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Abstract An experimental investigation has been con-
ducted to study the dynamic constitutive behavior of
Hastelloy X (AMS 5754) at room and elevated tempera-
tures under varying rates of loading. A split Hopkinson
pressure bar (SHPB) apparatus was used in conjunction
with an induction coil heating system for applying dynamic
loads at elevated temperatures. Experiments were carried
out at different temperatures ranging from room tempera-
ture (25 °C) to 1,100 °C at an average strain rate of 5000/s.
Room temperature experiments were carried out at varying
strain rates from 1000 to 4000/s. The results show that as
the strain rate increases from quasi-static to 4000/s, the
yield strength increases by approximately 50%. Also, under
dynamic loading, the yield stress decreases with tempera-
ture up to 700 °C, after which it shows a peak at 900 °C
before beginning to decrease again as the temperature is
further increased. The Johnson—Cook model was used to
predict the dynamic plastic response under varying rates of
loading and at different temperatures.
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Introduction

Hastelloy X is a nickel-base superalloy that possesses
excellent high temperature strength and oxidation resis-
tance. It is widely used in gas turbine operations, petro-
chemical and in aircraft parts. Due to its high oxidation
resistance, it is also used for structural components in
industrial furnace applications (http://www.nyk.co.jp/en/
products/alloys/heat/hx.html). Thus, it is important to
understand the constitutive behavior of this material.
Several researchers in the past have investigated the
behavior of Hastelloy X. Lai [1] investigated changes in
the hardness and impact toughness at room temperature of
Hastelloy X after aging up to 1000 h. The author found that
it exhibits age hardening at 540 and 650 °C. The author
also observed a slight increase in hardness at 871 °C fol-
lowed by overaging after 4000 h. Yasuo et al. [2] presented
experimental results on the changes in the tensile
mechanical properties of Hastelloy X after being used in
the liner tube of a HENDEL hot gas duct under high
temperature helium gas for about 6000 h. They observed
that the 0.2% proof stress and total elongation were slightly
decreased when Hastelloy X was exposed to high tem-
perature helium. Static tensile stress—strain curves of
Hastelloy X were reported in Mil Handbook 5 h [3].
Swindeman and Brinkman [4] reviewed high temperature
mechanical properties for materials including Hastelloy X,
used in a pressure vessel using stress—strain curves
obtained experimentally. They studied the effect of cold
work, chemistry, and heat treatment variations in Hastelloy
X. Aghaie-Khafri and Golarzi [5] characterized the hot
deformation behavior of Hastelloy X using hot compres-
sion tests in the temperature range of 900-1,150 °C and
at varying strain rates between 0.001 and 0.5/s. They
showed that softening mechanisms, dynamic recovery, and
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dynamic recrystallization occurred during hot working.
Zhao et al. [6] studied the phase precipitation in Hastelloy
X heat treated at 750, 850, and 900 °C for 26 and 100 h.
They also provided a TTT (time—temperature—transforma-
tion) diagram by combining the new experimental results
with the existing literature data. This TTT diagram depic-
ted the presence of M»3Cq and ¢ phases at temperatures
<900 °C and u phase between 800 and 980 °C. Hong et al.
[7] performed low cycle fatigue tests of Hastelloy X in the
temperature range of 650-870 °C under various strain
rates. They found that the Coffin-Manson (C-M) plot was
different from those at other temperatures and also the
fatigue life significantly decreased at the total strain range
less than 0.6%. Krompholz et al. [8] determined J-integral
R curves for Hastelloy X up to 660 °C using potential drop
technique and showed that there is a decrease in J-integral
value at 660 °C. Rowley and Thornton [9] modeled visco-
plastic behavior of Hastelloy X using the Bodner Partom
unified constitutive model. Static compression experiments
were conducted at different temperatures to get the
parameters for the model. The model results of Hastelloy X
for isothermal uniaxial tensile tests showed good agree-
ment with the experimental stress—strain data.

