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ABSTRACT  
This study aims to enhance the high-temperature mechanical properties of the laser-directed 
energy-deposited Inconel 625 alloy. Varied sizes, morphologies and volume fractions of the 
Laves phase were effectively regulated, high-temperature tensile properties and stress rupture 
life were systematically investigated, and the underlying mechanisms were revealed thoroughly. 
The results demonstrate that when the Laves phase morphology transitions from long-striped 
to granular, with optimised dimensions (length: 1–2 μm, width: 0.2–0.6 μm) and a precise 
volume fraction of 1.2%, the alloy exhibits a notable enhancement in mechanical performance: 
yield strength increases from 192.67 MPa to 217.33 MPa, tensile strength rises from 324.67 MPa 
to 348.33 MPa and stress rupture life extends from 24 h to 31 h. The boost in the high- 
temperature tensile strength was attributed to the precipitation of γ’’ and δ phases near the 
Laves phase or the pinning effect at the Laves/γ interface. The extended stress rupture life 
results from δ phases hindering dislocation motion while promoting dynamic recovery. This 
study confirmed that retaining a controlled amount of Laves phase significantly enhances the 
mechanical properties of the Inconel 625 alloy, providing valuable insights for laser additive 
manufacturing and repaired nickel-based superalloy above 800°C.
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1. Introduction

Nickel-based superalloy Inconel 625 (GH625) is widely 
used in high-temperature components in fields such as 
aerospace, energy and chemical industries due to its 
excellent strength, outstanding resistance to oxidation, 
corrosion, and fatigue [1,2]. Examples include gas 
turbine blades, heat exchanger pipes, and hot-end com
ponents of aircraft engines [3,4]. However, these key 
components often suffer damage or even failure due 
to fatigue, creep, wear or corrosion in extremely 
demanding service environments [5,6]. The overall repla
cement cost is high and the process takes a long time. 
Therefore, developing efficient and reliable remanufac
turing and repair technologies holds significant econ
omic and strategic value [7]. Laser directed energy 
deposition (DED-LB) has emerged as one of the most 

promising technologies for the repair and remanufacturing 
of high-performance metal components due to its 
advantages such as high energy density, high degree 
of formability and controllable heat input [8,9]. This tech
nology lies in the process of layer-by-layer deposition, 
which precisely reconstructs a three-dimensional solid 
with properties comparable to or even superior to 
those of the base material in the damaged zone, restor
ing the geometric shape and service function of the part.

The microstructure of Inconel 625 alloy deposited by 
DED-LB is completely different from that of traditional 
forging or casting [10–12]. The unique non-equilibrium 
metallurgical characteristics of laser rapid melting and 
solidification (with cooling rates up to 103∼106 K/s) signifi
cantly alter the microstructure evolution path and the 
final phase composition of alloys. Inconel 625 alloy is a 
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solid solution strengthened alloy with γ-Ni as the austeni
tic matrix, and its main strengthening elements such as 
niobium (Nb) and molybdenum (Mo) have high solubility 
in the γ phase [13]. Under equilibrium solidification con
ditions, these elements are fully dissolved in the matrix, 
exerting a strong solid solution strengthening effect. 
However, during the rapid solidification process in laser 
additive manufacturing, solute elements (especially Nb) 
undergo severe segregation at the solidification interface, 
resulting in the accumulation of a large amount of Nb, Mo, 
and other elements in the interdendritic regions of the 
final solidification [14], which is highly prone to the for
mation of brittle intermetallic compound phases – Laves 
phases (typically Ni, Nb, Mo, with a chemical formula 
approximately (Ni, Fe, Cr)₂(Nb, Mo, Ti)) [15–17].

For a long time, the Laves phase has been generally 
regarded as a detrimental phase in the microstructure 
of additively manufactured Inconel 625 [18–20]. Its 
massive, continuous network or lamellar morphology 
severely disrupts the continuity of the matrix, serving 
as a source for the initiation of microcracks and signifi
cantly degrading the plasticity and toughness [21–23]. 
However, recent studies have shown that by precisely 
adjusting the laser process parameters (such as laser 
power, scanning speed, powder feeding rate, etc.), the 
morphology, size, and distribution of Laves phases can 
be changed, transforming them from a continuous brittle 
network structure to discrete granular or block-like forms 
[24,25]. This morphological Laves phase may no longer 
merely be a source of crack initiation, but instead plays 
the role of a strengthening phase [26,27]. At present, the 
reports on the Laves phase as a strengthening phase 
mainly focus on high-entropy alloys or precipitation- 
strengthened superalloys [24,26]. Among them, the most 
typical one is Inconel 718 alloy [25]. For instance, in our 
previous work, when a certain amount of Laves phase 
with controlled dimensions (average length ∼0.55 μm, 
average width∼0.42 μm, volume fraction∼1.55%) is 
retained within the alloy, the room-temperature strength 
and plasticity can be simultaneously enhanced [24]. 
When larger-sized Laves phases (length ∼3.69 μm; width 
∼1.94 μm; aspect ratio ∼1.99 and volume fraction 
∼1.55%) are preserved in the alloy, the stress-rupture 
(SR) life of the alloy can exceed that of the forged piece 
by a factor of three [25]. The above research clearly demon
strates that the Laves phase plays a role in the strengthen
ing phase within the materials.

Unlike Inconel 718 alloy, Inconel 625 alloy is a type of 
solid-solution strengthened high-temperature alloy. 
Therefore, conventional research and process develop
ment have generally focused on eliminating the Laves 
phase as thoroughly as possible through means such 
as increasing energy input and conducting high- 

temperature heat treatments (such as solution treat
ment), promoting the redissolution of segregated 
elements, and obtaining a uniform single-phase γ struc
ture to restore the strength and plasticity [28,29]. 
However, the validity of this traditional approach 
needs to be reexamined when it comes to high-temp
erature (typically above 600°C) applications [30]. High- 
temperature strength, especially creep resistance, not 
only depends on the solid-solution strength of the 
matrix but also relies on stable and dispersed second- 
phase strengthening. Completely eliminating the Laves 
phase also means eliminating its potential as a strength
ening phase. Currently, most of the research on the 
high-temperature SR or creep properties of Inconel 
625 alloy by laser additive manufacturing focuses on 
the laser powder bed fusion (LPBF) technology [28,30– 
32], and rarely involves DED-LB [33]. Different from 
DED-LB technology, the Laves phase within Inconel 
625 alloy fabricated by LPBF, its size generally ranging 
from several tens to several hundred nanometers 
[34,35]. Perhaps the adjustable range of its size is very 
limited for Inconel 625 alloy fabricated by LPBF, and 
the research on the influence of Laves phase regulation 
on the high-temperature mechanical properties of the 
alloy has also been overlooked. Furthermore, although 
the high-temperature mechanical properties of laser 
additive manufacturing Inconel 625 have been exten
sively investigated and discussed [2,21,30,36–38], only 
a few works focused on the aeroengine service tempera
ture environment [28,39]. Most of the current reports on 
the high-temperature mechanical properties of Inconel 
625 alloy are based on temperatures below 800℃ (dis
solution temperature of the γ′′ phase). However, 
Inconel 625 alloy commonly works at elevated tempera
tures of 800–900°C, i.e. in casing and guide vane of aero
engines. When the temperature exceeds 800℃, the γ′′

phase will transform into the δ phase [40]. At this 
point, how the δ phase will affect the high-temperature 
mechanical properties of the alloy remains to be further 
investigated.

