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Abstract: For Inconel 625, where the γ” and δ phases precipitate, the influence of prior hot rolling
on the process is not well covered. The influence of segregation bands and prior hot rolling on
the precipitation of secondary phases during aging at 750 ◦C for different times was investigated.
Prior hot-rolling was conducted on a hot rolling mill at 1050 ◦C and 1150 ◦C with three different
deformation levels. The hot rolled samples were aged at 750 ◦C for 1, 5, 25 and 125 h. The γ”
precipitated in both the deformed and recrystallized grains in the segregation bands containing a
high concentration of niobium and molybdenum and a lower concentration of nickel, chromium and
iron. The opposite was observed between the segregation bands where no γ” precipitate was found.
There was a smooth transition in the density and the size of the γ” particles in the deformed grains at
the border of the segregation bands, while a more complex transition occurred in the recrystallized
grains. This occurred in the area where the average niobium concentration decreased from 4.5 to
2.7 wt. %, which influenced the mechanical properties.
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1. Introduction

The precipitation and growth of different phases in superalloys is influenced by both the chemical
composition and the deformation [1–4]. The influence of prior deformation on the precipitation
of secondary phases is not a well-researched problem. Precipitation can impact on the mechanical
properties, corrosion resistance and microstructural stability of a component during service.

The Inconel 625 alloy was originally designed as a solid-solution-strengthened, nickel-based
superalloy with good mechanical properties, corrosion and oxidation resistance [5]. However, Inconel
625 is prone to a complex precipitation processes due to a high niobium content in combination
with aluminum, titanium and carbon. Intermetallic phases like Ni2(Cr,Mo) with a Pt2Mo structure,
γ” (Ni3Nb) with a DO22 structure and δ (Ni3Nb) with a D0a structure, as well as secondary carbides
like M23C6 and M6C, precipitate at different temperatures [6–11]. Primary MC carbides, M(C,N) carbo
nitrides, TiN nitrides and the Laves phase form during casting [12,13]. The heterogeneous precipitation
of γ” occurs during aging in the temperature range between 700 and 750 ◦C [1,10]. In the early stages
of aging, the γ” phase preferentially precipitates on dislocations, sub-grain boundaries and twin
boundaries. The critical nucleus size is an important factor in the precipitation process. The volume,
interfacial and volume strain free energy influences the critical nucleus size. Structures like dislocations
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and grain boundaries can reduce the critical nucleus size and enable enhanced precipitation, while
providing a large number of nucleation sites [2,14–16].

Nickel-based superalloys have complex microstructure evolution processes during hot
working [17]. Due to a low stacking-fault energy, dynamic recrystallization is the dominant softening
mechanism during hot deformation [18]. At the start of the hot deformation, work hardening (WH)
and recovery compete with one another. During the WH stage, the dislocation density increases
through the activation of different slip systems [19]. Due to the lack of softening by recovery, the forces
quickly rise to a critical value, where the dynamic recrystallization initiates [20–22]. Two mechanisms
of dynamic recrystallization are known for Inconel 625: discontinuous dynamic recrystallization and
continuous dynamic recrystallization. The discontinuous recrystallization involves the formation of
new nuclei via grain-boundary bulging, while the continuous recrystallization takes place via the
generation of low-angle grain boundaries that eventually transform into high-angle grain boundaries.

Two deformation temperatures and three different levels of deformation were used in this research
in order to capture the microstructure before and after the initiation of the dynamic recrystallization.
The ageing temperature of 750 ◦C was chosen because the heterogeneous precipitation of γ” takes place.
The influence of the prior hot deformation and segregation bands on the precipitation of secondary
phases was studied, and the effect of secondary phases on the tensile strength was analyzed.

2. Materials and Methods

Inconel 625 in the mill-annealed state was used in this research. The chemical composition is given
in Table 1. Hot rolling was conducted on a 95 kW laboratory rolling mill (Schmitz, Berlin, Germany).
The diameter of the rolls was 296 mm and the rotating speed was 27 min−1. Plates with dimensions
of 150 × 53 × 20.7 mm3 were heated in a preheated resistance furnace and held at the hot-rolling
temperatures of 1050 and 1150 ◦C for 30 min. After 30 min of annealing, three plates were hot rolled
with three different levels of deformation. The Table 2 summarizes the level of deformation and the
strain rate achieved during hot rolling. Samples for aging (55 × 12 mm2) were cut from the plate with
an abrasive water jet. Aging was carried out in a preheated resistance furnace at 750 ◦C for 1, 5, 25 and
125 h. After hot rolling and aging, the specimens were cooled in water.

