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THE EFFECT OF HEATING RATE ON THE
RECRYSTALLIZATION BEHAVIOR OF HIGH 4, ODS SUPERALLOYS

C.P. Jongenburger*, K. Lempenauer and E, Arzt

Max-Planck-Institut fiir Metallforschung, D-7000 Stuttgart, FRG
* Asea Brown Boveri, CH-5401 Baden, Switzerland

Abstract

Directional recrystallization is an essential step in the production of ODS nickel-base
alloys with high +'-content, such as MA 6000 and MA 760, The rate of heating to the
recrystallization temperature plays an important role for the final grain structure. This
can be explained by the development of a certain "primary" grain size during the heating
period. An additional aspect is the existence of heating rate limits, which determine the
success of the recrystallization, The existence of a critical minimum heating rate (T ;) is
related to normal grain growth, which reduces the driving force for subsequent abnormal
grain growth. Surprisingly, recent investigations have also revealed in some cases the
occurrence of a critical maximum heating rate (Tpay). In this paper an attempt is made to
explain this new phenomenon, which may have important practical implications, through
the formation of different carbide phases.

Solid State Powder Processing .
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1 Introduction

The formation of large elongated grains in oxide dispersion strengthened (ODS) nickel-
base superalloys has long been recognized as a crucial step in obtaining optimum high
temnperature properties. It was observed that in investigating the transformation from fine-
grained to coarse~grained microstructures a distinction should be made between ODS
nickel-base alloys with a high quantity of o' (~ 50 vol.9%) and alloys without 4' or with
only a low 9'-content [1]. The latter group includes alloys like TD-Ni, MA 754 and
MA 753. The formation of coarse grains in this group depends solely upon the
thermomechanical history and takes place over a wide temperature range ét relatively
low temperatures with correspondingly low transformation rates). The high dislocation
densities in the fine-grained condition makes one hesitant to describe the transformation
solely with the term "secondary recrystallization” - in contrast to the other group of high
7'~forming alloys with which we will deal in this paper.

The recrystallization behavior of the alloys with a high +'-content, such as MA 6000,
MA 760, TMO-2, IN 738 + Y03 and others, has been investigated in more detail. After
mechanical alloying and subsequent consolidation, the microstructure exhibits a vegy fine
grain size (~ 0.2 pm) and a low dislocation density (< 1013 m™?) [2]. Upon exceeding a
very specific temperature, secondary recrystallization (or abnormal grain growth) rapidly
takes place, transforming the fine-grained microstructure into a microstructure with grains
well in excess of 1 mm. The transformation is rather abrupt and completed within a few
seconds after passing the transformation temperature Tgry [3]. For all ODS alloys
investigated the transformation temperatures lie in a narrow te_m?crature range (ca,
1165...1230 °C), although the chemical compositions differ substantially. Below T.p, only
slow, normal grain growth can be observed and even after several hours just below T
no indications of abnormal grain c%mwth are observable. The abrupt occurrence o
abnormal grain growth upon excee in% Tenx has been explained by <'-dissolution [4),
dispersoid coarsening [5] and by grain boundaries breaking away from segregated clouds
of solute atoms [6,7]. Although the major alloying elements have no substantial effect on
the transformation temperature, it was found that only a small increase of the boron level
lowers the transformation temperature considerably.

Among the parameters which are accessible by process control, the rate of heating the
specimen to the recrystallization temperature has been found to be important for the
recrystallization response [8], but the reasons for this effect are not fully clear. In this
paper recent investigations on several ODS alloys are described which showed that there
exists a_certain range for the heating rate, ontside of which recrystallization does not
occur, While the existence of a minimum heating rate has been recognized before, a
maximum heating rate seems not to have been reported. An interpretation for this
behavior, based on thermal analysis and microstructural investigations, is given and some
conclusions for the practice of recrystallization are drawn,

