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Abstract

Inert gas atomized superalloy Inconel 718 powder was hot isostatically processed
(HIPed) at 1200 °C / 120 MPa / 3h. This material was then subjected to a standard heat
treatment schedule adopted for wrought IN 718 (955 °C/ 1 h. / water quenching and two - step
ageing at 720 °C / 8 h. / furnace cooling to 620 °C / 8 h. / followed by air cooling to room
temperature), which showed substantial improvement in strength but a drastic decrease in
ductility. Since, the solution treatment temperature has a significant influence on
microstructure development, the HIPed compacts were subjected to various solution treatment
temperatures between 850 and 1270 °C, while the same ageing treatment was retained. The
microstructure of the compacts in the as - HIPed, solution treated and aged conditions was
studied in detail. The tensile properties of these samples were evaluated at room temperature
and at 650 °C. The microstructure corresponding to the solution treatment temperature of
1270 °C, showed incipient melting at the particle boundaries leading to enhanced bonding
across the particles and resulting in a considerable improvement of ductility.
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Introduction

Superalloy 718 exhibits good strength, adequate resistance to low cycle fatigue and
oxidation resistance up to 650 °C. Hence, it is extensively used in aircraft, aerospace, nuclear
and petrochemical industries [1, 2]. Though processing of this alloy is generally carried out
through ingot metallurgy route, there are problems associated with microsegregation of
alloying elements [3, 4].

Use of powder metallurgy processing techniques result in improved alloy homogeneity
and microstructure, which ultimately improve tensile and fatigue properties [5]. Alloy 718
powder is usually consolidated either by sintering under atmospheric pressure or hot extrusion.
The compacted material is further isothermally forged to required shapes. The mechanical
properties of these are better than their forged counterparts made through ingot metallurgy [6].
Osprey forming and powder injection moulding are two other techniques used for making near
net shape IN 718 components [7, 8]. However, the residual porosity present in components
produced by these techniques is a major drawback for critical applications. The above
limitation can be overcome by a single step HIP technique, where near net shaped components
with near theoretical density and isotropic properties are achieved [9]. Usually P/M (HIP)
processed nickel base superalloys have been associated with inferior ductility compared to
wrought material due to the presence of prior particle boundaries (PPBs). Improvement in
ductility can be achieved by an additional step of thermomechanical working [10], however,
the near net shape advantage of HIP route is lost. In this study, efforts have been made to
improve the ductility of HIPed alloy 718 by modifying the heat treatment schedule to retain the
advantage of near net shape.

Experimental Procedure

The starting material for this study was argon atomized prealloyed IN 718 powder
(supplied by Osprey Metals Ltd; U.K.), the morphology of particles is shown in Fig.1. The as -
received powder was chemically analysed for its composition. The powder particle shape, size
distribution, mean particle size, apparent density, tap density and flow rate were measured as
per the standard procedures [11]. The powder was encapsulated by filling into stainless steel
capsules of suitable size and hot degassed at 800 °C for 8 hours and then crimp - sealed under a
dynamic vacuum of 6.5x10 * Pa. The encapsulated powder was consolidated in an ASEA
QUINTUS QIH - 32 hot isostatic press (HIP) at 1200 °C under a pressure of 120 MPa for 3
hours. The HIPed material was initially heat treated at 955 °C for 1 h. / water quenched (WQ).
This was followed by a two - step ageing treatment consisting of 720 °C / 8 h. / furnace
cooling (FC) to 620 °C and holding at 620 °C for 8 h. followed by air cooling (AC) to room
temperature. Another set of compacts was heat treated at various solution treatment
temperatures between 850 °C and 1270 °C for 1 hour, while the ageing treatment was kept
same. Optical metallography, scanning electron microscopy and electron probe micro analysis
were carried out on these samples. Transmission electron microscopy was carried out on the
thin foils prepared from the selected samples. Tensile specimens (4.06 mm gauge diameter and
25.4 mm of gauge length) were prepared from the various compacts. Tensile tests were carried
out at room temperature and at 650 °C at a strain rate of 6.56 x 10~ *s ™. The fractured surfaces
of the specimens were examined under SEM to study the fracture characteristics.

