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Abstract: Inconel 625 alloys are widely applied for high-corrosion resistance and as high-efficiency
materials in aeronautical, aerospace, chemical, nuclear, petrochemical, and marine industries.
Although Inconel 625 alloys are excellent materials, they cannot be formed at room temperature owing
to difficulties in processing. To improve the formability of Inconel 625, it is necessary to investigate its
formability at a high-temperature range and its strain rate variation. In this study, high-temperature
deformation behavior after forming was investigated. A high-temperature compression test was
performed with a Gleeble 3500 testing machine at various temperatures (approximately 900-1200 °C)
and strain rates (10 and 30 s~!) to obtain the high-temperature deformation characteristics of Inconel
625. Furthermore, high-temperature tensile tests were performed to measure elongations and
reductions in the area of the Inconel 625 alloy. The tests focused on obtaining the flow stress data
and optimal hot forging conditions under various strain rates and temperatures. The results of this
research are expected to contribute to hot forming processes and to formability in hot extrusion and
pilger processes.

Keywords: Inconel 625; seamless tube; high-temperature compression test; high-temperature tension
test; microstructures

1. Introduction

The demand for offshore plants in the shipbuilding and offshore industries has increased sharply.
Consequently, the demand for nickel alloy seamless tubes, which have high environmental resistance,
hasincreased. Seamless tubes are applied in harsh corrosive environments and require high-temperature
mechanical characteristics in marine and chemical plants for the mining of energy sources such as
petroleum, natural gas, and military supplies [1]. Lately, the demand for petroleum pipelines in offshore
plants has been increasing. However, the seamless tubes used as oil transfer tubes are mostly produced
from billet by a hot forging process because of the difficulty of forming rigid workable materials using
cold working methods. The existing manufacturing process for high-corrosion-resistant nickel base
superalloy seamless pipes, such as Inconel 625 and Inconel 718, involves a boring process where holes
are processed in the center of the billet to make a preform shape, and high-corrosion-resistant pipe is
produced by hot extrusion and the pilger process using the preform. However, this process causes
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damage to the boring tool, the frequent replacement of which results in increased overall production
costs in the boring process. Furthermore, due to the lack of data on the high-temperature deformation
characteristics of the seamless tube, it is difficult to analyze the cause of cracks during hot forging and
to set optimal conditions for hot forging [2].

Recently, a method for manufacturing an Inconel 625 seamless tube with desired dimensions from
a circular cross-section pipe manufactured by centrifugal casting was studied in order to reduce the
production costs of the material and to improve the formability. Basic study of the microstructure,
mechanical properties, and the forming limit of the seamless tube according to changes in the forging
condition when the seamless tube is formed by applying forging after centrifugal casting is needed.
Altan [3] predicted the optimal hot forging conditions by investigating the effects of temperature and
strain rate on stress flow, as these are process parameters of the hot forging of metal. He proposed flow
stress data for metallic materials such as aluminum, copper, and titanium alloy.

Rao [4] proposed an algorithm to determine the flow stress under various process conditions.
He also developed a high-temperature compression test method by conducting a hot deformation
test for low-carbon steel as well as medium-carbon steel. Guo [5] investigated the high-temperature
softening characteristics of dynamic recrystallization and dynamic recovery during high-temperature
deformation and proposed optimal hot forging conditions. In addition, Lee [6] and Zouari [7] proposed
a process method for lowering the strain resistance of SPF8090 Al-Li and for the grain refinement of
Inconel 718. Bang [8] and Cho [9] offered a method to predict the forming load and microstructure
during the high-temperature deformation of carbon steel. However, research on the prediction of
the forming load and microstructural details during high-temperature deformation utilizing a finite
element method has not been published yet.

In this study, a basic investigation of Inconel 625 is performed using cylindrical preform
manufactured by the centrifugal casting process for the application of the seamless tube. To investigate
the deformation characteristics at high temperature, compression tests (under 900, 1000, 1100, and
1200 °C) and tensile tests (under 900, 1000, 1100, and 1200 °C) are conducted.

