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Abstract. The gamma prime precipitation strengthening behavior and oxide dispersion strengthening behaviol
of mechanically alloyed oxide dispersion strengthened (ODS) Ni-base superalloys have been investigated. Tt
most important microstructural feature affecting the elevated temperature strength of ODS alloys was found tc
be the grain aspect ratio. Grain aspect ratio after zone annealing was sensitively related to the primary grain siz
in as-extruded Ni-base superalloy. There was a suitable range of primary grain size to obtain a coarse elongat
grain structure after zone annealing. The large grain aspect ratio above a critical value of about 20 resulted in &
increase in stress-rupture life more than two orders of magnitude &€9%@e size and distribution of the gamma
prime precipitates were dependent on the solution heat treatment conditions. The microstructural parameters ¢
the gamma prime precipitates significantly affected on the stress-rupture property of ODS Ni-base superalloy &
the intermediate temperature range.
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Introduction

It has long been recognized by aircraft engine manufacturers that the increase of turbin
inlet temperature offers attractive advantages in an aircraft turbine performance and in a
economy. A significant amount of improvement in turbine inlet temperature has been madt
possible by the advances in material capability and processing. The mechanical alloyin
process of Ni-base superalloys has been recognized as a novel manufacturing process for:
high temperature engine components in aircraft gas turbine engines. Mechanical alloyini
process [1, 2] was developed around 1966 at Inco’s Paul D. Merica Research Laborator
as a part of program to produce an Ni-base superalloy combining the advantageref
cipitation hardening for intermediate temperature ranged 700€980d oxide dispersion
strengthening for high temperature abov&000 C for gas turbine engine application.
Mechanical alloying is a dry, high-energy ball milling operation that produces composite
metal powders with extremely fine microstructures. Mechanically alloyed powders are
consolidated by placing them in sealed cans for extrusion or hot pressing, followed by
conventional hot an cold working processes. A final annealing at very high temperature i
required to develop a stable, coarse grain microstructure suitable for the most demandir
stress-rupture applications. The highly elongated grains are developed through seconda
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recrystallization by zone annealing of as-extruded, fine grained alloys. Oxide dispersior
strengthened (ODS) alloys produced by MA process attract great attention as advance
high temperature materials, because they can retain useful strength up to a relatively hig
temperature. The elevated temperature strength of the ODS alloy is increased due to tt
direct strengthening of fine, uniformly dispersed and stable oxide patrticles by acting ac
barriers to dislocation motion.

In addition to this direct strengthening by oxide particles, the most important microstruc-
tural features affecting elevated temperature strength of the ODS alloy is the grain aspet
ratio (GAR). The accumulation of creep damage on transverse boundaries of the ODS allo
can be controlled by an accommodation process, i.e., mutual sliding displacements betwee
neighboring grains in the longitudinal direction. An elongated grain shape contributes to
the retardation of this process and prolongation of creep life. The formation of coarse elon
gated grains with a high grain aspect ratio is possible during secondary recrystallizatiot
by a process of directional recrystallization or zone annealing heat treatment [3-8]. Al-
though the exact mechanism of secondary recrystallization behavior is not fully understoot
up to now, the importance of GAR has been received considerable attention [9-11]. Af
the intermediate temperature region of 700-@)ahe strengthening of MA ODS Ni-base
superalloys is obtained through the precipitation hardening bysaAj Ti), which is
known asy’ phase [12]. The/’ precipitates are ordered FCC @)Istructure and are co-
herent with the nickel-ricly matrix having FCC structure. The size, volume fraction and
distribution of they’ precipitates are sensitively related to the heat treatment for precipi-
tation and these parameters can significantly affect the mechanical properties of the OD
Ni-base superalloys.

The aim of this study is to show that there is a suitable range of average grain size in as
extruded materials to obtain a coarse elongated grain structure after zone annealing. Sin
the rupture life was closely related to the microstructure at elevated temperature, the effec
of solution heat treatment temperature onjtherecipitate size and stress rupture property
of MA ODS Ni-base superalloy was investigated.

