperature [9]. The detailedmetal-
lurgical/precipitation state of thematerial after ST is available in Supple-
mentary materials 1.1. Fatigue tests were performed to the cylindrical
specimens (with the gauge dimensions of approximately Ø6
× 15 mm) at room temperature using uniaxial and push-pull mode on
a computer-controlled hydraulicmachine. The other testing parameters
are constant stress amplitude (σm = 380 MPa), stress ratio (R = −1)
and triangular wave (frequency= 0.3 Hz). The fatigue life of each spec-
imen is shown in Fig. 1b, which is consistent with our inference. Selec-
tive etching technique was adopted to remove the matrix and expose
δ in longitudinal section samples. Before selective etching, it is necessary
to do some surface treatments on the desired surface to eliminate the
surface stress layer. The surface treatments adopted were electrolytic
polishing (20% H2SO4 + 80% CH3OH, at the voltage of 20 V for 20 s)
and vibration polishing (using silica suspension for 2 h). Subsequently,
electrolytic etching (15 g Cr2O3 + 10 ml H2SO4 + 150 ml H3PO4, at
the voltage of 5 V for 60 s) was used for removing matrix. The etched
surface was observed by TESCAN MIRA3 field emission scanning elec-
tron microscopy (SEM). Focused ion beam (FIB, TESCAN GAIA3) tech-
nique was used to sectioning the δ plate with particular arrangement.
The transmission Kikuchi diffraction (TKD) technique was performed
to analyze local misorientation (LMO)within γmatrix of the FIB sample
by using the same SEM instrument and associated AZtec Nordlys Max3

electron backscatter diffraction (EBSD) detector at step size ~50 nm
and voltage ~20 kV. In addition, the morphologies and crystal orienta-
tion of δwere analyzed by JEOL 2100F field emission transmission elec-
tron microscopy (TEM) by using thin foils and FIB sample.

Fig. 2a shows the typical plate-like δ particles and three directions of
δ plates, namely length, width and thickness. Fig. 2b shows the TEM
bright-field micrograph and selective area electron diffraction (SAED)
patterns of γ and δ. Then, the crystal orientation relationship between
γ and δ can be obtained as following: (111)γ//(020)δ and [011]γ//
[100]δ. Fig. 2c schematically shows the lattice arrangement of the two
oriented planes. Fig. 2d shows the typical fracture surface containing
fractured δ plates, indicating their fracture along fatigue striations
within matrix, rather than debonding.

It should be noted that the strain localization within slip bands and
near twin boundaries (TBs) in the γ matrix is a key factor determining
fatigue fracture [2]. So, before discussing the fatigue deformationmech-
anism of δ, the slip and twinning behavior of γ matrix are firstly ad-
dressed here. It was stated that, for a polycrystalline and twinned
IN718 alloy, strain localization first develops in the vicinity of and paral-
lel to TBs below the 0.2% yield strength due to elastic strain mismatch
and/or high Schmid factor of the active slip system ({111}⟨110⟩), while
above the 0.2% yield strength, transgranular slip localization is the dom-
inant plastic mechanism at room temperature (active slip system
{111}⟨110⟩) [2]. And different slip systems can be active at the same
slip band depending on the macroscopic stress level [2]. In the present
study, the grain size of present casting is much larger than that of forg-
ing state and no TB can be found. So it is hard to figure out the exact slip
system in local area. But the slip plane can be confirmed to be {111}γ
[2,3]. Since {111}γ is the habit plane of δ, the slip and strain localization
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Fig. 2. (a) SEM image of the plate-like δ phases. (b) TEMbright-field image of the δ phases embeddedwithin theγmatrix and their SAED patterns. (c) Schematic diagramof the orientation
crystal planes of γ and δ. (d) SEM image of the fracture surface of specimen C shows the fractured δ plates (as highlighted by the yellow arrows). (e) SEM image of the FIB sample shows
two parts, namely γ and δ, respectively. (f) Band contrast (BC) and LMO images obtained by analyzing the area indicated in (e) using TKD technique.
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were carefully considered. Through FIB and EBSD techniques, some slip
traces within γmatrix were observed near a δ plate (Fig. 2e and f). The
LMO distribution indicates that strain localization indeed occur around
slip bands [24]. More detailed description is available in Supplementary
materials 1.2.

To accurately discuss the fatigue deformation of δ, two represen-
tative distributions are considered: i) LD approximately paralleling
to length direction (Fig. 2a, denoted as δP); ii) LD non paralleling to
length direction and the load acts directly on the width plane of δ
(Fig. 2a, denoted as δNP). In short-term fatigue, the morphology of
δNP shows no special characteristic (Fig. 3a). When the fatigue cycle
increases, slip trace appears gradually, as indicated by the blue ar-
rows in Fig. 3b.With the further increase of fatigue cycle, the number
of slip traces increases significantly (Fig. 3c). Apparently, the fatigue
deformation of δNP requires an incubation period. Only after enough
cycles, the accumulated slip deformation and strain localization of
matrix reaches a certain degree, and then the slip of δNP particle oc-
curs [25]. It can also be seen from Fig. 3c that the slip traces in a single
δNP particle have the characteristics of parallel arrangement, indicat-
ing the slipping preferentially along a specific crystal direction. In
terms of the δP particle, the characteristics of branch cracking were
observed in all the samples, indicating poor plastic deformation abil-
ity [8]. According to crystal growth characteristics and the crystal
orientation relation between γ and δ, the width plane of δNP plate
can be reasonably inferred as (010)δ [15,26], which is the closest
packed plane and possible slip plane of δ-Ni3Nb crystal [26,27].
Without considering the existing mobile dislocation, sufficient re-
solved shear stress (τ) along the slip direction is needed to make



