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Microstructure and mechanical properties of alloy 617B
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Abstract: The microstructure and mechanical properties of alloy 617B in the process of 5000 h aging at 750 °C were systematically
investigated by means of SEM, TEM and mechanical analysis. M,;C¢ particles were dispersed inside grains and distributed
discontinuously along grain boundaries and )’ phases were situated at intragranular sites in the process of aging. The size of
precipitates increased with increasing aging time. Inter- and intra-granular carbide and y’ phase particles inside grains resulted in the
precipitation strengthening of this aged alloy, enhancing the strength and hardness. The aged alloy possessed good stabilities of
hardness and strength during aging. An obvious decrease of the toughness of this aged alloy was due to y’ phase particles limiting
plastic deformation to the area nearby grain boundaries, resulting in the occurrence of crack along grain boundaries. Additionally, the
intergranular cracks apparently led to a decrease in the toughness for this aged alloy due to carbide particles at grain boundaries. The

toughness of this aged alloy was fairly stable possibly due to the unchanged distribution of the precipitates during aging.
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1 Introduction

The efficient ultra supercritical (USC) power plants,
operating at steam temperatures of approximately 600 °C
and operating pressures of 25—30 MPa, use high-strength
ferritic and austenitic steels (e.g. P92, TP347HFG,
Super304, TP310HNbN) for boiler and turbine
components. The urgent need to improve power plant
efficiency and thereby reduce CO, emission has spurred
intensive engineering development of boilers capable of
serving at 700 °C or higher temperatures [1,2]. The
increased operating parameters place more stringent
requirements on the properties of candidate materials and
cannot be met by conventional ferritic and austenitic
steels. Consequently, there are efforts to replace these
materials by Ni-base superalloys due to a combination of
excellent microstructural stability, creep-rupture strength,
high oxidation and hot corrosion resistance [3,4].
Accordingly, beginning with the European AD700
project in 1998 [5], there has been an extensive
international effort to characterize and develop Ni-base
superalloys capable of being fabricated and serving

under advanced ultra-supercritical (A-USC) conditions.
These superalloys include solid solution strengthened
and age-hardened Ni-base alloys such as alloy 617B,
Nimonic 263 and Inconel 740H [6—15]. One of the most
promising candidate Ni-base superalloys for the boiler
superheater tube of 700 °C A-USC units is alloy 617B,
which is a modified version of alloy 617 with addition of
boron and narrowly tolerated alloying elements,
developed by Salzgitter Mannesmann Stainless Tubes,
Germany. Alloy 617B has already been tested in 700 °C
test loops in Europe [1,2]. The microstructure evolution
of alloy 617B during creep was investigated [13]. The
present work focuses on the relationship between
microstructure and mechanical properties of alloy 617B
during aging.

2 Experimental

The chemical composition of alloy 617B
investigated in this study is listed in Table 1.

The as-received alloy was solution-treated at
1180 °C for 30 min and water-quenched. It was
then aged at 750 °C for 300, 1000, 3000 and 5000 h,
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Table 1 Chemical composition of alloy 617B (mass fraction,
%)

Co Fe Ti Al B Cu W

120  0.97 0.41 0.84 0.006 0.02 0.14
Nb S P Sn C Si Mn
0.06 0.0008 0.007 0.0009  0.06 0.15 0.01
Cr Mo Pb Sb Bi As Ni
219 89 0.0004 0.002 0.0002 0.0008 Bal.

respectively. The hardness of the tested samples was
measured with an HB-3000C Brinell hardness tester.
The 55 mm x 10 mm x 7.5 mm V-notched Charpy
impact sample was tested at room temperature on a
PKP450 impact testing machine. Room and high-
temperature (700 °C) tensile tests for the tested samples
were performed on a CMT5205 tensile testing machine.

For as-received alloys, metallographic samples were
ground to 1000-grit and mechanically polished, and then
etched using a solution of HCl, HNO; and H,O. For the
aged alloys, metallographic samples were ground to
1500-grit and electro-polished with a solution of H,SO,
and CH3;0H, then electro-etched with a solution of
H,SO,4 and H,0. Scanning electron microscope (SEM)
investigations were conducted using an FEI Quanta-
400HV. Energy dispersive spectroscopy (EDS) micro-
analysis was performed by SEM.

Transmission electron microscope (TEM) samples
were prepared as follows. A foil of about 500 um in
thickness was cut and mechanically ground to a
thickness of 40 pum, from which TEM disks of 3 mm in
diameter were punched. Twin-jet electropolishing was
performed using a 10% perchloric acid+90% acetic acid
solution (volume fraction) at room temperature, with a
polishing current of approximately 30 mA. TEM
observation was carried out by a JEM—-200CX
transmission electron microscope (TEM) operating at
200 kV. The phase identification was performed using
the selected area electron diffraction (SAED) pattern.