Experimental procedures
Preparation of alloy

An oxide dispersion strengthened Ni-base superalloy, which is designated as Alloy 92 [13]
was prepared by Inco Alloys International Inc. The elemental powders and master alloy
powders were mechanically alloyed in an attritor. The mechanically alloyed powders were
packed into mild steel cans, then the cans were evacuated and sealed. The sealed cans w
extruded into bars with 1.8 cm in diameter at 11C%vith extrusion ratio of about 17: 1.
The nominal composition of the ODS Ni-base superalloy (Alloy 92) is listed Table 1. The

Table 1 The nominal compositions of an experimental Alloy 92 (unit: wt.%).

Ni Cr Al W Ta Mo Co Ti Zr B C Y203 Re

Alloy 92 Bal. 8 6.5 6 3 15 5 1 0.15 0.01 0.05 11 3
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transmission electron microscope was observed to characterize the as-extruded microstrt
ture of ODS Ni-base superalloy. TEM specimens were electropolished in a Struers Tenupol
twin jet electropolisher operating at 30 V in a 9: 1 mixture of ethanol and perchlolic acid
at—50°C.

Zone annealing for grain size control

Zone annealing treatments were conducted at hot zone temperature 6€18i00 a fur-

nace travel speed of 5.5 cm/h. The zone annealed bars were surface ground to reveal t
secondary recrystallized grain structure. In order to enhance the secondary recrystallizatic
response, the effect of preannealing treatment before the zone annealing have been inve:
gated by TEM and optical microscope. The preannealing was conducted at gamma prim
dissolution temperature of 1135 for 40 min. The primary grain sizes were obtained by
measuring the profile diameter of about 200 grains on TEM photographs.

The specimens for stress-rupture test were machined with a gage diameter of 4.5 mi
and gage length of 20 mm. The gamma prime heat treatments were performed by thre
steps as 1/2 h/128C/AC + 2 h/950C/AC + 24 h/850C/AC. The stress-rupture tests were
conducted at 95@ under constant load in air with the tensile axis parallel to the extrusion
direction.

Heat treatment for gamma prime precipitation

The extruded bars were zone annealed at hot zone temperature 6€18100 a furnace
travel speed of 9 cm/h and followed by three-stage heat treatment for the precipitation o
y’ phase. The solvus temperature/dis extended to 1070-1170 and the solidus line is
reported as 1330-1390 in the Alloy 92 [14]. The superalloy was solution treated at three
different conditions. The superalloy was solution treated at two different temperatures of
1232C and 1280C for fixed time of 30 min. While, the solution treatment time was varied
from 30 min b 2 h at demperature of 128, then followed by two stages aging treatments
(950°C/2 h/air cooling (AC)+ 850°C/24 h/AC). The detail processes are as follows:

(1) HTC1: 1232C/0.5 h/air cooling (AC)+ 950°C/2 h/AC + 850°C/24 h/AC
(2) HTC2: 1280C/0.5 h/AC + 950°C/2 h/AC + 850°C/24 h/AC
(3) HTC3: 1280C/2 h/AC + 950°C/2 h/AC + 850°C/24 h/AC

Stress-ru pture tests

The specimens for stress-rupture test were machined with a gage diameter of 4.5 mr
and gage lengths of 20 mm after the three stages heat treatments. The stress-rupture te
were conducted at 76C with the tensile axis parallel to the extrusion direction. Phe
precipitates were observed by the scanning electron microscope (SEM) and transmissic
electron microscope (TEM). The specimens for observation of the microstructure by SEM
were electropolished in a mixture of 17 ml 0@, 2 ml HNG; and 1 ml of CHCOOH.
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Results and discussion
Microstructure and grain aspect ratio