2 Experimental Procedure

Isothermal Recrystallization Experiments

Most experiments were carried out on as-extruded fine grained MA 760 (INCO
ALLQOYS, Hereford, UK, Mill Batch No. EAE 0257/01) of which the measured chemical
composition is given in Table I. Cylindrical specimens were taken from the core of the
as-extruded bar with the long axis parallel to the extrusion direction. Both the diameter
and the height of the ‘eylinders were 15 mm. A small hole running from one of the flat
faces to the center of the specimen allowed for accurate temperature measurement. The
specimen was placed inya single winding medium frequency induction coil, Fig. 1, and
heated to 950 °C in about one minute. From this temperature on, a constant heating rate
was applied to heat the specimen to 1250 °C, which is well above the temperature for
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secondary recrystallization. The constant heating rate was varied between 2 K /min and
200 K /min. The‘igecnmen was held then at 1250 °C for 5 minutes, whereafter the heating
was stopped, which allowed the specimen to cool down rapidly to room temperature. The
specimen was cut in half and the longitudinal section was ground, polished and etched.

me additional experiments were conducted on experimental alloys (Alloys D and Z)
with small deviations in the chemical composition from MA 760.

Table I Chemical composition of MA 760 [wt.9%] (Mill Batch No.EAE 0257/01)

Ni Ct Al Mo W Fe Y,0;Zr C B
bal. 19.8 59 2.0 35 104 1.03 0.14 0.04 0.01

Thermo-element

.| Programmable
controller

¥
MF-Generator

ARANEEO

AT AT LR R R Y

Induction coil

Figure 1 - Experimental set-up

Differential Thermal Analysis

DTA curves were produced for the same fine-grained material as that used in the
isothermal recrystallization experiments. Two different DTA eéuipments were used. The
alloys MA 760 and MA 6000 were analysed with a Netzsch Gerditebau Analyzer, Type
STA 429. The cylindrical specimens weré 5 mm in diameter and 10 mm high, A platinum
crucible was used. The other alloys were investigated with a Perkin~Elmer DTA 1700, in
an aluminum oxide crucible for Specimens of 3 mm in diameter and 5 mm height, DTA
was carried out with hcatindg rates of 2, 5, 10 and 20 K/min. After the DTA runs the

Specimens were investigate metallographically in order to check the recrystallization
response,

183



J, 9181 Suneeq jo wonounj B se 09/ VA JO U0NeZI[[e)SsA10ey — Z o1n81y

/Y 007 = L /Yy S = I

3wy

006

1 9304 bulypay
" Jupjsuod

N

T

=
o
—

2
.. BJH.EJJBEILUB.;

- 0021

00tl

184



B
gty

-

Induction

coil

Figure 3 - Recrystallization response of Alloy Z under " continuously varied"
heating rates depending on material depth at the starting position
of a zone annealing run
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3 Results

The influence of the heating rate on the recrystallization response of MA 760 is depicted
in Fig. 2. The material showed a normal recrystallization response when subjected to
heating rates of 2 or 4 K/min. The specimen that was heated with a heating rate of
5 K /min showed in the center an area that had not re?sta.]hzcd. With a further increase
of the heating rate this area became larger, till at 10 K/min only the very corners of the
specimens showed indications of recrystallization. With 50 and 200 K/min,
recrystallization did not take place anymore. Even an extension of the hold time at
1253 °C to one hour did not result in recrystallization at these heating rates.

A few batches of Alloy D showed a similar "irregular” recrystallization behavior. The
critical maximum heating rates (Tnay) varied between about 8 and several
hundred K/min. Alloy Z however showed a critical heating rate as high as approximately
3500 K /min. The phénomenon of Tyay can be clearly seen in Fig. 3, which illustrates the
start position of a zone annealing run of Allog Z. The dark semi-circular areas have
experienced, due to the immediate vicinity of the induction coil, the highest heating rate
of ca, 3500 K/min and have therefore not recrystallized. With increasing distance from
the specimen surface (corresponding to a decreasing heating rate), the recrystallization
response improves and the grain size increases: the border line to the recrystallized region
marks the positions where the local heating rate has first dropped below the critical

heating rate; an optimum coarse grain can only be achieved in the center of the specimen
where the heating rate is sufficiently low.

In Alloy Z a critical minimum heating rate (T,;,) is also detectable. DTA runs with
various heating rates revealed recrystallization peaks at 5, 10, and 20 K /min, but not at
2 K /min. The grain structures of these DTA specimens confirm the result of the DTA

curves: recrystallized coarse grain structures are produced in all specimens except the one
which was heated at 2 K/min (Fig. 4).