Herein, the laser direct energy deposition technology 
was selected to investigate the influence of Laves phase 
characteristic parameters (morphology, size and volume 
fraction) on the SR life at 815°C of Inconel 625 alloy. The 
high-temperature SR properties of alloys containing 
different-sized Laves phases were characterised. A com
parative analysis of the microstructure evolution of 
Inconel 625 alloys with different-sized Laves phases 
before and after high-temperature loading was con
ducted in detail, and the intrinsic influence mechanism 
and strengthening mechanism of Laves phases on the 
high-temperature mechanical properties of the alloy 
were unveiled.
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2. Experimental details

2.1. DED-LB process

The deposition of Inconel 625 block specimens in this 
work was carried out on the LSF–S6000A DED-LB 
system independently developed by the State Key Lab
oratory of Solidification Technology. The experimental 
equipment is shown in Figure 1(a). This system includes: 
a CP6000 type (with a maximum power of 6 kW) semi
conductor continuous laser, a DSPF–2 type high-pre
cision adjustable automatic powder feeder, a coaxial 
powder feeding nozzle, an inert atmosphere processing 
chamber, and a five-axis four-link numerical control 
worktable, etc. The carrier gas and protective gas used 
in the experiment were all high-purity argon. The spheri
cal Inconel 625 alloy powder used in the DED-LB exper
iment was prepared by the Plasma Rotating Electrode 
Process (PREP) method. The particle size of the powder 
was 53∼150 μm. The main chemical composition of 
the powder is shown in Table 1. The microscopic mor
phology is as shown in Figure 1(b). The powder has a 
high sphericality and a relatively uniform particle size 

distribution. Before the experiment, the alloy powder 
was subjected to vacuum drying treatment. The drying 
temperature was 120℃ and the drying time was 
2∼3 h. After the heat preservation, it was cooled to 
room temperature in a vacuum furnace and then taken 
out. The substrate used in the experiment was forged 
Inconel 625 alloy. A substrate block with dimensions of 
80 mm (length) × 40 mm (width) × 40 mm was obtained 
through wire cutting for deposition. The surface oxide 
scale was removed using sandpaper, and a metallic 
luster was achieved through grinding. Subsequently, 
the sample was cleaned with acetone and dried.

Table 2 presents the process parameters for bulk 
sample of Inconel 625 alloy. The deposition process is 
as follows: firstly, the forged Inconel 625 alloy substrate 
is fixed on the computer numerical control (CNC) work
table. Then, the protection chamber is filled with high- 
purity argon gas until the oxygen content in the 
chamber is lower than 100 ppm, and the deposition 
experiment begins. The scanning strategy employed in 
this experiment is the reciprocating weaving scanning, 
as shown in Figure 1(c). After the experiment, the as- 

Figure 1. The details of sample preparation and mechanical properties tests. (a) DED-LB equipment; (b) Inconel 625 spherical powder; 
(c) reciprocating weaving scanning; (d) sampling location for mechanical property specimens; (e) high-temperature tensile coupon 
and stress rupture coupon; (f) profile of loading stress and stress rupture life.

Table 1. The nominal chemical composition of Inconel 625 alloy powder.
Element Cr Nb Mo Fe Al Ti C Ni

Content (wt.%) 21.9 3.53 8.7 3.93 0.25 0.20 0.042 Balance
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built samples are cooled to room temperature in an inert 
atmosphere before being removed. In order to study the 
influence of Laves phase characteristic parameters on 
the mechanical properties, an appropriate solution 
heat treatment regime is necessary. The heat treatment 
details are shown in Table 3. Based on the previous work 
of regulating Laves phase within Inconel 718 alloy 
[24,25], 1050℃ is a proper choice. Firstly, 1050℃ is 
lower than the recrystallisation temperature (1100℃) 
of Inconel 625 alloy [41,42], thus preventing the alloy 
from undergoing recrystallisation due to the heat treat
ment process. The recrystallisation maps of the Inconel 
625 alloy before and after heat treatment are shown in 
Figure 2. Figure 2(a) shows the as-built state, and 
Figure 2(b) and (c) represent the results after heat treat
ment for 15 min and 45 min, respectively. The blue 
region represents the recrystallised grains. It can be 
observed that when the solution time is extended 
from 0 min to 45 min, the alloy does not undergo recrys
tallisation. Therefore, the solution temperature of 
1050℃ is appropriate. Secondly, at a temperature of 
1050℃, by extending the solution time, various charac
teristic parameters of Laves phases can be obtained 

easily, thereby enabling the quantitative control of 
Laves phases [25,43].

2.2. Microstructure characterisation

The cross-section of the Inconel 625 sample was cut by 
electrical discharge wire cutting, and then it was 
embedded, ground, and mechanically polished to 
prepare the metallographic sample. After polishing, chemi
cal corrosion was performed with the following reagent 
ratio: 25 g CrO3 + 150 ml HCl + 50 ml H2O. The corrosion 
time was 20 s at room temperature. The macroscopic 
grain morphology of the metallographic sample was 
observed using the Keyence VHX–2000 super-depth 
optical microscope. The phase distribution in the metallo
graphic sample was observed using the TESCAN VEGA II– 
LMH and the ZEISS SUPRA scanning electron microscope 
(SEM). The element distribution of the precipitation 
phase was analyzed using EDS energy spectrum analysis 
equipped on the SEM and Shimadzu EPMA–1720 electron 
probe. To study the microstructure evolution mechanism 
of Inconel 625 alloy during heat treatment and the 
dynamic softening effect during the high-temperature 
loading process, the microstructure of the relevant 
samples was further characterised by EBSD technology. 
The metallographic samples for EBSD analysis were 
rough-ground and fine-ground on 400#, 800# and 1500# 
sandpapers, then they were automatically polished using 
the automatic grinding and polishing machine. Finally, in 
order to remove the residual stress on the sample 
surface, the polished samples were vibrated and polished 
by a vibration polishing machine for 2 h. The EBSD test 
was conducted on a TESCAN VEGA II–LMH type SEM 
equipped with an EBSD probe, with a step size of 5 μm. 
Furthermore, the statistics regarding the volume fraction 
of Laves phases were conducted using the Image Pro 

Table 3. The heat treatment regime of Inconel 625 alloy 
fabricated by DED-LB process.
Solution treatment Name

1050°C, 15 min/WC S–15
1050°C, 45 min/WC S–45

Figure 2. The maps of recrystallised grains within the Inconel 625 alloy before and after heat treatment. (a) as-built; (b) S-15 sample; 
(c) S-45 sample.