It is well known that GAR values in secondary recrystallized material can be changed
with sample geometry and zone annealing conditions. In this study the relationship be
tween GAR after zone annealing and the primary grain size before zone annealing wa
investigated. Typical TEM micrographs of the as-extruded sample were given in figure 1.
The microstructure was characterized as fine equiaxed grains. The average grain size w
measured approximately ranged 0.3—-Qr@. To improve the high temperature mechani-
cal properties, the as-extruded, fine grained microstructure needs to be transformed inf
a coarse grain structure. This is possible with zone annealing during which secondar
recrystallization occurs. The optical micrographs after zone annealing treatment were give
infigure 2. Itis well known that the high temperature strength is closely related to the shape
of the grains, and the creep strength increases linearly with increasing grain aspect rati
(GAR), which is the ratio of grain lengtlt,, to grain width,W. The GAR should be large,
preferably greater than 20, to increase high temperature creep-rupture resistance.
Forthe same GAR, the coarser elongated grains are more desirable than the finer elongat
grains since there are less transverse grain boundary areas initiating creep cracks. This me:
that the fine-grained structure of figure 2(b) need to be changed into the coarse graine
structure of figure 2(a) to increase the high temperature capability. The driving force for
primary recrystallization is the reduction of dislocation line energy, whereas the driving
force for secondary recrystallization is the reduction of grain boundary energy. Therefore
it is assumed that the difference in secondary recrystallization behavior of this sample
results from the difference in the primary gain size of as-extruded materials. Transmissiol
electron micrographs showed that there was a difference in the average grain size, which wi
0.50m and 0.35:m in the as-extruded condition, respectively. The average grain size can
be changed by the normal grain growth prior to zone annealing. This is called preannealin
because it is conducted before the zone annealing treatment. The upper temperature
preannealing is limited below the critical secondary recrystallization temperature, and the

Figure 1  Bright field electron micrographs of Alloy 92 in the extruded condition: (a) Alloy 92A (@r5),
(b) Alloy 92B (0.35um).
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Figure2  Optical micrographs of zone annealed sample with maximum hot zone temperatured® 1f2@0ace
travel speed of 5.5 cm/h, (a) Alloy 92A (0Em), (b) Alloy 92B (0.35xm).

lower temperature is bound to the gamma prime solvus temperature because the gra
boundary mobility is severely restricted.

From the above consideration, the preannealing temperature was determine@ 1135
within the temperature range for gamma prime dissolution. The gamma prime dissolutior
temperatures were ranged from 10600 1170C as reported in the literature [10]. TEM
investigations as shown in figures 3(a)—(c) had shown that there was a normal grain growt

—

Figure 3 TEM micrographs of Alloy 92 show the difference of primary grain size: [ax0.35 um,
(b) D= 0.47 um, (c) D=0.61 um, and (d), (e), (f) are optical micrographs of these specimens after zone
annealing treatment at 1290, 5.5 cm/h respectively.
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during preannealing. Average grain sizes of Alloy 92B were changed from.8i as-
extruded materials to 0.4¥m or 0.61um after preannealing for 40 or 240 min, respectively.
The optical micrographs of zone annealed Alloy 92 showed the enhanced grain structur
after preannealing heat treatment as shown in figures 3(e) and (f). The coarsest elongat
grain structure was obtained when preannealing time was 40 min as shown in figure 3(e]
In the case of preannealing for 240 min, the GAR value was lower than that of 40 min
annealed sample. These results confirmed that the difference in secondary recrystallizatic
behavior of ODS alloy was resulted from the difference in the primary grain size. These
results showed that the preannealing heat treatment prior to zone annealing could increa
the grain aspect ratio after zone annealing. It is possible to establish the direct relationshi
between GAR after zone annealing and the primary grain size of as-extruded materials
From the above microstructural consideration, itis considered that there was a suitable ranc
of primary grain size for producing coarse elongated grain structure after zone annealin
as summarized in figure 4.

It has been found that the optimum primary grain size for producing a coarse elongate
structure is ranged 0.45-0.586n. When the primary grain size was less than 45,
a coarse elongated structure was not developed during the secondary recrystallizatio
However, the preannealed fine grained alloy produced the desirable coarse elongated strt
ture after zone annealing because the preannealing heat treatment was able to produce
suitable primary grain size for a coarse elongated grain structure. Furthermore, the applic:
tion of preannealing heat treatment can induce more homogeneous deformation across t
transverse section of the as-extruded bars.

