J Mater Sci (2020) 55:5613-5626

Metals & corrosion

o')

Check for
updates

Effect of solution treatment temperature
upon the microstructure and mechanical properties
of hot rolled Inconel 625 alloy

Fei Yang' ®, Liming Dong"2, Xianjun Hu®, Xuefeng Zhou', Zonghan Xie*®, and
Feng Fang'*

" Jiangsu Key Laboratory of Advanced Metallic Materials, School of Materials Science and Engineering, Southeast University,
Jiangning District, Nanjing 211189, China

2School of Automotive Engineering, Changshu Institute of Technology, Changshu 215500, China

3 Jiangsu Sha-Steel Group, Zhangjiagang 215625, China

“4School of Materials and Energy, Southwest University, Chongging 400715, China

®School of Mechanical Engineering, University of Adelaide, Adelaide, SA 5005, Australia

Received: 2 September 2019 ABSTRACT

Aaasplisih 22 ey AR The influence of solution treatment temperature on the microstructure and

Published online: mechanical properties of hot rolled Inconel 625 alloy was investigated. The

2 February 2020 results show that the microstructure of the hot rolled alloy is mainly composed
of austenite equiaxed grains, with the secondary phase being dominated by MC
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Nature 2020 effects of grain refinement and dislocation entanglement are considered to be
the main mechanisms responsible for the excellent strength in the alloy. For the
solution treatment temperature set in the range of 950-1050 °C, the average
grain size of the treated alloy did not change significantly, and the carbide phase
was dissolved slowly. As such, the temperature has little effect on the
mechanical properties of the alloy. At the temperature higher than 1150 °C, the
carbide was dissolved near the grain boundaries and, at the same time, the
grains grew rapidly. Consequently, the tensile strength and hardness of the
treated alloy decreased considerably, whereas the elongation to fracture
increased from about 47% to more than 60%. The strength-ductility trade-off is
attributable to a synergy of grain coarsening, dislocation annihilation and the
dissolution of precipitate phase during solid solution treatment. Moreover, the
<111> recrystallization texture was observed after solution treatment at higher
temperatures.
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Introduction

Inconel 625 alloy (Ni-Cr—-Mo-Nb) is a solid solution-
strengthened nickel-based alloy [1]. Because of its
excellent mechanical properties and corrosion resis-
tance [2], Inconel 625 alloy has been widely used in
gas turbine, nuclear power generation and chemical
processing applications, where operating conditions
are harsh [3-5]. Due to the high content of refractory
elements such as Cr, Mo and Nb in Inconel 625 alloy,
a large number of secondary phases may also appear
during the cooling process following the hot working
(for instance, forging or rolling) [6-8]. Solid solution
treatment is often used to further control the mor-
phology, size, quantity and distribution of strength-
ening phases in the alloy, so as to obtain a good
combination of mechanical properties [9, 10].There-
fore, understanding the relationship between the
microstructural evolution and mechanical properties
is vital for optimizing the treatment parameters and
improving mechanical properties of nickel alloys
[11-13].

To establish a suitable solution treatment process,
Hu et al. [14] prepared Inconel 625 ingots by laser
solid forming and investigated the influences of
solution treatment temperature on the microstruc-
tures and hardness of the samples. The authors con-
cluded that static recrystallization occurred
completely in the solution-treated samples at
1200 °C, and the volume fraction and size of Laves
phase decreased with the increase in solution treat-
ment temperature. The grain growth was also iden-
tified with the increase in solution heat-treating
temperature. Liu et al. [15] reported that the grain
size of Inconel 625 alloy increased with either raising
the temperature or extending the holding time at
temperatures above 1050 °C, and the grain growth
was controlled by grain boundary diffusion during
solution treatment. Several researchers analyzed the
relationships between the microstructures and
mechanical performances of the Ni-based alloy sub-
jected to the solution treatment. Marchese et al. [16]
studied the solution treatment at 1150 °C for 2 h of
Inconel 625 alloy manufactured by laser powder bed
fusion. The treatment was found to result in recrys-
tallization and grain growth. After aging at 700 °C for
24 h, the grain size remained unchanged, while the
precipitation of fine intragranular y” phases and
carbides took place. The alloy strength was improved
at the expense of its ductility [17-19]. Giulio [20]
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discussed the effect of different heat treatment pro-
cess on the properties of the alloy, including stress
relieving treatment at 870 °C for 1h, annealing
treatment at 871-1092 °C for 1h and solution
annealing treatment at 1150 °C for 2 h [21]. They
came to a conclusion that stress relieving treatment
induce the formation of & phase as well as possible
fine carbides; annealing treatment result in the for-
mation of tiny carbides along the grain boundary and
fine carbides is detected in the grains; solution
annealing treatment reveals the recrystallization, and
grain growth with the formation of equiaxed grains
and microstructure consists of equiaxed grains and
fine submicron carbides. Gao et al. [22] reached
similar conclusion; the mechanical properties of the
alloy in different states are obtained by sequentially
extruding the as-cast samples by hot extrusion,
solution treatment, cold rolling and annealing. After
cold rolling, although the strength of the alloy is
greatly improved, there is more plastic damage. On
the contrary, after solution treatment, the alloy
obtains relatively high tensile strength while main-
taining excellent plasticity. Above all, it can be con-
clude that the heat treatment process has an
important influence on the structure of the alloy, and
thus exhibits different mechanical properties.

