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Impact Deformation and Fracture Behaviour of
Cobalt-Based Haynes 188 Superalloy
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Abstract—The impact deformation and fracture behaviour of
cobalt-based Haynes 188 superalloy are investigated by means of a
split Hopkinson pressure bar. Impact tests are performed at strain rates
ranging from 1x103 s-1 to 5x103 s-1 and temperatures between 25°C
and 800°C. The experimental results indicate that the flow response
and fracture characteristics of cobalt-based Haynes 188 superalloy are
significantly dependent on the strain rate and temperature. The flow
stress, work hardening rate and strain rate sensitivity all increase with
increasing strain rate or decreasing temperature. It is shown that the
impact response of the Haynes 188 specimens is adequately described
by the Zerilli-Armstrong fcc model. The fracture analysis results
indicate that the Haynes 188 specimens fail predominantly as the result
of intensive localised shearing. Furthermore, it is shown that the flow
localisation effect leads to the formation of adiabatic shear bands. The
fracture surfaces of the deformed Haynes 188 specimens are
characterised by dimple- and / or cleavage-like structure with knobby
features. The knobby features are thought to be the result of a rise in
the local temperature to a value greater than the melting point.

Keywords—Haynes 188 alloy, impact, strain rate and temperature
effect, adiabatic shearing.

1. INTRODUCTION

AYNES 188 superalloy has many favourable properties,

including good strength at high temperatures; excellent
ductility, fabricability and weldability. It is currently used for
fabricating the combustor liners in aircraft turbine engines and
the liquid oxygen posts in the main injector of the space shuttle
engines [1], [2]. In such applications, the components are
subjected to extremely high temperatures and strain rates
during their fabrication and subsequent service lives. The
literature contains many investigations into the mechanical
properties of Haynes 188 alloy under high temperatures [3], [4].
However, the high temperature deformation behaviour and
deformation-induced microstructure of Haynes 188 under high
strain rate loads have attracted little attention thus far. Previous
studies have shown that the deformation behaviour of most
metals and alloys is significantly dependent on the strain rate
and temperature. Specifically, the flow stress increases rapidly
with increasing strain rate or decreasing temperature [5], [6].
Under high strain rate adiabatic loading conditions, the plastic
deformation becomes unstable and adiabatic shear bands are
formed due to a localisation of the plastic flow. The adiabatic
shear bands act as preferential sites of crack initiation and are
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therefore a major cause of dynamic failure. As a result, the
initiation and growth of adiabatic shear bands have been
investigated for a wide range of metals and alloys [7]-[9].The
present study investigates the mechanical properties and
deformation substructure of Haynes 188 superalloy at
temperatures ranging from 25 ~ 800°C and strain rates ranging
from 1x10° ~ 5x10° s™" using a split-Hopkinson pressure bar
(SHPB) system. The correlation between the microstructural
evolution of the impacted specimens and the mechanical
response is systematically examined and discussed.

II. EXPERIMENTAL PROCEDURE

The Haynes 188 alloy used in the present tests was supplied
by Aero Win Technology Corp. (Taiwan, R.O.C) in the form of
hot-rolled, solution-annealed bar with a diameter of 15 mm.
(Note that solution annealing was performed at 1175°C for 1
hour followed by water quenching.). The alloy had a chemical
composition (wt. pct) of 22.43 Ni, 21.84 Cr, 13.95 W, 1.24 Fe,
0.01 C, 0.75 Mn, 0.40 Si, 0.012 P, 0.002 S, 0.034 La, 0.002 B,
and a balance of Co. Cylindrical specimens with a length of
7+0.1 mm and a diameter of 7.1 mm were machined from the
as-received bar and finished to a final diameter of 7+0.1 mm via
a centre-grinding process. The end faces of the specimens
tested at room temperature (25°C) were lubricated with
commercial molybdenum disulfide (Molykote), while those
tested at elevated temperatures were lubricated using a glass
paste consisting of a powder of 80% P,O and 20% B,0; mixed
with alcohol.