Table 1. Chemical composition of the nickel-based superalloy 625 used in this study and the limiting
composition of Inconel 625 in wt. %.

Alloy Cr Mo Fe Nb Ti Al Si Mn C Ni

Used alloy 21.5 8.2 5.0 3.4 0.14 0.09 0.08 0.05 0.009 Bal.
Inconel 625 20.0–23.0 8.0–10.0 5.0 max. 3.15–4.15 0.4 max. 0.4 max. 0.5 max. 0.5 max. 0.1 max Bal.

Table 2. Temperature of hot rolling and level of deformation and average strain rate achieved during
hot rolling.

Temperature of Hot Rolling 1050 ◦C 1050 ◦C 1050 ◦C 1150 ◦C 1150 ◦C 1150 ◦C

Level of deformation (%) 4.6 12.7 23.5 5.7 14.4 25.2
Strain rate (s−1) 1.63 2.7 3.66 1.81 2.87 3.8

Samples were prepared for tensile tests and microscopy. The tensile tests were conducted on an
INSTRON 8802 testing machine (Instron, Norwood, MA, USA). The samples for the scanning electron
microscopy (SEM) observations were etched with a solution of 15 ml HCl, 10 ml C3H6O3, 5 ml HNO3

and 1–2 ml C3H8O3. Final polishing with a colloidal silica suspension (OP-S) solution was applied for
the preparation of the samples for electron-backscatter diffraction (EBSD) mapping. The microstructure
investigation was carried out on a JEOL JSM 6500F field-emission scanning electron microscope (JEOL,
Tokyo, Japan) with an HKL Nordlys II EBSD camera (Oxford Instruments, High Wycombe, UK), Chanel
5 software (Oxford Instruments, High Wycombe, UK) and an Oxford Instruments energy-dispersive
spectroscopy (EDS) system with Inca software (Inca Energy 450, Oxford Instruments, High Wycombe,
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UK). During the EBSD mapping the samples were tilted by 70◦ and an accelerating voltage of 15 kV
with a probe current of 1.5 nA was used. In order to observe the dislocations, the Electron Channeling
Contrast Imaging (ECCI) was carried out on a Carl Zeiss Cross Beam 550 scanning electron microscope
(Zeiss, Oberkochen, Germany). The samples for ECCI were prepared with final polishing using OP-S
(the duration of polishing was 20 min). The ECCI was conducted with a working distance of 6 mm,
an accelerating voltage of 30 kV and a probe current of 3.5 nA. MTEX software (mtex-5.1.1., free Matlab
toolbox) was used for the data processing resulting from the EBSD mapping [23]. Grain orientation
spread (GOS) was implemented for the separation of the recrystallized grains from the deformed
grains. GOS is the average difference in the orientation between different points in the grain. Deformed
grains have a higher GOS compared to the recrystallized grains [24,25]. High-angle grain boundaries
(HAGBs) were characterized as boundaries having a misorientation of more than 15◦. A deviation of
3◦ was used for the coincidence site lattice for the Σ3 (CSL3) determination [26,27]. The size of the γ”
precipitates was measured along the longer axis of the ellipsoid particle. All together, 60 particles were
measured, and the average size and the standard deviation were calculated.

3. Results and Discussion

3.1. Microstructure Evolution during Hot Rolling

The microstructure evolution of the plates hot rolled at 1050 and 1150 ◦C with three different
deformation levels is shown in orientation image microscopy (OIM) maps with inverse pole figure
(IPF-Z) coloring (Figure 1a–g). A 0.65◦ GOS difference was used to separate the recrystallized grains
from the deformed grains (Figure 2a,b). The plate hot rolled at 1050 ◦C and with a 4.6% deformation
did not contain recrystallized grains (Figure 1a). Before dynamic recrystallization, the GOS shows
only one peak, but as soon as the recrystallization occurs, a bimodal distribution is visible in the GOS
(Figure 2a,b).

