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ABSTRACT

The dynamic impact response and dislocation
characteristics of Inconel 625 alloy are investigated
under strain rates ranging from 3700 to 6400 s and
temperatures of 25°C, 300°C and 750°C, respectively,
using a compressive split-Hopkinson pressure bar. The
results show that the flow response is sensitive to both
the temperature and the strain rate. For a constant
temperature, the yield strength, material constant and
work hardening coefficient all increase with
increasing strain rate. However, for a constant strain
rate, the yield strength, material constant and work
hardening coefficient all reduce with increasing
temperature. The flow stress corresponding to a true
strain of 0.35 can be described by a power law relation
with an activation energy of 2.04 kJ/mol and an
average strain rate sensitivity of 0.61. Moreover, the
stress and temperature dependence of the strain rate is
adequately described by the Zener-Hollomon
parameter. Transmission electron microscopy (TEM)
observations show that the dislocation density
increases with increasing strain rate, but decreases
with increasing temperature. The dislocation density
and work hardening stress are related by the Bailey-

Hirsch equation =0, + ,Gb\/p , with @, equal to
0.316.

INTRODUCTION

Inconel 625 is a nickel-based super alloy
strengthened mainly by the solid-solution hardening
effect of “niobium and molybdenum in a nickel-

Paper Received July, 2019. Revised August, 2019, Accepted August,
2019, Author for Correspondence: Woei-Shyan Lee.

* Distinguished Professor, Department of Mechanical Engineering,
National Cheng Kung University, Tainan, Taiwan 70101, ROC.

** Graduate Student, Department of Mechanical Engineering,
National Cheng Kung University, Tainan, Taiwan 70101, ROC.

chromium matrix [1]. The alloy finds widespread use
in the aerospace, chemical, petrochemical and marine
industries due to its good yield strength, fatigue
strength, fabrication ability (including joining), and
corrosion resistance [2]. Inconel 625 alloy is a crucial
material in nuclear power plant components and is
widely used in the fabrication of light-water reactors
(LWRs) and supercritical water reactors (SCWRS) [3,
4]. However, although many studies have been
reported on Inconel 625 in the literature, the high strain
rate deformation behaviour of Inconel 625 is still
unclear. Consequently, further investigation into the
mechanical deformation behaviour of Inconel 625
alloy at high temperatures and high strain rates is
required.

The macroscopic and microscopic response of
engineering materials under high strain-rate loading is
critically dependent on the strain rate, temperature and
microstructure. Previous studies have shown that the
flow stress and dislocation density generally increase
with increasing strain rate, but decrease with
increasing temperature [5,6]. However,
polycrystalline face-centred cubic (fcc) metals exhibit
different hardening mechanisms depending on the
strain rate and deformation temperature. For
engineering metals and alloys, the high temperature
creep strain is conveniently modelled using the Zener-
Hollomon parameter [7], defined as
Z=¢exp(Q/RT) (1)

where & is the strain rate, Q is the activation
energy of the mechanism controlling the deformation
rate, R is the universal gas constant and T is the
absolute temperature. For deformation with low Z
values (i.e., low strain rate and high temperature),
deformation is dominated by dislocation activity. By
contrast, for high Z values, deformation occurs
primarily as a result of plastic deformation [8, 9].

The present study uses a compressive split-
Hopkinson pressure bar (SHPB) to investigate the
effects of the strain rate and temperature on the flow
response and dislocation evolution of Inconel 625
alloy at strain rates of 3700 to 6400 s and
temperatures of 25°C, 300°C and 750°C. The
relationship between the flow stress and the
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dislocation density is clarified in terms of the strain
rate and temperature conditions by means of
transmission electron microscopy (TEM) observations.