Based on the careful literature search, it was determined
that there is no detailed study of the dynamic character-
ization of Hastelloy X under thermo-mechanical loading.
Hence, this study focuses mainly on the dynamic consti-
tutive behavior of Hastelloy X at room and elevated
temperatures.

Material and specimen geometry

The material used in this experimental study is Hastelloy X,
supplied by Haynes International. The chemical composi-
tion of the material is listed in Table 1 (http://www.nyk.
co.jp/en/products/alloys/heat/hx.html). It can be observed
from the table that Hastelloy X has high content of Ni, Cr, Fe,
and Mo. Three different types of specimens were machined
as per the requirement of the experiments. According to
ASTM E9-89a, cylindrical specimens with a diameter of
12.7 mm and thickness of 25.4 mm were machined for
quasi-static experiments. Specimens, having a diameter of
7.62 mm and thickness of 3.81 mm were used for dynamic
characterization at room temperature and specimens with a

diameter of 6.35 mm and thickness of 3.175 mm were used
at elevated temperatures.

Experimental details
Quasi-static characterization

The quasi-static compression tests were performed using
Instron Materials Testing System-5585. ASTM standard
E9-89a was followed for the specimen dimensions and
testing procedure. Experiments were performed at a com-
pression—extension rate of 1 mm/min and the tests were
continued up to a strain of 25%. Molybdenum disulfide was
used as a lubricant between the specimen and loading head.

Dynamic characterization

A Split Hopkinson Pressure Bar (SHPB) apparatus was
used to study the dynamic behavior of Hastelloy X. The
SHPB consists of a striker bar, a solid incident bar and a
solid transmission bar, all made out of Maraging steel.
Incident and transmission bars have a diameter of 12.5 mm
and a length of 1,220 mm. The striker bar is propelled
using an air-operated gun. A clay pulse shaper of thickness
2 mm was placed at the impact end of the incident bar as
shown in Fig. 1 to improve force equilibrium conditions at
the specimen-bar interface. The theoretical details of
SHPB can be obtained from Kolsky [10]. The specimen
was sandwiched between the incident bar and the trans-
mission bar. Molybdenum disulfide was used as a lubricant
between the specimen and the contacting surfaces of the
bars to minimize friction.

Incident pulse Transmitted pulse
— T —

¢ ‘ ~
U Reflected pulse ¢
Striker Bar

I Id =SG 1]

- Incident Bar
v

= SG |
Transmission Bar

N\ .
Pulse Shaper Specimen

SG: Strain Gage

Fig. 1 Experimental setup of SPHB

Table 1 Chemical composition of Hastelloy X (http://www.nyk.co.jp/en/products/alloys/heat/hx.html)

Wt% C Si Mn P S Ni Cr Mo Co W Fe B
Min 0.05 - - - - - 20.50 8.00 0.5 0.2 17.00 -
Max 0.15 1.00 1.00 0.040 0.030 Residual 23.00 10.00 2.50 1.00 20.00 0.01
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When the striker bar impacts the incident bar, an elastic
compressive stress pulse, referred to as the incident pulse,
is generated. The generated pulse deforms the pulse shaper
at the impact end and creates a ramp in the incident pulse
which further propagates along the incident bar. When the
incident pulse reaches the specimen, part of it reflects back
into the incident bar (reflected pulse) in the form of tensile
pulse due to the impedance mismatch at the bar—specimen
interface and the remaining pulse is transmitted (trans-
mission pulse) to the transmission bar. Axial strain gages
mounted on the surfaces of the incident and transmission
bar provide time-resolved measures of the elastic strain
pulses in the bars.

Room temperature experiments were carried out at
strain rates ranging from 1000 to 4000/s. Different strain
rates are obtained by varying the velocities of the striker
bar. Using one-dimensional wave theory, the true strain
and true stress in the specimen can be determined from the
reflected and transmitted strain pulses, respectively, as
given in Eqs. 1 and 2.