The specimens were deformed at temperatures of 25°C,
400°C and 800°C and strain rates of 1x10°s”, 3x10° s and
5x10° s' using a SHPB system. This device utilizes
measurements of elastic waves in hardened steel pressure bars
to determine the relative motion of the two faces of the test
specimen and the associated stress. A full description of a
split-Hopkinson pressure bar and its utilization for obtaining
dynamic properties data is included in reference [10]. In
addition, the modification of the calculations for the strain,
strain rate and stress at elevated temperatures is shown in [11].
Finally, the surfaces of the fractured specimens were observed
using a FEI Quanta 400 F scanning electron microscope with an
operating voltage of 30 kV.
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Fig. 1 (a) Stress-strain curves of Haynes 188 alloy deformed at
temperatures of 25 ~ 800°C and strain rates of1x10* s
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Fig. 1 (b) Stress-strain curves of Haynes 188 alloy deformed at
temperatures of 25 ~ 800°C and strain rates of3x10° s
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Fig. 1 (c) Stress-strain curves of Haynes 188 alloy deformed at
temperatures of 25 ~ 800°C and strain rates of 5x10°s™!

III. RESULTS AND DISCUSSIONS

Figs. 1 (a)~(c) show the stress-strain curves of the impacted
Haynes 188 specimens. It can be seen that the flow response of
all the specimens is significantly dependent on both the strain

rate and the temperature. For a constant strain rate, the flow
stress decreases with increasing temperature, but the true strain
increases. Moreover, for a constant temperature, the maximum
strain increases with increasing strain rate. Overall, it is seen
that the strain rate has a greater effect on the flow stress than the
temperature. It is observed that the flow stress increases more
rapidly with increasing true strain at lower temperatures and
higher strain rates. In other words, the work hardening rate
during plastic deformation increases as the temperature is
reduced or the strain rate increased. In addition, it is seen that
specimen fracture occurs only at the highest strain rate of 5x10°
s and the lowest temperature of 25°C. Thus, it is inferred that
Haynes 188 alloy has good deformability and strengthening
properties at high temperatures; even when deformed to large
strains.

The stress-strain curves presented in Fig. 1 show that the
specimens deformed at different strain rates and temperatures
have a different work hardening response. In general, the
stress-strain response of engineering metals and alloys can be

described by the power law o= A+ Bg" , where A is the yield
strength, B is the material constant and n is the work hardening
coefficient. Table I presents the results obtained for A, B and n
for the present Haynes 188 specimens under the considered
loading conditions. It is seen that for a given temperature, the
yield strength, material constant and work hardening
coefficient all increase with increasing strain rate. Thus, it is
inferred that the dislocation density and multiplication rate
increase at higher strain rates and give rise to an enhanced flow
resistance. However, for a given strain rate, the yield strength,
material constant and work hardening coefficient all decrease
with increasing temperature. The reduction in the yield strength
and work hardening coefficient with increasing temperature is
due to a reduction in the density and rate of multiplication of the
dislocations at higher temperatures, which results in a lower
resistance to plastic flow and a more ductile behaviour.

TABLEI
MECHANICAL PROPERTIES OF HAYNES 188 ALLOY DEFORMED AT
TEMPERATURE OF 25 ~ 800°C AND STRAIN RATES OF 1X10°~ 5x10°s™

T(C) Strair}l rate  Yield stress Material constant ~ Work har'dcning

(s) A (MPa) B (MPa) coefficient n
1000 1038.06 707.32 0.34

25 3000 1349.65 912.04 0.40
5000 1692.71 1228.19 0.49
1000 832.51 534.61 0.25

400 3000 1141.56 672.12 0.34
5000 1472.36 938.76 0.44
1000 538.32 550.65 0.07

800 3000 899.62 492.95 0.20
5000 1227.94 601.75 0.32

Fig. 2 (a) shows the variation of the flow stress with the
strain rate as a function of the deformation temperature and
strain. It is seen that for all three temperatures, the flow stress
increases dramatically with both an increasing strain rate and an
increasing strain. The greater flow stress at higher strain rates
suggests that the dynamic deformation behaviour of Haynes
188 alloy is governed by the effects of thermal activation in
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enabling dislocations in the deformed microstructure to 3000
overcome short-range barriers to motion [12]. Furthermore, the
dynamic behaviour of the present Haynes 188 alloy is