Fig. 3. SEM images show themorphologies of as-fatigued δNP particles (a)–(c) and δP particles (d)–(f) in specimenA, B and C, respectively. (g) Schematic diagram of the orientation crystal
planes of γ and δ. Schematic diagrams show the stress state of habit plane of δNP (g) and δP (h).
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the slip plane move. Generally, τ is proportional to the component of
external force along the slip direction (Fs) and inversely proportional
to the projection area of slip plane along the force direction (A). Here
we assume that Fs is equal in two loading cases (Fig. 3g and h). Obvi-
ously, A(δP) is much smaller than A(δNP), indicating that δNP particle
has lower τ and better ability to resist fatigue fracture.

In addition to slip, fracture of δNP particle was also observed in the
long-term fatigue specimen. Two fractured δNP particles after long-
term fatigue were observed in C specimen (Fig. 4a and b). The δNP par-
ticle in Fig. 4a exhibits not only cracking, but also obvious bending,
showinga certain degree of ductility. Fig. 4b shows slip-induced fracture
of a δNP particle. Themultiple slip traces observed on particle surface in-
dicates that the δNP can slip along multiple crystal directions. As men-
tioned above, δ crystal grows along (010)δ plane and its width plane
can be represented by (010)δ [28]. Because the slip lines intersect
(Fig. 4b), we can measure the angles and compare it with the angles
of the crystal direction in the ideal close packed plane (010)δ to deter-
mine the direction of the slip. The experimental angle between slip
lines (a1 to a5 in Fig. 4b) is measured to be 58.9° ± 2.8°, which is in
good agreement with the ideal crystal direction angles shown in
Fig. 2c (crystal structure data from ICSD #108621) [27]. Thusly, the pos-
sible operative slip systems of δ can be inferred as: (010)δ[100]δ and
(010)δ[102]δ, in which the former is consistent with the previous stud-
ies [18,20].

Fig. 4c shows the different morphologies of two types of δ config-
urations in specimen C, i.e. branch cracking (yellow square) and
plastic shearing (white square). As discussed above, the δP plates
are hardly to slip on its close packed planes. The branch cracking
characteristics of δP plates indicate that plastic deformation is hard
to occur. The HRTEM observation of a δP plate (Fig. 4e) proves this
opinion, since almost no dislocation or any other deformation struc-
ture presents in the plate. Conversely, the δNP plates show obvious
plastic deformation traces (Fig. 4d). The HRTEM observation
(Fig. 4f) of the δNP plate (Fig. 2e) indicates that several edge disloca-
tions appear on (020)δ plane, which again proves that (010)δ is the
possible slip plane. In this study, the interaction between disloca-
tions and δ plates is not obvious. It may be ascribed to the low mac-
roscopic stress, which makes the γ″ particles exhibit enough cyclic
softening ability [1]. Then, the slip or shearing of δ plates in non-
parallel configuration is reasonably inferred to be probably origi-
nated from the inside of the plates.
Furthermore, the δ and γ″ contents are also considered. Because
of the similar chemical compositions and purely geometric trans-
formation mechanism, the δ and γ″ contents are reasonably
believed to have approximate inverse relation [1,17]. A recent
study has demonstrated that a low δ/γ″ content ratio is responsi-
ble for the short fatigue life due relatively low stress relaxation
effect under high γ″-content condition [1,19]. In the present
study, statistic results show that the δ contents are 3.5% ± 0.6%,
7.2% ± 0.3% and 10.0% ± 0.8% for specimen A, B and C, respec-
tively. Apparently, a roughly positive correlation between δ con-
tent and fatigue life can be established, which is consistent with
the literature [1]. Detailed description is available in Supplemen-
tary materials 1.3.

In summary, the fatigue deformation and fracture characteris-
tics of δ-Ni3Nb phases at room temperature were investigated by
surface treatment and electron microscopy methods. The response
of δ to fatigue load is related to its arrangement relative to loading
direction. The δP plates are prone to occur branch cracking and
show no slip trace within the plates. Conversely, δNP particles
exhibit a certain resistance to fatigue fracture. The fatigue defor-
mation and slip of δNP particles need a certain incubation period.
With the increase of fatigue cycles, the slip deformation of δNP

particles gradually appears and ultimately evolves to bending and
fracture. The possible slip systems of δ are proposed:
(010)δ[100]δ and (010)δ[102]δ.
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Fig. 4. (a)–(b) SEM images show the fractured δNP plates. (c) TEM bright-field image shows the as-fatiguedmorphologies of the two kinds of δ plates in specimen C. (d) A magnified TEM
bright-field image shows the plastic deformation traces of the δNP plates indicated in (c). (e)–(f) HRTEM images taken along [100]δ direction show the substructures within δP and δNP
plates, respectively.
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