The ECCI image (Figure 3a,b) shows the difference between the deformed grains and the
recrystallized grains. The deformed grains have a higher orientation changes which influences the
electron diffraction and the signal on the backscatter electron image (Figure 3a). When the background
is dark enough (i.e., when the Bragg condition is met), the dislocations (Figure 3b) and other crystal
defects can be seen [28,29]. The scattering of the electrons is different due to the distortion of the crystal
lattice caused by the dislocation strain field. Figure 3a,b shows a higher density of dislocations in the
deformed grains compared to the recrystallized grains.
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Figure 1. OIM maps with IPF-Z coloring of plates hot rolled at 1050 °C and with a deformation levels 
of 4.6 (a), 12.7 (b) and 23.5% (c) and hot rolled at 1150 °C with a deformation levels of 5.7 (d), 14.4 (e) 
and 25.2% (f) and IPF-Z color triangle (h). 

Figure 1. OIM maps with IPF-Z coloring of plates hot rolled at 1050 ◦C and with a deformation levels
of 4.6 (a), 12.7 (b) and 23.5% (c) and hot rolled at 1150 ◦C with a deformation levels of 5.7 (d), 14.4 (e)
and 25.2% (f) and IPF-Z color triangle (g).

The occurrence of twins (CSL3 boundaries) is an important phenomenon during hot deformation.
The increasing deformation level decreases the fraction of CSL 3 at both 1050 and 1150 ◦C (Figure 4a,b).
However, the highest HAGB fraction was reached at a deformation level of 12.7% for the plate hot
rolled at 1050 ◦C. For the plated hot rolled at 1050 ◦C, the highest fraction of HAGB was achieved with
a deformation level of 14.4%. When the deformed and recrystallized grains are separated the fraction
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of twins and HAGBs stay roughly the same for the recrystallized grains. Meanwhile, the deformed
grains contain an even higher fraction of HAGBs [30].Metals 2019, 9, x FOR PEER REVIEW  5 of 22 
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3.2. The Precipitation of Secondary Phases during Aging at 750 ◦C

Bright bands with very high number of fine γ” phase precipitates appear after aging at 750 ◦C
for 1 h (Figure 5a–c). In contrast, the areas between the segregation bands contain very little or no γ”
phase precipitates (Figure 5a). The segregation bands contain a higher concentration of Nb and Mo,
thus enhancing the precipitation of γ” [5]. Nb and Mo segregations occur during solidification [31–33].
During hot rolling, these areas are deformed, forming long bands. Some segregation bands contain
primary M(C,N) carbo nitrides (Figure 6a,b, Table 3), MC carbides (Figure 7a,c, Table 3), Laves phase
(Figure 7a,b, Table 3), and some TiN nitrides [13]. The main difference between the carbides like MC
carbide and the Laves phase is the crystal structure. The Laves phase has a hexagonal crystal structure
(P64/mmc), compared to the cubic structure of the primary MC carbide (Fm3m) and the γ-matrix
(Figure 7d–f). During high-temperature annealing before hot rolling, the primary MC carbides, M(C,N)
carbo nitrides and the Laves phase partially dissolute and contribute to even higher concentrations of
Nb in the segregation bands (Figures 5b and 6a).
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Figure 5. The precipitation of γ” in the segregation band for the samples hot rolled at 1050 ◦C with the
deformation level of 4.6% and aged at 750 ◦C for 1 h (a). Primary MC carbides in the samples hot rolled
at 1150 ◦C with the deformation level of 5.7% and aged at 750 ◦C for 1 h (b). Bulged grain boundary
in the samples hot rolled at 1150 ◦C with the deformation level of 5.7% and aged at 750 ◦C for 1 h (c).
Recrystallized grain with no γ” precipitates in the sample hot rolled at 1050 ◦C with the deformation
level of 12.7% and aged at 750 ◦C for 1 h (d).

Table 3. Composition of different phases obtained by EDS analysis (wt. %).