2. Experiments

2.1. Compression Test at High Temperature

A compression test is a useful method to understand the formability of a material.
A high-temperature compression test was performed in this study to determine the flow stress of the
material under a high temperature. The testing device used in this high-temperature compression
test corresponded to the Gleeble 3500 (Dynamic Systems Inc, New York, NY, USA), which is mainly
used for tensile and compression tests conducted at high temperatures. The material used in the
study corresponded to Inconel 625 for the seamless tube. The Inconel 625 under investigation has the
following chemical composition (wt.%): 0.001% Si, 0.010% Mg, 0.050% C, 0.050% Mn, 0.160% Ti, 0.180%
Al, 3.730% Nb, 3.780% Fe, 8.660% Mo, 22.040% Cr, and 61.240% Ni.

A cylindrical specimen with a diameter of 8 mm, height of 12 mm, and ratio of diameter to height
of 1.5 was fabricated. A thin tantalum foil was used to prevent fusion between the specimen and mold
during the experiment. Additionally, thermocouples were attached to the center of the specimens by
using a spot-welding method to measure and control the temperature. Testing was performed when
a test specimen was heated at a heating rate of 50 °C/s by employing the current resistance heating
method. The temperature of the entire specimen was maintained for 3 min after it was stabilized.
The compression test was performed to reduce the height to 70% (height of 3.6 mm), and this was
followed by immediate air-cooling while maintaining the target temperature for 3 min. The test was
performed at temperatures of 900, 1000, 1100, and 1200 °C, and strain rates of 10 and 30 s 1,
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2.2. Tensile Test at High Temperature

The tensile test is a useful testing method for investigating the mechanical properties of a material.
However, under high temperatures, materials continue to recrystallize, and this sharply deteriorates
strain hardening. This explains why necking occurs at the initial stage of the tensile test and why it is
not useful to obtain flow stress from the information prior to the occurrence of necking. Furthermore,
it is not easy to obtain flow stress from the tensile test results, owing to the high strain rate and the
dependency of the strain rate, even after necking. Generally, a high-temperature tensile test is an
extremely useful tool to evaluate the formability of the materials under high temperatures, and it is
mainly used to determine the elongation rate and reduction rate in the cross-section of the material.
The equipment for the high-temperature tensile test is Gleeble 3500. The diameter and length of
specimen is 10 mm and 116.5 mm, respectively. The testing procedure was identical to that used in the
high-temperature compression test. The high-temperature tensile test was performed with variable
strain rates (0.1, 10, and 30 s™!) and temperatures (900, 1000, 1100, and 1200 °C).

2.3. Analysis Method

The graphs of true stress versus strain rate were created using Equation (1):
o=Ce" 1)

Here, o is the true stress, C is the strength coefficient, ¢ is the strain rate, and m is the strain rate
sensitivity index.

This curve-fitting method aims to calculate a strength coefficient and strain rate sensitivity index
by applying curve-fitting after arranging the flow stress based on the strain rate at each true strain,
which corresponds to 0.1, 0.3, 0.5, and 0.7 when the temperature is constant. The strength coefficient
and the strain rate sensitivity index were obtained from the stress-strain curves of the compression
tests at different temperatures and strain rates.

The microstructure of the specimen was examined after etching based on ASTM E407-07(2015)el,
in order to observe structural changes in the specimen. An optical microscope was used to monitor
the microstructure. The reduction in area is the degree of plastic deformation of material in a
high-temperature tensile test. The reduction in area is defined as Equation (2):

A Ay

(8]

Ag %X 100(%). (2)
Here, Ag is the section reduction rate, Ay is the initial cross-sectional area, and A¢ is the
cross-sectional area at the fracture site.

