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Abstract
The influence of cold working and subsequent ageing at
operational temperatures on the long-term and short-
term mechanical properties of components made from
the iron-nickel-chromium base alloy Incoloy 800 are
discussed. Long-term properties are time-to-rupture
strengths, which are included in the design code, over
a lifetime of 300,000 hours. For LWR operating tem-
peratures of 350°C, this is of minor importance. An
operating temperature of 550°C is possible for Incoloy
S00 with up to 25% cold working and a subsequent solu-
tion annealing at 950° C, without loss of time-to-rupture
strength compared with the 'as received' state.

The short-term mechanical properties are strongly
influenced by cold working, in the form of increasing
yield strength and rupture strength, and decreasing duc-
tility and consequently loss of impact energies. A sub-
sequent ageing at 550° C leads to a decrease of the yield
strength and rupture strength, and an increase of duc-
tility as well as the impact energies. The environmental
influences Eire discussed.

1 Introduction
Incoloy 800 is basically an austenitic iron-nickel-
chromium alloy containing relatively minor, but impor-
tant, amounts of carbon, aluminium and titanium. Al-
loys of this general type have found wide application in
many high-temperature engineering fields, particularly
in industrial heating for furnace equipment and electri-
cal elements, in the petro-chemical industry for piping
systems, cracker tubes and reformers, and in power gen-
eration for boiler tubes. Such types of materials were in-
vestigated for their high-temperature behaviour in a Eu-
ropean research project (COST 501/11). They are also
under general consideration for nuclear applications for
pressure vessels, heat-exchangers, steam-generator tub-
ing and ducting.

The wide variety of applications of this material is
the result of a favourable combination of mechanical
strength and corrosion resistance, which makes it useful
for components operating at temperatures up to 1073 K
(about 800°C).

In all cases, cold deformation is an important fac-
tor influencing its mechanical properties and the struc-
tural stability. A very important long-term design crite-
rion for the elevated temperature regime is the time-to-
rupture strength, as well as the 1% strain strength. It is
well known that cold deformation influences these long-
term properties. Figure 1 shows an estimation of the
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Figure 1: Estimation of the limiting values of
temperature and degree of cold deformation for the

ratios of time-to-rupture strengths Rmt/Rmt0 = 1 and
0.8, over a design lifetime of 300,000 hr, for

solution-annealed Incoloy 800; Rmf: Time-to-rupture
strength of cold deformed material, Rmtg:

Time-to-rvpture strength of the respective undeformed
material [1].

temperature limits and the limits of the degree of cold
working for the ratio of the time-to-rupture strength
(cold deformed to undeformed).

Considering the lower limits for a design lifetime of
300,000 hours, as demanded for components for long-
term applications in the elevated temperature regime, a
region of the degree of cold working and the operating
temperatures can be outlined, in which no lowering of
the long-term data is to be expected. This is the first
line, R-rnt/RmtO = *' ^ secon<* 'ine in this graph reveals
the limit for a decrease of the time-to-rupture strength
of about 20%, i.e. Rmt/RmtO = °-8> «* estimated from
the trend of the Rmt/^mtO r a t ' o s versus a lifetime of
300,000 hours. From this, a lowering of 20% time-to-
rupture is to be expected at 973 K (700°C), if 10% cold
working is compared with 20% cold deformation at the
same temperature. The estimation is an extrapolation
from experimental data up to 300,000 hours.

The knowledge of these significant changes in the
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Table J: Chemical Composition and Mechanical Properties of the Alloy Incoloy 800.

C Si
0.045 0.64

Specimen
Dimension

(mm)

0 10
0 10

Mn P
1.03 0.014

RP0.2
(MPa)

183
194

S
0.007

RP1.O
(MPa)

217
227

Cr
20.05

R m
(MPa)

534
535

Ni
30.77

Ag
(%)
49
51

Al
0.169

Z
(%)
68
71

Ti N
0.28 0.0200

AV

(Joule)
ISO-V

268, 286, 282
230, 239, 240

Rpi 0 - 1.0% Strength
RP0.2 ~ Y i e l d Strength
Rm - Ultimate Tensile Strength
Ag - Percentage Elongation after Fracture
Z - Reduction of Area after Fracture

time-to-rupture strength after cold working during op-
eration led to this test programme, in which, for differ-
ent specimen types and material states, material short-
term data could be obtained for different conditions to
be encountered in a safety programme. From this point
of view, important questions are the structural stability
and the influence of cold working and subsequent ageing
on the mechanical properties, in the temperature range
593 K < T < 823 K and in different environments.

