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O artigo a seguir apresenta um estudo sobre a conformabilidade a quente da liga Inconel 718. 

Responda as questões a seguir considerando o que foi apresentado no artigo e o que foi visto 

durante as aulas. 

 

1) Quais os objetivos apresentados e como foram justificados? Os resultados obtidos permitem 

concluir que esses objetivos foram alcançados? 

 

2) Descreva o procedimento experimental e associe-o aos objetivos apresentados. 

 

3) Qual a justificativa metalúrgica para os autores terem ensaiado o material com tamanho de 

grão de 90 µm na faixa total de taxa de deformação? 

 

4) Os resultados de tensão x deformação são coerentes com as condições de ensaio? Quais os 

mecanismos de encruamento e amaciamento presentes em cada condição apresentada nos 

gráficos? 

 

5) Como os mapas de processamento foram elaborados? Como associar a potência dissipada 

com a conformabilidade a quente da liga metálica? 

 

6) Identifique as regiões seguras e inseguras do mapa de processamento e associe-as às 

condições de ensaio e aos mecanismos que fizeram com que a liga se mantivesse contínua 

ou apresentasse defeitos. 

 

7) Os resultados obtidos foram os esperados considerando-se a teoria sobre conformabilidade 

vista nas aulas? 
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a b s t r a c t

Cylindrical specimens of Inconel 718 alloy with grain size of 90 �m were used in the compression tests
and processing maps at the strains of 0.1, 0.3, 0.5 and 0.7 were developed at 950–1150 ◦C in the strain
rate range 0.001–100 s−1. Only one unstable region for adiabatic shear bands and one small dynamic
recrystallization zone in the stable region are exhibited in the processing map at 0.1 strain. As the strain
is beyond 0.3, there exist three unstable regions in the processing maps where one is for adiabatic shear
eywords:
nconel 718 alloy
rocessing map
ynamic recrystallization
nstable region

bands and the other two are for intergranular cracking. At the same time, the zone of dynamic recrys-
tallization with a peak efficiency of 0.39 at about 950 ◦C and 0.001 s−1 in the stable region is enlarged
and the distribution of which is from lower temperature and lower strain rate to higher ones. Optical
micrographs of the specimens compressed to 0.7 strain show good agreement with the processing maps
and main hot working schedules have been designed. Influence of initial grain size from 10 �m to 90 �m
on the occurrence temperature of adiabatic shear bands and intergranular cracking has been analyzed at

−1 d in t ◦
a strain rate of 100 s an

. Introduction

As a precipitation-strengthened Ni–Fe based superalloy, Inconel
18 is extensively used to manufacture critical parts in aeronauti-
al, astronautical, oil and chemical industries due to its excellent
echanical, physical and anticorrosion behavior. The most advan-

age of this alloy is the microstructure and property can be
ontrolled by deformation parameters adjustment. It has been
idely accepted that a “processing map” is very beneficial for

ptimizing hot working processes and controlling microstructure
ithout resorting to expensive and time-consuming trial-and-

rror methods. The processing map based on the theory of dynamic
aterial model (DMM) was firstly developed by Prasad et al. (1984)

o analyze the hot deformation behavior of Ti-6242 alloy and has
ecome a powerful technology to analyze the hot-working process
f materials. Safe and unsafe domains are identified in the pro-
essing map and various mechanisms are manifested as adiabatic
hear band, flow localization, dynamic strain aging, intergranu-
ar cracking, mechanical twinning and kinking or flow rotations

Sagar, 2006; Wang et al., 2006, 2007) in the unsafe domain which
hould be avoided during hot deformation. Among the safe domains
dentified in a processing map, the domain of dynamic recrystal-
ization is favored for hot working since the process of softening

∗ Corresponding author. Tel.: +86 555 2311045; fax: +86 555 2311045.
E-mail address: fenglisui@21cn.com (F.-L. Sui).

924-0136/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2010.10.015
he temperature range 900–1200 C.
© 2010 Elsevier B.V. All rights reserved.

enhances the intrinsic workability. On the other hand, the pro-
cessing map represents the efficiency of power dissipation under
different temperatures and strain rates, which is directly related
to the relative rate of entropy production in the system by the
evolution of microstructure (Prasad, 2003).

