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Abstract

This paper will describe the refinement of a coarse-grained alloy 718 microstructure to microcrystalline
(MC), submicrocrystalline (SMC), and nanocrystalline (NC) structures by high-strain plastic deforma-
tion. Dynamic recrystallization occurs during high-strain hot plastic deformation leading to the formation
of an MC structure with a grain size of 1-4 um. The d phase precipitated as plates, and during deforma-
tion, these plates were broken up into smaller particles. These particles take the form of ellipsoids
located mainly at the triple junctions of the recrystallized grains. A SMC structure was formed in alloy
718 during severe plastic deformation in the temperature range 0.67-0.60 Tpy. During dynamic and static
recrystallization, the MC structure transformed to the SMC structure, and 8-phase plates precipitated
uniformly throughout the matrix. The size of these precipitates was similar to the matrix grain size (0.2-0.5
um). Further reduction in the processing temperature to 0.5 Tr, provided additional refinement of the
microstructure to a grain size of less than 0.1 um.

The formation of NC structures in alloy 718 by cold severe plastic deformation (0.18 Tr) was also
studied. The microstructure evolution during combined torsion and compression was examined. With
increasing strain, a cellular structure was formed, which was then refined to a granular structure with a
grain size of 30-40 nm, with high angle grain boundaries and a high level of residual stress within the
grains. The influence of the initial grain size on deformation mechanisms during superplastic deformation
of alloy 718 was also studied. For grain sizes of 0.1-0.08 um, superplasticity (§=350%, m=0.37) was
observed at a temperature of 600°C and a strain rate of 1.5x10-4s"1.

1. Introduction

Application of superplastic (SP) forming of nickel base alloys with MC structures is limited by the fact
that superplasticity only occurs at high homologous temperatures (0.8-0.85 Tr,) and low strain rates
(10-3-10-4s-1) [1-3]. SMC and NC materials [4, 5] display unique physical and mechanical properties
[6, 7]. There is presently substantial interest in structure-property relationships in materials with SMC
and NC structures [6-8], but there is relatively little previous work on the mechanical behavior of nickel
base alloys with SMC structures. There have been few previous studies of the formation of SMC and
NC structures in complex nickel base alloys, and the effect of these structures on properties. The goal of
the present paper is to describe the processing regimes for generating MC, SMC and NC structures in
alloy 718, and to evaluate the effect of these microstructures on SP properties.
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2. Materials and Experimental Procedure

The chemical composition of the Alloy 718 that was studied is shown in Table 1. Samples of Alloy 718
were machined from 200 mm diameter billets. Compression and tension tests were conducted over a
wide range of temperatures (500-1100°C) and strain rates (1.5x10-4-1.3x10-2s-1). Cylindrical samples,
10 mm in diameter and 15 mm in height, were deformed in compression using a SCHENK-PSA testing
machine. Larger samples (40-80 mm in diameter and 10-12 mm long), were generated with SMC
structures on 100 and 630 tonne-force presses using processing conditions derived from the results of
the smaller samples. Tensile SP characteristics were measured using sheet samples, with gauge dimen-
sions of 10x5x2 mm. Transmission electron microscope (TEM) investigations of deformed samples were
performed using a JEM-2000EX.

Table 1. Composition of the alloy 718 that was studied.

Concentrations (wt. %)
C Cr | Mo | Fe Al Ti | Nb Ni
0051 19 | 3.1 | 18 0.5 1.0 | 5.1 | balance

In order to obtain the high strains required for generating NC structures, high pressure deformation was
generated using a Bridgman anvil. The dimensions of the initial samples were 4 mm in diameter and 0.7
mm thick. In this case the true strain, €, at a point located at a radius, r, is determined as a shear strain:

£ =2mrNAN3 L (1)

where N is the number of anvil rotations, and L is the sample thickness (mm).

3. Experimental Results

3.1 Initial Alloy 718 Microstructure

In the initial condition, the alloy 718 had a completely recrystallized structure with a grain size of ~40 um,
as shown in Figure 1(a). TEM studies showed that within the y phase grains there were disk-like y”'-
phase precipitates which were uniformly distributed. The diameter of y”-phase disks was about 60 nm,

Figure 1. Microstructure of the alloy 718 in the initial condition.
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and their thickness was ~20 nm. The y”-phase precipitates were also
observed on grain boundaries, as shown in Figure 1(b).