Table 2. The processing parameters of Inconel 625 alloy 
fabricated by DED-LB process.

Laser type

Laser 
power 

(W)

Scanning 
speed (mm/ 

s)

Powder 
feeding rate 

(g/min)

Laser 
diameter 

(mm)

Semiconductor 3500 20 25 3
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Plus (IPP) software in this work. In order to assure the accu
racy of the statistical results, it is usually necessary to select 
about 20∼25 original SEM images for the statistics. First, 
import the original SEM image into the IPP software, and 
then use the measurement function to calibrate the scale 
of the image. Based on this, the ‘count/size’ function was 
selected to convert the original SEM image into a binary 
image. Then, the area percentage was used as the statisti
cal parameter. After conducting multiple statistics, the 
average value and standard deviation can be calculated.

The high-temperature mechanical properties tests in 
this work were conducted at the Northwest Institute for 
Non-ferrous Metal Research. Figure 1(d) shows the 
sampling method and location of the performance test 
samples. The dimensions of the specimens used in 
the high-temperature tensile tests are presented in 
Figure 1(e), and the experimental temperature was 
815℃. The tensile direction was parallel to the laser depo
sition direction, and the tensile test refers to the national 
standard GB/T 228.2–2015. The loading rate before yield
ing was 0.6 mm/min, and it was 3 mm/min after the 
extensometer was removed. The sample size used in the 
SR test also is shown in Figure 1(e). The loading tempera
ture is still 815℃, and the external load is 114 MPa. After 
23 h, the load is increased by 10 MPa every hour until 
the specimen failed. The profile of loading stress and 
stress rupture life is shown in Figure 1(f). The basis stan
dard for the SR test is GJB3317-98, which complies with 
the test specifications for aerospace superalloys. It is 
necessary to emphasise that, whether it is the high-temp
erature tensile test or the SR test, each test condition will 
have the experiment repeated three times, and then the 
average value and standard deviation will be calculated 
to assure the reliability of the test results. After conducting 
the high-temperature tensile and SR tests, the specimens 
were cut along the loading direction into thin slices with a 
thickness of 0.5 mm. These thin slices were then ground 
on sandpaper to a size of 50 μm and subsequently pre
pared into transmission specimens with a diameter of 
3 mm using the electrolytic double spray method. The 
electrolyte ratio was 10:90 (volume ratio) of perchloric 
acid (HClO4) to ethanol (C2H5OH). The dislocation 
configurations within Inconel 625 alloy were observed 
using a Tecnai-G2 F30 transmission electron microscope 
(TEM) during the high-temperature deformation process.

3. Results and discussion

3.1. Microstructure evolution after heat 
treatment regimes

Figure 3 shows the macro and microstructure charac
teristics of DED-LB fabricated Inconel 625 alloy with 

different states and wrought samples. With the exten
sion of the solution treatment time from 0 min to 
45 min, the grain characteristics of the alloy do not 
change significantly, and all present columnar grains 
with epitaxial growth, as shown in Figure 3(a–c). The 
size of columnar grains is characterised by the equival
ent circular diameter in this work. According to the 
statistics, the average size of columnar grain sizes 
within the as-built, S-15, and S-45 samples is 
132.04 μm, 71.1 μm, and 109.92 μm, respectively. This 
statistical result can be proven by the EBSD results 
shown in Figure 11 later. For comparison, the 
wrought sample of Inconel 625 is primarily composed 
of equiaxed grains in Figure 3(d) and the average 
diameter is approximately 50 μm.

In addition to the grains, the long-striped Laves 
phases were observed between the dendrites from 
Figure 3(e). The morphology of Laves phases after 
different solution times at 1050℃ was statistically ana
lyzed and the results of their length, width, and aspect 
ratio are shown in Figure 4. In terms of as-built sample, 
the length of the Laves phase mainly ranges from 3 to 
8 μm, with a width of approximately 1 μm, and most of 
them have a length-to-width ratio greater than 3 in 
Figure 4(a). The volume fraction of Laves phase is 
about 13.2% and the content of Nb element in the 
matrix is 1.92%, as shown in Table 4. When the solution 
time was extended to 15 min, the Laves phase gradu
ally transformed from a long strip-like shape to a 
short rod-like or granular shape, as shown in 
Figure 3(f), and the volume fraction rapidly dropped 
to 1.2%. The length of Laves phase is mainly 1 to 
2 μm, and the width is from 0.2 to 0.6 μm from 
Figure 4(b). When the solution time is 45 min, the 
Laves phase has become even more refined and has 
completely transformed into a granular form in 
Figure 3(g). At this time, since the size of Laves 
phase is similar to that of the carbides and both 
appear white under backscattered electron image 
(BSE), it is difficult to distinguish them. However, 
Figure 3(i) and (j) indeed has confirmed the existence 
of Laves phase and carbides, and this will be elabo
rated in the following paragraph. If the granular car
bides are also counted as Laves phases for statistics, 
then the volume fraction of Laves phases would be 
at most 0.9%, and the aspect ratio is close to 1. On 
the other hand, the microstructure of the wrought 
Inconel 625 is characterised by a small amount of par
ticle-like MC-type carbides with a size of approximately 
1–5 μm, which are distributed along grain boundaries 
and twinning boundaries, as well as large blocks of 
Nb-rich carbides and Ti-rich nitrides with a size of 
more than 5 μm, as shown in Figure 3(h). The crystal 
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Figure 3. The microstructure characteristics of Inconel 625 alloy after different solution times and wrought Inconel 625. (a–d) grain 
features; (e–g) Laves phase evolution; (h) the precipitated phase of wrought Inconel 625; (i) EDS mapping results of NbC; (j) EDS 
mapping results of Laves phase.

Figure 4. Statistical results of the evolution of Laves phase: (a) as-built; (b) S–15; (c) S–45.
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structure of the MC-type carbides is of the face-cen
tered cubic (FCC) structure as the matrix γ, and they 
have good bonding with the matrix.

Furthermore, the sizes of some specific particle phases 
are smaller than 1 μm and it seems that no change 
occurs as the solution time increases for Inconel 625 fab
ricated by DED-LB. This kind of phase was identified 
through the mapping scanning mode of TEM, and the 
result is shown in Figure 3(i). It can be seen that this par
ticle phase is rich in Nb and C, but poor in Ni and Cr. Sub
sequently, the selected area electron diffraction (SAED) 
spots of this phase were calibrated, indicating that it is 
the MC–type (Ti, Mo, Nb) C carbide with the same FCC 
structure. Furthermore, an EDS mapping was conducted 
on the particle phases near the grain boundaries, as 
shown in Figure 3(j). The particle is enriched in elements 
such as Nb and Mo while being deficient in Ni and Cr and 
it can be determined that these are undissolved Laves 
phases. This is because the solution temperature was 
relatively low, and the element diffusion was slow. 
When Laves phase is dissolved to a certain extent, the 
concentration gradient became very small, resulting in 
a slower dissolution rate. The solute release reached 
equilibrium, and the particle size no longer decreased. 
Therefore, at the end of the dissolution process, the par
ticle-like phases consist of MC-type carbides and very fine 
undissolved Laves phases.

