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Effects of Heating and Hot Extrusion Process on 
Microstructure and Properties of Inconel 625 Alloy
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Abstract: The effects of the heating process and hot extrusion on the microstructure and properties of 
inconel 625 alloy were studied. The experimental results showed that the properties of Inconel 625 alloy could 
be improved through the heating process and hot extrusion concomitant with a reduced corrosion rate. The 
M23C6 carbide, generated in the heating process, was retained and distributed at the grain boundary during the 
process of hot extrusion, which had an important influence on both elongation and corrosion resistance. The 
improvement of the comprehensive properties of the material, as measured by a tensile test at room temperature, 
was correlated with the dissolution of segregation Nb. A typical ductile fracture changed to a cleavage fracture 
where secondary cracks could be clearly seen. With the increase of the extrusion ratio, the real extrusion 
temperature was higher, which led to more dissolution of the M23C6 carbide, decreased the number of secondary 
cracks, enhanced the effect of solid solution strengthening, and reduced the intergranular corrosion rate. Under 
the condition of a high extrusion ratio and a high extrusion speed, the less extrusion time made it possible to 
obtain organization with a smaller average grain size. Moreover, in this case, the M23C6 carbide and segregated 
Nb did not have enough time to diffuse. Thus all samples exhibited medium strengths and corrosion rates after 
extrusion.
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1  Introduction

Inconel625 alloy, a Nb and Mo-Modified Ni-
Cr-Fe based superalloy, has been widely used in gas 
tubine[1] and jet engines with service temperatures up 
to 923K because of its high temperature strength and 
corrosion resistance[2,3]. At present, some researches 
are focusing on the microstructure evolution and high 
temperature properties of Inconel 625 alloy, and plastic 
deformation of nickel-base superalloy is paid more 
attention to develop its comprehensive performance.

As is known to all, there are many advantages 
to produce tubes by the method of hot extrusion, for 
example the small machining allowance, low surface 
roughness, and high dimensional accuracy. It has 
been concluded that the tensile strength of extruded 

billet has been increased and also homogeneous 
distribution of reinforcement has been improved 
than casting blank [4,5]. It is mature that extrusion 
technology was applied in aluminum, copper and 
some other alloys[6], and complex shape parts could 
be deformed by automatically controlling technique 
using a computer. However, the interface between the 
mold and nickel-based alloy is very special during 
hot extrusion, which leads to sticking each other and 
produces the phenomenon such as surface scratches, 
tear and stuffy car[7]. In addition, because there are 
many types of strengthening phases in nickel base 
alloy[8,9], the crystal structure of strengthening phase 
is also different. Thus, the precipitation temperatures 
of different precipitates are limited in a small range. 
What more important is that the phase transformation 
could be easily irritated when the material was 
processed at high temperature[10]. All of that make 
the deformation conditions and parameters difficult 
to control for the nickel-base superalloy and it could 
be classified as so-called difficult deformation alloy 
even though it has excellent ductility. The mechanism 
of a relatively higher deformation temperature and 
the special microstructure evolution in a narrow 
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heating temperature range need to be revealed. Above 
mentioned characteristics of nickel-base alloy make 
themselves sensitive to the deformation speed and 
deformation temperature. At present, a lot of work has 
been done to investigate the deforming mechanism 
of nickel-based alloy. The processing properties of a 
variety of nickel base alloys, which include IN690, 
IN718, and IN625, and so on[11-14], are studied to obtain 
the hot forming properties by hot compassing test. As 
for Inconel 625 alloy, primary nucleation mechanism 
with bulging of the original grain boundaries becomes 
the operating mechanism of dynamic recrystallization 
(DRX) in the process of hot deformation[15], whilst 
adiabatic shear band emerges with a low temperature 
and high strain rate, which affects markedly the 
mechanical properties of the materials[16]. High strain 
rate is conducive to refine the organization, which 
has been widely accepted as an important conclusion 
so far. Moreover, some researchers have conducted 
experiments to extrude a tube of Inconel 625 alloy and  
analyzed the microstructural evolution based on the 
extrusion parameters[13]. However, the extrusion ratio 
and the size of the extrusion are smaller than those of 
the other metals previously extruded, and relatively less 
work has been carried out on the microstructure and 
properties affected by both the heating process and hot 
extrusion.