MATERIALS AND METHODS

The Inconel 625 alloy used in the present study
was purchased from S-Tech Corp, Taiwan. According
to the manufacturer's specification, the as-received
alloy had a composition (wt%) of 21.1% Cr, 8.3% Mo,
4.1% Fe, 3.5% Nb, 0.36% Ti, 0.21% Al, 0.20% Si,
0.05% Co, 0.04% C, 0.03% Mn, 0.01% Cu, and a
balance of Ni. Cylindrical specimens with a length and
diameter of 7 mm were machined from the as-received
bars with a tolerance of £ 0.01 mm using an electro-
discharge machine (EDM). Figure 1(a) presents an
optical micrograph of the as-received alloy. The
microstructure consists of equiaxed grains and
annealing twins, which are typical of this_Inconel 625
alloy. Furthermore, the matrix and grain boundaries
contain M23Cg and MC carbide precipitates. Figure 1(b)
presents a TEM micrograph of the dislocation
structure of the as-received alloy. It is seen that the
microstructure contains a relatively low number of
dislocations.

(b)
Figure 1: (a)Optical micrograph; (b)TEM micrograph
of as-received Inconel 625 alloy at room temperature.

The specimens were impacted at strain rates of
3700 s-1, 5000 s-1 and 6400 s-1under temperatures of
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25°C, 300°C and 750°C using a compressive split-
Hopkinson pressure bar (SHPB) system [10]. The
elevated deformation temperatures (300°C and 750°C)
were obtained by enclosing the specimens in a
clamshell radiant-heating furnace with an internal
diameter of 25 mm and a heating element of length 300
mm. The temperature was monitored to within +2°C
by means of a thermocouple attached to the specimen
surface. To ensure frictionless impact conditions, the
ends of the specimens were lubricated using
commercial molybdenum disulfide (Molykote) mixed
with a glass paste consisting of 80% PbO, 20% B203
and alcohol. Finally, to compensate for the effects of
the temperature gradient induced within the pressure
bars of the SHPB system on the pulse reflections and
elastic modulus, the original equations for the strain,
strain rate and stress within the deformed specimens
were modified to the forms shown in [11].

Following the impact tests, the microstructures
of the Inconel 625 alloy specimens were examined by
optical microscopy (OM), transmission electron
microscopy (TEM) and energy  dispersive
spectroscopy (EDS). TEM thin foils were prepared by
means of a twinjet thinning technique with a room-
temperature electro-polishing solution of 10% HCIO4
/ 90% C2H50H and an agitation voltage of 15 V. The
specimens were observed using a JEOL TEM-3010
device with an operating voltage of 300 kV. For each
specimen, the dislocation density was calculated as
p=2N/Lt [12], when N is the average number of

intersections between a dislocation and a random set
of lines of length L, and t is the foil thickness.

RESULTS AND DISCUSSIONS

3.1. Flow stress-strain response

Figures 2(a)~2(c) show the compressive true
stress—strain curves of the Inconel 625 alloy specimens
deformed at temperatures of 25, 300 and 750°C and
strain rates of 3700, 5000 and 6400 s-1, respectively.
In general, the results show that the flow stress
increases with increasing strain rate, but decreases
with increasing temperature. The flow stress and shape
of the flow curves are strongly dependent on both the
temperature and the strain rate. However, comparing
the variations of the flow stress with the strain rate and
temperature, respectively, it is found that the
temperature has a greater effect on the flow stress than
the strain rate. In particular, a pronounced softening
effect occurs as the deformation temperature is
increased. As for all metal alloys, the flow response of
the present Inconel 625 alloy reflects different
dislocation structures and
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Figure 2: Stress-strain curves of Inconel 625 alloy
deformed at temperatures of 25°C, 300°C and 750°C
under strain rates of (a) 3.7x10%s, (b) 5x10%s? and
(c) 6.4x10%s

degrees of mobility. For example, plastic deformation
at high temperature promotes the movement of
dislocations, whereas at high strain rates, dislocation
activity is difficult. It is noted that none of the present

specimens fractured under the considered test
conditions. Thus, it is inferred that Inconel 625 alloy
has good ductility and strengthening properties under
elevated temperatures and strain rates.