3.2 Formation of Microcrystalline Structures

Microstructure evolution The following microstructural changes were
observed after examination of the deformed samples. After deforma-
tion of the alloy with the strain rate 5.5x10-4 s~ at 800 °C, metallo-
graphic texture was observed in the central zone of the deformed
samples. Near the end face (zone of lower deformation), grains with
twisting boundaries were observed. Deformation at 850 °Cled to the
formation of fine recrystallized grains (1-2 pum) in the deformed grains.
On increasing the deformation temperature from 900 to 950 °C, the

size of recrystallized grains grew insignificantly and were in the range Figure 2. Microstructure of
of 3to 4 wm; the volume fraction of recrystallized grains increased the alloy 718 after forging
from 19.6 to 32.8%. Deformation at temperatures 1050 °C and 1100 at a strain rate of 5.5x

°C led to dynamic recrystallization and structures with a grain sizes of 10-3s-! and 850°C to

24 and 41 pm, respectively. generate an MC structure.

After deformation at a strain rate of 5.5x10-3s"! and 950 °C, the

recrystallized grain size was 4 um. As the deformation temperature increased, the volume and size of
recrystallized grains increased. At 1050 °C recrystallized grains (~10 pmin size) were observed throughout
the sample. After deformation at 1100 °C the size of recrystallized grains increased to 32 um. Reduction
of the deformation temperature to 850 °C, at the same strain rate of 5.5 10-3s-1, generated an MC
structure with a grain size of ~ 1 um, as shown in Figure 2.

Evolution of coarse grain structures during hot deformation

In order to investigate the formation of MC structures in alloy 718, the microstructures of samples that
were subjected to strains of 5-75% in the two-phase (y+0) region at 925 °C and a strain rate of
5:10-4s-1 were examined. In addition to the deformation processes, precipitation of lamellar 6-phase
occurs, and these precipitates affect the grain structure. At the initial stage of deformation, 6-phase plates
near the boundaries grow into the grains, as shown in Figure 3(a). The interaction of lattice dislocations
with 8-phase precipitates generates dislocation walls even at small strains. Increasing the strain to 25%
leads to a significant increase in the volume fraction of d-phase plates that were precipitated in almost all
grains in one or two directions, as shown in Figure 3(b). Analysis of the morphology of -phase precipi-
tates indicates that the precipitates break up during deformation. Metallographic texture was also ob-
served. Coarse grains were elongated in the tensile direction, and the d-phase plates were similarly
aligned. Sub-grains were formed and they gradually transformed into recrystallized grains with high-angle
grain boundaries.

Increasing the strain to 50% results in the further break-up and bending of 3-phase plates, as shown in
Figure 3(c). Bending of plates was accompanied by the formation of transverse boundaries. On the
boundary surface of 3-phase particles near the boundary, banded contrast was observed. This was
probably indicative of the high-angle misorientation of interfaces of these particles with the matrix. Growth
of intragranular particles of 8-phase was also observed. These particles provide the nucleation of the
sub-grains that developed a size that was comparable with the distance between particles (0.3-0.8 um).
The size of recrystallized grains was 2-4 um. At strains of 75%, recrystallized grains were observed
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Figure 3. Microstructure of alloy 718 after compression testing at a strain rate of 5.5 x 10-4s-! and
925 °C to strains of: (a) 5%, (b) 25%, (¢) 50%, and (d) 75%.

throughout the material, as shown in Figure 3(d).

3.3 Formation of Submicrocrystalline Structures

High strain thermomechanical processing (TMP) was used to generate SMC structures. This process
includes isothermal deformation with intermediate annealing and gradual step-by-step reduction in the
temperature of TMP.

High-strain TMP at temperatures of 0.6-0.78 Tp, refined the MC structure to a grain size of 0.5-0.3
um, as shown in Figure 4. Elongated 3-phase particles, with lengths from 0.2 to 0.6 pum, were distributed
primarily at grain boundaries . Some coarse second phase particles (up to | um) were still present. This
suggests localization of the deformation in the softer matrix, which may have been due to insufficient

316



accumulated strain. It is important to note that the SMC structure
was a non-equilibrium structure, as indicated by the high dislocation
density both within the grains and along the grain boundaries. The
grain boundary contrast that is typical of high-angle grain boundaries
was not observed (Figure 1b). Post-deformation annealing provides
an SMC structure with equilibrium grain boundaries; however, the
elastic stresses were not completely removed.

3.4 Formation of Nanocrystalline Structures

Further deformation at lower temperatures of 0.18-0.53 T, (room o 4
temperature to ~850 °C) generated an NC structure with grain sizes AR O M'ml
0f 0.03-0.08 um, as shown in Figure 5. TEM analysis of alloy 718 in _—
the NC state revealed that the microstructure was similar to those
observed in other NC materials [8]. Significant microstructure refine-
ment to a NC scale has been generated by severe plastic deformation
at room temperature using the combined deformation scheme (com-
pressions plus torsion on a Bridgman anvil).