Phases Ni Cr Mo Fe Nb Ti Si

M(C,N)
(Figure 6a)

Bal. 2.0 0.0 0.0 38.7 55.6 -

MC (Figure 7a) Bal. 2.8 3.0 0.6 83.1 4.5 -
Laves (Figure 7a) Bal. 11.8 26.8 1.5 33.2 - 0.6
M23C6 (Figure 8d) Bal. 33.8 12.0 3.9 3.8 - -

δ (Figure 13e) Bal. 16.0 9.6 2.8 9.5 - -
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hot rolled at 1050 ◦C with the deformation level of 4.6% (not aged) (a). The EDS spectrum for the Laves
particle (b) and the primary MC carbide (c) in Figure 7a. The Kikuchi pattern of the Laves particle (d),
the primary MC carbide (e) and the γ matrix (f) in Figure 7a.
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At the edge of the segregation bands, the recrystallized grains are clearly visible after aging for
1+ h at 750 ◦C (Figures 5d and 8a,c). The deformed grains have a high density of dislocations and
contain large numbers of fine γ” precipitates (Figures 5a–d and 8b,c). The γ” precipitates form along
twins and dislocations (Figure 8a) [1,10]. This is why the recrystallized grains contain only a few or
no precipitates (Figures 5d and 8a). After 1+ h of aging at 750 ◦C, the secondary M23C6 carbides and
the δ phase start to precipitate on the grain boundaries (Figures 5c and 8a). With longer aging times
(5+ h) the secondary M23C6 carbides become coarser (Figure 8b,c). The secondary M23C6 carbides
contain high contents of Cr and Mo (Figure 8d, Table 3). In the samples hot rolled at 1150 ◦C with the
deformation level of 5.7% and aged at 750 ◦C for 1+ h, the secondary M23C6 carbides started to form a
continuous line at the grain boundaries (Figure 8b).
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1050 °C with the deformation level of 23.5% and aged at 750 °C for 1 h (a). Secondary M23C6 carbides 
at the grain boundary in the samples hot rolled at 1150 °C with the deformation level of 5.7% and 
aged at 750 °C for 5 h (b). Precipitation of the secondary M23C6 carbides on the grain boundaries in 
the sample hot rolled at 1050 °C with the deformation level of 14.4% and aged at 750 °C for 5 h (c). 
The EDS spectrum of the secondary M23C6 carbide in Figure 8c (d). 

There is no difference in the γ’’ precipitate size and density (Figures 10c,d and 11c,d, Table 4) 
between the deformed and the recrystallized grains within the segregation bands. The centers of the 
segregation bands have high Nb contents that enable the homogeneous γ’’ nucleation (dislocation 
and twins have no influence) (Figure 9c). In this case, the concentration of Nb (4.7 wt. %) is similar to 
Inconel 718. At an aging temperature of 750 °C, the start of the γ’’ precipitation is below 1h of aging 
time for Inconel 718 [15,34]. The nucleation of the γ’’ phase in Inconel 718 is homogeneous, which 

Figure 8. The precipitation of the γ” in lines in the recrystallized grains of the sample hot rolled at
1050 ◦C with the deformation level of 23.5% and aged at 750 ◦C for 1 h (a). Secondary M23C6 carbides
at the grain boundary in the samples hot rolled at 1150 ◦C with the deformation level of 5.7% and
aged at 750 ◦C for 5 h (b). Precipitation of the secondary M23C6 carbides on the grain boundaries in
the sample hot rolled at 1050 ◦C with the deformation level of 14.4% and aged at 750 ◦C for 5 h (c).
The EDS spectrum of the secondary M23C6 carbide in Figure 8c (d).

There is no difference in the γ” precipitate size and density (Figures 10c,d and 11c,d, Table 4)
between the deformed and the recrystallized grains within the segregation bands. The centers of the
segregation bands have high Nb contents that enable the homogeneous γ” nucleation (dislocation and
twins have no influence) (Figure 9c). In this case, the concentration of Nb (4.7 wt. %) is similar to Inconel
718. At an aging temperature of 750 ◦C, the start of the γ” precipitation is below 1h of aging time for
Inconel 718 [15,34]. The nucleation of the γ” phase in Inconel 718 is homogeneous, which may explain
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our observations in the segregation bands. A high Nb content reduces the critical radius size, thus
enabling a large number of fine γ” precipitates. As soon as the average Nb concentration is lowered
(<4.5 wt. %), the critical radius increases and heterogeneous nucleation occurs (Figure 9c). As we move
from the center of the segregation band the Nb content is lowered from 4.7 to 2.5 wt. % (Figure 9c).
The edge of the segregation band is clearly visible due to the difference in the precipitate size and
the distribution in the deformed and recrystallized grains (Figure 8c, Figure 10e,f, and Figure 11e,f,
Table 4).