significantly dependent on the deformation temperature. Fig. 2
(b) shows the variation of the flow stress with the deformation
temperature as a function of the strain and strain rate. It can be
seen that the flow stress decreases linearly with increasing
temperature at all values of the strain and strain rate. The linear
dependence of the flow stress on the temperature is consistent
with the findings of Guo et al. for Nitronic-50 [13] and can be

adequately described using the constitutive equation proposed

by Litonski [14].
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Fig. 3 (a) Comparison of predicted and experimental stress-strain
curves for Haynes 188 alloy deformed at temperatures of 25°C
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Fig. 2 (a) Variation of true stress with logarithmic strain rate as
function of temperature and true strain
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Fig. 3 (b) Comparison of predicted and experimental stress-strain
curves for Haynes 188 alloy deformed at temperatures of 400°C

Fig. 2 (b) Variation of flow stress with deformation temperature as

function of strain and strain rate
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Fig. 3 (c) Comparison of predicted and experimental stress-strain
curves for Haynes 188 alloy deformed at temperatures of 800°C
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In examining the reliability of structural designs using a
finite element analysis (FEA) approach, it is beneficial to
describe the material behavior using some form of constitutive
relation amenable to implementation in computer code. The
literature contains many constitutive models for describing the
mechanical behaviour of engineering metals and alloys
[15]-[17]. In this study, the high strain rate, high temperature
mechanical response of Haynes 188 alloy is described using the
Zerilli-Armstrong fcc model, i.e., [15]

o=C +C,e"[exp(-C,T+C,Tné)] (1)

where C,, C,, C, and C, are constants; o is the stress; ¢ is the

equivalent plastic strain; & is the strain rate; and T is the
deformation temperature. By applying a regression analysis
technique to the true stress-strain data presented in Figs. 1

(a)-(c), the constants in (1) were found to be as follows: C, =

1011.2 MPa; C, =2244.67 MPa; C, = 1.7x10*K™") and C, =
1.9x103(K™"). Figs. 3 (a)-(c) compare the experimental
stress-strain curves given in Fig. 3 with those predicted using (1)
for strain rates of 1x10° ~ 5x10° s and temperatures of 25°C,
400°C and 800°C, respectively. It is seen that the
Zerilli-Armstrong model provides an adequate description of
the dynamic response of Haynes 188 alloy under the high strain
rate and high temperature loading conditions considered in the
present study.

i A, e

Fig. 4 (a) Photograph showing fracture features of Haynes 188
specimen deformed at 25°C and 5x10°s™
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Fig. 4 (b) SEM micrograph of fracture surface in Fig. 4 (a)

Of all the impacted specimens, only the specimen tested at a
temperature of 25°C and a strain rate of 5x10° s failed. As
shown in Fig. 4 (a), the specimen failed as a result of adiabatic
shearing along two planes orientated at angles of 40~50° with
respect to the impact direction. Moreover, as shown in Fig. 4
(b), the fracture surface is characterised by both cleavage
features (labeled A) and dimple structures (labeled B) as the
result of adiabatic shearing. In addition, knobby features
(labeled C) are seen near the dimple structure zone. The
presence of these knobby features suggests that the local
temperature exceeded the melting point of Haynes 188 alloy
(i.e., 1330°C) during the impact event.

IV. CONCLUSIONS

The experimental results indicate that the flow stress of
Haynes 188 alloy is strongly dependent on the temperature and
strain rate. Moreover, the strain rate sensitivity reduces, but the
temperature sensitivity increases, as the temperature is
increased from 400°C to 800°C. The Zerilli-Armstrong fcc
model provides an adequate description of the flow stress-strain
response of Haynes 188 alloy under the considered loading
conditions. Specimen fracture occurs only at the lowest
temperature of 25°C and the highest strain rate of 5x10°s™. In
other words, Haynes 188 alloy has good fracture resistance and
deformability at high temperatures and strain rates. The SEM
observations suggest that specimen failure occurs as the result
of adiabatic shearing.
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