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ABSTRACT

Paper describes the effect of different thermomechanical processing (TMP) conditions on
the evolution of the recrystallized substructure of NiMoCr alloy. The hot conditions and various
heat treatment parameters were to affect the recrystallization process of the alloy. The changes in
microstructure as results from tested programs were investigated by a transmission electron
microscope. The progress in the recrystallization process in dependence of the applied strain and
temperature parameters was investigated through dislocation structure development in thin foils.
The results showed that the uniformity and the percentage amount of recrystallized area (low
density of dislocation in substructure) increases when a longer annealing time and/or higher
amount of deformation during TMP were employed.
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INTRODUCTION

NiMoCr alloy 1s a relatively new

solid solution strengthened nickel based alloy
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modified  to

as thermomechanical gﬁ;“{mte:mg {(TMP} or hot
working. In order to modify the mucrostructie
[ ter erties such creep,

. svently designed hot working
processes i ave Eee;\ done together, utilized with

various annealing times.

Generally, in the hot working process
dynamie, metadynamic, and static
recrystallization can occur during the process.
Diynamic recrystallization occurs during  the

actual deformation. Whereas under metadynamic
recrystallization ge;mmitia’:xms the  partially

iz grai >, imimediately
observed after deformation, ffr ansforms to more
fully  recrystallized  structure by growth  of
recrystallization nuclei, which formed durin ng the
deformation {Jones and Jackman, 1999}, In case

w

Table I Chemical composiiion of NiMoCr alloy.
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Table 2 Details of hot working conditions.

of static recrystallization, it occurs in reheating
or during the annealing process when
deformation proceeded. The attention was paid
{ﬁ Si‘id" the effect of static recrys

on the structure evolution applying

stathization of

enit annealing  times. The transmission
ei Uﬁﬁ)ﬂ microscopy {TEM) has been used to
detect the progress 1n  development of
mzumstrucu > characteristics.

EXPERIMENTAL

MATERIALS
PROGRAMS

AND

o~
H

m (
h%(ﬁﬁ”iﬁ‘ nvo ,WS after T-»;P conditions of the
alloy (See details in Tables 1 and 2) on the
development of the recrystailized structure, the
TEM investigation of thin foils was used at
accelerating voltages of 200 kV. The thin foils
for TEM were prepared by cutting along the
longitudinal axis of worked specimens to make
plate-like discs with a thickness of 0.5 mm.
Subsequently, the specimens were ground to a
thickness of about 0.1 mm. Then thin foils were

prepared by @ﬁeci‘ror»giiﬁmg: at a potentiai of
25-30 V in
vmmue} in methanol.
solution was less

1

f the

solution of HCIO
The
than -30°C.

tc::z;zpf:: aturs:

Heating 5;‘ T empex ature
before HW.

1,200°C/30min

Annealing Time (min)
at 1,100°C
Quenching

1,200°C/30min
~1,200°C/30min_
1,200°C/30min
1,200°C/30min
1,200°C/30min
1,200°C/30min

1,200°C/30min

Air Cooling
3 min
5 min
10 min
15 min
25 min
50 min

Table 2-Continued
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Table 2 Details of hot working conditions.

~ SpecimenNo.  Heating Temperature
e ¢ before HW.
1,100°C/30min

% Hot Deformation Amrl'ealing Time (min)

at 1,100°C

1,100°C/30min
_1,100°C/30min
1,100°C/30min

1,100°C/30min

RESULTS AND DISCUSSION

An extensive TEM analysis was
carried out to study the evolution of the
recrystallization process through dislocation
structure development after the different
parameters of thermomechanical processing
(TMP) and various annealing periods. From
the received TEM results, it can be
concluded that the effect of TMP parameters
fo affect the progress of recrystallization, can
be expressed by different dislocation
substructure characteristics. These TEM
results can also support the results received
from light microscopy and SEM (ECC mode)
analysis of specimens from the previous
work of Wangyao, et al. 2003.