Table 4. The average size and standard deviation of γ” phase particles in different areas on Figure 11
(sample hot rolled at 1050 ◦C with the deformation level of 23.5% and aged at 750 ◦C for 25 h).

Location Size of γ” PhaseParticles (nm)

Deformed grain in the segregation band (Figure 11c) 79.7 ± 11.9
Recrystallized grain in the segregation band (Figure 11d) 77.5 ± 11.6

Deformed grain, the inner edge of the segregation band (Figure 11e) 80.4 ± 16.9
Recrystallized grain, the inner edge of the segregation band (Figure 11f) 196.2 ± 63.1

Recrystallized grain in the inner edge of the segregation band (twin) (Figure 11f) 72.7 ± 15.9
Deformed grain in the outer edge of the segregation band (Figure 11a) 66.6 ± 14.3
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Figure 9. Different segregation bands with different distributions of the γ” phase precipitate in the
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Centered moving average (5 wide) and standard deviation of a 5 × 191 (3 µm wide and 127 µm long
line) points in a line (a), for Ni Kα (b), Nb Lα (c) and Mo Lα (d).
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Figure 10. Segregation band of the sample hot rolled at 1150 ◦C with the deformation level of 14.4%
and aged at 750 ◦C for 5 h (a,b). The precipitation of the γ” in the segregation band of deformed grain
(c) and recrystallized grain (d). The wavy pattern of the γ” precipitates in the deformed grain at the
edge of the segregation band (e). The γ” precipitation in recrystallized grain at the inner edge of the
segregation band (f).

The deformed grains have a smooth transition in terms of the γ” precipitate number and size
(Figure 11c,d, Table 4), as they have high dislocation densities (nucleation sites) (Figures 3b and 12a,b).
When the dislocation structure before aging (Figure 3b) and after aging (Figure 10e) is compared the γ”
precipitates form the same wavy-like pattern or lines as dislocations (Figures 5c, 10e and 12b). With the
decreasing content of Nb towards the far edge of the segregation band, the size and density of the
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γ” slowly decreases (Table 4). Due to a large number of γ” precipitates in the deformed grains the
coarsening is slow. The large numbers of γ” precipitates remain even after a longer period of aging
(125 h) (Figure 14b).
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(sample hot rolled at 1050 °C with the deformation level of 23.5% and aged at 750 °C for 25 h). 
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Recrystallized grain in the segregation band (Figure 11d) 77.5 ± 11.6 
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Figure 11. Segregation band of the sample hot rolled at 1050 ◦C with the deformation level of 23.5%
and aged at 750 ◦C for 25 h (a,b). The precipitation of the γ” in the segregation band of the deformed
grain (c) and the recrystallized grain (d). The difference between the precipitation at the edge of the
segregation band in the deformed (e) and the recrystallized grain (f).
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Figure 12. ECCI image of a sample hot rolled at 1150 ◦C with the deformation level of 5.7% and
aged at 750 ◦C for 5 h. Dislocations in the deformed grain outside of the segregation band (a). The γ”
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The recrystallized grains do not have a smooth transition in γ” precipitate size and distribution
(Figure 10b,f and Figure 11b,f). When the Nb concentration decreases (Figure 9c), the precipitate size
increases and the density decreases for the homogeneously precipitated γ” (Figure 11f, Table 4). At the
same time, the heterogeneous precipitation of γ” occurs on the twins and dislocations (Figure 10f,
Figure 11b,c and Figure 13d,e). The homogeneously precipitated γ” are prone to more severe
coarsening with increasing aging time (5+ h). Due to the lower density of precipitates, the surrounding
γ-matrix contains enough Nb to enable larger γ” precipitate growth (Figure 14a). Thus, the difference
in size between heterogeneously and homogeneously precipitated γ” becomes significant after a longer
aging time (25+ h) (Figure 14a). The homogeneously precipitated γ” disappear with the decreasing
content of Nb, and only smaller γ” precipitates remain on the twins and dislocations (Figure 11b).
As we move further from the center of the segregation band (<4 wt. % Nb), even the large numbers of
fine γ” precipitates on twins and dislocations are difficult to see in the recrystallized grains (Figure 11a).
Even after a longer aging time at 750 ◦C (125 h), the precipitation of γ” did not occur (Figure 14b).
During the formation of the nucleus, the γ” interacts with the dislocation stress field. The stress field
of the dislocations can relieve the volume strain energy needed for nucleation [2]. The dislocations
have areas strained in compression and tension. So, the nucleus will only form in the area that
sufficiently relieves the volume strain energy. This is why the deformed grains contain higher densities
of γ” precipitates. A higher dislocation density in the deformed grains offer more nucleation sites
compared to the dislocations and twins in recrystallized grains. Below a 2.7 wt. % Nb concentration,
the precipitation of γ” did not occur in the deformed or recrystallized grains (Figure 9a). The solubility
of niobium in Inconel 625 at room temperature is around 2.5 wt. % [5].