In the present study, large diameter tubes and bars 
of Inconel 625 alloy were obtained by hot extrusion 
at 1 160-1 180 ℃. In order to guarantee extrusion 
smooth, glass lubricant was used to lubricate. The two 
types of speed, 45 mm/s and 100 mm/s, were selected. 
Extrusion ratio was 3.61-9.26. The effect of hot 
extrusion parameters on the formability was researched, 
the evolution of microstructure and the improvement 
of properties during the whole extrusion process were 
analyzed emphatically. This work aims to demonstrate 
the influence of the heating process and parameters of 
extrusion on microstructure and properties of Inconel 

625 alloy, which is conducive to the actual production.

2  Experimental

2.1  Preparation of materials
Inconel  625 bi l le t  for  hot  extrusion was 

electroslag remelting (ESR) ingot with preform forging. 
The chemical composition of the billet is listed in Table 
1, the microstructure is shown in Fig.3(a).
2.2  Hot extrusion

The billet of Inconel 625 alloy was cut into 
cylinders with a diameter of 247 mm for hot extrusion 
in the nominal pressure of 31.5 MN horizontal 
extrusion presses. A combination of the parameters 
of the extrusion machine and hot workability of the 
Inconel 625 alloy was used to guide the hot extru-
sion [16], preheat temperature was controlled between 
1 160-1 180 ℃ and a three-stage preheating was used 
before hot extrusion. Firstly, the billet was heated to 
850-880 ℃ in the annular furnace heating for about 
4 hours. This temperature range was under dynamic 
recrystallization temperature, and only reversion 
occurred to reduce the residual stress of the billet, and 
the phase transformation was limited; Secondly, the 
preheated billet was delivered to a induction furnace 
and heated to about 1 080 ℃ for 5 min. The purpose 
of this heating was mainly for expansion, ensuring 
that the extrusion punch needle can get into the blank 
hole, minimizing the common errors. The last heating 
procedure is called the induction reheating, the final 
billet would be heated to 1 160-1 180 ℃ for 5 min. The 
detailed extrusion parameters are listed in Table 2. The 
1# and 3# rod samples had a same extrusion speed of 
45 mm/s and different extrusion ratio of 3.61 and 5.04, 
respectively. The extrusion ratio of 2# tube samples 
was 6.06, and its extrusion speed was 100mm/s. After 
completion of hot extrusion, the extrusions were cooled 
by air cooling to room temperature. Three samples, 1#, 
2#, and 3#, were extruded successfully and smoothly, 
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and they will be analyzed in the following.
2.3 Heating process before hot extrusion

Heat treatment tests were carried out on re-
solution annealed material at 850-880 ℃ in a resistance 
furnace. Treatment time varied in the range of 1 to 4 h. 
The original structure was retained by water cooling 
after heat treatment. The samples were used for the 
present microstructural characterization, which was 
carried out using scanning electron microscopy
2.4  Microstructural analysis

The samples for test were cut from the center 
region of every extruded samples and ESR ingot by 
electronic discharging machining and then embedded in 
the epoxy resin for mechanical grinding and polishing. 
Subsequently, samples were etched with a mixture of 
10 mL H2SO4 + 100 mL HCl + 10 g CuSO4 at room 
temperature for 5-10 s. Microstructures of all the 
samples were observed on a MeF3 optical microscope 
(OM; Nickon Instruments, Shanghai, China). Electron 
polishing and etching (90 mL methanol and 10 mL 
H2SO4) were utilized for further observation on a 
scanning electron microscope (SEM; FEI, Hillsboro, 
OR, USA), and some of the billet specimens were 
examined by an energy dispersive spectrometer (EDS; 
FEI, Hillsboro, OR, USA) on the SEM. Discs of 3 mm 
diameter were cut from the as-extruded samples by 
electronic discharging machining. Discs were ground 
mechanically and punched from these ground samples 
and were thinned by the dual jet electro polishing 
technique.
2.5  Electrochemical experiments