Processing maps of Inconel 718 alloy were successively devel-
oped by Srinivasan and Prasad (1994), Narayana Murty and
Nageswara Rao (1998, 1999), different calculation methods and
criteria were adopted in their works. However, specimens used in
their works before hot deformation exhibit fine-grained structure
(d ≈ 7 �m) and only the processing map at 0.5 strain in the steady
stage was provided in their reports. In fact, the billet of Inconel 718
alloy for hot deformation is usually heated and exhibits coarse-
grained structure, and it is necessary to use processing maps at
different strains to analyze a deformation process, e.g. a rolling
process.

In the present investigation, cylindrical specimens of Inconel
718 alloy with grain size of 90 �m were used in the compres-
sion tests and a series of true stress–true strain curves were
obtained. The processing map at 0.7 strain was developed using
the dynamic material model and areas defined for different defor-
mation mechanisms were verified by microstructure observations

of the deformed specimens. At last, deformation mechanism maps
at strains of 0.1, 0.3, 0.5 and 0.7 were developed for a continu-
ous deformation process. The hot plastic deformation behavior of
Inconel 718 alloy has been studied and the influence of initial spec-
imen grain size on these has been discussed.

dx.doi.org/10.1016/j.jmatprotec.2010.10.015
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:fenglisui@21cn.com
dx.doi.org/10.1016/j.jmatprotec.2010.10.015
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. Experimental procedures

Inconel 718 alloy having the following composition (in wt%)
as used in this investigation: C-0.044, Si-0.13, Mn-0.10, Ni-52.61,
r-18.98, Mo-3.05, Nb-5.14, Al-0.46, Ti-0.92 and Fe-balance. The
pecimens of �8 mm × 12 mm were manufactured from the forged
illets and treated at 1100 ◦C for 10 min, 20 min and 30 min, respec-
ively. Optical micrographs corresponding to the untreated and the
reated specimens are shown in Fig. 1a (the untreated, d ≈ 10 �m),
ig. 1b (1100 ◦C for 10 min, d ≈ 40 �m), Fig. 1c (1100 ◦C for 20 min,
≈ 75 �m) and Fig. 1d (1100 ◦C for 30 min, d ≈ 90 �m).

The specimens of grain size 90 �m were chosen to be deformed
n a Gleeble-3800 simulator in the temperature range 950–1150 ◦C
t an interval of 50 ◦C and in the strain rate range 0.001–100 s−1.
t each temperature and strain rate, many tests were carried out

n order to obtain the flow stress–strain curves with a confidence
nterval of ±5% at significance level of 0.05. The flow stress data

ere corrected for adiabatic temperature rise measured by insert-
ng a thermocouple in the specimen during testing. The specimens

ith grain size of 10 �m, 40 �m, 75 �m and 90 �m were separately
eformed at a strain rate of 100 s−1 and in the temperature range
00–1200 ◦C at an interval of 25 ◦C to analyze the influence of initial
pecimen grain size to hot plastic deformation behavior of Inconel

18 alloy. Tantalum foil of 0.1 mm thickness was used between the
pecimen and dies to avoid sticking of the specimen to the dies. All
pecimens were soaked for 180 s at the test temperatures described
bove, then deformed to a true strain of 0.7 and immediately water
ooled to the room temperature. The deformed specimens were

Fig. 1. Optical micrographs of Incone
ing Technology 211 (2011) 433–440

sectioned longitudinally (parallel to the compression axis) and the
cut surface was prepared for metallographic examination using
standard optical and scanning electron microscopy techniques.

3. Results and discussion

3.1. Stress–strain behavior

The specimens of grain size 90 �m were used in hot compres-
sion tests and the true stress–true strain curves are shown in Fig. 2
where a–f corresponds to the strain rates of 0.001 s−1, 0.01 s−1,
0.1 s−1, 1 s−1, 10 s−1 and 100 s−1, 1–5 correspond to the tempera-
tures of 950 ◦C, 1000 ◦C, 1050 ◦C, 1100 ◦C and 1150 ◦C. These curves
represent typical strain hardening behavior and most of the curves
show steady state region only as: (i) the strain rate is slower than
1 s−1, (ii) the strain rate is 10 s−1 and the temperature is higher
than 950 ◦C and (iii) the strain rate is 100 s−1 and the temperature
is higher than 1000 ◦C.