The δ phase in the segregation bands of samples aged for 5+ h was observed in the shape
of short needles and blocky particles on the grain boundaries (Figure 13a,c–e, Figures 14b and
15a,b) [10]. The needles of the δ phase precipitated in random locations in the grain and on the
twins (Figures 13c, 14b and 15a). The EDS measurement showed elevated concentration of Nb typical
for δ phase with composition of (Ni3Nb). The δ phase formed as smooth, continuous lines on the twins
(Figure 13c,d). During prolonged aging (25+ h), the δ phase replaced the γ” precipitates on the twins
of the recrystallized grains. However, typically for samples deformed with a higher deformation level,
the continuous δ phase lines were not smooth but serrated (Figure 15c,d and Figure 16a). During the
hot deformation, the twins formed steps/facets to accommodate the plastic deformation. With the
increasing deformation level, the twins transformed into ordinary HAGBs (Figure 4) [30]. So, the δ

phase needles precipitated and grew at an angle, as is seen on some HAGBs (Figure 15c,d). There are
no precipitates of γ” around the δ-phase (Figures 15c and 16a). During prolonged aging (25+ h) the
metastable γ” precipitates are consumed due to the growth of the δ phase. The morphology of the
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δ phase is different outside the segregation bands (Figure 16a,b). Outside of the segregation band,
the precipitation of the δ phase did not occur on the twins (Figure 16a,b).
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Figure 13. The segregation band in the sample hot rolled at 1050 °C with the deformation level of 
23.5% and aged at 750 °C for 25 h (a). OIM image with IPF-Z coloring of the Figure 13a with black 
high-angle grain boundaries and white CSL3 boundaries (b). Enlarged areas from the Figure 13a of 
the deformed grain (c) in the area a, recrystallized grain with γ’’ precipitates on twins in the area b 
(d) and in the area c (e). The EDS spectrum (f) of δ* phase in Figure 13e. 

Figure 13. The segregation band in the sample hot rolled at 1050 ◦C with the deformation level of
23.5% and aged at 750 ◦C for 25 h (a). OIM image with IPF-Z coloring of the Figure 13a with black
high-angle grain boundaries and white CSL3 boundaries (b). Enlarged areas from the Figure 13a of the
deformed grain (c) in the area a, recrystallized grain with γ” precipitates on twins in the area b (d) and
in the area c (e). The EDS spectrum (f) of δ* phase in Figure 13e.
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Figure 14. Large γ” precipitates and smaller ones along the twin of the sample hot rolled at 1050 ◦C
with the deformation level of 23.5% and aged at 750 ◦C for 25 h (a). The transition from segregation
band in the sample hot rolled at 1150 ◦C with the deformation level of 25.2% and aged at 750 ◦C for
125 h (b).
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Strength 

The yield strength, tensile strength and elongation are plotted in Figure 17. The yield strength 
and tensile strength increased, while the elongation decreased (Figure 17) with increasing 
deformation levels due to the strain hardening. Samples hot rolled at 1150 °C have lower yield 
strength and tensile strength, while the elongation was higher compared to hot rolling at 1050 °C. 
After aging at 750 °C for 5 h, there was an increase in the yield and tensile strength, and a decrease 
in the elongation due to the precipitation of γ’’. However, after prolonged aging times (25+ h), the 
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strength after aging for 5 h was the lowest for the samples hot rolled with the highest deformation 
because of the to a larger volume fraction of recrystallized grains. The yield strength and tensile 