606



Results and Discussion

As - HIPed Material

The microstructure of as - HIPed compact (Fig.2.a) shows complete absence of porosity
and the presence of fine particles, which could be carbides or oxides. The microstructure
(Fig.2.b) further reveals annealing twins, prior particle boundaries (PPBs). Presence of second
phase particles (~1 to 2 um) can also be seen along the particle boundaries. It was confirmed
by EPMA studies, that these particles were MC type carbides enriched with Nb and Ti, while
the PPBs had Ti and Al rich oxide films [12]. Formation of these films can be attributed to the
high oxygen content (275 ppm) of prealloyed powder as indicated in Table - I. The PPBs did
not allow the powder particles to undertake deformation during HIPing, resulting in retainment
of spherical shape of the powder particles in the grain structure. The microstructure analysis
further revealed that grain size is varying between 5 and 50 pm, with an average value at
25 um. The variation of grain size can be attributed to the wide particle size distribution of the
alloy powder as given in Table - II.

Figure 2: Microstructure of IN 718 compact HIPed at1200 °C/ 120 MPa / 3h.
(a) As — polished condition (b) Etched condition
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Table I Chemical Composition of Argon Atomized IN 718 Alloy Powder

Elements (wt. %)
Nb | Mo | Al | Ti C Ni O
47 | 31 |08 | 05| 0.03

Cr Fe
19.6 | 18.9

Balance | 275 ppm

Table II Physical Properties of Argon Atomized IN 718 Alloy Powder

Particle shape Spherical
Size distribution Mesh size (um): (-106+75) (-75+63) (-63+53) (-53+37)(<37)
Weight (%) 10.2 8.5 17.7 27.7 35.9

Mean particle size 50 um (by sieve analysis)

Apparent density 4.18 g/ cc. (51% of theoretical value)
Tap density 5.17 g/ cc. (63 % of theoretical value)
Flow rate 20s/50g.

The room temperature tensile properties of the as - HIPed samples showed tensile
strength and ductility that meets the requirement as per the AMS 5662G for wrought IN 718
alloy (Table - III). On the other hand, the yield strength was found to be marginally lower than
the specified value and could be attributed to the low volume fraction of y”” and vy’ precipitates
in the matrix associated with a lack of adequate ageing treatment after HIPing. Due to the low
volume fraction of these precipitates, cross - slip becomes more predominant which resulted in
greater ductility and lowered yield strength. The tensile properties corresponding to test
temperature 650 °C showed strength values within the AMS 5596 range with a drastic
reduction in ductility. The deterioration of ductility can be attributed to the presence of PPB
networks [13]. The SEM fractograph of the sample tensile tested at room temperature showed
particle boundaries (Fig.3.a), however, the sample exhibited 19.4 % elongation and is
comparable to that of wrought material. The higher ductility associated with particle boundary
decohesion can be due to the tortuous crack path along the boundaries which could delay the
fracture. The samples tested at 650 °C revealed a mixed interparticle - intergranular mode of
fracture (Fig.3b). The presence of fine dimples within the grains suggested that formation of
very tiny voids near the matrix - precipitate interface.

Table III Tensile Properties of As - HIPed IN 718 Alloy

Test temperature 0.2 %YS (MPa) UTS(MPa) %EL
25°C 993 1334 19.4
AMS 5662G * 1035 -1167 1275 -1400 12 - 21
650 °C 907 1028 3.0
AMS 5596 * 860 -1000 1000 -1200 12 -19

* Property requirement for wrought IN 718 alloy after ageing treatment.
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(a) Tensile tested at room temperature (b) Tensile tested at 650 °C.