3.2. Establishment of processing maps

The flow stress data obtained at different temperatures, strain
rates and 0.7 strain are given in Table 1. A linear statistical regres-

sion method was used to analyze the relationship between log �
and log ε̇ and the result is shown in Fig. 3. The plot shows that very
good correlation exists at temperatures from 1000 to 1100 ◦C, while
the data at lower and higher temperatures (950 ◦C and 1150 ◦C)
have shown some deviation. The one-dimensional linear correla-

l 718 alloy before deformation.
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Fig. 2. True stress–true st

ion coefficient is between 97.5671 and 99.8023%, which indicates
hat the linear relationship between log � and log ε̇ is obvious and
he flow behavior of Inconel 718 alloy obeys power-law (Eq. (1)).
his means that the efficiency of power dissipation � and the insta-
ility parameter � at different strain rates and temperatures can be
alculated from Eqs. (2)–(4) (Prasad et al., 1984; Prasad, 1990):∣∣
= Kε̇

ε,T
(1)

=
[

∂ ln(�)
∂ ln(ε̇)

]
ε,T

(2)

able 1
low stress (in MPa) of Inconel 718 alloy at different strain rates, temperatures and
.7 strain.

Strain rate (s−1) Temperature (◦C)

950 1000 1050 1100 1150

0.001 101.66 82.89 66.34 62.63 58.95
0.01 179.59 128.50 97.82 82.48 77.91
0.1 277.66 199.56 145.85 120.49 88.06
1.0 398.51 311.05 216.89 187.59 111.35

10.0 510.17 435.92 321.69 288.57 204.56
100.0 601.33 542.93 475.87 418.79 273.67
ε

rves of Inconel 718 alloy.

� = 2m
(3)
210-1-2-31.5

2.0

2.5
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L
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(s
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Fig. 3. Relationship between log � and log ε̇ at 0.7 strain (�, 950 ◦C; �, 1000 ◦C; �,
1050 ◦C; �, 1100 ◦C; �, 1150 ◦C).
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Fig. 4. Power dissipation map at 0.7 strain.
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(Semiatin and Lahoti, 1982).
Therefore, three unstable regions are defined as the adiabatic

shear bands (950–960 ◦C, 1–100 s−1) and the intergranular cracking
Fig. 5. Distribution of unstable deformation region (� < 0) at 0.7 strain.

The change of � with strain rate ε̇ and deformation temperature
onstitutes a map called power dissipation map. The power dissi-
ation map of Inconel 718 alloy at 0.7 strain is shown in Fig. 4 and
he contour numbers in which represent the constant efficiency of
ower dissipation. The instability map can be generated by repre-
enting the variation of � with temperature and ε̇ and the unstable
egions in this map can be evaluated by using instable criterion � < 0
proposed by Prasad, 1990). The instability map of Inconel 718 alloy
t 0.7 strain is shown in Fig. 5. Finally, the processing map of Inconel
18 alloy at 0.7 strain (Fig. 6) for the specimens of grain size 90 �m

as developed by superimposition of the power dissipation map

n Fig. 4 and the instability map in Fig. 5.

Fig. 7. Optical micrographs showing intergranular cracki
Fig. 6. Processing map of Inconel 718 alloy at 0.7 strain.

3.3. Definition of unstable regions

Three unstable regions displayed in Fig. 6 are evaluated using
stability criteria and located in the positions of top left cor-
ner (950–960 ◦C, 1–100 s−1), top right corner (1125–1150 ◦C,
30–100 s−1) and lower right corner (1140–1150 ◦C, 0.001–0.01 s−1).

Optical micrographs of the specimens deformed at 1150 ◦C,
100 s−1 and 1150 ◦C, 0.001 s−1 showing intergranular cracking are
displayed in Fig. 7a and b. According to the viewpoints of Srinivasan
and Prasad (1994), the cracks are caused by intergranular embrit-
tlement at higher strain rate and higher temperature due to the
existence of iron as well as coarse carbides at the grain boundaries
in Inconel 718 alloy. Further analysis by SEM observation and EDS
spectra indicates the precipitates found existing in the cracks and
just at the grain boundaries are Nb-compounds (Fig. 8), which leads
to the intergranular embrittlement and the intergranular cracking
at 100 s−1 and 1150 ◦C. At 0.001 s−1 and 1150 ◦C, the grain boundary
will be melted and weakened due to the long time exposure under
higher temperature at slower deformation speed, which leads to
the intergranular cracking in the end.