3 Results

The effects of aging time on the room temperature
(RT) hardness and impact absorbed energy are presented
in Fig. 1. In the as-received condition, the alloy had a
low hardness and the highest impact absorbed energy,
which is the characteristic for the toughness. A
remarkable increase in hardness and an obvious decline
in toughness were observed after 300 h aging. After that,
the hardness and toughness of the aged alloys were fairly
stable and were in the range of HB 207214 and 66—83 J
in the period of 300—5000 h, respectively. The toughness
for the aged alloy 617B is higher than that of the aged
alloy 740H [16,17].
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Fig. 1 Effect of aging time on room temperature hardness and
impact absorbed energy of alloy 617B

Figure 2 shows the SEM photographs showing the
fractured surfaces after room-temperature impact test of
the alloys under different conditions. In the case of the
as-received alloy, the fracture surface was predominantly
of ductile nature revealed by the occurrence of large
equiaxed dimples, presenting a trans-granular pattern, as
shown in Fig. 2(a). After aging, the fractographs of the
aged alloys indicated a clear brittle fracture with a
localized mixed-mode behavior.

The room temperature (RT) tensile properties of the
tested alloy are illustrated in Fig. 3. The as-received alloy
exhibited low ultimate tensile strength (UTS) and yield
strength (Y'S) and the highest ductility inferred from the
highest total elongation (EL). In the period of 300—
5000 h, the strength and ductility of the aged alloy fairly
maintained stabilities.

The results of tensile tests at 700 °C are depicted in
Fig. 4. The as-received alloy exhibited low strength and
ductility. After aging, the UTS and YS of the aged alloy
increased and remained almost unchanged in the period
of 300—5000 h. The ductility of the aged alloy decreased
from 75% to 54% with an increase in aging time. In
contrast with Fig. 3, it is indicative of a decrease in the
strength and an increase in the ductility of the aged
alloys at elevated temperature.

Figure 5 shows the microstructural evolution of
alloy 617B with aging time. Some large particles
(2.4-3.3 pm) distributed within grains were rich in Ti
and N, and were therefore probably TiN. High
temperature aging led to the precipitation of a large
number of particles both within grains and at grain
boundaries. The amount of small precipitates increased
clearly with prolonging aging time.

Figure 6 presents TEM images and SAED pattern of
the alloy aged for 300 h. The sizes of M»;Cs and )’
particles were 25—130 nm and 20—70 nm, respectively
(Fig. 6(a)). Figure 6(b) shows the dark-field image of
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Fig. 2 SEM images revealing effect of aging time on impact fractured surface of alloy 617B: (a) As-received; (b) Aged for 300 h;

(c) Aged for 1000 h; (d) Aged for 5000 h
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Fig. 3 Effect of aging time on room temperature tensile

properties of alloy 617B

M,;Cs particles. Figure 6(c) shows the grain size of )’
phase particles distribution evaluated from the TEM
micrographs. The average grain size is 39 nm via a size
fitting histogram with a Gaussian profile.

TEM morphologies of the precipitates of the alloys
aged for 1000 h are presented in Fig. 7. M,;Cg particles
with a size of 50—150 nm and )’ particles with a diameter
of 40—80 nm were observed within grains (Figs. 7(a) and
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Fig. 4 Effect of aging time on high temperature (700 °C) tensile

properties of alloy 617B

(b)). M,;C¢ particle size was estimated to be in range of
100—400 nm at grain boundaries, as shown in Fig. 7(c).
The average grain size of y’ phase particles is 54 nm by
means of a size fitting histogram with a Gaussian profile
(Fig. 7(d)).

Figure 8 reveals the TEM morphologies of the
precipitates of the alloys aged for 3000 h. There were
M,;C particles with a size of 50—330 nm and y’ particles
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Fig. 7 TEM images and SAED patterns of alloy 617B aged at 750 °C for 1000 h: (a, b) Intragranular M;Cs and y';
(c) Discontinuously distributed M,;Cg along grain boundaries; (d) Size distribution histogram of y’ phase and its Gaussian fit
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with a diameter of 70—130 nm within grains (Figs. 8(a)
and (b)). M,;Cq particles with a size of 270—500 nm at
grain boundaries were observed in Figs. 8(c) and (d).
Fitting the particle size of )’ phase particles histogram
with a Gaussian profile (Fig. 8(¢)) gives an average grain
size of 85 nm.