3.2. High-temperature tensile properties and 
fracture behaviour

3.2.1. Tensile properties at 815°C
Before conducting the high-temperature tensile test, it is 
necessary to explain the basis for the sampling direction 
in the mechanical property tests described in this work. 
According to our previous research on the anisotropy of 
mechanical properties of nickel-based superalloys, when 
the loading direction is parallel to the building direction, 
the alloy exhibits the best strength and plasticity [44]. 
Wang et al. also adopted the method of sampling 
along the building direction when studying the 
influence of hot isostatic pressing temperature on the 
mechanical properties of Hastelloy X alloys [45]. Further
more, Puskar et al. also employed the building direction 
in their research on the mechanical properties of 

additive manufactured 316L stainless steel [46]. There
fore, the orientation directions of all the mechanical 
properties specimens are along the building direction.

Figure 5 shows the results of high-temperature 
tensile tests at 815°C for different heat-treated 
samples. For each state, a representative curve is 
selected from the samples and plotted as shown in the 
Figure 5(a). Subsequently, the average value and stan
dard deviation of the tensile results were calculated, 
and the results are shown in Figure 5(b). Among them, 
the yield strength (YS) and ultimate tensile strength 
(UTS) of the as-built samples were 217.33 ± 6.43 MPa 
and 348.33 ± 7.23 MPa respectively, with an elongation 
of approximately 61%. This result is almost comparable 
to that of the forged piece. Although the tensile proper
ties of the S–15 and S–45 samples were slightly lower 
than those of the as-built state, especially for the S–45 
sample with a UTS of only 324.67 ± 7.64 MPa, it still 
reached 90% of the forged piece (353.67 ± 14.47 MPa). 
This research result provides important reference signifi
cance for the laser repair of Inconel 625 alloy. Moreover, 
the elongation of both the S–15 and S–45 samples 
exceeded the measured values of the forged parts.

3.2.2. Fracture morphology and failure 
mechanisms
After the tensile test, the tensile fracture surfaces of the 
Inconel 625 alloy in different states were observed 
employing SEM and TEM techniques and the results 
are shown in Figure 6. First, in terms of as-built 
sample, the elongated Laves phases between the den
drites break down, transforming into short rods or par
ticles after undergoing high-temperature tensile 
loading, as shown in Figure 6(a). This is because during 
the deformation process, the elongated Laves phases 
are not easily able to move with the matrix. The presence 
of dislocation accumulations around the Laves phases 
leads to stress concentration, causing the Laves phases 
to break down. Similarly, some smaller-sized Laves 
phases exhibit debonding, which is due to the wea
kened interfacial bonding force between the Laves 
phases and the matrix under high-temperature con
ditions. The observation of the fragmentation and 
debonding of Laves phases in the sample indicates that 
there is no clear sequence or causal relationship 
between these two phenomena. In addition, the planes 
formed by the fragmentation of Laves phases are rela
tively random. This is because the addition of solute 
atoms enables the Laves phases to activate more slip 
systems during the high-temperature tensile process, 
thus possessing certain plastic deformation capabilities.

The granular Laves phases in S–15 sample exhibited a 
debonding failure mode in Figure 6(b). Moreover, some 

Table 4. The statistical results of the Laves phase volume 
fraction and the Nb element content in the matrix of laser- 
directed energy-deposited Inconel 625 alloy.

Sample
The volume fraction of  

Laves phase
Mass fraction of Nb element  

in γ matrix

As-built 13.2 vol.% 1.92 wt%
S–15 1.2 vol.% 2.92 wt%
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larger-sized Laves phases have been detached during 
mechanical polishing and corrosion processes. For the 
S–45 sample, since there were still some small particles 
of Laves phase (less than 1 μm) that were not fully dis
solved at the grain boundaries before loading, its failure 
mode was similar to those of the S–15 sample as shown 
in Figure 6(c). For wrought Inconel 625 alloy, there are a 
large number of fine MC-type carbides during loading. 
When the grain boundaries are perpendicular to the 
stress direction, the amounts of carbides are significantly 
more than that on the grain boundaries parallel to the 
stress direction, as shown in Figure 6(d). This phenom
enon of stress-induced phase precipitation occurs 
because the atomic activity intensifies under high-temp
erature and stress conditions. The stresses on the grain 

boundaries in the alloy that are at different angles from 
the direction of the tensile load are different. The grain 
boundaries perpendicular to the direction of stress are 
subjected to tensile stress, while those parallel to the 
stress direction are subjected to compressive stress. The 
resulting stress gradient will promote the directional 
diffusion of vacancies and the diffusion of atoms along 
the grain boundaries, thereby causing differences in the 
size and quantity of carbides precipitated at different pos
itions on the grain boundaries.

Further analysis of the as-built sample revealed that a 
large number of fine γ′′ phases with a size of approxi
mately 30–50 nm were uniformly distributed near the 
Laves phase. Similarly, there were also a small number 
of short rod-shaped δ phases with a size of about 

Figure 6. Longitudinal cross-section of Inconel 625 specimens in different states at 815°C after tensile fracture. (a) The fragmentation 
and debonding of the Laves phase in the as-built sample; (b) debonding of Laves phase in S–15 sample; (c) debonding of Laves phase 
in S–45 sample; (d) MC-type carbides for wrought Inconel 625; (e) γ′′ phases and δ phases in S–15 sample; (f) SAED spot of γ′′ phase; 
(g) and (h) no second phase precipitated in the S–15 and S–45 samples.

Figure 5. High temperature tensile properties of Inconel 625 alloy fabricated by DED-LB and wrought Inconel 625 alloy (T = 815°C). (a) 
Stress–strain curves; (b) the average values of yield strength, ultimate tensile strength and elongation.
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200 nm, as shown in Figure 6(e). The γ′′ phase usually 
precipitates in a coherent manner on the γ matrix and 
the SAED spots in Figure 6(f) fully confirmed the exist
ence of γ′′ phase. Since the γ′′ phase is a metastable 
phase, it will transform into the equilibrium phase δ 
phase above 650°C [47–49]. The short rod-shaped δ 
phase can also enhance the high-temperature mechan
ical properties of the alloy. The γ′′ phase and δ phase 
that precipitate during the high–temperature tensile 
process are the main reasons for the high strength and 
low plasticity of the as-built specimen in the high-temp
erature tensile test. According to the literature, this 
phenomenon is widespread in nickel-based superalloys. 
For example, the Inconel 718 alloy also exhibits such 
characteristics due to the precipitation of γ′′ phase [50].