The adiabatic shear bands oriented at about 45◦ with respect
to the compression axis are exhibited by the optical micrographs
of the specimen deformed at 950 ◦C, 100 s−1 and shown in Fig. 9.
The same phenomenon has also been found in compression tests
of Ti-6242 alloy and interpreted as a result of flow localization at
lower temperature and higher strain rate which is determined by
performance of material itself under specific external conditions
(1080–1150 ◦C, 10–100 s−1 and 1140–1150 ◦C, 0.001–0.01 s−1). The
stable region surrounded by which consisting of dynamic recovery,

ng at (a) 1150 ◦C, 0.001 s−1 and (b) 1150 ◦C, 100 s−1.
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Fig. 8. SEM micrographs showing cracks with Nb compounds precipitates at

artial or fully dynamic recrystallization and dynamic recrystalliza-
ion accompanied with grain growth will be discussed below.

.4. Definition of dynamic recrystallization region

As a main feature, the stacking fault energy of Inconel 718 alloy
s lower because of its face centered cubic structure. According to
he viewpoints of Ravichandran and Prasad (1992), nucleation rate
f austenitic grains in material with low stacking fault energy is
ower since the dynamic recrystallization is controlled by it. Opti-
al micrographs of the specimens deformed at 950 ◦C, 0.001 s−1 and
100 ◦C, 10 s−1 showing dynamic recrystallization are displayed in
ig. 10a and b. Partial dynamic recrystallization or dynamic recov-
ry is shown in Fig. 11. � = 0.28 can be regarded as the demarcation
alue of dynamic and partial dynamic recrystallization regions by
he comparation between the points A and B marked in Fig. 6 cor-
esponding to Figs. 10b and 11b. A dynamic recrystallization region

ith � > 0.28 is represented from lower strain rate and lower defor-
ation temperature to higher ones in the stable region (Fig. 6). A

eak efficiency of 0.39 occurs at about 950 ◦C and 0.001 s−1, and
he fine dynamic recrystallized grain is obtained (Fig. 10a). Obvi-
usly, the deviation of the data in Fig. 3 at 950 ◦C is just caused

Fig. 9. Optical micrographs showing adiab
ain boundaries along with EDS and surface scanning at 1150 ◦C and 100 s−1.

by the occurrence of dynamic recrystallization and adiabatic shear
bands at the lower and higher strain rate, and which at 1150 ◦C
is just caused by the occurrence of intergranular cracking. In the
upper side of the stable region, two domains with � < 0.28 can
be defined as partial dynamic recrystallization or dynamic recov-
ery regions. Optical micrographs of specimens deformed at lower
strain rate represent dynamic recrystallization accompanied with
grain growth (Fig. 12) as the deformation temperature is more than
1020 ◦C which is caused by the long time exposure and the disso-
lution of ı phase due to high solid solubility of Nb atoms in matrix
(Cai et al., 2003). So the domain with � < 0.28 in the lower right side
of the stable region can be defined as the dynamic recrystallization
accompanied with grain growth region.

3.5. Construction of deformation mechanism maps

Based on the above analysis, deformation mechanism maps

for Inconel 718 alloy at the strains of 0.1, 0.3, 0.5 and 0.7 were
developed and shown in Fig. 13. In which, the following zones
are displayed: (1) the adiabatic shear bands, (2) the intergranu-
lar cracking, (3) the partial dynamic recrystallization or dynamic
recovery, (4) the dynamic recrystallization accompanied with grain

atic shear bands at 950 ◦C, 100 s−1.
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Fig. 10. Optical micrographs showing dynamic recrystallization at (a) 950 ◦C, 0.001 s−1 and (b) 1100 ◦C, 10 s−1.

recrys

g
t
o
r

Fig. 11. Optical micrographs showing partial dynamic
rowth and (5) the dynamic recrystallization. With increasing
he strain, the unstable regions change from one zone to three
nes, the domain of dynamic recrystallization extends upward and
ightward as the strain is lower than 0.5, the regime of dynamic

Fig. 12. Optical micrographs showing dynamic recrystallization accompani
tallization at (a) 975 ◦C, 10 s−1 and (b) 1150 ◦C, 10 s−1.
recrystallization accompanied with grain growth is involved in
the stable region from the strain of 0.3. The microstructure defor-
mation mechanism maps become stable from the strain of 0.5,
which has been verified in Ti–6Al–4V alloy (Park et al., 2002)

ed with grain growth at (a) 1100 ◦C, 0.001 s−1 and (b) 1150 ◦C, 0.1 s−1.
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Fig. 13. Deformation mechanism maps for Inconel

nd Ni-based superalloy (Cai et al., 2007). Distribution trend of
he dynamic recrystallization area in the deformation mechanism

aps makes it possible to realize hot continuous rolling for Inconel
18 alloy considering the variation of temperature and strain rate

n the workpiece during that process. During forging deforma-
ion, the temperature range 1050–1100 ◦C and strain rate range
.05–30 s−1 can be chosen in blank production, the temperature
ange 950–1020 ◦C and strain rate range 0.001–0.5 s−1 can be cho-
en in final production and the peak efficiency region is an optimum
ondition for that process of this alloy.