Figure 9 illustrates the size and distribution of the
precipitates of the alloys after aging for 5000 h. There
were My;C¢ particles with a length of 60—300 nm and '
phase particles with a diameter of 60—170 nm dispersed
within grains (Figs. 9(a) and (b)). An average grain size
of 91 nm of y' phase particles is deduced by fitting the
particle size histogram with a Gaussian profile
(Fig. 9(e)). M,;C¢ particles with a size of 100—1200 nm
discontinuously precipitated along grain boundaries
(Figs. 9(c) and (d)). GUO et al [10] reported the carbides
particles continuously along grain boundaries for alloy
617 after aging for 5000 h. It is seen from Figs. 6—9 that
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the average sizes of y’ particles in alloy aged at 750 °C
for 300, 1000, 3000 and 5000 h were about 39, 54, 85
and 91 nm, respectively, which followed the theory of
Ostwald ripening [18]:

13
ro<t

)

where r, is the average radius of )’ phase at time z. The
results show that r, has a linear relationship with ¢,
indicating the coarsening behavior of y" phase followed a
diffusion controlled growth procedure.

4 Discussion

From the above results, it was clear that the
precipitates of the aged alloy were M»;C¢ with a complex
FCC structure and j' phase with an ordered FCC
structure. M,3;C, particles were located both at grain
boundaries and inside grains and )’ phase precipitated
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Fig. 9 TEM images and SAED patterns of
alloy 617B aged at 750 °C for 5000 h:
(a, b) Intragranular M»;Cs and y'; (c, d)
Discontinuously distributed M,;Cq at grain
boundaries; (e) Size distribution histogram
of'y' phase and its Gaussian fit
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within grains. Prolonging the aging time resulted in an
enhanced amount of the precipitates. It was reported in
Ref. [14] that the number of y’ particles in the aged CCA
617 increased greatly after 3000 h aging at 700 and
750 °C; however, y' particles decreased for the alloy aged
at 800 °C for 3000 h. During aging up to 5000 h, the
coherency between ' phase and matrix was remained
and the distribution of precipitates at grain boundaries
undertook no obvious change. With an increase in aging
time, the size of precipitated particles increased. The
sizes of intra- and inter-granular precipitates of the alloys
aged for different time are summarized in Table 2.

Table 2 Effect of aging time on size of precipitates of alloy
617B aged at 750 °C

Size/nm
Time/h  Intragranular ~ Intragranular  Intergranular
ya M»;Cs MG
300 20-70 25-130 -
1000 30-80 50-150 100—400
3000 70-130 50-330 270-500
5000 60—140 60-300 100—1200

The aged alloy represented enhanced RT hardness
and strength compared with as-received samples, which
is correlated with the distribution and size of the
precipitates and the relationship between the precipitates
and the matrix phase. For example, coherency between y’
phase and the matrix was maintained during aging and
resulted in a coherent stress for the aged alloy, thus
giving rise to enhanced hardness and strength. On the
other hand, the strengthening of the aged alloy also
results from the precipitation of carbides as discrete
particles both inside grains and at grain boundaries. The
intragranular carbides contribute to the strengthening
effect by acting as barriers for dislocation motion and by
stabilizing dislocations. The discrete nature of the grain
boundary carbides enhances hardness because it causes
pinning of the boundary and decreases grain boundary
sliding.

The as-received alloy exhibited the highest RT
toughness and ductility revealed by dimple-ductile
fracture. A drop in RT toughness and ductility occurred
predominately because the carbides formed at grain
boundaries after aging. The grain boundaries are
weakened by carbides at grain boundary and the
separation occurs by decohesion at carbide—matrix
interface. At the same time, the interfaces between
carbides and the matrix become initiation sites for
fracture. Hence, cracks may mainly take place at grain
boundaries during the impact and tensile tests. The
separated surfaces appear smooth due to the distribution
of the grain boundary carbides. These inter-granular

cracks apparently lead to a decrease in RT toughness and
ductility for the aged alloys. On the other hand, the
precipitation strengthening of y’ phase of the aged alloys
limits plastic deformation to the area nearby grain
boundaries, resulting in the occurrence of crack along
grain boundaries, which is an another important factor
for a decrease of RT toughness and ductility. The
toughness of the aged alloy still maintained a higher
level and kept stability because of the unchanged
distribution of carbides along grain boundaries in the
process of 5000 h aging. It is likely that boron plays an
important role in changing the size and distribution of
intergranular carbide particles and is conducive to the
improvement of bonding at grain boundaries and retards
the initiation and propagation of cracks. It was also
reported that addition of boron changed the size of
intergranular carbides and the fracture mode of steels and
alloys [19,20].

5 Conclusions

1) The precipitates of the aged alloy are My;Cs
carbide located inside grains and at grain boundaries and
9" phase dispersed within grains. The coarsening
behavior of y’ followed a diffusion controlled growth
procedure.

2) During aging, the distribution of the precipitates
along grain boundaries takes no obvious change and the
coherency between ' and matrix is maintained.
Prolonging aging time induces the growth of precipitates
both at grain boundaries and inside grains.

3) The aged alloy 617B represents good stabilities
of hardness, toughness and tensile strength.
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