Although the solution treatment has been studied
in an attempt to improve the mechanical properties of
Inconel 625 alloy, the role of the treatment tempera-
ture in governing the microstructural development
and mechanical properties of Inconel 625 alloy
remains unclear. The lack of such critical under-
standing has impeded the design and application of
Inconel 625 alloy for engineering applications
involving severe conditions. In this paper, the effect
of solution treatment temperature was examined on
the change of the alloy microstructure and the sec-
ondary phase formation in Inconel 625 alloy. The
mechanical properties of the alloy corresponding to
different treatment temperatures are compared.
Finally, the relationship between the solution treat-
ment temperature and microstructure evolution of
the hot rolled Inconel 625 alloy was revealed, and the
microstructural contribution to the tensile properties
of the alloy was discussed.
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Experimental procedure

Inconel 625 alloy was smelted by vacuum induction
melting. The ingot was prepared by electroslag
remelting (ESR) in protective atmosphere, before
being forged with a blooming process, and then hot
rolled into 20-mm-thick plate. The chemical compo-
sition of the ingot was measured by a direct reading
spectrometer (MAXx LMF15, Spectro, Germany), and
the measurement results are shown in Table 1.

After cutting and polishing, the sample was cov-
ered with anti-oxidation coating before being placed
in a resistance furnace under a vacuum of
5 x 107> MPa. The solution treatment was under-
taken at temperatures of 950 °C, 1000 °C, 1050 °C,
1100 °C and 1150 °C, each for 10 min. Before the
microstructure characterization, the specimens were
ground successively with silicon carbide abrasive
papers of 400-1500 grain size, and then polished with
a diamond polishing paste of 2.5 microns. The pol-
ished specimens were etched with the solution of
FeCl; (5g) + HCl (30 ml), and then rinsed with
alcohol before drying. Then, microstructure is
observed by BX60M metallographic microscope and
FEI Sirion field emission scanning electron micro-
scope (SEM). The electron backscatter diffraction
(EBSD) analysis technology is used to characterize
texture evolution during solid solution. In order to
determine the composition and types of the sec-
ondary phase precipitated from hot rolled alloy, the
microstructure and structure are observed by Tecnai-
G2 transmission electron microscopy (TEM) equip-
ped with energy dispersive spectrometer (EDS).
Nano Measurer software is used to measure the
average grain size.

All the specimens tested for mechanical properties
are proceed by wire electric discharge machine and
grinded then polished subsequently. The hardness is
tested by FM-700 Vickers hardness tester (Future-
tech, Japan) with a load of 500 g, and the full time is
maintained for 15s. The average value of the
indenter is obtained at least 7 points per specimen.
The tensile tests were conducted at room tempera-
ture, tested by CMT5105 (Xinsansi, Shanghai, China)
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Rectangular dog-bone-shaped specimens were pre-
pared with a gauge dimension of 20 x 4 x 3 mm®.
The strain rate was set at 2 x 107°/s. The tensile axis
was made in parallel with the rolling direction. Three
samples are tested in each group representing dif-
ferent processes in order to reduce the error.