The flow stress-strain behaviour shown in Figs.
2(a)~2(c) can be further explored using a simple power
law equation with the form o= A+Bs", where A is the
yield strength, B is the material constant, and n is the
work hardening coefficient. Table 1 shows the fitting
results obtained for A, B and n for the current Inconel
625 alloy specimens under each of the considered
temperatures and strain rate conditions. It is seen that
for a given temperature, the yield strength, material
constant and work hardening coefficient all increase
with increasing strain rate. By contrast, for a given
strain rate, the yield strength, material constant and
work hardening coefficient all reduce as the
temperature increases.

Table 1 Yield strength (A), material constant (B), and
work hardening coefficient (n) of Inconel 625 alloy
deformed at different strain rates and temperatures.

Temper

ature Strain rate A B har\é\gilr({g

C) (s-1) (MPa)  (MPa) coefficient n
3700 479.3  1130.3 0.34
25 5000 553.3 1398.8 0.41
6400 648.7 1745.0 0.46
3700 446.7 7321 0.22
300 5000 538.3 886.2 0.28
6400 6219 1179.0 0.32
3700 364.6 572.7 0.12
750 5000 520.8  554.7 0.18
6400 601.3  747.0 0.22

3.2 Effects of strain rate and temperature

The stress-strain response curves in Figs. 2(a)-(c)
show that the strain rate and temperature both play an
important role in determining the mechanical
properties and microstructures of Inconel 625 alloy.
To clarify the effects of the strain rate and temperature
on the dynamic response of the Inconel 625 specimens,
Figs. 3(a) and 3(b) plot the true stress versus the
logarithmic strain rate at true strains of 0.1 and 0.3,
respectively. For both true strains and all three test
temperatures, the flow stress increases with increasing
strain rate. For each strain rate, the difference in the
flow stress under the different test temperatures is
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greater at a true strain of 0.3 than at a true strain of 0.1.
However, for both true strains, the increase in the flow
stress with increasing strain rate is less pronounced at
the highest deformation temperature of 7500C. This
can be attributed to a greater degree of dislocation
annihilation and mobility at higher deformation
temperatures. In other words, a higher deformation
temperature increases the energy of the mobile
dislocations and therefore improves their ability to
overcome short-range barriers to motion during the
deformation process.

The strain rate behaviour of the present Inconel 625
alloy can be described by the following power law
expression [13]:
&£=C,0"exp(—Q/RT) 2

where Q is the effective activation energy required
for deformation, r is the gas constant (8.314 J/mol K),
T is the deformation temperature, and c and nare

constants. Figure 4(a) shows the effect of the strain
rate on the flow stress at a true strain of 0.35 for the
three deformation temperatures considered in the
present study. For each temperature, the strain rate
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Figure 3: Effect of strain rate on true stress for true
strains of (a) 0.1 and (b) 0.3 and temperatures of 25°C,
300°C and 750°C
sensitivity parameter (power law exponent), i.e.,
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m=1/n", can be determined by fitting with Eq. (2) as
InG=Q/(NRT)+(L/n)Iné—(1/n’)InC, . 3)

For a given strain rate, the value of Q/n" inEqg. (3)
can be obtained from the slope of the plot of In(o)
against the inverse temperature, as shown in Fig. 4(b)
for the case of a true strain of 0.35. For the three strain
rates considered in the present study, the average value
of Qr/n"is equal to 1.25 kJ/mol. Taking this value of
Q/n’ together with the stress-strain rate data presented
in Fig. 4(a), the strain rate sensitivity parameter (m)
can be determined from Eq. (3) as 0.656, 0.599 and
0.577 for temperatures of 25°C, 300°C and 750°C,
respectively. In other words, the strain rate sensitivity
increases with decreasing temperature. Moreover, the
average value of thestrain rate sensitivity parameter is
equal to 0.61, from which the average effective
activation energy (o ) for the current Inconel 625 alloy
is found to be 2.04 kJ/mol.