3. Results

3.1. Compression Test at High Temperature

The true stress-true strain curves of the compression tests at different temperatures (900-1200 °C)
and strain rates (10 and 30 s™!) are shown in Figure 1. An increase in temperature at a constant strain
rate decreases the flow stress. An increase in the strain rate at a constant temperature increases the flow
stress. The shape of the stress-strain curve exhibits a steady state in which the flow stress increases
when the strain increases until the maximum stress is observed, and then the flow stress gradually
decreases until no further stress reduction is observed after a constant strain. It has been reported that
active dynamic recrystallization becomes a major strain mechanism at strain temperatures exceeding
1000 °C, and this reduces the gradient of the strain curve [10].
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Figure 1. True stress-true strain curves of the compression tests at different temperatures and strain
rates: (a) strain rate 10 s71, (b) strain rate 30 s™1-

Guo et al. [5] showed the true stress based on changes in the true strain, under a strain rate
of 0.1 5! and with temperatures ranging from 900 to 1200 °C. An increase in the strain rate in each
temperature zone clearly increased flow stress.

The graphs of true stress versus strain rate at different temperatures and at true strain are shown
in Figure 2. The data shown in the graph corresponds to the strain rates of 10 s~! and 30 s~! used in
our experiments and the strain rate of 0.1 s™! used by Guo et al. [5]. The strength coefficient and strain
rate sensitivity values presented by the curve-fitting method are shown in Table 1. The data in our
experiment and the data presented by Guo et al. [5] were used to obtain the strength coefficient and
strain rate sensitivity. An increase in the temperature was shown to decrease the strain rate strength
coefficient. Additionally, the strain rate sensitivity exhibited an increasing tendency. Specifically,
the high m value at a high temperature indicates that an increase in the process temperature increases
the benefits of generating the strain. An increase in the plasticity strain increases the m value, and this
implies that the strain occurrence becomes easier, owing to changes in the internal microstructure
during strain [10]. As shown in Figure 2, with respect to the 900 and 1000 °C curves at a true strain rate
of 0.1 s7! and the 900 °C curve at the true strain rate of 0.3, the strain rate sensitivity index m is below
0. This value is different in terms of the gradient from the m value that exceeds 0 with respect to the
curves at 1100 and 1200 °C. The m value was reported to be positive for most of the alloys. However,
if the m value becomes negative, there is a possibility of crack generation on the surface of the forging
part [11]. It was confirmed that the m value was negative at 900 and 1000 °C, and positive at 1100 and
1200 °C during the hot forging of Inconel 625 alloy, thus, cracks could occur at 900 and 1000 °C.

Table 1. Values of the strength coefficient (C) and strain rate sensitivity (m) at different temperatures
and true strains.

True 900 °C 1000 °C 1100 °C 1200 °C

Strain C (MPa) m C (MPa) m C (MPa) m C (MPa) m
0.1 349 -0.05 294 —0.04 242 0.07 164 0.13
0.3 584 -0.05 395 0.05 247 0.12 140 0.17
0.5 674 -0.02 379 0.08 232 0.12 129 0.17

0.7 673 -0.01 342 0.08 204 0.13 113 0.16
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Figure 2. Graph of true stress versus strain rate at different temperatures and true strains: (a) true
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The shapes of test specimens after the high-temperature compression test are shown in Figure 3.
The specimens were exposed to a compression rate of 70% under constant strain rates (10 s~! and
30s71) at each temperature (900-1200 °C). The friction force was imposed at the contact area of the
die and specimen towards the opposite direction of the flow, which caused barreling. No cracks were

observed in any of the eight conditions tested.
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Figure 3. Shapes of specimens after high-temperature compression: (a) 10 s~! strain rate, (b) 30 s!

strain rate.

Specimen

Specimen 900 °C

1000 °C

(a)

(b)

Compress  ;nit: mm

1100 °C

1200 °C



Metals 2019, 9, 720 60f9

The microstructures of the specimens at different temperatures are shown in Figure 4. It was
confirmed that the microstructure in (Top) exhibited a narrow grain boundary when compared with
(Center) and (Edge) due to the load imposed on the specimen. Additionally, at 1200 °C, the grain
boundary was blurred in contrast to the compression test specimens at different temperatures. It was
found that the strain rate aids in grain refinement when the temperature is lower than 1100 °C, while
the effect of the strain rate is reduced when the strain temperature exceeds 1100 °C [12].