Polarization experiments were conducted in 
quiescent 10% NaOH and 10-2 Pb ions solution to 
distinguish the corrosion resistance as a function of 
processing and microstructural evolution. Pb played 
a crucial role in stress corrosion when materials were 
used as heat transfer tubeline of steam generator 
because it was helpful to destroy the stability of 
passivation membrane on alloy surface and it led 
to the Cr depleted near grain boundary by reducing 
the diffusion rate of the intracrystalline Cr to grain 
boundary. Electrochemical experiments were conducted 
using a CHI660C electrochemical workstation. Prior 
to each experiment, samples were polished by hand 
to 2000 grit using SiC paper. Scans were conducted, 
running from -800 mV to 800 mV using a scan rate of 
10 mV·s-1. The experimental results were analyzed by 
Tafel extrapolation method.
2.6  Tensile test

The mechanical properties of the material before 

and after the extrusion were evaluated by tensile 
testing, which was carried out on a microcomputer 
controlled electronic universal testing machine (AG-
10TA, Shimadzu Co. Japan) with a loading velocity of 
5 mm·min−1. Samples for tensile testing with a cross-
setion of 2.5 mm×2.5 mm and a gauge length of 20 
mm were machined by a wire-cut machine. The test 
temperature was at room temperature. The tensile 
properties of each product, including ultimate tensile 
strength (UTS), yield strength (YS) and elongation to 
failure, were obtained based on the average value of at 
least three tests. Some special fracture surfaces of each 
group were observed on a scanning electron microscope 
(SEM). Thin slices were cut from tensile samples and 
ground to a thickness of about 150µm. Discs of 3 mm 
diameter were punched out and thinned using a dual-jet 
polishing technique in an electrolyte solution containing 
one part of perchloric acid and nine parts of ethanol at 
a temperature of about 25 ℃ and then observed in a 
transmission electron microscope (TEM).

3  Results

3.1 Effect on microstructure by heating 
process
Fig.1 shows the OM of ESR at 850 ℃ for 1h to 

4h respectively. Discontinuous carbide precipitates 
at grain boundaries, when Inconel625 alloy is heat 
treated at 850 ℃. By the paper[17] we can see that 
the precipitates are M23C6 type carbide. With the 
prolonging of holding time, the content of carbide at 
grain boundary increased, and the shape of carbide was 
globosity when treatment time was 1 h, which changed 
to short rod when treatment time was 4 h.
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Metallographic structure of ESR ingot and 
extruded samples are presented in Fig.2. Fig.2(a) shows 
that the microstructure of the ESR ingot of Inconel 625 
alloy is mainly composed of large irregular cellular 

crystals, characterized by a lot of deformation twins. 
Compared to Fig.2(a), the degree of recrystallization 
of hot extruded Inconel 625 alloy was excessive, and 
uniform equiax grains can be obtained, the size of the 
recrystallization grain was bigger. When the extrusion 
ratio was 3.61 and the extrusion speed was 45 mm/
s, the grain size of sample 1# was 70 µm, as shown in 
Fig.2(b). At the same extrusion speed, the grain size 
was 135 µm when the extrusion was 5.04. The result 
from Fig.2(b) and Fig.2(d) indicated that the size of 
the recrystallization grain showed an increasing trend 
with increasing extrusion ratio. More deformation due 
to heat translated into the extrusion temperature for 
growing grains when the extrusion ratio was bigger. 
Fig.2(c) shows the microstructure of hot extruded 
Inconel 625 alloy with extrusion ratio of 6.06 and 
extrusion speed of 100 mm/s, the grain size is about 
105 µm. The influence of extrusion speed, large 
strain rate is conducive to refine the organization for 
reducing the time used to grow by grains, was deemed 
to be the reason why the grain diminished with the 
aggrandizement of extrusion ratio.

SEM microstructures of hot extruded Inconel 625 
alloy specimens with different parameters are shown 
in Fig. 3. Fig.3(a), Fig.3(b), and Fig.3(c) are the grain 
boundary morphologies of samples 1#, 2#, and 3#, 
respectively. The M23C6 carbide emerged when keeping 
at 850-880 ℃ for a long time has a negative influence 
on the microstructure and properties of the material[18]. 
The M23C6 carbide exists at the grain boundary due 
to nucleation mechanism of alloy and grain begins to 
grow along a certain direction after hot extrusion[15]. 
A pinning effect on grain growth could be verified 
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for Incoenl 625 alloy in hot deformation. When the 
extrusion ratio was 3.61 and the extrusion speed was 
45mm/s, the M23C6 carbide was rod-shaped and almost 
continuous, as shown in Fig.3(a). Most of the M23C6 
carbide dissolves into matrix with increasing extrusion 
ratio during the process of hot extrusion, the M23C6 
carbide disappeared almost, as shown in Fig.3(c). 
However, the content of the M23C6 carbide at the grain 
boundary in Fig.3(b) with an extrusion ratio of 6.06 
and an extrusion speed of 100 mm/s was more than 
that in Fig.3(c). The M23C6 carbide had less time to 
dissolve with a bigger extrusion speed, and can be seen 
at the grain boundary as the semicontinuous graininess, 
despite the increase of extrusion ratio. These phases at 
grain boundary are deduced to be responsible for the 
fracture morphology of extrusions.