Figure 15. The precipitation of the δ phase in the segregation band of the sample hot rolled at 1050 ◦C,
with the deformation level of 23.5% and aged at 750 ◦C for 5 h (a). The precipitates of the δ-phase
needles on twins in the sample hot rolled at 1050 ◦C with the level of deformation 12.7% and aged at
750 ◦C for 25 h (b). The δ-phase precipitates in the deformed and the recrystallized grain of sample hot
rolled at 1050 ◦C with the deformation level of 12.7% and aged at 750 ◦C for 125 h (c). The precipitation
of δ phase in the deformed and the recrystallized grains of the sample hot rolled at 1150 ◦C with the
deformation level of 14.4% and aged at 750 ◦C for 125 h (d).
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Figure 16. The precipitation of the δ phase in the transition area of the sample hot rolled at 1050 ◦C
with the deformation level of 12.7% and aged at 750 ◦C for 25 h (a). Different morphology of the δ

phase outside the segregation band of the sample hot rolled at 1050 ◦C with the deformation level of
23.5% and aged at 750 ◦C for 125 h (b).

3.3. Influence of the Segregation Bands, Prior Hot Rolling and Aging on the Room-Temperature
Tensile Strength

The yield strength, tensile strength and elongation are plotted in Figure 17. The yield strength
and tensile strength increased, while the elongation decreased (Figure 17) with increasing deformation
levels due to the strain hardening. Samples hot rolled at 1150 ◦C have lower yield strength and tensile
strength, while the elongation was higher compared to hot rolling at 1050 ◦C. After aging at 750 ◦C for
5 h, there was an increase in the yield and tensile strength, and a decrease in the elongation due to
the precipitation of γ”. However, after prolonged aging times (25+ h), the yield strength and tensile
strength did not change significantly. The increase in the yield and tensile strength after aging for
5 h was the lowest for the samples hot rolled with the highest deformation because of the to a larger
volume fraction of recrystallized grains. The yield strength and tensile strength for the hot-rolled plates
with the highest deformation level increased after longer aging times (25+ h) due to the precipitation
of the δ phase.

Most of the samples had a ductile fracture surface after the tensile test (Figures 18–20). The fracture
surface of the tensile-test specimens revealed cracks and particle pull outs. The cracks and pull-outs
were seen even in the unaged samples (Figure 18a,b). The cracks originated at segregation bands,
due to the primary NbC carbides, the (Nb,Ti)(C,N) carbo nitrides and the TiN nitrides (Figure 20a,b).
A cross-section of tensile-test specimens revealed pores in lines. Some pores contained shattered
particles (Figure 20b). During the tensile tests, pores formed in the segregation bands, and were
connected to each other, thus forming a crack during fracture. After aging, the cracks grew in size and
depth, due to the extensive precipitation in the segregation bands (Figure 13d). The hot-rolled sample
at 1150 ◦C, with the deformation level of 5.7% and aged at 750 ◦C for 5+ h, had an inter-crystalline
fracture (Figure 21) due to the precipitation of secondary M23C6 carbides (Figure 8b).
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4. Conclusions

The influence of the segregation bands and the prior hot deformation on the precipitation of
secondary phases during aging at 750 ◦C was investigated.

The advantage of the presented method is the simultaneous observation of the γ” precipitation
during aging at 750 ◦C in deformed grains with a high to low Nb concentration, as well as recrystallized
grains with a high to low Nb concentration. This was enabled by the partially recrystallized
microstructure and the segregation bands.

A high average concentration of Nb (4.7 wt. %) in the segregation bands promotes the precipitation
of the γ” phase in the deformed and recrystallized grains. The opposite was observed outside the
segregation band (<2.7 wt. % Nb) where the precipitation of the γ” was not observed. The deformed
grains promoted the precipitation of large numbers of smaller γ” precipitates at the edge of the
segregation band (2.7 < wt. % Nb < 4.5). A high density of fine γ” precipitates in the deformed grains
increased the tensile strength after 5 h of aging at 750 ◦C. Due to the lack of nucleation sites in the
recrystallized grains, the precipitation of γ” was severely retarded when the average Nb concentration
was reduced (2.7 < wt. % Nb < 4.5). The increase in tensile strength is higher for samples with a lower
level of deformation (1050 ◦C, 4.6% and 12.7% and at 1150 ◦C 14.4% and 25.2%) and lower for plates
with the highest level of deformation (1050 ◦C, 23.5% and 1150 ◦C, 25.2%).
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