A
Og :EbA—ES[(t) (1)
2 t
& = _Lst / e (1)dt (2)
0

The expressions for the forces at the specimen incident bar
interface and at the specimen transmission bar interface are
given in Eqs. 3 and 4, respectively.

Fi = ApEp (& + &) (3)
Ft = 14]3Eb£[7 (4)

where &;, ¢, and ¢, are the time-resolved strain values of the
incident, reflected, and transmitted pulses, respectively,
¢ = \/Eb/py is the longitudinal bar wave speed, Ey, is the
Young’s modulus of the bar material, py, is the density of
the bar material, L, is the thickness of the specimen, Ay, is
the cross-sectional area of the bar, and A, is the cross-
sectional area of the specimen.

Force equilibrium within the specimen during the
wave loading is attained when the forces on each face of
the specimen are equal. The ratio of these two forces (as
given in Eq. 5) provides a measure for force equilibrium.

For ideal equilibrium conditions, the ratio should
be 1.0.
. Fi (s+e)
F t —_—=— 5
orce ratio, F, o (3)

For experiments at elevated temperatures, the SHPB
apparatus in conjunction with the induction coil heating
system was utilized as shown in Fig. 2. A special fixture
was designed and fabricated to load the specimen. Two

Induction coil .
heating system  Coil

Tungsten carbide inserts Specimen

Incident bar Thermocouple Holding Fixture Transmitted bar

Fig. 2 Experimental setup of SHPB apparatus with induction coil
heating system and holding fixture

tungsten carbide inserts were placed between the two
pressure bars and the specimen was sandwiched between
the tungsten carbide inserts as shown in Fig. 2. The inserts
were used to eliminate the temperature gradient in the bars
and thus protect the strain gages mounted on them. The
impedance of the inserts was matched with the bars; hence
they do not disturb the stress wave profiles in the bar. The
impedance matching requires the diameter of these tung-
sten carbide inserts to be smaller than the main pressure
bars. This is the reason for the specimen diameter for high
temperature testing being smaller than that for room tem-
perature testing. The bars were kept apart initially, later the
specimen and carbide inserts were heated in isolation to the
desired temperature (usually about 20-50 °C higher than
the test temperature) and soon after the bars were brought
manually into contact with the specimen. The temperature
of the specimen was monitored using a 0.127 mm chro-
mel-alumel thermocouple, which was spot welded onto the
specimen. In most of the experiments, it takes <2 min to
heat the specimen to the required temperature and it takes
<10 s to bring the pressure bars into contact with the
tungsten inserts and fire the gun.

High temperature experiments were carried out from
room temperature to 1,100 °C under identical strain rate of
about 5000/s. Molybdenum disulfide was used as lubricant
in the initial experiments and subsequently this was
replaced with boron nitride. Molybdenum disulfide works
well till about 300 °C and boron nitride is supposed to
work till about 1,200 °C. Both the lubricants show about
same amount of barreling (1-2% differences in the center
diameter to outside diameter).
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Johnson-Cook constitutive model
Model description

Johnson and Cook proposed an empirical constitutive
model [11, 12] to predict the plastic behavior of metals that
are subjected to large strains, high strain rates, and high
temperatures. It is one of the most widely used models due
to its simplicity and yet effective form. According to the
model, the flow stress can be written as

o= (A +Bsg)<1 + Cln(Z—Z))(l (T, (6)
where ¢ is the flow stress, A and B are the strain hardening
parameters and typically A is referred as the yield stress at
reference strain rate and reference temperature, C is a
dimensionless strain hardening coefficient, ¢, is the plastic
strain, &, /& is the dimensionless strain rate with &p being
the plastic strain rate and é&,, the reference strain rate.
Parameters n and m are power exponents of the strain
hardening and thermal softening terms. 7* represents
normalized temperature as given below in Eq. 7

T* _ T — Treference (7)

)
Tmelt - Treference

where Ty i the melting temperature, Tieference 1S the
reference temperature, and 7 is the test temperature. The
expression in the first set of parentheses in Eq. 6 represents
stress as a function of strain, the expression in the second
set of parentheses represents the effect of strain rate, and
the expression in the third set represents the effect of
temperature.