Results and discussion

Microstructure of hot rolled Inconel 625
alloy

Figure 1 shows the microstructure of hot rolled
Inconel 625 alloy. It can be seen that the average grain
size is about 15 um. Inconel 625 is mainly composed
of austenite (y) phase with a large number of twins.
There is also a small amount of secondary phase in
the alloy, which is irregular in shape and has a size of
0.2-1 um, forming chains at the grain boundaries.

To determine the composition and structure of the
secondary phase in hot rolled alloys, selective elec-
tron diffraction (SAED) and energy dispersive spec-
troscopy (EDS) were applied to analyze the
secondary phase particles (as shown in Fig. 2).
Results showed that the secondary phase is made of
MC-type carbide rich in Nb, Mo and C elements.
Figure 3 shows that Cr and Ni are uniformly dis-
tributed in the matrix, and a minor segregation of Al
and Ti elements can be seen in the precipitated phase,
while Nb and Mo elements are enriched in the pre-
cipitated phase, which is consistent with TEM
analysis.

Microstructural evolution

As the Inconel 625 samples were held at different
temperatures (950, 1000, 1050, 1100, 1150 °C, respec-
tively), each for 10 min, the SEM is shown in Fig. 4,
with locally enlarged view placed as inset in the
upper right corner. With the increase in solution
treatment temperature, the secondary phase chains
were found to break up, with the carbide particles
gradually decomposing and dissolving.
Spheroidization occurred to the large particles which

electronic universal tension testin machine. e . . .
& are difficult to dissolve and thus remained in the
Table 1 Chemical - -
compositions of Inconel 625 Cr Mo Nb Fe C Al Ti Mn S P Ni
1 V)
alloy (mass fraction, %) 2085 865 378 0326 0.067 024 0255 0161 00035 00014  Rest.
@ Springer
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Figure 1 Microstructure of
hot rolled Inconel 625 alloy:
a OM, b SEM.
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Figure 2 TEM images of carbides in Inconel 625 alloy: a bright field image, b SAED pattern, ¢ EDS.

Figure 3 Element mapping of
hot rolled Inconel 625 alloy
determined by EDS a SEM,

b Mapping of element

distribution.

matrix. Apart from that, the average grain size did 13-16 um, almost unchanged compared with the
not change significantly when the solution treatment average grain size of hot rolled alloy of 15 pm. When
temperature is 950-1000 °C, which is about the solution treatment temperature is 1050 °C, the
@ Springer
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Figure 4 SEM images of
Inconel 625 alloy after
different heat treatment
temperatures a 950 °C,
b 1000 °C, ¢ 1050 °C,
d 1100 °C, e 1150 °C.
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grains grow slightly, and the average grain size is
about 19 pm. As the temperature rises to 1150 °C, the
grains grow sharply, and the average grain size is
exceed over 70 pum. At the same time, there are still
some twins in the austenite structure of Inconel 625
alloy after heat treatment. Some of these twins ter-
minate in the crystal and some cross the whole grain.
With the increase in solution treatment temperature,
the twin structure does not disappear, but continues
to grow with the growth of grains. The variation of
volume fraction and grain size of precipitated phase
with solution treatment temperature is shown in
Fig. 5.

Figure 6 shows the EBSD micrographs of alloys
with different solution treatment temperatures.
Compared with OM diagrams, EBSD diagrams can
clearly show the microstructures and grain bound-
aries. It can be seen that the grain size of equiaxed
grains increases significantly with the increase in heat
treatment temperature, and twin interfaces are found
in the alloys. This indicates that static

Volume fraction of precipitation/(%)
N
Grain size/um

0
Hot Rolled 950 1000 1050 1100 1150

SolutionTemperature/°C

Figure 5 Volume fraction of precipitation and the grain size of
Inconel 625 alloy after different heat treatment temperatures.

recrystallization occurs in solid solution-treated
alloys, and dynamic recrystallization occurs in the
hot rolled alloys. Mixed crystal structure containing a
small amount of fine grains besides large

@ Springer
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Figure 6 EBSD maps of the
as-deposited sample and after
different solution heat
treatment samples a hot rolled,
b 950 °C, ¢ 1000 °C,

d 1050 °C, e 1100 °C,

f 1150 °C.