.6. Influence of initial grain size

Although the defects in Figs. 8 and 9 have been reported by
rinivasan and Prasad (1994), the deformation temperatures of

◦ ◦ ◦
hich found in specimens are not 1150 C and 950 C but 1200 C
nd 900 ◦C, which means the stable deformation region is nar-
owed for the coarsened alloy. At 100 s−1 strain rate, specimens
xhibit different grain sizes of 10 �m, 40 �m, 75 �m and 90 �m
ere separately deformed in the temperature range 900–1200 ◦C

ig. 14. Occurrence temperature of the adiabatic shear bands and intergranular
racking for specimens with different grain sizes deformed at 100 s−1 strain rate (©,
diabatic shear bands; �, intergranular cracking; �, adiabatic shear bands and �,
ntergranular cracking reported by Srinivasan and Prasad (1994)).
lloy at strains of (a) 0.1; (b) 0.3; (c) 0.5; and (d) 0.7.

at an interval of 25 ◦C. The occurrence temperatures of shear bands
and intergranular cracking for specimens with different grain sizes
are shown in Fig. 14 and those found by Srinivasan and Prasad
(1994) are included. It can be seen the maximum occurrence tem-
perature of the adiabatic shear bands is 950 ◦C and unchanged with
the initial grain size in the designed tests. Obviously, the occur-
rence temperature 900 ◦C for the adiabatic shear bands found by
Srinivasan and Prasad (1994) at 100 s−1 strain rate is not the max-
imum one. With the increase of initial grain size, the minimum
occurrence temperature of intergranular cracking is reduced, and
1200 ◦C is the occurrence temperature of which as the grain size is
10 �m (even not more than 40 �m). As is known to us, strength of
materials in high temperature is usually determined by the strength
of grain boundary and generally described as Hall–Petch relation:

� = �0 + K · d−1/2 (6)

where � is the strength of materials and d is the diameter of grains.
Therefore, the grain boundary can be strengthened by the refined
grains due to the increased area of grain boundary and the cracking
tendency will be reduced by which. In other words, deformation
stability will be enhanced by the initial grain refinement and
improved with the decrease of initial grain size for Inconel 718
alloy.

4. Conclusions

Processing maps of Inconel 718 alloy at the strains of 0.1, 0.3,
0.5 and 0.7 were developed using cylindrical specimens with grain
size of 90 �m. Three unstable regions are presented in the process-
ing map as the strain is not less than 0.3, where one is the region
of shear bands located at 950–960 ◦C and 1–100 s−1 and the other
two are regions of intergranular cracking located at 1125–1150 ◦C,
30–100 s−1 and 1140–1150 ◦C, 0.001–0.01 s−1, respectively. The
distribution of dynamic recrystallization zone in stable region is

from lower temperature and lower strain rate to higher ones, and a
peak efficiency of 0.39 occurs at about 950 ◦C and 0.001 s−1. This dis-
tribution trend makes it possible to realize hot continuous rolling
for Inconel 718 alloy considering the variation of temperature and
strain rate in the workpiece during that process. During forging
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eformation, the temperature range 1050–1100 ◦C and strain rate
ange 0.05–30 s−1 can be chosen in blank production, the temper-
ture range 950–1020 ◦C and strain rate range 0.001–0.5 s−1 can
e chosen in final production and the peak efficiency region is an
ptimum condition for that processing of this alloy.

Influence of initial grain size on the occurrence temperature of
diabatic shear bands and intergranular cracking has been analyzed
y using specimens with the grain sizes of 10 �m, 40 �m, 75 �m
nd 90 �m at 100 s−1 strain rate, and those found by Srinivasan
nd Prasad (1994) using fine-grained specimens (d ≈ 6 �m) were
ompared. With the increase of initial grain size, the maximum
ccurrence temperature of adiabatic shear bands is unchanged and
he minimum occurrence temperature of intergranular cracking is
educed at that strain rate. As a result, the increase of initial grain
ize leads to the decrease of deformation stability.
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