However, no precipitated phase was observed near 
the granular Laves phase in S–15 sample as shown in 
Figure 6(g). Compared with the S–45 sample, the S–15 
sample has higher strength. This phenomenon indicates 
that the lattice distortion caused by the solidification of 
elements such as Nb and Mo into the matrix has a rela
tively small inhibitory effect on dislocations. When these 
elements exist in the small granular Laves phase, a stress 
field is generated at the interface between the Laves 
phase and the matrix, hindering the movement of dislo
cations. The ability of dislocation pinning is greater than 
that of solution strengthening. Moreover, due to the 
small size of the Laves phase particles, they can easily 
deform along with the matrix, so when the dislocation 
density at the Laves/γ interface is high, coordinated 
deformation occurs, allowing dislocations to continue 
sliding, thereby generating a higher tensile strength. 
This potential mechanism during the tensile test at 
815°C is similar to the strengthening effect of the 
Laves phase within the Inconel 718 alloy. Also, the Nb 
element segregation degree near the small-sized Laves 
phase is relatively low, and no phase transformation 
occurred during the high-temperature tensile loading, 
and the microstructure was more stable compared to 
the as-built sample. Similarly, the precipitated phases 
at the fracture surface of the S–45 sample were also 
observed and the result from Figure 6(h) indicates that 
there was no second phase like γ′′ phase near the 
Laves phase. Therefore, S–45 sample is only strength
ened by the solution strengthening effect, and its 
strengthening effect is poor, thus the tensile strength 
is also the lowest. On the whole, the S–15 sample not 
only maintained the stability of its microstructure 
during the high-temperature tensile loading at 815°C, 
but it also activated the precipitation strengthening 
effect of the granular Laves phase besides the solution 
strengthening. The strength reached over 90% of the 
measured value of the forged piece, and it performed 

the best among the three groups of samples combined 
the strength and plasticity.

3.3. Stress rupture properties and strengthening 
mechanisms

3.3.1. Stress rupture life and elongation
Following the high-temperature tensile test, the stress 
rupture properties of Inconel 625 alloy with different 
states were tested and the results are shown in 
Figure 7. It can be seen that the SR life and elongation 
of the alloy in all four states meet the requirements of 
GJB 3317–98 (with a SR life of 23 h and an elongation 
after fracture of 15%). The SR life of S–45 sample is the 
lowest, at only 24 h. But its elongation after fracture is 
the best (147%), which even exceeds the measured 
value of the forged piece (129%). The SR lives of the as- 
built and S–15 samples are similar (around 31 h), which 
have reached 97% of the measured value for the forged 
piece. Although the elongation of these two is lower 
than the measured values of the forged parts (147%), 
they still far exceed the standards for forged parts 
(15%). In comparison, both the as-built and S–15 
samples exhibited better high-temperature SR properties 
than the S–45 sample.

3.3.2. Fracture morphology after stress rupture
A large number of dimples are evenly distributed in all 
four samples from Figure 8. Among them, the dimples 
in the as-built sample and the S–15 sample are smaller, 
while those in the S–45 sample and the forged piece 
are larger and deeper. For the as-built sample, the 
Laves phase has a larger size and is distributed along 
the grain boundaries. The dimples exhibit obvious den
dritic characteristics, and is relatively shallow as shown in 
Figure 8(a). After the S–15 sample undergoes solution 
treatment, the Laves phase still distributes along the 
grain boundaries, but due to the reduction in its 

Figure 7. The stress rupture properties of Inconel 625 alloy with 
different states (T = 815°C, σ = 114 MPa)
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volume fraction and the decrease in its size, the dimples 
are larger and deeper compared to the as-built sample, 
and no obvious dendritic characteristics are found in 
Figure 8(b). While the S–45 sample and the forged 
piece have undergone significant plastic deformation, 
the dimples take on a larger and deeper shape, as 
shown in Figure 8(c) and (d). Overall, whether consider
ing the different heat-treated states or the forged 
Inconel 625 alloy, their fracture patterns are all typical 
of ductile fracture. Furthermore, the composition of 
the phases on the fracture surface was analyzed using 
X-ray diffraction patterns, and the results are shown in 
Figure 8(e). The composition of the fracture surface 
was found to be mainly γ phase and possibly δ phase. 
However, no diffraction peaks of Laves phase were 
detected through peak detection. After speculation, it 
was believed that the content of Laves phase in the 
sample was not high, or it might have been affected 
by the orientation of γ phase, resulting in the weak 
intensity of a small amount of Laves phase diffraction 
peaks and their being overlooked. Additionally, since 
the peaks of δ phase were small and overlapped with 
those of the base γ phase, the formation of δ phase 
could not be completely confirmed. The post-fracture 
microstructure evolution at high temperatures still 
needs to be further confirmed by combining subsequent 
SEM and TEM.

Further observations were conducted on the longi
tudinal sections of the Inconel 625 alloy in different 
states, and the results are shown in Figure 9. Whether it 
is the long-striped Laves phase of as-built sample in 
Figure 9(a) or the granular Laves phase of S–15 or S–45 
samples in Figure 9(d) or (g), the failure of the Inconel 
625 alloy is manifested as the debonding of the Laves 
phase. Studies have shown that the failure mode of 

Laves phase is characterised by debonding that is posi
tively correlated with temperature and fragmentation 
that is positively correlated with stress level [51]. Since 
the loading environment in this work is at a high-temp
erature and low-stress level (815°C/114 MPa), the fracture 
mechanism of the alloy is mainly the debonding between 
the Laves phase and the matrix. This is because at high 
temperatures, the interfacial bonding force of the Laves 
phase weakens, causing the Laves phase and the matrix 
to debond, resulting in the aggregation of micro-pores 
and triggering the fracture.

In addition to the debonding of the Laves phase, the 
precipitation of the second phase was also observed. In 
terms of as-built state, a large number of short rod- 
shaped and fine needle-shaped precipitated phases are 
distributed around the long-striped Laves phase, as 
shown in Figure 9(b) and (c). In the S–15 sample, similar 
precipitated phases are also distributed around the gran
ular Laves phase, as shown in Figure 9(e). However, com
pared with the as–built sample, this second phase is 
much finer, as shown in Figure 9(f). After phase identifi
cation, it was found that this phase is actually δ phase 
and this is elaborated in detail in Section 3.3.3. In the S– 
45 sample, the post-fracture microstructure shows a 
small amount of granular carbides or undissolved, very 
fine Laves phase and short rod-shaped δ phases at the 
grain boundaries and in some original dendritic regions, 
as shown in Figure 9(g). The volume fraction of δ 
phases is much lower than that of the as-built sample 
and S–15 sample from Figure 9(h) and (i). This is 
because, after a long period of solution treatment, the 
Nb element homogenisation has improved, making it 
difficult to reach the critical condition for δ phase precipi
tation. Only near a few large undissolved particles can this 
requirement be met.