Edge

900 °C

1000 °C

1100 °C

1200 °C

Figure 4. Microstructures of Inconel 625 specimens after the compression test according to
the temperature.

3.2. Tensile Test at High Temperature

The true stress-true strain curves obtained by tensile tests at different temperatures and strain
rates are shown in Figure 5. An increase in the temperature reduced the flow stress. Furthermore,
the flow stress increased when the strain rate increased.
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Figure 5. True stress-true strain curve obtained by tensile tests at different temperatures and strain
rates: (a) 0.1 5! strain rate, (b) 10 s~! strain rate, (c) 30 s~! strain rate
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The profile of the stress-strain curve shows an increase in the strain-magnified flow stress, with
the specimen fractured after exhibiting the maximum stress.

The fractured shapes of the specimens exposed to the high-temperature tensile test are shown
in Figure 6. The changes in specimens were based on changes in the temperature (1100 and 1200 °C)
at a constant strain rate (0.1, 10, and 30 s71). A ductile fracture occurred in the specimens tested at
900, 1000, and 1100 °C, regardless of the strain rate. Meanwhile, a brittle fracture was observed in the
specimen at 1200 °C (photos of specimens tested at 900 and 1000 °C are not shown).

1100 °C 1200 °C

(a)

= =b)
(©

Figure 6. Fractured shapes of the tensile test specimens at 1100 and 1200 °C: (a) 0.1 s~! strain rate, (b)
10 s~ strain rate, () 30 s! strain rate.

¥
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The changes in the section reduction rate of a specimen area according to strain rate and
temperature are shown in Figure 7. When the temperature was increased from 900 to 1000 °C, the
section reduction rate also increased. However, if the temperature was further increased from 1100 to
1200 °C, the section reduction rate decreased. The section reduction rate was a little higher at 1100
°C than at 900 °C. When the temperature increased from 1100 to 1200 °C, the section reduction rate
remarkably decreased. At 1200 °C, under the conditions of the deformations at 10 s1and 30s71, the
section reduction rate was almost zero, and a complete brittle fracture occurred. In general, as the
deformation speed became lower, the section reduction rate tended to increase. An increase in the
temperature abruptly decreased the section reduction rate at a certain temperature (1200 °C). The
reason why the section reduction rate sharply decreased at 1200 °C was hot shortness [13]. It was
found that there is a ductile to brittle transition temperature (DBTT) between 1100 and 1200 °C at
which a material’s characteristics change from ductile to brittle.
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Figure 7. Reduction in the area of the tensile test specimen at different temperatures and strain rates.
4. Conclusions

High-temperature compression and tensile tests were conducted to obtain the high-temperature
plastic strain characteristics of Inconel 625 alloy at various temperatures (900-1200 °C) and strain rates
(10 and 30 s7!). The following conclusions were obtained:

(1) In the high-temperature compression test for the Inconel 625 alloy, the test results confirmed that
the strength coefficient decreased when temperature increased while the strain rate sensitivity
index exhibited an increasing tendency.

(2) The Inconel 625 alloy exhibited cracks on its surface during hot forging at 900-1000 °C because
the strain rate sensitivity index displayed a negative value at 900-1000 °C.

(3) Anincrease in the temperature reduced the flow stress, and the flow stress increased when the
strain rate increased.

(4) The changes in the section reduction rate of Inconel 625 alloy in the high-temperature tensile
test were confirmed upon performing the experiment. An increase in the temperature abruptly
decreased the section reduction rate at a specific temperature (1200 °C).

(5) The cracks during the hot forging process could be attributed to the temperature. The optimum
temperature condition of Inconel 625 alloy for hot forging is about 1100 °C.

Author Contributions: G.U.J. and C.K.J. designed the experiment tools and performed the experiment. C.K].
and H.Y.S. analyzed the experimental results, whereas C.G.K. maintained and examined them. All authors have
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