The microstructure of Inconel 625 alloy after 
extrusion presented in Fig.3 reveals the precipitation 
of the M23C6 carbide with rod-shaped morphology at 
the grain boundaries, however, the M23C6 carbide has 
oblate spheroidal morphology when present in the 
matrix. The thin foils from the hot extruded alloy were 
examined by TEM. The bright field image in Fig.4(a) 
coupled with the selected area electron diffraction 
pattern (SADP) in Fig.4(b) showed that the austinite 
matrix of the recrystallization alloy is free from others 
precipitates but contained intergranularly precipitated 
M23C6 carbide[19]. The other phase can be obtained 
by the heating and hot extrusion process, Fig.4(c) 
and Fig.4(d) show the typical bright field image and 
selected area diffraction pattern of thin film structure 
with (011) orientation,  respectively. The secondary 
diffraction spots in the SADP are due to the presence 
of ordered M23C6 carbide and γ-precipitates in the 
matrix[20].
3.2  Electrochemical analysis

Fig.5 shows the polarization curves and electroch-
emical data of the Inconel 625 samples obtained in 10% 
NaOH and 10-2 Pb ion solution, and Table 3 gives the 
electrochemical data to indicate the corrosion resistance. 
Ecorr became more negative with processing, while 
a decreased corrosion current density as calculated 
by Tafel extrapolation was found after extrusion.
It can be seen that the ESR ingot has the maximum 
corrosion rate (1.42mpy), and this was improved by 
hot extrusion. The rule of corrosion rate has a similar 
fashion with the scale of grains after extrusion. The 
corrosion rate of 1# sample was the minimum, and the 
corrosion rate of 3# sample was the maximum. It was 
possible to deduce that extrusion processing of Inconel 

625 led to an increase in the cathodic reaction kinetics 
and a concomitant decrease in the anodic reaction 
kinetics compared with the ESR ingot. The results of 
these changes in kinetics were due to a decrease in the 
evaluated corrosion current density (icorr) and a relative 
reduction of the corrosion potential (Ecorr) for extrusion 
processed Inconel 625 alloy.

3.3  Tensile properties

Fig.6 gives the tensile properties of the Inconel 
625 alloy. The YS and UTS of the ESR ingot are 
417 and 796 MPa, respectively, with 53.4% tensile 
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elongation. It can be clearly seen from Fig.6 that the 
mechanical properties of the as-extruded sample were 
better than that of the ESR ingot. The UTS of specimen 
increased from 796 MPa to 859 MPa when the 
extrusion ratio was 6.06, the YS also increased from 
417 MPa to 484 MPa at the same time. The extruded 
samples have improved ductility, as its elongation 
increased from 53.4% to 66.5%, when the extrusion 
ratio was 3.06. The difference diameter shrinkage of 
the as-extruded samples can be inferred from Fig.6(a), 
and the 3# sample has the minimum degree of the 
diameter shrinkage, because of a lot of cleavage planes 
in the fracture, as shown in Fig.7(d1).