Figure 8. Fracture morphology and component analysis of Inconel 625 alloy with different states after stress rupture test. (a) as-built; 
(b) S–15 sample; (c) S–45 sample; (d) wrought sample; (e) XRD results of longitudinal section of fracture.
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In contrast, a large number of cracks running along 
the grain boundaries are distributed on the fracture 
surface of the forgings as shown in Figure 9(j). This indi
cates that the grain boundaries are not only the chan
nels for crack initiation but also can hinder their 
further expansion. This is attributed to the large 
number of fine granular precipitates at the grain bound
aries, which can effectively pin the grain boundaries 
when dislocations move to the grain boundaries, 
thereby playing a strengthening role. The size of this 
granular phase is smaller than that of the MC-type car
bides before loading, approximately 0.2–0.5 μm, and 
some of the particles are interconnected as shown in 
Figure 9(k). Table 5 shows the EDS results of this granular 
phase. After analysis, this granular phase is of the M6C 
type carbide. In addition, the large black nitrides also 
exhibit a debonding failure mode under local stress con
centration from Figure 9(l).

3.3.3. Influence of precipitation phases on rupture 
behaviour
The δ phase generated during the high-temperature SR 
process was further confirmed by means of TEM technol
ogy combined with the lattice constant of δ phase and 
the result is shown in Figure 10(a). From the analysis of 
scanning transmission electron microscope (STEM) 
data of Figure 10(b), it can be observed that the precipi
tation of δ phase is mainly dependent on the Laves 
phase. The EDS line scan results for Ni and Nb elements 
were conducted, and the scanning positions are 

Figure 9. The longitudinal fracture morphology of Inconel 625 alloy with different states after stress rupture test. (a–c) as-built; (d–f) 
S–15 sample; (g–i) S–45 sample; (j–l) wrought sample.

Table 5. Transmission EDS results of granular phase of wrought 
after stress rupture.
Element C Cr Fe Ni Nb Mo

Atomic fraction (%) 14.97 8.69 1.54 61.1 9.75 3.96
Mass fraction (%) 3.22 8.08 1.54 64.17 16.2 6.79
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indicated by the red frame in Figure 10(b). The element 
distribution results are shown in Figure 10(c). The Nb 
element enriched in the Laves phase provides the 
necessary conditions for the formation of the δ phase, 
while the Ni element required for the growth of the δ 
phase is obtained from the γ matrix.

In addition, by comparing the microstructures of the as- 
built and S–15 sample after loading, it can be observed 
that the δ phase in the as-built sample has a larger size 
and a higher content. The volume fraction of the δ 
phase after statistics is approximately 14%, with a length 
of more than 2 μm. In contrast, the δ phase content in 
the S–15 sample is about 8%, and its morphology is 
mostly short rod-shaped, with a length of less than 1 μm. 
This is due to the fact that before loading, there were 
more Laves/γ interfaces in the as-built sample, and the 
Nb element segregation level was also relatively high. Fur
thermore, the low-magnification microstructure obser
vation of the as-built sample also revealed that some of 
the elongated Laves phases in the as-built or S–15 
sample had partially dissolved, as shown in the yellow 
circles in Figure 9(b) and (e). This is because the precipi
tation of δ phase requires a relatively high amount of 
Nb, so some Nb elements can only be replenished from 
the Laves phases that are enriched in Nb [52], which also 

provides evidence for the non-uniform precipitation of 
the δ phase. Table 6 presents the volume fraction of 
Laves phase and the content of Nb element in the matrix 
after high-temperature long-term loading. Compared 
with Tables 4 and 6, the decrease in the volume fraction 
of Laves phase and the increase in the content of Nb 
element in the matrix are evidence of the transformation 
of Laves phase to δ phase. Compared with the current 
reports, whether it is the Inconel 625 alloy or the Inconel 
718 alloy, the common phenomenon is the transformation 
from γ′′ to δ phase during the high temperature loading 
process [53–55], and the transformation from Laves 
phase to δ phase is rarely observed due to the complete 
dissolution of the Laves phase. Therefore, it is an interest
ing phenomenon in this work.

After clarifying the generation of δ phase, a further 
analysis was conducted on the influence of Laves phase 

Figure 10. The longitudinal fracture morphology of Inconel 625 alloy with different states after stress rupture test. (a–c) as-built; (d–f) 
S–15 sample; (g–i) S–45 sample; (j–l) wrought sample.

Table 6. Statistics of Laves phase volume fraction and Nb 
element content in matrix of sample S0 and sample S15 after 
stress rupture.

Sample
The volume fraction of  

Laves phase
Mass fraction of Nb element  

in γ matrix

As-built 3.93 vol% 1.79 wt%
S15 0.77 vol% 2.60 wt%
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and δ phase on the high-temperature SR properties of the 
alloy. The influence of δ on mechanical properties mainly 
manifests in two aspects. Firstly, the precipitation of the 
δ phase consumes a large amount of Nb element [56], 
causing the long-striped Laves phase to dissolve and 
break before loading, resulting in a reduction in size and 
the formation of some fragmented Laves phases with 
lengths concentrated around 2 μm, as shown in the 
yellow circle of Figure 9(c). The Laves phase and the δ 
phase for the as-built samples will undergo an obviously 
new dynamic size matching during the loading process. 
After loading, the size of some Laves phases is similar to 
the size of granular Laves phases in the S–15 sample, 
thus further improving the strengthening effect of the 
Laves phase. Secondly, a large number of short rod- 
shaped δ phases precipitated around the Laves phase 
makes it less likely to cause stress concentration when sub
jected to the same stress level due to the increased 
number of interfaces. Moreover, the δ phases around the 
Laves phase can prevent dislocations from moving to 
the interface between the Laves phase and the γ matrix, 
which reduces the local stress at the Laves/γ interface 
and lowers the probability of Laves phase debonding, 
thus achieving a high SR life. This was also discovered by 
Liu et al. in laser-directed energy deposited Inconel 718 
alloy [52]. Figure 10(d) shows the transmission micrograph 
of the region near the dendrites after loading. It can be 
seen that the Laves phase between the dendrites is sur
rounded by the precipitated δ phase. The dislocation 
lines near the Laves phase are less distributed. The dislo
cation density gradually increases from the Laves phase 
to the surrounding δ phase, and it is already very high in 
the matrix, with phenomena such as dislocation entangle
ment even occurring. The dislocations near the δ phase are 
further magnified as shown in Figure 10(e), and the inter
face between the δ phase and the γ matrix can be clearly 
observed, as shown in the red box. When the red box 
region is magnified, it can be observed from Figure 10(f) 
that when the dislocation moves to the edge of the δ 
phase and is cut, it forms a slip step. This causes some 
atomic misalignment, increasing the interfacial energy, 
thereby creating a significant obstacle to the movement 
of the dislocation.

Although the precipitation of δ phase is beneficial for 
improving the SR life, conversely, the δ phase is distrib
uted near the Laves phase in the dendrites, resulting in a 
shorter dislocation slip distance. Moreover, the Laves 
phase and δ phase clusters are not easily moved along 
with the matrix, thus causing poor elongation of the 
alloy. Eventually, the crack initiates at the interface 
between the Laves phase and the matrix and then 
breaks. However, in the S–45 sample, due to the signifi
cant reduction in the degree of Nb element segregation, 

the Nb element in the alloy is mostly below 6 wt. %, so 
except for the precipitation of a small number of fine 
short rod-shaped δ phases at some grain boundaries, 
no δ phase appears within the grains. This is the 
reason why the elongation of the S–45 sample is 
better than that of the as-built state and S–15 sample.