2 Material Properties
The material under investigation was the al-
loy XlONiCrA/ Ti3220 (Perrotherm 4876), material
number 1.4876. The material was delivered in the form
of plates, 28 mm thick, by Krupp Suedwestfalen AG,
Werksgruppe Siegen, and was sent to this institute by
Hochtemperatur-Reaktorbau, Mannheim. The chemi-
cal composition and the mechanical properties specified
by the supplier's certificate are presented in Table 1.
The narrow scatterband of the data reveals the homo-
geneity of the delivered plates.

3.3 Prefatigue
The Charpy-T specimens were taken from the plate and
strips with the notch direction T-L [2]. The specimens
were prefatigued in compression on an electromechan-
ical high frequency pulsator, Type HFP 500, delivered
by Roell und Korthaus, Amsler, Merishausen, Switzer-
land. For the selected parameters, the frequency regime
was found to be 149 Hz > f > 110 Hz.

After this procedure, some of these specimens were
taken for thermal ageing in the furnaces, either in air
or in helium.

3.4 Impact Testing
The impact machine used for these experiments is de-
scribed in detail in [3], and the experimental details are
described in [4,5]. After fracture of the specimens, the
length of the fatigue cracks were measured by means
of a microscope and the dynamic properties determined
from these measurements, from the specimen geometry,
the load, and the shape of the load versus load point
displacement diagram.

3 Experimental Procedures
3.1 Cold D e f o r m a t i o n

Some strips were taken from the plates and were cold
deformed by hammers. The degrees of cold working
were chosen to be 5%, 10% and 25%.

3.2 Tensile Test

The tensile specimens (Type B5x50, DIN 50125) were
taken with the axial direction parallel to the rolling di-
rection of the plates. The rolling direction was marked
for the strips being cold worked. The tensile tests were
performed on a Contraves screw-driven electromechan-
ical test machine, Type ZM 50 A, according to DIN 50
145.

4 Reduction of Data
The complete evaluation procedure for this type of test-
ing is fully described in [4,5].

5 Experimental Results
A series of experimental results from these tests have
been published [6], and here the main attention is given
to the results found after ageing. Figure 2 presents the
behaviour of the tensile property Rpg 2 after cold work-
ing and a subsequent ageing up to 10,000 hours at 823 K
(550°C), either in air or helium environments. The re-
sults of the impact tests, which show no influence of
subsequent ageing after cold working, are not presented
in this article.
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Figure 2: Yield strength RpO.S obtained at room
temperature after cold working (0%, 5%, 10% and

and subsequent ageing up to 10,000 hours at
8S3 K in air and helium environments.

Figure 3 reveals the microstructure after 25% cold
working and subsequent ageing for 10,000 hours at 823 K.

6 Discussion
The influence of cold working on the long-term mechan-
ical properties has already been discussed (see Fig. 1)
and in this report the influence of cold working and
subsequent annealing in different environments on the
mechanical short-term properties is considered. The re-
sults of the tensile tests in the form of RPQ 2 are shown
in Fig. 2.

The influence of cold working alone on the yield
strength can be seen if the values for t = 0 hr are con-
sidered.

The change of the yield strength is large between
0% ('as received' state) and 5% cold working, i.e. about
175%. The increase of the yield strength between 5%
and 25% cold working is 144%. With ageing of the ma-
terial at 550° C (823 K), there is a slight decrease after
1,000 hours and an increase after 10,000 hours. In the
'as received' state, no significant difference was found
between ageing in air or in impure helium. The situa-
tion changes with cold working. Significant changes of
the yield strength are found after annealing at 823 K
for 10,000 hours. If a helium environment is compared
with air, the values in helium are lower than those in
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Figure 3: Microstructure of Incoloy 800 after 25% cold
working and subsequent ageing at 823 K for
10,000 hours in air. Magnification 100:1.

air, and the difference increases with increasing degree
of cold working.