In quenched and air-cooled specimens
for both programs, as expected, the very
dense and homogeneous dislocation tangles
persisted in the interior of the grains and
represented the deformed state, as shown in
Figures 1 and 2. However, it is possible to
notice that the deformed substructure
resulting from a higher amount of reduction
during hot working (Figure 1) caused slightly
higher dislocation density than that subjected
to the lower total hot reduction (Figure 2).
These results of very dense dislocation
structure are the features of plastic
deformation, which were also confirmed by
results, received by SEM and image analysis
of previous work of Wangyao, et al. (2001),
where fully complex bend contours are the
evidence of retrained structure in specimens.

_1,100°C/30min

11.3% +13.6% Quenching
11.3% +13:6% 3 min
_11.3% +13.6% _ 5 min
11.3% +13.6% 10 min
113%+13.6% 25 min
11.3% +13.6% 50 min

Figure 1 The very dense and homogeneous
dislocation tangles in deformed grain, A1l.

Figure 2 The very dense and homogeneous
dislocation tangles in deformed grain, B2.

Not regularly, the dislocation-particle
interactions were noticed in some grains
within slip bands in the matrix, in which
interactions occurred during hot deformation,
Figure 3. In this research work the TEM
analysis could not confirm clearly the
evidence of dynamic recrystallization but it
ought to be due to the local character of the
TEM method. However, the characteristics of
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the evolution of new grain structure under
conditions of dynamic recrystallization
together with the associated development of
dislocation substructures might be classified
generally into three categories, according to
the previous work of Sakai T. : (1) dynamic
recrystallization (DRX) nuclei appearance, (2)
growing DRX grains containing dislocation
gradient, and (3) critically work hardened
large DRX grains with fairly homogeneous
dislocation substructure and more uniformly
developed substructure.

b t* 'f‘

Figure 3 Dislocations in the slip band of the
deformed substructure.

The TEM observation of selected static
recrystallized specimens after the annealing
process was supposed to confirm the progress
in the recrystallization process and to console
the results with those received from SEM
analysis of the recrystallized structure, which
shows clearly smooth ECC contours in the
grain interior. After short annealing times, the
change in the dislocation substructure, which
corresponded to a recrystallized structure, had
occurred for both different treatments.
However, the dislocation structure
heterogeneity was still frequently found in the
interior of the grain structure. For shorter
times of annealing, the lower dislocation
density was observed as documented in
Figure 4. The dislocation segments and pile
ups are arranged on acting slip systems.
Subgrain boundaries, due to the recovery
process, had formed during the annealing time
in 5 minutes, Figure 5. However, the

dislocation tangles interactions within grains
were still found for a shorter time of annealing
in the deformed area, Figure 6. The
non-uniformity of the recrystallized process,
as manifested in the structure by electron
channeling contrast mode by the SEM
analysis method for short annealing periods
has been also proved by TEM. The dislocation
segments in recrystallized grain have been
found also for a longer period- of annealing as
documented in Figure 7. The presence of
small precipitates distributed non-uniformly in
the structure caused the interaction with
dislocation structures persisting in
recrystallized grains for short annealed

conditions. The dislocation substructures vary
from grain to grain, and are distributed more
or less heterogeneously.

Figure 4 Lower dislocation density in
recrystallized grain after 5 minutes annealing.