The microstructures of the S–45 sample and forged 
piece are similar, both mainly consisting of the γ matrix 
and a small amount of smaller-sized secondary phases. 
Among them, the granular Laves phases and carbides 
in the S–45 mainly distribute at the grain boundaries., 
and a very small amount of δ phases is precipitated 
during the high-temperature loading process. Before 
loading, the forged piece mainly has MC-type carbides 
distributed at the grain boundaries, and after loading, it 
mainly has smaller-sized M6C–type carbides. However, 
there is a significant difference in the high-temperature 
SR life of the two samples. Therefore, comparing their 
microstructures can reveal the influence of carbides on 
the high-temperature SR properties of the alloy.

The high-temperature SR properties of the S–45 
sample are characterised by a relatively low SR life and 
excellent elongation after fracture. This is related to its 
microstructure features before loading. Due to the long 
slip path of dislocations in the solution state, the only 
thing that can hinder the movement of dislocations is 
distorted lattices. Therefore, its SR life is relatively low. 
After loading, the phase of the S–45 sample transforms 
to a small amount of δ phase appears at the grain bound
aries. According to the aforementioned analysis, since 
the Nb element segregation condition of the alloy has 
been significantly reduced after a long period of solution 
treatment, it fails to meet the elemental conditions 
required for the formation of δ phase, so the size and 
volume fraction of δ phase are at a relatively low level. 
Therefore, when dislocations accumulate at the grain 
boundaries, cracks will initiate at the grain boundaries, 
which ultimately leads to the failure of the sample. This 
result also precisely addresses the current controversy 
regarding whether the δ phase has a strengthening or 
deteriorating effect on the high-temperature properties 
of nickel-based superalloys [57–59]. That is to say, only 
when the dimensions and volume fraction of the δ 
phase are within a reasonable range can its strengthen
ing effect on mechanical properties be fully exerted.

The high-temperature SR properties of the forgings are 
excellent, with both the SR life and the elongation after 
fracture being relatively high. This is because the grains 
of the forgings are fine, and the carbides distributed on 
the grain boundaries act as a reinforcement, resulting in 
the fine-grain strengthening effect in terms of blocking 
the movement of dislocations and coordinating defor
mation. It is noted that the size of the MC-type carbides 
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distributed on the grain boundaries before loading was 
relatively large, approximately 2 μm. After high-tempera
ture loading, the M6C appeared as fine granular and dis
continuously distributed on the grain boundaries. This is 
because the primary MC is unstable, and it will undergo 
different degrees of degradation reactions with changes 
in time and temperature under high-temperature long- 
term holding, possibly forming decomposition products 
such as M6C or M23C6 [60]. The fine granular M6C formed 
has a reinforcement impact on the high-temperature SR 
properties of the alloy. It has a significant interaction 
with dislocations and effectively hinders the movement 
of dislocations and grain boundaries through pinning, 
and there are few cracks at the interface between the 
matrix and M6C. In addition to the dispersion strengthen
ing effect, another notable feature of the forging micro
structure is the twinning shown in Figure 4(d) and (h). 
During high-temperature loading, twinning can simul
taneously improve both strength and plasticity [61–63], 
which also contributes to the excellent stress rupture life 
of the forging.

3.3.4. Role of dynamic recovery during stress 
rupture
Apart from the influence of the precipitation phase, 
dynamic softening is also an important factor affecting 
the high-temperature properties of the alloy. Figure 11
shows the grain characteristics of the Inconel 625 alloy 
in three states before and after high-temperature long- 
term loading. Before the high-temperature loading, all 
of the as-built, S–15 and S–45 samples were mainly com
posed of large and coarser columnar grain, and the sizes 
of the grains were not significantly different, shown in 
Figure 11(a–c). In contrast, after the high-temperature 
loading was completed, it could be observed from 
Figure 11(d–f) that the columnar grains were signifi
cantly elongated along the loading direction, and 
many small-angle grain boundaries were also generated.

After a preliminary understanding of the evolution of 
grain morphology before and after loading, it is well 
known that alloys will experience the accumulation of 
dislocations during high-temperature deformation. 
When the dislocation density in the alloy increases to a 
certain extent, and under appropriate deformation 
temperature and strain rate conditions, dynamic soften
ing will occur. For instance, Hu et al. observed the 
dynamic recrystallisation during the high-temperature 
deformation process of laser directed energy deposited 
Inconel 625 alloy [64]. Figure 11(g–i) shows the EBSD 
maps of Inconel 625 alloy with different states before 
and after high-temperature long-term loading in this 
work. Among them, blue represents recrystallised 
grains, yellow represents substructured grains, and red 

represents deformed grains. It can be seen that in the 
three different states, the recrystallisation volume frac
tion of Inconel 625 alloy is all relatively small after 
fracture.

Compared with the work from Hu et al., although no 
dynamic recrystallisation occurred in the alloy before 
and after loading, it can be determined from Figure 10
that the contents of high–angle grain boundaries 
(HAGBs, more than 15°), medium-angle grain boundaries 
(MAGBs, 2–15°), and low-angle grain boundaries (LAGBs, 
less than 2°) have all undergone significant changes [65]. 
Figure 12(a–c) quantitatively presents the volume frac
tions of HAGBs, MAGBs, and LAGBs of the Inconel 625 
alloy before and after loading. It can be seen from 
Figure 12(a) that for the as-built state, the volume frac
tion of HAGBs decreases from 80.67% to 36.66%, 
MAGBs increase from 15.9% to 53.02%, and LAGBs 
increase from 3.43% to 10.32%. Correspondingly, in 
the S–15 sample of Figure 12(b), HAGBs decrease from 
86.82% to 43.99%, MAGBs increase from 12.55% to 
44.55%, and LAGBs increase from 0.63% to 11.56%. In 
the S–45 sample of Figure 12(c), HAGBs decrease from 
85.31% to 56.81%, MAGBs increase from 13.3% to 
32.41%, and LAGBs increase from 1.39% to 10.78%. 
According to the above statistical results, the HAGBs 
content is decreasing, while both the MAGBs and 
LAGBs are increasing for the three types of samples. 
Especially in the as-built state and S–15 sample, the 
increases of MAGBs and LAGBs are more significant. It 
is well known that dynamic recovery is one of the 
main mechanisms of dynamic softening [66,67]. This 
process is mainly characterised by the movement and 
change of dislocations, and is manifested as the for
mation of dislocation cells – polygonisation – formation 
of subgrain boundaries. Therefore, the occurrence of 
dynamic recovery is manifested in the statistical results 
of local orientation differences as an increase in the 
number of MAGBs. That is to say, a significant dynamic 
recovery phenomenon occurred in the as-built state 
and S–15 sample.