The results onthe preannealing heat treatment indicate that the desirable coarse elonga
structure could be obtained from a very fine grained ODS superalloy. These confirmed the
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Figure 4  Variation of grain aspect ratio after zone annealing as a function of primary grain size (open symbol:
as-extruded and closed symbol: preannealed stated).
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Figure 5 Stress-rupture life as function of grain aspect ratio (GAR) for Alloy 92B af@5@50 MPa.

the grain aspect ratio after zone annealing heat treatment was closely related with the pr
mary average grain size of as-extruded alloy. According to Jongenburger Singer [11], the
growth rate was dependent on the primary grain sizex(l/L), and the nucleation rate
was inversely dependent on the third power of primary grain $izex(1/L3). This means

that the nucleation rate is more sensitively changed with primary grain size than that of the
growth rate. So, if the primary grain size is controlled appropriately, the nucleation rate
could reduced more than the growth rate. Figure 5 shows the variation of rupture life as
a function of GAR in the longitudinal direction. As the GAR increasing from about 5 to
45, rupture lives increased from ali@ih toabout 300 h. The increase in rupture life is
resulted from the change in fracture mode as shown in figure 6. At low GAR, intergranular
fracture by the pull-out of individual grains was predominant, whereas the transgranulai

Figure 6.  SEM micrographs showing the fracture surface of specimen with a various GAR: (a)"62R
(b) GAR~ 15, (c) GAR~ 45, fracture morphology changed from intergranular (a), to transgranular (c) as a GAR
value increasing.
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fracture was predominant at high GAR. These results showed that the high temperatur
stress-rupture properties were sensitively dependent on the grain aspect ratio after zol
annealing treatment, and the GAR is closely related to primary grain size of as-extrudec
materials.

Gamma prime precipitates and stress rupture property

To make the ODS Ni-base superalloy suitable for use at high temperature, the as-extrude
fine-grained microstructure needs to be transformed into an elongated coarse-grained
crostructure. The elongated coarse-grained microstructure can be obtained by the second:
recrystallization through gradient annealing. For most MA ODS superalloys, the recrys-
tallization is performed under the condition of temperature gradient as shown in figure 7.
which causes the formation of elongated large grains with high grain aspect ratio (GAR).
The microstructure of the zone annealed specimen in figure 2 showed a coarse elongat
microstructure developed during the gradient annealing treatment.

The specimens were furnace cooled to room temperature after passing the peak tempel
ture zone passed during zone annealing as illustrated in figure 1. During the furnace coolin
the gamma prime precipitates were precipitated in gamma matrix with the compositions a
analyzed in Table 2.

The large irregular/’ precipitates with an average cube size of about in8 were
observed as shown in figure 8. It is reported that the stress-rupture resistancé@t 760
was obtained by the fine precipitates less thami[15-17]. This indicates that solution
treatment temperature needs to be high enough to dissolve the preexisting coarse gami

Table 2 The chemical composition of matrix and gamma prime precipitates of Alloy 92 (unit: wt.%).

Ni Al w Mo Ti Cr Co Others
Matrix 66 5.8 6.0 1.8 1.0 7.8 4.9 7.1
Precipitatesy’) 70 12.2 7.6 0.9 1.6 2.3 2.8 3.0

Furnace moving direction ——»
' ' Sample ‘ ‘
Temperature gradient Temperature gradient
of start position of final position

Figure 7. Schematic illustration of the zone annealing heat treatment process.
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Figure8 SEM micrograph showing coargéprecipitates formed during the furnace cooling after zone annealing
heat treatment (130C, 9 cm/h).