A T R
I gmen
ATas s

T

2 K/min 5 K/min 10 K/min

Figure 4 - Recrystallization response of Alloy Z as a function of low heating rates
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T=2 K /min

/—‘WN\\_
1130

1225

1
1150 12'00 12'50
P T ﬂc

endothermic

lexothermic

| 1150 :
ﬂ o T=10K /min

1100 1150 1200 1250
— T oC

Figure 5 - DTA curves of MA 760 at 2 and 10 K/min

Fig, 5 shows two DTA curves for MA 760 heated at 2 and 10 K /min respectively. The
curve for the lower heating rate shows at 1230 °C an exothermic peak which corresponds
to secondary recrystallization. This peak is not present in the other curve for 10 K./min.
Metallography indeed revealed that secondary recrystallization had not ocourred in this
specimen, in contrast to the 2 Kﬁmm specimen that had recrystallized. Another feature of
the DTA curve for the higher heating rate is a shallow endothermic peak in the range
between 1150 and 1250 °C.

Figs. 6 and 7 depict typical DTA curves (10 K/min) of Alloy Z and of MA 6000. Alloy Z
exhibits at 1180 13C thbépexothermic reactign corresponding to recrystallization, followedy by
a strong endothermic reaction at about 1240 °C (Fig. 6), A similar behavior was found figr
Alloy D. Metallographic investigations of the endothermic reaction revealed carbi E
dissolution accompanied by localized meltinﬁ. Fig. 8 shows the microstructure of Alloy
quenched from 1250 °C after heating at 10 K /min (same conditions as in the DTA run)1
Partly dissolved carbide particles oonnectgd with local formation of dendritic ];n'It‘e ;
structures are obvious, No equivalent reaction has been detected in MA 6000 by
investigations and microstructural observations.

187



melting

sRx

| exothermue T R T ——
base line

| endothermic

1100 1200 1300

Figure 6 - DTA curve of MA 6000 at 10 K/min

exothermic

carbide -
diss. and
melting

endothermic

——

bass 3.~
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990 10100 11100 1290 13IOO
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Figure 7 - DTA curve of Alloy Z at 10 K /min
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Figure 8 - Microstructures of Alloy Z after annealing at 1250 °C

.
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4 Discussion

Studies of heating rate effects have in the past revealed only a lower limit for th{: heatin

rates leading to recrystallization. Its existence can be undersiood on the basis of the
"primary” grain size (before recrystallization), which is determined by compaction of the
mechanically alloyed powder and subsequent thermomechanical processing [2,5,9,10]. If
the primary grain size exceeds a critical value, then the total amount of grain boundary
energy does no longer suffice to cause subsequent secondary recrystallization. This
happens, for instance, when extrusion is carried out at too high a temperature ar too low a
deformation rate. The potential for secondary recrystallization is destroyed, but can be
regained by additional hot working under the right conditions, because this decreases the
average grain size again to below the critical value. For MA 6000 this critical value is
about 0.40 pm. Another way of eliminating the potential for recrystallization is prolonged
heating below T.ry. Normal grain growth then causes the starting grain size to increase to
i vilue in excess of the critical grain size. Even if the temperature is subsequently raised
to just below the melting point, no secondary recrystallization will take place. This effect
explains also the observations made in experiments in which fine grained MA 6000
specimens were isothermally heated with a constant heating rate up to 1250 °C. If the
healing rate is too low, no recrystallization will occur due to the long time the specimen
resides at temperatures just below T.p,. A similar observation was made in zone anneal-
ing experiments in which extremely low travel speeds were used (with a correspondingly
low heating rate); recrystallization did not take place [11). This critical minimum heating
rate (Tm-m’i however, is about 1 K/min, which is well below the range of practical
importance. Another observed heating rate effect is that the secondary grain size increases
with decreasing heating rate [6,7], Again, this is attributed to the size of the primary
grains at the moment the transformation temperature is exceeded. An increase of the
primary grain size leads to a decrease of the abnormal grain growth rate and of the
nucleation rate (of secondary grains). The effect of the latter is of greater extent, which
leads to the observed increase of secondury grain size with increasing primary grain size.

Until recently, an upper limit for the heating rate has never been observed. During
isothermal recrystallization experiments on MA 6000 a normal recrystallization response
was found even for extremely high heating rates (15000 K/min). Our investigations,
however, showed that some alloy batches do not recrystallize if the heating rate exceeds a
certain value (Tp,y) and this behavior is also found in new alloy variants.