recrystallized grains is shown in Fig. 6e, which
makes clear that recrystallization at this time is
incomplete compared with heat treatment at 1150 °C.
Apart from that, the grain texture distribution of
different samples is obtained by EBSD, as shown in
Fig. 7. It can be seen that the internal texture intensity
of hot rolled alloys is weak, which is related to
dynamic recrystallization during hot rolling. How-
ever, the <111> texture of the alloy after 1150 °C
solution treatment is significantly enhanced, which
should be the result of static recrystallization, as
shown in the reverse pole diagram signed in the
upper right corner of Fig. 6a, f and the pole diagram
of Fig. 7a, b.
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Mechanical properties

Figure 8 shows the tensile stress—strain diagram of
Inconel 625 alloy after solution treatment at
950-1150 °C. The statistics of changes in mechanical
properties, including tensile strength, yield strength,
hardness and elongation of Inconel 625 alloy are
shown in Fig. 9a—d, respectively.

It can be seen that the elastic modulus of Inconel
625 is about 227 GPa in Fig. 8, and the results are
shown in Fig. 9, which demonstrates that the hard-
ness, tensile strength and yield strength of the alloy
did not change significantly when the solution
treatment temperature is 950-1050 °C. The tensile
strength is basically stable at about 940 MPa, the
yield strength fluctuate around 455 MPa, and the
hardness is stable at about 250 Hv. Similarly, the

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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(a)
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(b)

Half width:10°
Cluster size:5°

Exp. densities (mud):
Min=0.00, Max=15.02

Figure 7 Pole figures of different samples a Hot rolled alloy, b solution treatment temperature at 1150 °C.
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Figure 8 Stress—strain curves of Inconel 625 alloy.

elongation increases slightly with the increase in
temperature and reaches 50% at 1050 °C, which is a
stroke above that of 47.5% as hot rolled. It can be
conclude from Fig. 9, the mechanical properties of
Inconel 625 alloy are relatively stable after solution at
950-1050 °C, and the main reasons are synthesized as
follows:the average grain size of Inconel 625 alloy
does not change much (range from 13 to 16 pm), the

carbide dissolution in the alloy is insufficient, and the
size of carbides does not reduces significantly.
When the solution treatment temperature rises to
1150 °C, tensile strength of the alloy is about
844 MPa, which is about 12% lower than that of the
hot rolled alloy. While the yield strength and hard-
ness gradually decreased, the elongation increased
steadily to 64%. Under similar processing conditions,
i.e., the hot extruded sample being subjected to a
solution treatment at 1150 °C for 1 h, the results
showed that the tensile strength was 740 MPa and
the elongation to failure was 60% [22]. Additionally,
the mechanical properties are comparable with those
obtained at 1200 °C for 90 min [23]. This is due to the
combined effect of grain size, carbide and twins.
Although serious grain size coarsening (average
grain size of 74 um) was unfavorable to plasticity, a
large number of carbide particles were dissolved
during this period, which reduced the weakening
effect brought about by carbide particles on the grain
boundaries. At the same time, a large number of twin
grain boundaries acted to compensate the adverse
effects of grain growth and grain boundary

@ Springer
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Figure 9 Mechanical property change of Inconel 625 alloy as a function of different heat treatment temperatures a tensile strength,

b yield strength, ¢ hardness, d elongation.

migration, and helped lower the probability of stress
concentration, thus the overall plasticity was
developed.

Discussion

Effects of solution treatment temperature
on microstructures

After hot rolling, a large number of carbide chains
were distributed at the grain boundaries (Fig. 1b).
When the solid solution treatment temperature
reached 950 °C, a small amount of carbide particles
started to dissolve. As the temperature continued to
rise, the carbide phase dissolved partially at the grain
boundaries with some carbide chains breaking off.
When the solution temperature further increased to
1150 °C, the carbide almost disappeared from the
grain boundaries, confirmed by the change of the
second-phase diffraction peak as shown in Fig. 10. As
shown in Fig. 4e, the grains grew rapidly, and only a

@ Springer

small amount of relatively large granular carbide
particles (sub-micrometer in size) remain in the
matrix. The dissolution rate of carbides is slow when
the solution treatment temperature is below 1100 °C,
and the dissolution rate of carbides accelerates shar-
ply when the solution treatment temperature rises to
1150 °C, and the carbides in the alloy are almost
dissolved. As a hot deformation-induced precipita-
tion strengthening alloy, solution treatment temper-
ature has a great influence on the volume fraction of
the secondary phase of the alloy.