Taking the as-built sample as an example, Figure 12(d– 
f) shows the TEM image of the dynamic recovery 
observed in the alloy after high-temperature long-term 
loading. It can be seen that the dislocation movement 
is hindered near the δ phase and Laves phase, resulting 
in dislocation pile-up. As the degree of dislocation pile- 
up and entanglement gradually increases, the larger dis
tortion energy promotes its rearrangement, thereby 
forming different-sized dislocation cells and dislocation 
walls, as shown in Figure 12(d). The borders of dislocation 
cells are composed of a large number of intertwined dis
locations, and there are no dislocations or a low dislo
cation density within the dislocation cells, indicating 
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Figure 12. The statistical results of the local orientation differences of samples in different states and results of the transmission exper
iment. (a), (b), and (c) the volume fractions of HAGBs, MAGBs, and LAGBs in as-built, S–15, and S–45 samples; (d) the dislocation wall 
formed near the δ phase; (e) and (f) the subgrains formed near the δ phase.

Figure 11. The grain characteristics and recrystallisation degree of three different states of IN625 alloy before and after the stress rupture 
fracture. (a), (b), and (c) the grain morphologies of as-built, S–15, and S–45 samples before the stress rupture fracture; (d), (e), and (f) the 
grain morphologies after the stress rupture fracture of as-built, S–15, and S–45 samples after the stress rupture fracture; (g), (h), and (i) 
the recrystallisation degrees after the stress rupture fracture of as-built, S–15, and S–45 samples after the stress rupture fracture.
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that the dislocation cells have undergone rearrangement 
and cancellation. The formation of dislocation cells con
sumes part of the distortion energy, allowing the defor
mation to continue. Compared to straight dislocation 
rows, the storage energy of the disordered dislocation 
network is higher, so dislocation movement such as 
sliding and sliding will occur or dislocation reactions 
will be promoted, reducing the dislocation density, or 
rearranging them to become straight, thus forming sub
grains with larger curvature boundaries, as shown in 
Figure 12(e) and (f). Therefore, there are more MAGBs 
larger than 2°. In addition, it can be found that most 
straight dislocation rows are distributed on the δ phase, 
as shown in Figure 12(f). From Figure 12, it can be seen 
that in both the as-built sample and the S–15 sample, a 
large amount of δ phase was precipitated near the 
Laves phase, which provided favourable conditions for 
the accumulation of dislocations. During the high-temp
erature SR process, this would promote the occurrence of 
dynamic recovery, thus resulting in a longer high-temp
erature SR life. However, in the S-45 sample, the dislo
cation slip distance was long, and only the boundaries 
of the straight columnar grains provided the accumu
lation site for dislocations. Therefore, the degree of 
dynamic recovery was lower, and it was manifested as a 
higher elongation rate and a lower SR life.

By comprehensively comparing the high-tempera
ture tensile and SR properties of the three groups of 
specimens, it was found that the high-temperature 
tensile performance of the S–15 specimen was superior 
to that of the S–45 specimen, and its microstructure was 
more stable compared to the as-built specimen. The 
high-temperature tensile strength also reached over 
90% of the measured value of the forging. Moreover, 
the high-temperature SR life of S–15 specimen was sig
nificantly better than that of the S–45 specimen, 
capable of withstanding a greater endurance load and 
achieving a SR life of over 95% of the measured value 
of the forging. The high-temperature comprehensive 
properties of the S–15 specimen are excellent, providing 
certain reference significance for the laser repair of 
Inconel 625 alloy.

4. Conclusions

This work is primarily aimed at boosting the high-temp
erature mechanical properties of laser-directed energy- 
deposited Inconel 625 alloy; through adjusting the 
post-heat treatment, the Laves phases with different 
morphologies, sizes, and volume fractions were 
acquired. The high-temperature tensile properties and 
stress rupture life at 815°C of Inconel 625 alloy, retaining 
the Laves phase with different characteristic parameters, 

were investigated. Furthermore, the influence mechan
ism of Laves phases on the high-temperature tensile 
and stress rupture life was unveiled systematically. The 
main conclusions of the study were as follows: 

(1) Grains and precipitated phases of Inconel 625 alloy 
after different heat treatment regimes were charac
terised. Whether it is the as-built or heat-treated 
samples, all of the microstructures were mainly com
posed of coarse columnar grains. The main differ
ences were reflected in the morphology and 
volume fraction of the Laves phase. The as-built 
samples mainly consisted of long-striped Laves 
phases, with a volume fraction of approximately 
13.2%. When the solution time was extended to 
15 min, the morphology of Laves phase dissolved 
to a granular form, and the content rapidly 
decreased to 1.2%. When the time was 45 min, 
there were only a very small number of undissolved 
granular Laves phases.

(2) High-temperature mechanical properties of Inconel 
625 alloy with different states were tested repeatedly. 
As the solution time was extended from 0 min to 
45 min, the yield strength of Inconel 625 alloy 
decreased from 217.33 MPa to 192.67 MPa at 815°C, 
and the tensile strength dropped from 348.33 MPa 
to 324.67 MPa. In terms of elongation rate, when 
the solution time is 15 min, the elongation rate of 
the alloy reaches its maximum, approximately 
93.67%. In addition, the stress rupture tests indicated 
that when the solution time is 0 and 15 min, the stress 
rupture life of the alloy can be compared to the 
measured values of the forgings. However, the 
stress rupture life was obviously lower than that of 
the forgings when the time extends to 45 min.

(3) Underlying mechanism of Inconel 625 alloy after the 
high-temperature tensile test was elucidated. For 
the as-built state, the failure of the alloy manifested 
as the fragmentation and debonding of the Laves 
phase; as the Laves phase was dissolved, the 
failure of the alloy mainly reflected in the debonding 
of the Laves phase. Moreover, the excellent tensile 
strength was attributed to the uniform precipitation 
of the γ′′ phase and some δ phase near the Laves 
phase for the as-built Inconel 625 alloy. When the 
solution time was 15 min, the constraint effect of 
Laves/γ on dislocations improved the strength and 
ductility of the alloy. The low strength and high plas
ticity characteristics were the result of the γ solid sol
ution structure with long dislocation slip paths when 
the solution time is 45 min.

(4) Influence of precipitation phase and grain on stress 
rupture behaviour of Inconel 625 alloy was clarified. 
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In both cases of 0 and 15 min, the Inconel 625 alloy 
exhibited outstanding stress rupture life because a 
certain content of δ phases was precipitated around 
the Laves phase, hindering dislocation movement 
and promoting the dynamic recovery process, resulting 
in a longer SR life. On the contrary, due to the fact that it 
has very few δ phases when the solution time is 45 min, 
it leading to a poorest stress rupture life. It is worth 
noting that dynamic recovery is also a key factor 
influencing the stress rupture life. At 45 min, the 
lowest dynamic recovery degree of the alloy is also 
the primary reason for the poorest stress rupture life.
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