Material subjected to Standard Heat Treatment Schedule

The microstructure of the HIPed compacts subjected to standard heat treatment
schedule ( 955 °C /1 h. / WQ. and two-step ageing at 720 °C / 8 h. / FC. to 620 °C / 8h. / AC.
to room temperature) analyzed under TEM show that the major strengthening phases ¥’ and y’
were present in the matrix [Fig.4. (a) & (b)]. In addition, the microstructure shows decoration
of MC carbides (enriched with Nb & Ti) at the particle boundaries (Fig.4.c). The formation of
such carbides is possible during slow cooling stage of HIPing. The microstructure further
reveals d - Ni3Nb precipitates with plate-like morphology at the particle boundaries (Fig.4.d).
Such precipitation takes place during solution treatment at 955 °C, where y + & equilibrium
exists [14].

The tensile properties of the compacts subjected to standard heat treatment schedule,
evaluated at room temperature showed that the yield strength increases considerably and 1s
above the specified range as per the AMS 5662G for wrought material (Table - IV). While the
tensile strength is within the specified range, the ductility, however, was considerably lowered.
The improvement in strength could be attributed to the precipitation of y”” and y’ phases during
ageing. When compared to the as — HIPed material the strength is higher and the ductility 1s
very much decreased in the heat treated condition. This could be due to the formation of more
y” and y’ precipitates during ageing leading to cutting of particles (planar-slip) by dislocations.
In addition, preferential precipitation of carbides at the particle boundaries during ageing could
be another reason for lower ductility. The samples tested at 650 °C show that strength values
are within the specified range as per the AMS 5596, but the ductility was extremely poor.
Deterioration of ductility at elevated temperature can be attributed to the persistence of the
PPB networks in the material [15]. The fractograph of room temperature tensile tested sample
shows particle boundaries (Fig.5.a), suggesting interparticle failure. The sample tensile tested
at 650 °C reveals fine dimples in the interior of coarser grains and fine particle boundaries
(Fig.5.b), indicating that formation of voids at the matrix - precipitate interface and decohesion
of fine particle boundaries resulting in prematured fracture at elevated temperature.
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Figure 4: TEM micrographs of HIPed IN 718 alloy heat treated at

955 °C/ 1 h. WQ. and ageing at 720 °C / 8h. FC.to 620 °C / 8h. /AC.
(a) v” strengthening precipitates in the matrix
(b) v’ strengthening precipitates in the matrix
(c) Decoration of MC (Nb & Ti rich) carbides at the particle boundary
(d) - Ni3Nb phase at the particle boundary.

Table IV Tensile Properties of HIP + Heat Treated IN 718 Alloy

Test temperature 0.2 %YS (MPa) | UTS(MPa) %EL
25°C 1212 1399 8.5

AMS 5662G * 1035 -1167 1275 - 1400 12-21
650 °C 1009 1132 2.7

AMS 5596 * 860 - 1000 1000 - 1200 12-19

* Property requirement for wrought IN 718 alloy after ageing treatment.
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Figure 5: Fractographs of HIPed IN 718 alloy heat treated as per
the standard schedule (a) Tensile tested at room temperature
(b) Tensile tested at 650 °C.