3.4  Tensile fracture surface
The evolution of the tensile fracture surface 

as a function of processing is presented in the 
SEM fractographs in Fig.7. Typical microstructural 
characteristics of ductile fracture, dimples and tearing 
ridge can be seen in the tensile fracture surface 
morphology of the ESR ingot, as presented in Fig.7(a). 
It can be seen that the fracture surface had an obvious 
change after extrusion. There were many cleavage 
planes, secondary cracks, tearing ridges, and dimples 
in Fig.7(b), typical of a quasi-cleavage fracture 
morphology. With the increase of the extrusion ratio, 
the number of secondary cracks remarkably reduced, 
and the surface of the secondary crack became thin and 
long. However, the more cleavage planes indicate the 

enhancement of cleavage fracture, as shown in Fig.7(d). 
Fig.7(c) shows the fractograph of the hot extruded 
tube with an extrusion ratio of 6.06 and an extrusion 
speed of 100 mm/s. The fracture characteristics make 
ductility and toughness are higher than that of the ESR 
ingot: the tearing ridge, dimples and a large number 
of secondary cracks are clearly observed. On the basis 
of Fig.3 and Fig.7, Fig.8 shows the side-view of the 
fracture surface of the sample after hot extrusion. The 
intergranular crack can be seen, and the crack was more 
obvious with the distribution of the M23C6 carbide at 
the grain boundary. All of these proved that the M23C6 
carbide has an important impact on properties.

4  Discussion

4.1  Improved corrosion resistance
The grain size alone has been shown for other 

alloys to have a marked impact on the corrosion 
rate, depending on the environment and the alloy. 
The relative dissolution or passivation of a surface 
has been linked to the total grain boundary length, 
which is considered as a proxy for the overall surface 
reactivity and diffusivity and plays a critical role in 
the corrosion and passivation processes. Depending 
on specific material/ environment combinations, an 
increased grain boundary density can either increase or 
decrease the corrosion. The main corrosion mechanism 
of superalloys has been proven to be intergranular 
corrosion occurring in an acid and hot corrosive 
environment[21-23]. The M23C6 carbide contains plenty 
of Cr element at the grain boundary and has a more 
important effect on the corrosion rate by forming 
Cr2O3 oxide film. A relative decrease is observed in 
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the contents of Nb and Cr, which can be considered 
as dissolution of these elements into the environment 
induced by the presence of the characteristic features 
on the exposition surface. Nb forms a protective surface 
film when placed in acidic or alkaline solution, and a 
decrease in the chemical dissolution rate of oxide films 
has been shown with the increase of the Nb content in a 
NaOH solution[24].
4.3 Tensile fracture surface and strengthen-

ing mechanisms
To verify the fracture mechanism of the ESR 

ingot and extrusions of Inconel 625 alloy, the 
microstructure obtained after extrusion is discussed 
in light of the TEM images. After elastic deformation, 
plastic deformation occurs with the change of the 
microstructure in the tensiling process. Plenty of 
dislocations appear; slip with the deformation and 
piling up of dislocations will emerge near the grain 
boundary and areas of element segregation, as shown 
in Fig.9(a). Subsequently, dislocations across the 
grain boundary will cut the particles consisting of 
segregated elements, for example, Nb, Mo, and Ti, 
and secondary phase when the degree of dislocations 
pile-up is strong enough. The original cracks formed 
from the fracturing of the particles by slipping of the 
dislocations are elongated to become cavities along the 
direction of tensile elongation. Fractures will take place 
when the cavities connect to each other as the tensile 
process further progresses. Thus, the particles cut by 
dislocations are located in the center of the dimples on 
the fracture morphology of the ESR ingot.

Grains deform in the drawing process and 
elongate along the tensile direction during tensile 
testing. However, the M23C6 carbide at the grain 
boundary, which does not have a good ductility, would 
be crushed by the slipping of adjacent grains, leading 
to the separation of adjoining elongated grains, as 
shown in Fig.8. As the tension continues, the shrinkage 
diameter of the tensile samples can be decomposed 
into the shrinkage diameter of each grain. Because 