Figure 5 Subgrain boundary after annealing
for 5 minutes.
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time of annealing, in recrystallized grains the
stable dislocation arrangements of pile-ups
still persist close to grain boundaries.
Anyhow, the character of high angle grain
boundaries 1s fully recrystallized.

after

Lower  density
structure  in mmw%i!wed gram a‘f’ler 1<;
minutes.
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longer annealing e : w,xgm'a Bz\,n,‘a;z«m pile-ups at j
reasonably ;33’0&@&@ more  uniform particle after 5O minutes annealing.
m/:%ta}hze"‘ structures  with only residual V

dislocations in recrystallized grains. An
dislocation mng le has been observed in the
only the dislocation
pile up srecipitates
cven after the longest
| 0 minutes), as it can be seen
in hgures 8 auci 9. The grain structure with
high angle boundaries proves the progress in
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recrystallization  for both  programs. The
characteristic recrystallized structure

corresponding to 10 minutes annealing time is
documented in  Figure 10. The final

recrystallized structure corresponding to the Figure 10 The high angle grain boundaries
longest annealing time of 50 minutes is  after 10 minutes annealing.

presented in Figure 11. Despite of the long
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Figure 11 Final substructure after 50 minutes
annealing.

To follow the results of all programs, it
was found that after annealing within the
frame tme of experiments, all observed

annealed mi&:msm;mw@s were  almost
cemp%et&ff recrystaltized {(which were close to

100% ic rec % i

work of ngwm et al. (2002) . However,
such  nearly  complete rez;ry;zaii.;;;m\m
behavior should be explained by the
heterogeneous nature of previous dynamic
substructures according to (Sakai, 1995).
When hot deformation was completed, the
dynamic recrystallization (DRX) nuclei might
continue to grow leading to metadynamic
recrystatlization (MDRX) m their localities.
ah@ growing DRX grains should contain few
dislocations near their boundaries, and so
t possible to occur
could only
(MDRV)

see :’irf\s“ uﬂ

classical nucle

within therm.

»”azx(““'iir;} y, they

soften fw memdvmwm recovery

their mteriors,

Finally, the full work hardened DRX

grains underwent sta tc recovery (SRV) and
nucleation under the annealing process

feading to riasgicai static recrystallization
{SRX). However, the incomplete softening
fsou.d be caus @d bv the stable existence Of
growing DRX grains having many-sided

irregular  shapes  with  high  density
dislocations.  Therefore, with  further
annealing of such muxed  structure

(i.e., MDRX or SRX new grains and MDRV
grains containing the moderate dislocation
densities), the growth rate of new

recrystallized grains should decrease because
of a small difference in dislocation f%@’scitim
across their boundaries, (Xu and Sakai,
1991).

Furthermore, the other reasons of
incomplete  static recrystallization process,
even, after the longest annealing time for 50
mmutus, could also be possibly due to the
following explanations. First was due (o the

precipitate particles, which blocked the
movement of statically recrystallized growth.
The long term annealing could not annit
completely  the  interactions  bet
dislocations and precipitates. Second was the
effect of a high diffusion co-efficient of
alloying elements in the matrix causing ¢
diffusion rate, which caused dislocations
moving more difficultly  and  slowly.
Therefore, they could not annihilate each
other Tsroperlv Thus, the recrystallization
process needs more time to be completed.

it should be also noted that wher ’fi«‘
v band specimen was deformed, most ol
the energy was used in changing the shape and
in generating adiabatic heat. However, a small

\mount of energy stll remained and stored m
s,h@ metal. The stored energy was mainly in the

form of elastic energy in the strain fields of
disiocation ag*sangmmsﬁzg and point i3

which had the concentrations orde
magnitude higher than in annealed allc
distribution of dislocations was, i ad
quite ifferent to that mn the anne 31@@ state,
1.e., there were pile-ups against barriers or
obstacles, dislocation tangles and diffuse
sub-boundary arrays.

CONCLUSIONS

TEM investigation confirmed the
presence  of pot completed recrystallized
grains, yet the volume portion is less with the
prolonged annealing time. To obtain identical
recrystallization behavior from the only hot
working in program A and B is quite difficult.
The obtained results on substructure would
suggest to modify the next step processing in a
way of higher deformations should be
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introduced during hot working or more multi-
steps of successive individual hot passes
where particularly lower reductions will be
carried out, and/or the additional cold working
would be applied after the hot working
process.
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