Determination of parameters of model

As shown in Eq. 6, there is a set of five model parameters
that need to be identified (A, B, C, n, and m). A, B, and n are
obtained from a quasi-static test at room temperature. The
parameter A is often defined as the yield stress of the ref-
erence strain rate [11]. Here, the quasi-static strain rate is
considered as the reference strain rate. Parameter A (yield
stress) is determined by considering 0.2% strain offset from
the quasi-static test. Once A is determined, parameters
B and n are obtained by fitting the quasi-static test data to
the model as given in Eq. 8.

In(6 —A) = (InB+nlng,) (8)

Having identified A, B, and n, the next step is to determine
the value of C. Dynamic SHPB experiments at reference
temperature and different strain rates are used to estimate
the value of C. The initial yield point and strain rate (&)
from each dynamic test was used to determine C. In doing
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so, it was ensured that the heat generated from plastic work
was not taken into account, thus ignoring the temperature
effect. The parameter C for a given dynamic test can be
calculated as given in Eq. 9

o () o

The calculated value of C at different strain rates may not
be the same due to variations in the experimental data so an
average value of C is obtained.

Now the final task is to identify the value of m. A set of
experiments at different temperatures but identical strain
rate are used to determine the value of m. A similar pro-
cedure is followed to that of parameter C, but the effect of
temperature is included. As each of the parameters is
identified from separate experiments, the final set of
parameters may or may not predict the material behavior
when all the terms vary at the same time. Therefore, the
identified parameters may predict few experiments very
well but not other experiments. Hence, it is important to
optimize the identified parameters, which can be done by
minimizing the average relative error (A) between the
experimental data and the predicted flow stress [13].

Gi i

— 0
A:NZ PP X 100%, (10)

i=1 Texp

where ¢y, is the experimental flow stress, o, is the pre-
dicted flow stress, and N is the total number of data. The
Johnson—Cook material parameters of Hastelloy X are
shown in Table 2.

Experimental results
Quasi-static response

The true stress versus true stain curve for Hastelloy X
under quasi-static conditions is shown in Fig. 3. It has two
regions: the initial linear portion and the non-linear portion.
The material exhibited yield strength of 380 MPa and
Young’s Modulus of 190 GPa. The flow stress (strain
hardening) of the material increases as the true strain
increases.

Table 2 Johnson—Cook material parameters of Hastelloy X

Parameters A (MPa) B (MPa) C n m

Value 380 1200 0.012 0.55 2.5
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Fig. 3 True compressive stress—strain curve of Hastelloy X under
quasi-static loading
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Fig. 4 Typical real-time strain pulses obtained from strain gages
mounted on the bars for an average strain rate of 2500/s

Dynamic constitutive response at room temperature

The real-time strain pulses obtained for Hastelloy X at an
average strain rate of 2500/s are shown in Fig. 4. It can be
observed from the figure that the clay pulse shaper used in
all these experiments helped to reduce high frequency
oscillations in the incident stress wave. It is important for
the specimen to be in equilibrium under dynamic loading
conditions for valid analysis of data. Figure 5 shows the
typical force equilibrium conditions at an average strain
rate of 2500/s. The solid line in the figure indicates the
ideal force ratio of 1.0. The pulse shaper used improved the
force equilibrium conditions at the specimen—bar interface.
The force equilibrium was attained at around 50 ps and
was maintained during the entire loading duration.

The dynamic true stress—true strain curve for different
strain rates ranging from 1000 to 4000/s are plotted along
with the quasi-static true stress—true strain curve for
Hastelloy X at room temperature in Fig. 6. Hastelloy X
shows rate dependency from quasi-static loading to
dynamic loading. The dynamic yield strength is about

Aot .