the contents of the M23C6 carbides at grain boundary 
are not continuous, a small amount of grains can fail 
by intergranular fracture, while others fail via ductile 
fracture, such as in the ESR ingot. Gaps between the 
grains are obtained when grains break, which are 
called secondary cracks. However, the number of 
secondary cracks decreases with the increase of the 
extrusion ratio and increases with the decrease of the 
extrusion speed, which shows that the temperature 
plays a decisive role in forming secondary cracks. 
In other words, the content of the M23C6 carbide is 
determined by the extrusion temperature, which affects 
the fracture morphology[25]. On the other hand, due to 
the low stacking fault energy of the Inconel 625 alloy 
at room temperature, the alloy could also proceed 
with a twin coordination deformation, where the grain 
orientation can change to generate the location of 
the twin when dislocation glides are hindered during 
the tensile process[26]. The twin deformation can 
reduce the concentration of stress in the deformed 
part, enhance the tenacity of the alloy, and change the 
direction of crack propagation, as shown in Fig.7(b2). 
Deformation twins from twin coordination deformation 
can hinder the subsequent dislocation glide, and stress 
concentration will arise at the twin boundary where 
dislocations are more and more heavily concentrated 
(Fig.9(b)). Along with the deformation, concentration 
of dislocation will cross the twin boundary and slip 
again when the stress concentration is large enough. 
The stress concentration at the twin boundary increases 
and a large concentration of dislocation can pass 
through the twin boundary when the crack extends to 
the twin boundary. With the above knowledge, there 
is difference in the crystal orientation on both sides 
of the twin boundary, which leads to crack deflection 
when the crack crosses the twin boundary. All of these 
create ups and downs of the fracture morphology 
significantly. From what has been discussed above, the 
fracture surface and deformation mechanism consist of 
dislocation slip and twin coordinate deformation.
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It is well known that Nb has a large atomic 
radius which gives rise to difficult diffusion and easy 
segregation. It can be seen that plenty of segregated 
Nb (black spots) is located in the matrix in Fig.2. As 
a solid solution strengthening alloy, Nb dissolved in 
the Inconel 625 has an important influence on the 
tensile properties[27]. The segregation can be seen 
in the heart of the dimples in both ESR ingot and 
extruded samples in Fig.10, but the content of Nb in 
the segregated zone is different, i e, 88.7%, 77.1%, 
71.7%, and 55% (quality percentage) for ESR ingot, 

samples with extrusion ratios of 3.61, 6.06, and 5.04, 
respectively. This perfectly explains the changing 
strength of the extrusions, the recrystallized structure 
from hot extrusion takes away the residual stress due to 
the ESR ingot, which explains why the strength of the 
material with a small amount of Nb dissolved into the 
matrix with an extrusion ratio of 3.61 did not increase. 
As stated above, the actual extrusion temperature will 
be improved with the increase of the extrusion ratio 
when the extrusion speed is constant; the sample with 
an extrusion ratio of 5.04 has the highest strength. 
This indicates that high temperature is beneficial for 
diffusion. It can be inferred that the diffusion of Nb was 
hindered from Fig.10(c) and Fig.10(d). Although when 
the extrusion ratio was 6.06, the strength was not the 
highest[24,28]. The extrusion time should be considered 
at a high temperature because the extrusion process is 
completed before a large degree of diffusion occurs. 
In addition, the austenitic nickel-based alloy deforms 
plastically during tensile testing, while the segregation 
Nb and carbide are rigid and deform only elastically. 
Therefore, a high stress concentration generates at the 
interface of the particles/matrix. The fragmentation 
of the compound particles generated by the stress 
concentration is an indication of the absorption of 
energy and relaxation of local stress concentration. This 
delays the growth rate and nucleation of the cracks in 
the surrounding matrix[29]. To sum up, the mechanism 
of the solution strengthening of the Nb element is the 
additive or synergetic effect by combining with a load 
transfer mechanism.

5  Conclusions

a)By comparing the microstructure, fracture 
morphology, and corrosion resistance from the forging 
and extrusions, the M23C6 carbide was generated in 
the process of heat treatment and remained at the 
grain boundary after extrusion, converting the fracture 
mechanism from a ductile fracture to a quasi-cleavage 
fracture. The process of heating was significant prior to 
extrusion. 

b)The average grain size increased with the 
increase of extrusion ratio. Better microstructure would 
be achieved when the extrusion speed was controlled 
between 100 mm/s-160 mm/s.

c)With the increase of the real  extrusion 
temperature, the M23C6 carbide and segregation Nb 
dissolved into the matrix to make a stronger solid 
solution strengthening and improving the strength, as 
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well as boosting the corrosion rate due to the special 
technique. However, the M23C6 carbide and segregation 
Nb did not have enough time to diffuse when the 
extrusion time was short at a high extrusion speed, and 
the opposite result was obtained.

d)The strengthening mechanism of the solution 
strengthening of Nb element is the additive or 
synergetic effect in combination with the load transfer 
mechanism.
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