The coupled effects of the strain rate and
temperature on the deformation response can be
evaluated by plotting the flow stress against the Zener-
Hollomon parameter, Z (= ¢exp(@/RT)) [7]. Figure 4(c)
shows the variation of the flow stress with Z for the
present Inconel 625 alloy specimens for a constant true
strain of 0.35. It is observed that the flow stress
increases significantly with increasing Z. In other
words, the maximum flow stress occurs at the lowest
temperature and the highest strain rate. The significant
increase in the flow stress at higher Z can be attributed
to dislocation multiplication (the dominant
mechanism), and is consistent with the strengthening
effect shown in Fig. 3. From a detailed inspection, the
results presented in Fig. 4(c) can be fitted using the
following power law:

o= AZ" = 4.827°% . 4)

3.3Dislocation substructure

Figures 5(a)~(f) present TEM images showing
the dislocation substructures of the specimens
deformed at 25°C, 300°C and 750°C and strain rates of
3700 st and 6400 s, respectively. It is seen that both
the characteristics of the dislocations and their density
are significantly affected by the strain rate and
temperature, Table 2. In particular, for each test
temperature, the dislocation density and degree of
dislocation tangling increase with increasing strain
rate.

Comparing Fig. 5(a) with 5(c) and 5(e) or Fig. 5(b)
with 5(d) and 5(f), it is found that a higher strain rate
prompts an increased number of dislocations and a
reduced dislocation cell size. The higher dislocation
density and reduced cell size constrain the mobility of
the dislocations and therefore enhance the work
hardening effect and resistance of the alloy to plastic
deformation (see Fig. 2). However, for a constant
strain rate, the dislocation density and the degree of
dislocation tangling both decrease with an increasing
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temperature. In other words, a high temperature
prompts a thermal softening effect as a result of
dislocation annihilation and rearrangement. Thus, as
shown in Fig. 2, the strength of the present Inconel 625
alloy specimens reduces as the deformation
temperature increases.

Table 2 Dislocation density of Inconel 625 alloy
deformed at different strain rates and temperatures.

TeO) S swese  Dman”

3700 1256.06 13.3

25 5000 1459.48 17.5
6400 1733.01 21.3
3700 1018.86 11.6

300 5000 1204.17 14.8
6400 1475.50 16.8
3700 856.87 9.9

750 5000 977.30 12.6
6400 1200.14 14.4

To further explore the correlation between the
microstructural evolution of the Inconel 625 alloy
specimens and their macroscopic behaviour, it is seen
that the work hardening stress increases with an
increasing dislocation density. For engineering metals
and alloys, the square root of the dislocation density
and the work hardening stress are related by the
following Bailey-Hirsch equation [14]:

o=0,+aGb\p (5)

where o, is the initial yield stress of the material,
o is a material constant, G is the shear modulus, b is
the Burgers vector, and p is the dislocation density.
Substituting values of G=81GPa [15],b= 2.536%10-10
m [16] and o, =420 MPa [15] into Eq. (5), the value
of o for the present Inconel 625 alloy is found to be
0.316.
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Figure 5: TEM micrographs showing dislocation
microstructures of Inconel 625 specimens deformed at
(a) 3.7x103 s-1 and 25°C; (b) 6.4x103 s-1 and 25°C; (c)
3.7x103 s-1 and 300°C;
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Figure 5: TEM micrographs showing dislocation
microstructures of Inconel 625 specimens deformed at
(d) 6.4x103 s-1 and 300°C; (e) 3.7x103 s-1 and 750°C;
and (f) 6.4x103 s-1 and 750°C.
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CONCLUSION

Dynamic impact tests have been performed to
investigate the effects of the strain rate (3700~6400 s™2)
and temperature (25~750°C) on the mechanical
properties and dislocation substructure of Inconel 625
nickel-based super alloy. The results have shown that
the stress—strain response of the specimens depends
strongly on both the strain rate and the temperature. In
particular, a strengthening effect is observed as the
strain rate is increased or the deformation temperature
is decreased. In addition, it has been shown that the
stress and temperature dependence of the strain rate is
adequately described by the Zener-Hollomon
parameter (Z). Finally, the TEM observations have
shown that the dislocation density increases with
increasing strain rate, but decreases with increasing
temperature. The relationship between the dislocation
density and the work hardening stress can be
adequately described using the Bailey-Hirsch equation
with a material constant of 0=0.316.
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