T T T T T T

T
60 80 100 120 140 160 180 200
-14 Time(us)

Force Ratio
o

Fig. 5 Typical force equilibrium conditions at the specimen—bar
interface at an average strain rate of 2500/s
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Fig. 6 True compressive stress—strain curve of Hastelloy X under
dynamic loading at room temperature

50% higher than the quasi-static yield strength, while
the dynamic flow stress is about 200 MPa higher than the
quasi-static flow stress. The constituent elements in the
material are responsible for the rate sensitivity of Hastelloy
X. Under dynamic loading conditions, the material showed
small increase in yield strength and flow stress as the strain
rate is increased from 1000 to 4000/s.

Dynamic constitutive response at elevated temperatures

A series of experiments were conducted to investigate the
dynamic constitutive behavior of Hastelloy X at different
temperatures under identical strain rate of about 5000/s.
Figure 7 shows the dynamic true stress—strain curves for
Hastelloy X at different temperatures. All experiments
were carried out with the same striker bar and at the same
pressure. Figure 7 clearly shows that as the temperature
increases, the yield strength of the material decreases
except at temperatures of 900 and 1,000 °C. The true strain
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Fig. 7 True compressive stress—strain curve of Hastelloy X under
dynamic loading at elevated temperatures and a strain rate of about
5000/s
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Fig. 8 Effect of temperature on the yield strength under dynamic
loading at an average strain rate of 5000/s

in the specimen increases and the flow stress decreases as
the temperature increases. As the temperature increases,
the material shows more ductile behavior and this result in
a decrease in its yield strength and increase in the strain for
a given applied stress.

Figure 8 shows the effect of temperature on the yield
strength under dynamic loading and the error bars indicate
the range of values obtained from three different experi-
ments. As temperature increases, the yield strength
decreases initially up to 700 °C, then increases and shows a
peak at 900 °C and then again monotonically decreases as
the temperature is further increased. The trend reported in
this article is in good agreement with the previous findings
for Ni-base superalloys [14—19] under quasi-static load-
ings. Bettge et al. [14] studied the temperature dependence
of yield strength of Ni-base superalloy IN 738LC and
concluded that the yield strength of the material decreases
up to 450 °C, then increases up to 750 °C and finally
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decreases sharply. Sajjadi et al. [18] observed that the yield
strength of GTD-111 under tensile loading decreases with
increasing temperature and reaches a minimum value of
750 MPa at 600 °C. With a further increase in temperature
to 750 °C, the yield strength increased up to 1,090 MPa
and then suddenly decreases. Three important factors were
proposed [15, 16, 18] for the behavior of Ni-base super-
alloys. These are (i) Grain boundary embrittlement, (ii)
deformation mechanisms, and (iii) y’ coarsening. Grain
boundary embrittlement by carbide particles and defor-
mation mechanisms has almost the same influence on the
ductility of these alloys with temperature. The presence of
transgranular cracks are more noticeable at higher tem-
peratures but more intergranular cracks can be seen
between 750 and 950 °C leading to increase in the yield
strength of the material. Also, the ratio of intergranular
cracks to transgranular cracks decreases above 950 °C. The
transition of crack initiation on the surface from trans-
granular to intergranular is also noticed in other experi-
ments of Hastelloy X [1, 6, 7, 20]. It was also found that in
the tensile properties of Hastelloy X above 950 °C, there is
a change in the fracture mode from transgranular dimple
rupture to intergranular [2]. For Hastelloy X-280, the
presence of MgC, MgC', and M,3C phases in the
650-930 °C temperature range creates a ductility minimum
at those temperatures [21].

Johnson—Cook constitutive model response

As the Johnson—Cook model could only predict the stress
in the plastic region, the elastic region was not considered
for plotting. The comparison between the experimental
data and the predicted data at various strain rates is shown
in Fig. 9. A small deviation between the experimental data
and the predicted data was observed at all three strain rates
and the deviation was more at lower strain rates compared
to higher strain rates. The predictability of the Johnson—
Cook model for the dynamic plastic response of Hastelloy
X was also quantified by calculating average relative error
(A) and correlation coefficient (R). Average relative error
was calculated using Eq. 10 and correlation coefficient
(R) can be mathematically expressed as given in Eq. 11
[13].