The different recrystallization behavior concerning Thayx for different nickel-base ODS
alloys could be explained by slight differences in chemical composition. It is suspected
that a correlation exists hetween the above mentioned effect and the ratio of the carbide
forming elements, as will be detailed below. Only a first tentative interpretation along this

line is given here, further work to substantiate this hypothesis is presently being carried
out and will be published elsewhere [12].

Table 11: Contents of stable MC forming elements and T,,, -values

MA 6000 ! Alloy Z 2 Alloy D 2 MA 760!
Toax [K/min] > 15000 ~ 3500 8...x3000 5...%x2500
stable MC 2.5Ti 1.0 Hf — —
former [wt. %] 2.0Ta 2.0 Ta 2.0Ta —

FINCO alloys
2 experimental alloys of PM Hochtemperatur-Metall GmbH, Frankfurt
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Table 1I shows a comparison of Tpay-values and the elemental contents of MC carbide
formers (Ti, Ta, Hf) in the alloys investigated. The sum of Mo + W in the various alloys
is nearly equal, lying in the range between 5.5 - 6 wit.% The carbon content varies also
only slightly around 0.05 wt.%. Stable MC carbides in superalloys are HfC, TaC and TiC
[13]. However, Mo and W can substitute in these carbides, which lowers their stabilit
and favors a degeneration reaction to MyCg. Several superalloys, investigated wit%
relation to their carbide-type stability as a function of temperature, show an instability
range for MC at intermediate temperatures (around 900...1000 °C). The formation of MgC
is not expected in our alloys since the content of Mo + W does not exceed 6 wt.% {14].

Because the carbide reactions in ODS alloys have not been studied in detail, the carbide
stability fields of Udimet 700 (Fig. 9) [15] are used as a rough approximation to
demonstrate the principle of MC destabilisation in Mo- and W -containing alloys, For

this destabilisation reaction, a limited temperature range exists whose width will depend
on the amount of stable MC-forming elements. The carbide reaction

MC + v & My3Cg + o'

tends to run to the right hand side during extrusion, which is typically carried out at
"moderate” temperatures (950 °C/1-2 h). There are good reasons to expect a relatively
stronger interaction between the moving recrystallization front and Mp3Cg rather than
MC. One reason is a considerably greater volume fraction of Mg3Cg with the same
availability of carbon, Additional?'y, the shape and the preferred position on grain
boundaries of My3Cg [15] may introduce a stronger pinning effect on moving grain
boundaries during the recrystallization process. The above mentioned carbide reaction
must therefore proceed in the reverse direction before successful recrystailization can take
place, The recrystallization heat treatment, which is performed at hijgher temperatures

Ty ® 1200 °C), promotes the reverse reaction resulting in the desired decomposition of
Mgng*CﬂI’bideS.

U-700

Very | 2I50F(1175C), 6 hrs, AC
Abundant |plus 5000 hrs at
temperature

Abundant

Medium |-

Rare |-

Vary \
Rare [

I | ! 4‘! ] 1 !
1400 1600 1800 2000
Temperature F

Figure 9 - Phase stabilities as a function of temperatures in Udimet-700 [15]

191



A fundamental difference of the carbide phase stabilities in the alloys investigated can be
clearly seen by comparing the DTA curves from this point of view (Figs. 3-7): For
MA 6000, which contains a higher amount of stable MC formers, no carbide dissolution
reaction is detectable below the incipient melting point (~ 1300 °C). In Alloy Z, with 4
lower content of MC formers, carbides start to dlsagoh{e at about 1240 °C, The
corresponding endothermic reaction begins at about 1150 °C in some batches of MA 760,
which contains no stable MC forming elements.

These observations lend further support to the hypothesis that the T, -effect in several
new ODS-alloys (e.g. MA 760) may be explained by the increased occurrence of an
MyCitype carbide phase, which must decompose to MC during the heating period to
Tenyx before recrystallization can take place. A lack of stable carbide formers tends tq
make MC formation the time-limiting step and, thus, renders the alloys susceptible to
heating rate effects.