The varying grain size and carbide content are the
remarkable characteristics of Inconel 625 alloy after
solution treatment at different temperature [3]. The
grain size of the alloy does not change much when
the solution treatment temperature is less than
1100 °C [15]. With the increase in the solution treat-
ment temperature, the chain carbides at the grain
boundary gradually break up, and some carbides at
the grain boundary gradually dissolve into the matrix
[24, 25]. The grain size of the alloy increases rapidly,

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Figure 10 a XRD curve of samples prepared under different treatment conditions, b local amplification of 20 (43°—44°).

and the carbides are fully dissolved when the solu-
tion treatment temperature reaches 1150 °C [16]. The
grain growth is always accompanied by grain
boundary migration, which indicates that the grain
boundary migration is easier when the solution
treatment temperature reaches 1150 °C. On the other
hand, carbides as the secondary phase increase the
activation energy of grain boundary diffusion that
pins the grain boundary and inhibits grain growth
[26]. Therefore, when the solution treatment tem-
perature is below 1100 °C, the existences of a large
number of secondary phases at the grain boundary
prevent grain boundary migration, and the grain size
does not change significantly [14], and the morphol-
ogy of secondary phase changes gradually from
chains to dot. It is known to all that the minimum
dissolution treatment temperature of MC-type car-
bides is lower than 1150 °C; as a result, when the
solution treatment temperature rises to 1150 °C, the
whole carbides are dissolved in the matrix, and the
grains size develops rapidly.

Effects of solution treatment temperature
on mechanical properties

The mechanical properties of the material studied in
this paper are significantly affected by temperature
changes. The mechanical properties change slowly as
the heat treatment is carried out below 1050 °C. The
strength decreases obviously, and the plasticity
increases rapidly when heat treatment is higher than
1100 °C. This phenomenon is discussed in the fol-
lowing chapters from the point of view of strength-
ening mechanisms.

There are four main strengthening mechanisms
that can be used to illustrate the solid solution soft-
ening of alloys: refinement strengthening, solid
solution strengthening, precipitation strengthening
and dislocation strengthening.

Refinement strengthening

As the most widely discussed strengthening mecha-
nism, refinement strengthening improves the
mechanical strength of materials by reducing the
average free path of dislocation motion and hinder-
ing dislocation motion. The effect of reinforcement
can be described by Hall-Petch equation [27, 28].

or=0o+k-d'/? (1)

where g is the lattice frictional stress corresponding
to the yield strength of single crystal, and k is the
Hall-Petch coefficient; the previous studies [29] have
shown that for Ni-based superalloys, the value of k is
usually about 750 MPa um'/?, and d is the average
grain size, attained by intercept method. Therefore,
the effect of grain size on the strength of alloys could
be expressed by the following formula.

Ao, = kd; 2 (2)

dr denote the grain size of alloy solid solution at
temperature T. The effect of twin boundary is not
considered in the present grain size statistics because
of its low volume fraction. According to Eq. (2), the
contribution of grain refinement for the tensile
strength can be estimated in different states samples.
Therefore, there is no doubt that with the continuous
increase in solution treatment temperature or the

@ Springer
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prolongation of holding time, the grains will continue
to grow and the strength of the alloy will decline
more obviously.

Solid solution strengthening

Most of the solid solution strengthening models in
traditional alloys are based on binary dilute solid
solutions [30, 31]. Figure 10b shows that as the solu-
tion treatment temperature rises, the diffraction peak
shifts to the left, indicating that the lattice distortion
took place in the alloy matrix, caused by the disso-
lution of a large number of atoms into the matrix.
Therefore, the following formulas can be used to
characterize the effect of solid solution strengthening
[32-34].