The reduction of the yield strength after thermal
ageing might be mainly due to a relief of internal stresses
reinforced by cold working, combined with the onset of
precipitation. In this case, precipitation plays a mi-
nor role, which can be derived by the small difference
between the yield strength observed after 10,000 hours
ageing in air and helium environments for the 'as re-
ceived' material. Nevertheless, the precipitation could
be responsible for the shift of the yield strength mini-
mum from 1,000 hours to 3,000 hours as far as the he-
lium environment is concerned, because of the slightly
carburizing character of this environment. More pre-
cipitation might be responsible for the slower relief of
internal stresses at 823 K. Indications of this behaviour
can be found in Fig. 3, in which the microstructure
of the specimen after 25% cold working with a subse-
quent ageing for 10,000 hours at 823 K in air is pre-
sented. Specimens without cold working revealed car-
bide precipitations in the grain boundaries after ageing
for 10,000 hours at 823 K, in air as well as in helium.
The microstructure presented here exhibits precipita-
tions within the grains in the form of needles. This
type of picture was only found at 25% cold working fol-
lowed by ageing at 823 K (550°C). At lower levels of
cold working, only outsets of precipitations were found
after ageing over 10,000 hours. It should be mentioned
that 25% cold working is rather large, and the normal
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cold deformation necessary for the production of com-
ponents is between 5% and 10%. The form of precip-
itation is also dependent on the heat treatment (e.g.
solution annealing or recrystallization annealing) after
cold working.

These pronounced systematic changes, as observed
for the tensile properties, were not found for the dy-
namic testing of the specimen after cold working and
subsequent ageing. While a clear decrease of the im-
pact energies with the degree of cold working was ob-
served [6], the effects of subsequent ageing on the dy-
namic properties are small, if any. In agreement with
the literature [7], Incoloy 800 is characterized by a duc-
tile, austenitic structure. This imparts high strength
combined with good resistance to oxidation, carburiza-
tion and corrosion in many aggressive industrial envi-
ronments at elevated temperatures. So, this material
was found to be very suitable for nuclear application,
very often in slightly modified forms. An important cri-
terion for nuclear system designers in selecting Incoloy
800 was the combination of high resistance to chloride-
induced stress corrosion ere .icing and immunity to high
temperature pure water cracking [8]; the material se-
lected for this application was slightly modified.

7 Conclusions
Incoloy 800 is characterized by a ductile austenitic struc-
ture. It combines high strength with good resistance to
different environments, which makes it suitable for nu-
clear application. For cold deformation, the following
conclusions can be drawn:

• The time-to-rupture behaviour due to creep is im-
proved after cold working, if the low temperature
regime is considered (T < 823 K for a level of cold
working of less than 20%). At 973 K (700°C),
this is reduced by about 20%, if 10% and 20%
cold working are compared. Solution annealing
after cold working improves the time-to-rupture
strength.

• The influence of cold working on the short-term
mechanical properties is significant. That is valid
for slow, as well as for dynamic, mechanical prop-
erties.

• Subsequent ageing after cold working leads to a
decrease of the yield strength, i.e. an increase of
the ductility. This is most significant for high lev-
els of cold working. The main reason is the relief
of internal stresses due to cold working. If 623 K
(350°C) operating temperature is considered, the
changes axe rather small.

• The dynamical properties (normalized impact en-
ergy) do not change significantly after cold work-
ing combined with subsequent ageing.

• 'As received' Incoloy 800 revealed grain bound-
ary carbide precipitation after ageing for 10,000
hours at 823K (550°C). After 25% cold working
and the same ageing, needle-shaped precipitations
were found within the grains. These properties af-
fect the kinetics of the change of the mechanical
properties.
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