Figure 4. Microstructure of
the alloy 718 after forging at
astrain rate of 5.5x10-3s-1
and 700°C to generate an
SMC structure.

The microstructural investigations indicate that after severe plastic deformation, the NC structure is formed
in several stages; this is generally consistent with the results of previous investigations on NC materials
[8]. Atthe same time, there were some unique features that were probably due to the nature of this alloy.
At the initial stage of deformation a cellular structure was formed. With increasing strain the average cell
size decreased from 300 nm (true strain=0.03) to 100 nm (true strain=0.29). Slip bands were also
formed, firstin a single direction (true strain=0.12), and then in two directions, as the strain was increased
(true strain=0.29), as shown in Figure 6(a) and (b). At true strains of 0.65 to 1.24, the cells transform into
grains with a size 30-40 nm, as shown in Figure 6(c).

Figure 7 indicates that the microhardness increases with increasing strain in a non-linear manner. There is
aregion (true strain = 0.03-0.29) where the microhardness does not increase with increasing strain.
Increasing the strain from 0.03 to 0.07 increases the microhardness from 5 GPa to only 5.2 GPa; this

Figure 5. Microstructure of the alloy 718 after forging at 0.53 T, to generate an NC structure.
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Figure 6. Microstructure of the alloy 718 after severe plastic deformation at 0.18Ty,:
(a) true strain=0.12; (b) true strain =0.29; (c) true strain=1.24.
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Figure 7. Microhardness versus strain; the strain was determined using equation (1).

plateau in the strain-hardness curve is probably associated with the formation of a cellular structure. On
increasing the strain from 0.07 to 0.29, bands of coarse slip, first in one direction, then in two directions,
were observed. A mixed structure consisting of cells and recrystallized grains is formed at the intersection
of bands of coarse slip; the size of the cells was in the range of 30 to 50 nm. The plateau in the
microhardness-strain curve may also be due to dissolution of second phases. Increasing the strain 0.29 to
1.24 increased the microhardness value from 5.2 to 7.5 GPa; in this regime the volume fraction of
recrystallized nano-sized grains increase to between 80 and 90%. The microhardness of the NC alloy
718 is twice that of the initial alloy 718. The increase in microhardness is probably a result of the small
grain size of the NC structure, and internal stresses within the grains.

3.5 Microstructure and Mechanical Properties During SP Deformation

The mechanical test data from the MC, SMC and NC structures (see Table 2) shows that the mechani-
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Table 2. Superplastic properties of the alloy 718 in the MC, SMC, and NC conditions.
The stress 649 is the stress at a plastic strain of 40%.

Grain size (particles), um | Temperature | Strain rate, [ 54, MPa | Strain, m
OC S-l %
y- phase &- phase
6-12 - 930-980 0.7-0.9
6 - 980 5%10™ 70 514 0.5

950 5.5x10™ 63 660 0.6
900 5.5%10° 226 215 0.31
900 5.5%10™ 96 480 0.4
800 55%10° 205 140 0.2

1-2 0.15-0.6 800 1.5x10™ 134 390 0.33
700 310 563 170 0.2
650 5 5510 742 85 0.1
900 5.5%10™ 65 790 0.6
800 4 123 430 0.5
800 5.3x10° 87 1095 0.54
700 1.5x107 540 195 0.29

0.3 0.1-0.6 700 5.5x10 306 440 0.35
700 5.5x10™ 224 700 0.41
650 3x10™ 833 130 0.2
650 5.5)(10'3 514 370 0.3
600 4 838 110 0.15
600 5:5x10° 662 150 0.2

5.5%10
1.5x10*
600 3x10™ 573 154 0.31
0.08 -0.1 3

600 1.5x10 414 350 0.37

cal behavior of alloy 718 is consistent with refinement of the microstructure. Table 2 indicates that de-
creasing the grain size from 6 to 0.08 wm reduces the lower temperature limit for superplasticity. Addi-
tional refinement of the microstructure to SMC and NC sizes further reduces the lower temperature limit
for superplasticity. Alloy 718 with SMC-NC structure displays SP properties even at 600 °C; the lowest
flow stress was observed for the NC structure.

Analysis of the microstructural changes of the MC structure after SP deformation has shown that after
deformation at a strain rate of 7x10-3s-! and temperatures 800 to 1050 °C the microstructure remains
fine-grained. The mean grain size increases from 3.8 um at 900 °C up to 8.3 um at 1050 °C. On
increasing the strain rate from 7x10-4s-! up to 2x10-2s-1 at 925 °C, the grains remain equiaxed, and their
mean size (~5 um) did not change significantly.