Ace =) Ki/Ci (3)

K; is the strengthening factor reflecting the strength-
ening capability of alloying element i. C indicates the
molar ratio of elements in the y matrix. From the
analysis of 3.1, it can be seen that the main solid
solution elements in the heating process of alloy are
Nb and Mo. Arriving from the difficulties to accu-
rately determine trace elements by EDS, to simplify
the calculation, all additive elements are considered
as one type of solid solution atoms. The statistical
results show that the volume fraction of Nb and Mo
are the highest, and the strengthening coefficient K is
obviously higher than other elements. Therefore, only
the influence of Nb and Mo is calculated in this
statistic, and the comprehensive strengthening factor
of K; was set as 1100 MPa. The solution elements
content in the matrix are listed in Table 2, and the
enhancement effect of solution strengthening is
shown in Table 3. Although the effect of solid

Table 2 Content of elements in matrix y phase and the their
relevant solid solution strengthening constants Ki(da/d+/C;) [31]

Alloy Ni Cr Nb Mo Rest
Hot rolled  0.6653  0.2434  0.0237  0.0675 1E-04
950 °C 0.6542  0.2467  0.0238  0.0684  0.0069
1000 °C 0.6515  0.2476  0.0242  0.0692  0.0075
1050 °C 0.6553  0.2418  0.0254  0.0695  0.008
1100 °C 0.6416 02486  0.0272  0.0788  0.0038
1150 °C 0.6446  0.2452  0.0304  0.073 0.0068
Ki/MPa - - 1183 1015 -

@ Springer
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solution on strengthening is the most significant, the
effect of solution treatment temperature on the
strength change is obviously limited, and the change
range is within 40 MPa. Thus, the contribution of
solid solution strengthening to yield strength of the
alloy under different conditions is invariable.

Precipitation strengthening

The precipitation strengthening mechanism plays a
non-negligible role in the alloy. From the perspective
of the interaction between dislocations and precipi-
tation phases, the mechanism can be roughly divided
into two types: the Orowan-loop mechanism and the
particle shear mechanism. Simply put, the bypass
mechanism mainly occurs when the secondary phase
is large in size or uncoherent with the matrix; in
contrast, when the secondary phase is small in size or
substantially coherent with the substrate, the parti-
cles are cut through. There are many types of pre-
cipitated phases in the Inconel 625 alloy system, some
of which are non-coherent with the matrix structure
and have larger size, which accords with the former.
The enhanced contribution of Orowan mechanism is
calculated by the following formula [35]:

Gor = M - 0.4Gb / (nm) -In(27/b)/Ls 4)

In the formula, M =3.06 is Taylor factor,
G = 87 GPa is the shear modulus for the Inconel 625,
which is obtained by the formula G =E/2(1+v),
with Poisson’s ratiov = 0.3. b = \/ioc/ 2 is the Burger’s
vector of the total dislocation of the FCC crystal, a is
the lattice constant and can be obtained from the XRD

analysis in Fig. 10b. 7=./2/3-r represents the
radius of particles on the slip surface, in which r = is
the average radius of particles, Lg = 27(+/n/(4f) — 1)
is the average spacing of particles, f is the volume
fraction of secondary phase particles. Relevant
parameters are shown in Fig. 6, and the strengthen-
ing increment caused by solid solution strengthening
is given in Table 3.

Dislocation strengthening

Under deformation, the density of intragranular dis-
locations increases, and the dislocations are prone to
cross slip, causing dislocation entanglement, result-
ing in the obstacles to dislocation motion, leading to
plastic deformation continues to be difficult, thereby

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Table 3 Computational
results of various Alloy Ao, /MPa Ac/MPa Ao /MPa Ao y/MPa Ac/MPa
Ztlrfef;lfet:tez“;gc i?:;‘t;zf?:;l‘g Hot rolled 196.96 33229 149.02 173.17 851.44
romath pect 950 °C 200.59 346.32 132.91 143.88 823.70
£ 1000 °C 199.31 349.41 115.99 134.83 799.54
1050 °C 161.49 352.82 110.81 91.99 717.11
1100 °C 110.65 364.45 55.04 61.93 592.07
1150 °C 90.15 366.10 46.45 49.72 552.42

increasing the strength of the alloy, which can be
expressed by.

Aoy = MBGbp'/? (5)

where M is Taylor factor, f = 0.2 is a constant for
FCC metals, G is the shear modulus, p stands for the
dislocation density, and b is the burger vector. We
estimate the distribution of dislocations in materials
is isotropic, and there is no interaction between dis-
locations [36], and the dislocation density can be
attained by Williamson-Hall method [37], which is a
widely used first-order approximation method for
evaluating the effects of micro-strain and crystal size
[33].

p=2V3-¢/(b-D) (6)

FWHM - cos § = KA/D + 2¢sin 0 (7)
where FWHM is the full width at half maximum of
the Bragg peaks, K = 0.9 is the coefficient, 4 = 0.154 A
is the wavelength of the Cu Ka radiation, D is the
microcrystalline size, ¢ is the microcrystalline strain,
and 0 is the Bragg angle of the corresponding XRD.
According to the XRD values, the parameter ¢ is
determined by the slope of the linear fit of the
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o
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BcosO — 2sinB and is plotted in Fig. 11a, so as to, the
dislocation density is shown in Fig. 11b.