timization of Solution Treatment Temperature

Since the ductility values were poor in the compacts subjected to standard heat
treatment schedule, the compacts were solution treated at varying temperatures (850-1270 °C),
which was expected to result in better inter diffusion of elements, and associated changes in
microstructure. When solution treated at 850 °C precipitation of orthorhombic & - NisNb phase
with globular morphology was found to occur at the particle boundaries (Fig.6.a). Increasing
the temperature to 955 °C resulted in profuse precipitation of 8 - phase in the matrix and along
the grain boundaries with globular and plate-like morphologies (Fig.6.b). Further increasing
solution treatment temperature to 1050 °C led to dissolution of 8-phase (Fig.6.c), as it is above
the & solvus [16]. Increasing the solution treatment temperature to 1150 °C, resulted in
dissolution of primary (Nb & Ti rich MC) carbides, decrease in volume fraction of second
phase particles (Fig.6.d). While such carbide dissolution in wrought alloy result in excessive
grain growth [17], the presence of PPBs in HIP processed alloy restricted the grain growth.
Further increase in solution treatment temperature to 1250 °C, caused incipient melting, at the
particle boundary triple points, though no change was observed in the PPB networks and grain
size (Fig.6.e). Still further increase in solution treatment temperature to 1270 °C resulted in
appreciable melting at the particle boundaries. Which caused disruption of boundary films
resulting in particle boundary migration and enhanced bonding across the particles. The initial
spherical shape of coarse particles changed to irregular shape (Fig.6.f). A similar observation
was reported on HIPed superalloy 713 LC by Wallace et al. [18]. The finer particles however
retained their spherical shape, due to lower volume fraction of liquid phase formed on the finer
particle boundaries compared to that of coarser particles. When compared to as - HIPed
compact, with grain size of 25 pum, the material subjected to solution treatment at 1270 °C
showed a slight grain coarsening with an average grain size of 35 pm.
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Figure 6: Microstructure of HIPed IN 718 alloy compacts subjected
to solution treatment at (a) 850 °C / 1h. (b) 955 °C/ 1h.
(c) 1050 °C / 1h. (d) 1150 °C/ 1h. (e) 1250 °C / 1h. (f) 1270 °C/ 1h.
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Figure 7: Effect of solution treatment temperature on room
temperature tensile properties of HIP processed IN 718 alloy
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Figure 8: Tensile properties of HIP + solution treated (850 -1270 °C) and
aged (720 °C/ 8h. FC. 620 °C / 8h. /AC.) IN 718 samples tested at 650 °C.

Figure 9: Fractographs of HIPed IN 718 alloy solution treated at
1270 °C /1h. and aged at 720 °C / 8h. FC. 620 °C/ 8h. /AC.
(a) Tensile tested at room temperature (b) Tensile tested at 650 °C.
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Properties of Solution treated and Aged Material

The room temperature tensile properties of solution treated compacts show lowering of
strength with increasing solution treatment temperature (Fig.7.a), due to the dissolution of
major strengthening phases. The tensile ductility, on the other hand, shows an improvement
with increasing solution treatment temperature and attains a maximum value at 1270 °C, due to
disruption of particle boundary films and enhanced bonding between the particles. The
fractography of solution treated compacts over a range of temperature showed nearly similar
features, conforming to ductile type of fracture. However, at a solution treatment temperature
of 1270 °C, more areas with fine dimples leading to higher ductility were observed.

The room temperature tensile properties of the compacts after aging (720 °C / 8h. FC.
to 620°C / 8h. /AC.) show almost identical values of tensile strength, while the yield strength
shows a marginal increase and attains a maximum value around 1150 °C (Fig.7.a). This could
be due to complete dissolution of 8 - NisNb phase setting free additional Nb, to facilitate
formation of y” during ageing treatment, thereby increasing the volume fraction of
strengthening phase in the matrix. The ductility values were however low (6.5 = 1.0 %).
Improvement of ductility (by a factor of about 2) was observed at a solution treatment
temperature of 1270 °C as compared to that of at 1150 °C. The tensile properties of compacts
tested at 650 °C (Fig.8) show that the strength attains a maximum value in the range of 1100 —
1150 °C, however, the corresponding ductility is low. A considerable improvement in ductility
was observed at a solution treatment temperature of 1270 °C due to the microstructural
changes, discussed earlier. The fractograph of the aged sample (corresponding to solution
treatment at 1270 °C) tensile tested at room temperature shows particle boundaries and fine
dimples within the particles (Fig.9.a), suggesting that crack path along the particle boundaries
and void formation near the matrix-precipitate interface. The sample tested at 650 °C shows
more area of dimple rupture with a few particle boundaries (Fig.9.b), suggesting that there is
definite improvement in ductility, though it was not as high as that of wrought material.

Conclusions

1. HIP processed IN 718 alloy showed considerable improvement in strength but drastic
decrease in ductility when subjected to standard heat treatment schedule. The poor ductility
was attributed to the presence of prior particle boundaries.

2. Considerable improvement in ductility was achieved when solution treatment was performed
at a temperature of 1270 °C, because it leads to dissolution of PPB precipitates, disruption of
oxide film at the particle boundaries and enhanced bonding between the particles.
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