SV (o, —5 o —a
i=1 exp exp p p
R =
2 2
N ; _ N S
\/Zi—l (aéxp - Gexrﬁ) > (a;) - GP)

where Gexp, and 6, are the mean values of gy, and oy,
respectively, and N denotes the number of data points. The
correlation coefficient provides information on the strength
of linear relationship between the experimental data and
the predicted data. The predictability of the model for the

(11)
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Fig. 9 Experimental data and model prediction of Hastelloy X under dynamic loading at different strain rates

Table 3 Predictability of the model for the dynamic plastic response
of Hastelloy X at room temperature under various strain rates

Correlation
coefficient (Rz)

Strain rate (s~!) Average relative

error (A) (%)

1700 0.983 7.24
2500 0.985 2.80
3900 0.987 2.58

dynamic plastic response of Hastelloy X at room temper-
ature under various strain rates is shown in Table 3. There
is good correlation between the experimental data and the
predicted data for all the three strain rates and the average
relative error was low at higher strain rates compared to
lower strain rates. Higher value of R? (0.985) was observed
for strain rate of 2500/s. Even though the value of R*
(0.983) is high for a strain rate of 1700/s, it has a high
relative error (7.24%) which indicates larger deviation
between the experimental data and the predicted data. It
should be noted that higher value of R* may not necessarily
indicate better performance [22]. The model has the ten-
dency to be biased toward higher or lower values, whereas
A is calculated through a term by term comparison of
relative error between the experimental data and the

predicted data, therefore it produces unbiased statistics.
Better correlation can be achieved if the value of A is low
and this can noticed for a strain rate of 3900/s.

The comparison between the experimental data and the
predicted data at different temperatures is shown in
Fig. 10. Model predictions for the dynamic plastic response
of Hastelloy X at different temperatures are shown in
Table 4. The model was not used to predict the dynamic
plastic response of Hastelloy X above 700 °C as the
material showed different behavior after 700 °C as dis-
cussed in the previous section. The model predicted very
well for all the three temperatures chosen, with A ranging
between 2.21 and 6.90%. Excellent correlation between the
experimental data and the predicted data was achieved for
the temperature of 700 °C and this can be observed in
Table 4 showing a low value of A (2.21%). Relatively high
value of A (6.90%) was observed for a temperature of
500 °C.

Conclusions

A series of experiments were conducted to investigate the
dynamic constitutive behavior of Hastelloy X at room and
elevated temperatures. Clay was used as a pulse shaper in
all the experiments to improve force equilibrium conditions
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Fig. 10 Experimental data and 1200
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Table 4 Predictability of the model for the dynamic plastic response
of Hastelloy X at different temperatures

Correlation
coefficient (R?)

Temperature (°C) Average relative

error (A) (%)

300 0.955 4.24
500 0.895 6.90
700 0.989 2.21

at the bar—specimen interfaces. A Johnson—Cook model
was used to predict the dynamic plastic response of
Hastelloy X under varying strain rates and at different
temperatures. Following are the major conclusions of this
study:

e Quasi-static experiments showed yield strength of
380 MPa and a Young’s Modulus of 190 GPa for
Hastelloy X.

e The material showed rate dependency from quasi-static
to dynamic loading. An increase of 50% in yield stress
and 200 MPa in flow stress was observed from the
quasi-static to dynamic loading. Under dynamic load-
ing, the flow stress of the material decreases as the
temperature increases.

e The yield strength of the specimen monotonically
decreases as the temperature increases up to about
700 °C. Between 700 and 1,000 °C, the yield stress
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increases before again decreasing as the temperature is
further increased.

The Johnson—Cook model predicted very well for all
the experiments and the best correlation was observed
for a strain rate of 3900/s (A = 2.58%) in case of room
temperatures experiments and for a temperature of
700 °C (A = 2.21%) in case of high temperature
experiments.
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