Figure 9 SEM micrographs show the variationfparticle size with solution heat treatment: (a) 0.5 h/TZ32
[HTC1], (b) 0.5 h/1280C [HTC2] and (c) 2 h/1280C [HTC3].

prime so that it can be reprecipitated into a finer form during cooling. The microstructure
of Alloy 92 after three different solution treatments were observed and the morphologies
of gamma prime precipitates after gamma prime heat treatments were shown in figure ¢
The HTCL1 treatment resulted in a precipitation of cuboidal shape fine gamma prime par
ticles of about 0.3Q«m in cube size in addition to the unresolved coarse residual gamma
prime of about 0.9Qum. The HTC2 treatment showed a similar morphology with HTC1
treatment, while the average size of gamma prime precipitates was abouwt).ddd the
number of unresolved coarse residual gamma prime was much reduced compared to HTC
(figure 9(b)). The HTC3 treatment resulted in a uniform cubojdgirecipitates of about
0.53 um without any unresolved coarse gamma prime precipitates (figure 9(c)). In order
to compare the high temperature creep resistance, the superalloy heat treated with thr
different conditions were stress-rupture tested atC6Figure 10 shows the variation of
100 h rupture strength of the superalloy as a function of the gamma prime precipitates size
The highest stress-rupture strength was obtained at the cubdisiae of about 0.4Lm.
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Figure 10 The variation of 100 h rupture-stress of Alloy 92 with varying gamma prime precipitate size.

Figure 11 The transmission electron micrographs showing the dislocation structure in stress-rupture testec
specimens at 76QC: (a) and (b) are bright filed image showing extensive slip through the matrix channel (HTC1),
(c) is bright field image and (d) is weak beam dark field image showing the stacking faults gushearing
(HTC2). (e) is bright field image and (f) is weak beam dark field image showing the dislocation tangles around
they’ precipitates (HTC3).
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The typical deformation microstructures at 760of the Alloy 92 containing/’ precipi-

tates with size in the range of 0.30-0.5& are shown in figure 11. When' size was
about 0.41um, they’ precipitates were sheared by %43 2 type dislocations and formed

the superlattice intrinsic and extrinsic stacking faults as shown in figures 11(c) and (d).
The specimen having the shear deformation mode of the gamma prime showed the highe
stress-rupture strength among the three different heat treatments. Wheghdize was
decreased to 0.30m, the deformation was occurred by the extensive slip through matrix.
The stress-rupture life was decreased ag/thsize decreased from 0.4dm to 0.30um as
shown in figure 10. As the precipitate size increased to &3 the Orowan bowing of
dislocations around the gamma prime precipitates was promoted and resulted in a decrea
in stress-rupture life as shown in figure 10.

Summary

The effect of preannealing on the secondary recrystallization behavior of an ODS superallo
(Alloy 92) was investigated. Grain aspect ratio after zone annealing heat treatment wa
closely related to the primary grain size of the as-extruded superalloys. There was a suitab
range of average grain size of as-extruded superalloys, which ranged fronu .48
0.55um, to obtain coarse elongated grain structure after zone annealing. When the primar
grain size was less than 0.48n, the average grain size need to be increased to suitable
range for coarse elongated grain structure by preannealing heat treatment. The high GA
above 20 could be obtained by the preannealing treatment and resulted in an increase
rupture life more than a hundred times at 950

The effect of solution treatment on the size and the stress-rupture property of ODS
Ni-base superalloys was investigated at intermediate temperature o€.760e highest
stress-rupture strength was obtained at a cubgitlaize of about 0.4L.m after solution
treatment at 128 for 0.5 h (HTC2). The shear deformation mode of precipitate by 1/3
(112 type dislocations was observed when the average siz€ wfas about 0.4%.m.
Lower stress-rupture strength was obtained, when extensive matrix slip atr0,3 size
(HTC1) or the Orowan bowing at 0.58m y’ size (HTC3) were observed. These showed
that the sizes of/’ precipitates were closely related to the heat treatment conditions and
this parameter could significantly affect the stress-rupture property of the ODS Ni-base
superalloy at intermediate temperature regime.
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