The observed batch-to-batch variation of Tp,, for a gi.ven alloy can be explained b
differences in extrusion conditions. The MC?MQ;;CG—I'HUO and the size and number ¢f
carbide particles in as-extruded material are deterr_nined by the extrusiqn parameters
(temperature, hold time, strain, strain rate and cooling rate). Differences in the carbide
characteristics affect directly the value of T, .. This is confirmed by the observation that

mux iN ONe specimen can vary from the surface to the core. It has been observed both in
isothermal recrystallization and zone annealing experiments tha't the surface layer
recrystallizes at heating rates at which the core does not recrystallize anymore. This s
explained by the different thermo-mechanical processing parameters experienced by the
surface layer and the core,

5 Conclusion

An "irregular" recrystallization behavior in certain alloys or alloy batches can lead to
considerable practical problems. From the current point of view the possible
recrystallization responses can be categorized as in Fig. 10. In this figure the recrystallized
volume fraction is given schematically as a function of the constant heating rate applied
between about 950 and 1250 °C. Type 1 recrystallization describes "normal® material that
recrystallizes at all heating rates except very low ones (ca. < 2 K/min). Type 2 material
does not recrystallize at al?or only at high heating rates in the case the primary grain size
is just small enough to support secondary recrystallization. Type 1 material can be
transformed into Type 2 material (by heating just below T.p,) or vice versa (by thermo-

mechanical processing). Type 3 material displays both a minimum and a maximum
critical heating rate.

While the minimum heating rate is associated with a loss of driving force due to
prolonged high temperature exposure, our present results suggest that the maximum
heating rate may be caused by different alloy compositions with regard to carbide
formers. If our ley'pothesis is correct, then different alloy variants will have different
sensitivities to high heating rates depending on the content of carbide-forming elements.
In addition to this composition effect, different batches of a given alloy may have
experienced slightly different conditions during thermo-mechanical processing before the
recrystallization annealing. In order to avoid "irregular" batch-to-batch variations,

temperature, hold time and cooling rate during extrusion should therefore be carefully
chosen with regard to possible carbide reactions

The presence of a maximum heating rate can have important implications for the practice
and feambllltf of zone annealing, Since the local heating rate in this process is determined
by the travel speed of the hot zone, severe limits to the process speed can result: Our

experiments indicate, for instance, a possible upper limit for MA 760 of 0.3 mm/min. The
recrystallization response thus becomes an important consideration for alloy development.
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Figure 10 - Different types of recrystallization behavior in the alloys investigated

Acknowledgements

Financial support by the German BMFT (project number 03 MO0013) is gratefully

acknowledged. The Alloys D and Z are experimental alloys of PM Hochtemperatur-
Metall GmbH, Frankfurt.

References

[1] R.K. Hotzler and T K. Glasgow in: J.K. Tien et al. (eds.); Conf, Proc. Superalloys
1980, American Society for Metals, Metals Park, Ohio, USA (1980) 455.

[2] R.F. Singer and G.H. Gessinger; Met. Trans. A 13A (1982) 1463.

[3] C.P. Jongenburger and R.F. Singer; Conf. Proc. 1, ASM Europe Technical
Conference, Sept. 1987, Paris.

[4] R.K. Hotzler and T.K. Glasgow; Met. Trans. A 13A (1982) 1665.

193



[11]
[12]
[13]

[14]
[15]

K.Mino, Y.K. Nakagawa and A. Ohtomo; Met. Trans. A 18A (1987) 777.

C.P. Jongenburger and R.F. Singer in: E. Arzt and L. Schultz (eds,), Proc. DGM
Conf. on New Materials by Mechanical Alloying Techniques, Calw-Hirsau, Oct,
1988, DGM Informationsgesellschaft, Oberursel (1989) 157.

C.P. Jongenburger; Ph.D-thesis, Lausanne, EPFL (1988).

G.H. Gessinger; Planseeberichte fiir Pulvermetallurgie, 24 (1976) 32.

R.L. Cairns, L.R. Curwick and J.S. Benjamin; Met. Trans. A 6A (1975) 179.

R.C. Benn, ].5. Benjamin and C.M. Austin; Proc. TMS-AIME Conf, on High
Temperature Alloys: Theory and Design, Bethesda, Maryland, April 9-11, 1984,

R.L. Cairns and J.S. Benjamin; U.S. Patent 3, 746, 581
K. Lempenauer and E. Arzt; to be published.

E.W. Ross and C.T. Sims in: C.T. Sims, N.S. Stoloff and W.C. Hagel (eds.), J.
Wiley & Sons, New York (1987) 111-117.

E. Erdds; Material und Technik, 1, No.3 (1973) 126.

H.E. Collins; Int. Symposium on Structural Stability in Superalloys, Seven Springs
USA, 1968. ymp ¥ P y n Springs,

194