For the sake of clarity, we have summarized a
histogram (see Fig. 12) that directly shows the indi-
vidual contributions and overall contributions of the
four enhancement mechanisms. From Table 3 and
Fig. 12a, it can be seen that the total strengthening
effect of the alloy is larger. According to the analysis
of precipitated phase distribution in Fig. 2, the pre-
cipitated phase particles are mainly distributed near
the grain boundary. Therefore, the precipitation
strengthening effect overlaps with the fine grain
strengthening effect, resulting in the calculated total
strengthening effect value being higher. By compar-
ing the effect of fine grain strengthening with that of
precipitation strengthening, a higher value is selected
for calculation, and the final total strengthening effect
is obtained as shown in Fig. 12b. Taking into account
the calculation error and instrument measurement
error in the test, the obtained prediction data are
consistent well with the overall trend of the experi-
mental values (marked by the dotted line and the
solid line).

It can be seen from above that the tensile strength
decreases rapidly at the solid solution treatment
temperature ascend than 1050 °C, indicating that the

1.60E+014

1.40E+014 |-
1.20E+014 |-
1.00E+014 |- =
8.00E+013 |
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Figure 11 a Micro-strain in different samples, b dislocation density of different samples.
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Figure 12 a The strength contributions from different hardening mechanisms, b the calculation values contrast with the experimental

data.

recrystallization temperature of the hot rolled 625
alloy is in the range 1050-1100 °C, which agrees well
with the EBSD observation. Through comparison, we
find that the recrystallization temperature in the hot
rolled state is lower than that of the as-cast Inconel
625 alloy [8]. It is believed that deformation storage
energy was introduced during the hot rolling pro-
cess, and the recrystallization driving force is pro-
vided during the solution treatment, so that the
recrystallization temperature of the alloy was
reduced.

Conclusions

The effect of solution treatment temperature on the
microstructure evolution and mechanical properties
of hot rolled Inconel 625 was studied. The key find-
ings can be summarized as follows:

1. The hot rolled Inconel 625 alloy assumes
equiaxed FCC austenite structure. The secondary
phases are primarily MC carbides rich in Nb and
Mo, most of which exist at the grain boundaries
in the form of chains. The strength and hardness
of hot rolled Inconel 625 alloy are excellent, but
the plasticity is relatively weak.

2. When the solid solution treatment temperature is
950 °C, a small amount of carbides in the matrix
were dissolved at the grain boundaries. As the
temperature continues to rise, the carbides on the
grain boundaries partially dissolve and the car-
bide chains are broken up. When the solution
treatment temperature was raised to 1150 °C, the
chain-like carbides at the grain boundaries

@ Springer

disappear almost completely, and the grains
grow considerably. Only a small number of large
granular carbides remain in the matrix.

3. After solution treatment at 950-1050 °C, the
strength and hardness of the alloy change little,
the tensile strength is maintained at 950 MPa, the
yield strength is about 460 MPa, the hardness is
stable at around 250 HV, and the elongation
slightly increases with the increase in tempera-
ture. At 1100 °C, it reaches 57.92%, which is about
10% higher than the hot rolled state of 47.45%.
When the solution treatment temperature rises to
1150 °C, the tensile strength of the alloy is
844 MPa, which is about 12% lower than that in
the hot rolled state. Moreover, the elongation is
greatly improved at the expense of the yield
strength and hardness.

4. There is no plate texture production during the
hot rolling, while the <111> recrystallization
texture is formed during the solution treatment.

5. The theoretical calculation of contributions of
various strengthening mechanisms can be used to
predict the trend of tensile strength of hot rolled
Inconel 625 alloy subjected to solution treatment.
With the increase in temperature, the strength of
alloy is greatly affected by the variation of grain
size and dislocation density.
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