The microstructures of the SMC and NC alloy 718 samples were also still equiaxed after SP deforma-
tion. The SP deformation also provided a structure that was closer to equilibrium. The density of dislo-
cations decreased, some grain growth was observed, and non-equilibrium grain boundaries were con-
verted to equilibrium boundaries, as indicated by the band contrast observed in the TEM. At tempera-
tures above 900 °C, the SMC alloy 718 grain size was greater than 1 um. After deformation at 600 °C
the grain size of the NC alloy 718 increased up to 0.1 pm.
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3.6 Diffusion Bonding and SP Forming

Diffusion bonding of alloy 718 was investigated using the samples with coarse-grain, MC and SMC
structures together with deformation in vacuum. The results obtained demonstrate that a sound solid-
state bond can be produced at 0.76 Ty, (~950 °C) and higher at strain rate ~10-4s-! using alloy 718 with
acoarse grain micro structure. At 0.76 Ty, in some areas of the solid-state bond line, recrystallized grains
(2-3.5 uwm) were observed, and these indicate the occurence of dynamic recrystallization/grain growth
near the interface. In the MC alloy 718 (1 um), diffusion bonding at ~0.76 Ty, generated a solid-state
bond of good quality.

The solid-state bond of the best quality was produced in SMC alloy 718 at a temperature that is 100-
200 °C below the optimum temperature for SP forming of a material with MC structure [9]. Sheets were
made (40x40 mm, 0.5-0.6 mm thick) with MC and SMC structures by SP forming. Prior to SP forming
the sheets were processed to uniform structure in all directions. The grain sizes were 1 pm for the MC
structure and 0.3 wm for the SMC structure. As aresult of SP forming at the correct temperature-strain
rate conditions for superplasticity (Table 2) semi-spherical shaped parts were produced of the alloy with
MC and SMC structures. Refinement of the structure to 1 wm and less reduced the SP forming tempera-
ture by 50 to 100 °C as compared with the SP forming technology previously reported [9].

4. Discussion

These results show that in alloy 718 the microstructure can be refined to a scale of tens of nanometers by
high strain TMP. Analyses of the SMC and NC structures formed in alloy 718 suggests that they were
analogous to other materials with SMC and NC structures [4-5]. These structures can be characterized
by a high level of residual stress, both within the grains and at the grain boundaries, as indicated by the
high dislocation density (non-equilibrium state) in these regions.

The investigation of superplasticity in alloy 718 shows that alloy 718 can display high ductility at relatively
low deformation temperatures. The same ductility is observed in the nickel alloys with microduplex struc-
ture at high temperatures but at lower strain rates and a higher flow stresses [1-3]. The structural changes
that occurred during low-temperature superplasticity were similar to those observed at usual tempera-
tures for superplasticity. In the case of the SMC structure, the peak stress on the grain boundaries is
significantly less, because grain boundary sliding leads to more effective stress relaxation.

Comparison of the behavior of alloy 718 with MC, SMC and NC structures suggests that analogous
microstructural transformations occur during SP deformation; these include retention of equiaxed grain
morphologies and grain growth. At the same time, the increase in the total area of intergranular and
interphase boundaries, and the increase in the dislocation density at the grain boundaries, provided low
temperature SP behavior. Finally, SP deformation generated a structural condition closer to equilibrium
as aresult of the transformation of “non-equilibrium grain boundaries” to lower energy boundaries; these
boundaries are similar to those usually observed after annealing of SMC and NC materials [6].

These results have demonstrated that microstructure refinement to 1 um and less contributes to a signifi-
cant decrease in the temperature of the solid-state bonding of bulk materials and the SP forming tempera-
ture. The data obtained were in good agreement with the data reported elsewhere [10] on the study of
the effect of grain size on the formation of solid-state bonds and formability of a Ti alloy under SP
conditions. The production of SMC and NC structures could contribute to a significant expansion of
technological opportunities for diffusion bonding and SP forming of nickel base alloys, and alloy 718 in
particular.
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5.Summary

High strain thermo-mechanical processing with a progressive reduction in the deformation tempera-
ture has been used to generate MC, SMC and NC structures in alloy 718.

During SP deformation of alloy 718 with MC, SMC and NC structures, similar microstructural
transformations were observed. This suggests that for all these structures SP deformation was con-
trolled by a similar mechanism.

The influence of the initial grain size on SP deformation of alloy 718 was also studied. Low-tem-
perature superplasticity was observed in SMC and NC alloy 718. For grain sizes of 0.1-0.08 um,
superplasticity (8=350%, m=0.37) was observed at a temperature of 600°C and a strain
rate of 1.5-10-4s°1,

In comparison with the MC structure, the SMC and NC structures allow a reduction in the lower
temperature limit of superplasticity by 200-350 °C, and a decrease in the flow stress by a factor of
1.5-2.
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